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Abstract 

This thesis studies how the changes to the flotation process caused by adjusting pH and the dosage of the flotation 
reagents affect the electrical conductivity of the froth flotation froth in different parts of the froth. The measurements 
in the experimental part were done in Oulu Mining School’s continuous minipilot beneficiation plant at the 
University of Oulu in March and May of 2015. The conductivity of the froth was measured with Outotec’s ERT 

(Electrical Resistance Tomography) based test probe. The probe was placed inside the 4-litre flotation cell that acted 
as a rougher in copper refining circuit. Froth’s bubble size, colour, stability and speed were measured with Outotec’s 
FrothSenseTM - camera. Elemental composition of the process streams was measured with a method based on x-ray 
fluorescence. 
 
The effect of three chemical reagents used in froth flotation, and also the effect of pH, was studied: dosage of 
Dowfroth (Test 1), xanthate (Test 2), zinc sulphate (Test 3) and pH (Test 4). Each test consists of three step tests, 
where the value of variable in question was changed while other values were kept at their base levels. Each test was 

performed twice. Assumption was that the adjusting of mentioned variables affects the other process variables, such 
as bubble size, froth thickness, elemental compositions etc., which in turn affects the electrical conductivity of the 
froth. Froth was divided vertically into layers so that the possible differences in different parts of the froth could be 
observed.  
 
Theoretical part of this thesis presents an overview of beneficiation process chain, starting from grinding and ending 
in dewatering processes. The chemical reagents used in flotation and some basic methods for measuring different 
parameters are also introduced. 
 

The results from the experimental part showed that the changing dosage of chemical regents and pH causes changes 
in process which also affected the electrical conductivity of the froth. Especially bubble size and froth thickness had 
clearly an effect on the conductivity. Furthermore, the conductivity values and changes to them were different in 
different layers of the froth, when the froth was thick. In a thin froth, the differences in the conductivity values and 
changes in them between the froth layers were much smaller. 
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ABBREVIATIONS AND SYMBOLS 

ApH average pH  

CB Chrominance blue  

CR Chrominance red  

CCC critical coalescence concentration  

CCD Charge-coupled devices  

CD collector dosage  

CEM Complete electrode model  

DAF dissolved air flotation  

el electrode and electrolyte number l  

ECT Electrical Capacitance Tomography  

EIT Electrical Impedance Tomography   

EMT Electromagnetic Inductance Tomography  

ERT Electrical Resistance Tomography  

FD frother dosage  

HIS  hue, saturation, intensity –colour reference system  

HSV  hue, saturation, value –colour reference system  

HUT  Helsinki University of Technology  

Il injected currents  

IAEA The International Atomic Energy Agency  

IEP isoelectric point  

l distance between two electroresistivity probes  

L number of electrodes  

Lb vertical length of the bubble  

MIBC Methyl Isobutyl carbinol  

NIS neutron inelastic scatter  

NITA neutron inelastic-scatter and thermal-capture analysis  

OMS Oulu Mining School  

PGNAA prompt gamma-ray neutron activation analysis  

R resistivity 

RBG red, blue green –colour reference system  



 

SLD slurry level depth  

TNC thermal neutron capture  

u electrical potential  

Ub velocity of a bubble  

Ul potentials of electrodes  

USBM U.S. Burnea of Mines  

UTC  University of Cape Town  

UPU Universal Postal Convention  

WS/G  work of adhesion  

X reactance  

XD xanthate dosage  

XRF X-ray fluorescence  

Z electrical impedance  

zl effective contact impedance between l’th electrode and the electrolyte 

 

∆Gad  Free energy change on particle-bubble contact  

∆t  lag time between two electrodes  

τ  is duration time for bubble  

ϵ electrical permittivity  

σ electrical conductivity  

ν outward unit normal  

Ω measured domain  

∂Ω boundary of measured domain 
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1 INTRODUCTION 

Froth flotation is a process used to separate minerals, suspended in liquids, by attaching 

them to gas bubbles to provide a selective levitation of the solid particles. It is a cheap 

and most extensively used process for concentrating ores. (Crozier 1992). According to 

Wills & Napier-Munn (2006) flotation was first patented in 1906, and it has permitted 

the economical mining of low-grade and complex ores. It is a selective process and can 

be used to achieve a specific separation from complex ores. 

Flotation is a physico-chemical separation process that utilises the differences in surface 

properties of valuable minerals and gangue minerals. All minerals can be classified into 

polar or non-polar groups, according to their surface characteristics. Polar minerals with 

strong covalent or ionic surface bonding react strongly with water molecules, and they 

are naturally hydrophilic. Non-polar minerals are characterized by relatively weak 

molecular bonds and they do not readily attach to the water dipoles, thus they are 

hydrophobic. Even though it is possible to float these minerals without aid of chemical 

reagents, their hydrophobicity is usually increased by adding chemical agents (Wills & 

Napier-Munn 2006). A key to separating minerals via flotation is whether the solid is 

hydrophobic or hydrophilic. The degree of hydrophobicity can be controlled by a direct 

surface-chemical action of flotation reagents. Any mineral can be rendered 

hydrophobic, and thus floated, by an adsorption of an appropriate reagent. Polar groups 

on mineral’s surface are covered by non-polar groups, and so the surface of solid 

becomes hydrophobic. (Matis & Zouboulis 1995).  

Measuring the different variables is an important part of controlling and supervising 

flotation and mineral processing in general. Flintoff (2002) lists a large number of 

different measured variables and sensor technologies used in mineral processing.  These 

technologies include for example magnetic flow meters, ultra sonic devices for particle 

size measurement and pH meters. Nissinen et al. (2013) discuss about Electrical 

Impedance Tomography (EIT) as a one possible technology for monitoring the flotation 

process. In EIT the conductivity distribution of a measured object is reconstructed from 

the measured voltage. In this thesis, the electrical conductivity of the froth is measured 

by using Electrical Resistance Tomography (ERT). Conductivity of the froth is 

measured with Outotec’s ERT-probe, which is place inside the flotation cell. 
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1.1 Objective of the thesis 

The objective of this thesis is to study how changes caused by adjusting the pH and 

dosage of flotation reagents affect the electrical conductivity of the froth. Assumption 

was that adjusting of reagent dosages affects process parameters, most important ones 

being froth thickness and stability, bubble size and elemental compositions, which in 

turn affect the electrical conductivity. Differences in the values and behaviour of 

conductivity between different parts of the froth were also observed. 

The effect of four variables was tested: effect of Dowfroth dosage (Dowfroth 250), 

xanthate dosage (Sodium isobutyl xanthate), zinc sulphate dosage (Zinc sulphate 

heptahydrate) and pH. Process pH was controlled by adjusting lime (CaO) feed. The 

electrical conductivity was measured with Outotec’s ERT-probe. Froth was divided 

vertically into layers so that the possible differences in conductivity behaviour in 

different parts of the froth can be observed.  Bubble size, stability and speed of the froth 

were measured with Outotec’s FrothSense
TM

 - camera. Measurements were done in 4 

litre flotation cells in Oulu Mining School’s beneficiation plant. 

1.2 Thesis outline 

This thesis consists of eight chapters. In Chapter 2 an overview of beneficiation process 

is provided, starting from grinding and ending in dewatering process. Chapter 3 

introduces some basic methods for measuring different process variables in flotation 

and Chapter 4 focuses on chemical reagents used in flotation. In Chapter 5 Oulu Mining 

School’s continuous minipilot beneficiation plant is introduced at the state it was on 

May 2015, when the experiments for this thesis were done. The equipment used in the 

measurements done for the experimental part and the research plan are also introduced. 

The results from measurements are presented in the Chapter 6 and further discussed in 

Chapter 7. Chapter 8 includes the conclusions made from the experiments. 
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2 OVERVIEW OF BENEFICIATION PROCESS 

Ore refining consist of many different processes where the valuable minerals are first 

liberated and then separated from gangue and other products. During the treatment of 

ore slurry, the classification based on particle size is usually also needed. At the end, 

usually water needs to be removed from the concentrate. Other ore and slurry handling 

methods, like pumping, transportation and storing have also big part in the overall 

process of ore beneficiation. For all these process steps there are many different 

methods and equipment. In this chapter some of the most common methods used in 

grinding, classification, concentration (separation) and water removal are introduced. 

2.1 Grinding 

In this work the observing of ore beneficiation process was started from the grinding, 

which is the last stage of comminution. Grinding is done to liberate the valuable 

minerals and to reduce particle size to enable separation of the wanted products and 

gangue. 

Particle size of ore is reduced by impact and abrasion. Grinding is performed for 

example in a rotating cylindrical vessel, where free moving grinding medium 

comminute ore. For example steel rods and balls or bigger parts of ore itself can be used 

as a grinding medium. Grinding can be carried out both as a dry or wet process. 

Grinding mills are generally classified into tumbling mills and stirred mills according to 

how the motion is imparted to the charge. In tumbling mills the shell is rotated and 

motion is imparted via the mill shell, while in stirred mills shell is stationary and motion 

is imparted by movement of internal stirrer. Tumbling mills are typical in mineral 

industry for coarse-grinding in which particle size is reduced from 5-259 mm to 40-300 

µm. All ores have an economic optimum particle size which depends on how valuable 

material is dispersed in the gangue, separation process to be used and various other 

factors. Undergrinding of ore will cause material to be too coarse for separation and 

poor degree of liberation. This leads to poor recovery rate and enrichment rate in the 

concentration stage. Too fine particle size caused by overgrinding can also be 



12 

problematic for efficient separation. Furthermore, overgrinding waste much expensive 

energy. (Wills & Napier-Munn 2006). 

According to Kelly & Spottiswood (1982) the tumbling mill is the solution to the 

problem of applying a small fracture force to a large number of particles. As a grinding 

media steel rods, steel or ceramic balls or parts of ore itself are used. If ore itself is used 

as a grinding media, process is called autogenous grinding. Relatively few ores have 

suitable fracture characteristics for fully autogenous operation, so often the final stages 

of grinding are done in the pebble mills, where the selected pieces of ore are used as 

pebbles, or in semi-autogenous mills, where both pebbles and steel balls are used in the 

same mill. (Kelly & Spottiswood 1982). 

Rod mills can be considered as a fine crusher or coarse grinding machines. The used 

diameter of rods varies from 25 to 150 mm. A seasoned rod mill contains rods of 

varying diameters; from the fresh replacements to those which have worn down. The 

smaller the rods, the larger is the total surface and greater is the grinding efficiency, 

however coarse feed or product requires larger rods. The coarse feed tends to spread 

rods at the feed end, causing a cone shaped array (Figure 1.  (Wills & Napier-Munn 

2006). 

 

Figure 1.  Illustration of selective grinding of large particles in rod mill. (Kelly & 

Spottiswood 1982) 

 

Because of this action of rods, the large particles are selectively broken while the 

smaller particles are selectively passed by (Kelly & Spottiswood 1982). This selective 

grinding narrows down the products size range, reducing the amount of extremely fine 

material produced. This controlled size reduction is why rod mills are often run in  an 

open circuit (Wills & Napier-Munn 2006). 
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Ball mills are the final stage of comminution, since the balls have greater surface area 

per unit weight than rods and are hence better suited for fine grinding. Grinding is 

effected by a point contact of balls and ore particles and any degree of fines can be 

achieved, if enough time is given. The probability of a ball hitting a fine or coarse 

particle is the same; therefore the product exhibits a wide range of particle sizes. Ball 

mills are often run in a closed circuit to overcome this. (Wills & Napier-Munn 2006). 

In practice, the individual pieces of comminution equipment are almost never used 

alone, but rather in the appropriate stages that form grinding circuits. The selected 

equipment for stage-by-stage basis is determined by feed size, ore type, tonnage and 

final product size. In addition to the grinding equipment, the circuit often contains a size 

separation equipment such as screens or hydro cyclones. Removing product the size 

particles from the circuit as soon as possible is a key aspect in achieving high efficiency. 

(Herbst et al. 2003). 

A simple two-stage grinding circuit used in OMS continuous minipilot beneficiation 

plant in University of Oulu is shown in Figure 2.  

 

Figure 2.  Grinding circuit used in OMS minipilot beneficiation plant. 

 

In OMS minipilot beneficiation plant a rod mill is used as a primary grinder and a ball 

mill acts as a secondary grinder. The ball mill is run in a closed circuit with a 

mechanical screw classifier. The overflow from the classifier continues to a flotation 
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process while the underflow circulates through a ball mill until the particle size of ore is 

reduced to a proper level. 

2.2 Size separation and classifying 

Size separators can be divided to two basic types: screens and classifiers. Screens are 

typically used for the coarser materials and classifiers for finer separation. (Kelly & 

Spottiswood 1982). Size separation devices are commonly used with a certain size 

range. They are often used to improve the performance of grinding circuits as 

mentioned in Chapter 2.1. (Mular 2003). 

Screens can be used for size separation from 300 mm to about 40 µm. In practice the 

sizing below particle size of 250 µm is undertaken by classification, as efficiency of 

screening rapidly decreases with fineness. The main purposes for screening in the 

mineral industry are sizing and classifying, removing the coarsest or finest size 

fractions, grading, media recovery, trash removal (for example wood fibres from slurry 

stream) and dewatering. In its simplest form, screens are surfaces with many holes 

through which particles pass or are retained, according to their size. There are many 

different types of screens. Most important types for mineral processing are vibration 

screens. (Wills & Napier-Munn 2006). 

Classification is separation of particles according to their settling rate in a fluid (Kelly & 

Spottiswood 1982). When a solid particle falls in a viscous medium, such as air or 

water, there is a resistance to the movement of particle that increases as the speed of the 

particle increases. As the velocity of the particle grows, eventually an equilibrium 

between gravitational force and fluid resistant force is reached, and the particle is said to 

reach its terminal velocity, after which the particle falls at a uniform rate. The nature of 

the resisting force can be either viscous resistance caused by the shear forces (or 

viscosity) of the fluid, or turbulent resistance caused by a displacement of fluid by 

moving particle. Based on their terminal velocities, the particles either sink or float in 

classifiers, and therefore can be separated. (Wills & Napier-Munn 2006). The classifiers 

typically produce two streams, the underflow that contains the faster settling particles, 

and the overflow that contains slower settling particles. Classification can be carried out 

in stages with a varying effective separation force in order to produce an intermediate 
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product or size fractions. However, the particle size is not the only factor which has an 

effect on the separation process. A particle’s density and other factors also have a 

significant effect, and thus, classification can also be viewed as a kind of sorting process 

rather than just sizing. (Kelly & Spottiswood 1982). Mular (2003) stated about the size 

classifiers that “such devices should make a size split based on particle size rather than 

other properties. Unfortunately, the split is always imperfect” 

In the mineral processing, the settling medium is usually water. The typical 

classification equipment are different kinds of hydro cyclones, settling cones and 

mechanical rakes, spirals and drags. The categories of size classification are shown in 

the Figure 3.  (Wills & Napier-Munn 2006).  

 

 

Figure 3.  Categories of size classifiers. (Mular 2003)  

 

Hydro cyclones are used extensively in the mineral industry. Hydro cyclones rely on 

water and use the centrifugal forces to classify particles. They have a good capacity 

compared to their physical size and require reasonably little maintenance (Mular 2003). 

A typical structure of hydro cyclone is presented in Figure 4. A. 
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Figure 4.  (A) Hydrocyclone; (B) Forces acting in the hydrocyclone (Wills & Napier-

Munn 2006) 

 

The slurry feed is pumped into a cyclone through a tangential feed inlet, and this creates 

a vortex in the cyclone, and a low-pressure zone along the vertical axis. The particles 

are subjected to an outward centrifugal force and an inward drag force (Figure 4. B). In 

the outer region of the cyclone, there is a downward flow, and in the middle region a 

upward flow. The drag force moves the slower-settling particles to low pressure zone in 

the middle, where they are carried upwards through the vortex-finder and out as an 

overflow. The faster-settling particles move towards the wall of the cyclone, where 

velocity is lowest, and leave the cyclone trough the apex opening at the bottom. (Wills 

& Napier-Munn 2006). 

Mechanical classifiers have moving parts that move underflow to the separation zone. 

Spiral (or rake) classifiers are an example of this type of classifiers. They consist of 

semi-rectangular tanks with a sloped bottom, parallel sides and a rotating rake or a 

spiral. Spiral or rake acts like a conveyor and moves the coarser material, dragging 

solids up the slope in to the shuttle from which the material leaves the classifier as an 

underflow. Finer material leaves the classifier from the other end of the tank as an 

overflow. Spirals are generally preferred over the rakes because they cost less to 

maintain. (Mular 2003). 
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Hydraulic classifiers use water flow to manipulate the settling of solid particles. 

Particles settle downward in the separation zone with velocity that is affected by their 

specific gravity. However, if the specific gravity of the solids in feed is uniform, the 

hydraulic classifiers can also be used to separate particles based on their size. Hydraulic 

water is pumped upward; net velocity of the particles is therefore a difference between 

water velocity and settling velocity. By controlling the velocity of the water, the 

particles can be made either to settle or rise. Hydraulic classifiers can be either free-

settling or hindered-settling classifiers. Hindered -settling classifiers are constricted near 

the bottom end in order to increase the upward velocity of the water relative to water 

velocity above the constriction. Particles with certain size and heaviness form a layer 

just above the constriction. Pressure is higher at the bottom of the bed, so the particles at 

the centre repeatedly rise up and then fall down again at the sides. The heavy particles 

pass through the bed, but the light particles can’t. In consequence, the hindered settling 

classifiers can settle particles based on their specific gravities better than free -settling 

ones, and as mentioned, if the specific gravity of the feed is uniform, the hindered -

settling classifiers are also effective in size separation. (Mular 2003). As mentioned in 

Chapters 2.3.2 and 2.4, the methods based on the settling of particles in fluid medium 

are also used in a concentration and dewatering processes. 

2.3 Concentration 

Minerals can be separated based on the physical or chemical properties. The properties 

of ore and mineral, and the differences in those properties, determine which 

concentration method is chosen for a particular separation process. In order to make 

separation possible, a mineral must be liberated from the ore by reducing the particle 

size. Particle size has a significant effect on the efficiency of concentration processes, 

and the particle size in which the sufficient degree of liberation is achieved effects the 

choice of a concentration method. In Figure 5. the particle size range of some 

concentration methods is shown. 
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Figure 5.  Particle size ranges of various concentrating devices. (Kelly & Spottiswood 

1982). 

 

A wide range of processes and equipment have been developed for a concentration 

separation. In this chapter, an overview of some basic methods of froth flotation, gravity 

separation, magnetic separation, electrostatic separation and chemical separation is 

introduced. 

2.3.1 Froth flotation 

Flotation is undoubtedly the most important and versatile mineral processing technique, 

and both its use and applications are continuously being expanded to treat greater 

tonnage and to cover new areas (Wills & Napier-Munn 2006). Flotation process was 

introduced in early 20
th

 century and it revolutionized the mineral industry. Today it is 

used for almost all sulphide minerals and also widely used for non-sulphide metallic 

minerals, industrial minerals and coal. Flotation is relatively selective and can be 

applied to low grade ores. (Kelly & Spottiswood 1982). 

Flotation is a physico-chemical process which involves three phases: solids, water and 

froth. In flotation, the bubble attaches itself to the solid particle, and lifts it up to the 

water surface. This attachment can be made selective to the wanted particles with the 

help of chemicals.  Material is also recovered from the slurry with two other methods; 

entrainment in water which passes through the froth and physical entrapment between 
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the solid particles in the froth. The selective attachment to air bubbles, or true flotation, 

is the most important mechanism and the majority of particles are recovered this way. 

However, entrainment and physical entrapment of solids have effect on the separation 

efficiency, since these mechanisms are not selective and can recover both the wanted 

minerals and gangue. The unwanted gangue recovery to the concentrate can be a 

problem, and often several stages of flotation are required to achieve an acceptable 

quality in the concentrate. The principle of flotation is illustrated in Figure 6. (Wills & 

Napier-Munn 2006). 

 

Figure 6.  Principle of froth flotation in mechanical flotation cell. (Wills & Napier-

Munn 2006)  

 

Flotation machines can be categorized in to two groups: mechanical and pneumatic. 

Mechanical ones are widely used, while pneumatic machines are limited to some special 

applications. There are many different designs for flotation machines, but primary 

function is always to get hydrophobic particles in contact with air bubbles. In order to 

achieve this, flotation machine must:   

- Maintain all particles in suspension. Upward pulp velocities must exceed settling 

velocity, so that particles will not settle at the bottom of flotation tank/cell.  

- Minimize bypassing and short-circuiting of particles, so that every particle has change 

to be floated.  

- Disperse fine air bubbles and create required level of aeration.  
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- Promote particle-bubble collision.  

- Provide quiescent (turbulence free) pulp region below the froth to minimize pulp 

entrainment in the froth and the turbulent disruption of froth.  

- Provide thick enough froth layer to permit the drainage of entrained particles.  

(Kelly & Spottiswood 1982).  

Mechanical flotation machines agitator creates turbulence in the pulp which promotes a 

collision between particles and bubbles. Particles attach to bubbles via adhesion and are 

transported to froth, from where they are recovered to the concentrate stream. A 

function of froth layer is also to improve the selectivity of separation. Froth retains 

material attached to bubbles and reduces the recovery of entrained material and thus 

improves grade of valuables in the concentrate. This, however, also decreases recovery 

rate. The relationship between grade and recovery is a trade-off that needs to be 

managed. In direct flotation a mineral is floated to froth and gangue is left to pulp, while 

in reverse flotation gangue is separated into froth. In order to flotation to work, the 

particles must be small enough, because the adhesion force between particles and 

bubbles must be greater than the weight of particles. (Wills & Napier-Munn 2006). 

The separation of minerals by froth flotation depends primarily on the differences in 

particles wettability. The particles which are hydrophobic attach themselves to air 

bubbles and float. Most of the minerals are naturally hydrophilic and thus must be made 

hydrophobic by adding the surface active chemicals in order to make separation by froth 

flotation possible. These chemicals are called collectors. Particle’s wettability and 

changes to it caused by adsorption are usually expressed with a contact angle, θ, 

subtended by a bubble on the solid (Figure 7. (Fuerstenau & Somansundaran 2003). 
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Figure 7.  Equilibrium contact between gas bubble and solid immersed in a liquid. 

(Fuerstenau & Somansundaran 2003) 

 

Contact angle is an interfacial tension between gas (G), solids (S), and liquid (L) by 

Young-Dupre Equation:  

γSG = γSL + γSG cosθ                                                                                 (1)    

cosθ = γSL - γSG                                                                                        (2) 

 where  θ is contact angle 
 γSG is interfacial tension between solid/gas interface, 

 γSL is interfacial tension between solid/liquid interface and 
 γLG is interfacial tension between liquid/gas interface. 
 
 

Free energy change, ∆Gad, on particle-bubble contact is result from a creation of solid-

gas interface and destruction of an equivalent area of solid-liquid and liquid-gas 

interfaces. This energy change can be written as: 

∆Gad = γSG - γSL – γLG                                                                              (3) 

and when this is combined with Equations 1 and 2, the relationship between energy 

change and contact angle between bubble and solid can be written as: 

∆Gad = γLG (cosθ – 1)                                                                               (4) 

(Fuerstenau & Somansundaran 2003). 
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As it can be seen from Figure 7. a particle-bubble contact is established when a contact 

angle θ is greater than zero and thus free energy change, ∆Gad, is negative (Fuerstenau 

& Somansundaran 2003).  

Since this free energy change is a result from a creation of solid-gas interface and a 

destruction of an equivalent area of solid-liquid and liquid-gas interfaces, an equal but 

opposite force is required to break the particle bubble interface. This force, which is 

additive inverse for ∆Gad, is called work of adhesion. 

Work of adhesion is equal to the work required to separate the solid-gas interface and 

produce separate gas-liquid and solid-liquid interfaces (Wills & Napier-Munn 2006). 

WS/G = γLG (1-cosθ )                                                                                (5) 

where  WS/G is work of adhesion 
 
 

From Equation 5 we can see, that greater the contact angle is, the greater is the work of 

adhesion and therefore more force is required to break the particle-bubble interface. 

(Wills & Napier-Munn 2006). 

Absorption on all three interfaces has an impact in determining particles attachment to a 

bubble; all particles can be made hydrophobic through absorption of surfactant species 

(Fuerstenau & Somansundaran 2003). These collector-chemicals and other reagents 

used in froth flotation will be further discussed in Chapter 4. 

2.3.2 Gravity concentration 

Gravity concentration is a process in which the particles of mixed sizes, shapes and 

specific gravities are separated from each other in a fluid by the gravity force or by the 

centrifugal force. Process is designed to separate particles by specific gravity, but also 

separates them based on their shape and size to a certain extent (Aplan 2003). In the 

mineral processing this method is used for example in treatment of coal, gold, iron ore 

and mineral sands (Kelly & Spottiswood 1982).  Gravity separation works best in the 

particle size range from 130 mm to 74 µm. With smaller particles the separation by 

specific gravity differences becomes increasingly difficult. (Aplan 2003). 
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Settling phenomena underlie gravity concentration. In the free settling, the particles fall 

freely in a fluid without being hindered by other particles. In the hindered settling, the 

particles are crowded but free to move among themselves and are sorted by a rising 

fluid the current particles collide and form assemblages, which will settle slower than 

the individual particles. In Sink-float method the separation is done in a fluid with a 

density between of those of minerals separated. (Furstenau & Han 2003). 

According to Burt (1999) and Kelly & Spottiswood (1982) the usage of gravity 

separation has declined with the advances of flotation and magnetic separation. 

However, the gravity separation is still very much used and remains as the only or at 

least primary method of concentration for some minerals, like chromite or wolframite. 

When it comes to base metal ores, the gravity methods have smaller part due to the 

efficiency of flotation. (Burt 1999). Gravity separation may not give as sharp separation 

as flotation, but has generally lower costs (Kelly & Spottiswood 1982). 

Typical gravity separation equipment are hydro cyclones, jigs, shaking tables, sluices, 

spirals, cones and sink-float separation. Figure 8. presents the classification 

characteristics of some gravity separators. The structure of basic hydro cyclone was 

already described in Chapter 2.2.  

 

Figure 8.  (A) Classification characteristics of gravity separators; (B) Diagram of Batac-

jig. (Kelly & Spottiswood 1982). 
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Jigs apply a vertical oscillatory motion to the solid-fluid stream. The lighter particles 

rise to top and the denser or bigger particles form the bottom layer. There are many 

different variations of jigs. Some jigs have moving screen surfaces, but usually a screen 

is stationary and the water is pulsed through it. Plungers or diaphragms can be used to 

create water pulsation, but more suitable pulsation cycles can be achieved by using air. 

For example the Batac jigs (presented in Figure 8. (B)) use multiple air champers to 

create pulsation. Shaking tables have lower capacity than jigs, but are able to treat finer 

materials. Solids of the feed spread out over the table as a result of shaking and washing 

water. The table has an adjustable slope from feed end down to the discharge end. The 

surface of the table is smooth with riffles on it. (Kelly & Spottiswood 1982). 

Film concentrators include for example pinched sluices and spirals. In spiral 

concentration, the feed flows to the spiral channel through the feed box, which reduces 

its velocity and corrects flow pattern. Feed enters the spiral as almost homogenous 

slurry. As the slurry flows around the helix of spiral, the heavier particles move near the 

trough surface, where velocity is lower, while the lighter particles tend to stratify above 

them, in to the zone with higher velocity. Different centrifugal forces cause a cross-

sectional rotation of streams, which shifts heavier particles inward and lighter particles 

outward.   Figure 9. (A) illustrates this movement. As it can be seen from Figure 9. (B), 

the lighter minerals tend to rise upon the heavier minerals, and thus there is no defined 

cut between the light and heavy minerals. Wash water is often applied in order to wash 

light particles towards the outer radius of the trough. Spirals are relatively simple to 

operate once the correct type and number of spirals is installed. However, a variation in 

feed stream can cause problems, and knowing the tolerance of spirals for such variations 

is important. (Burt & Mills 1984). 
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Figure 9.  (A) Particle movement in spiral; (B) Contour of heavy mineral band. White 

portion represent the lighter material and the black portion the heavier/denser 

material. (Burt & Mills 1984) 

 

2.3.3 Magnetic separation 

Materials response to a magnetic field based on property called magnetic susceptibility. 

Based on this property, all materials can be divided into two groups: paramagnetic and 

diamagnetic. Paramagnetic materials (for example hematite, ilmenite) are those that are 

attracted by magnetic field, while diamagnetic materials (quartz, feldspar) are repelled. 

Very strongly paramagnetic materials are often placed into separate group called 

ferromagnetic (iron, magnetite). (Kelly & Spottiswood 1982). 

In mineral processing the magnets are used to remove tramp iron that might damage 

equipment and to separate minerals according to their magnetic susceptibility. 

Depending on used separator, magnetic separation can be either wet or dry process. 

Separators can also be classified into low-intensity and high-intensity separator. In 

general it can be assumed that low-intensity separators generate a low magnetic field 

gradient and high-intensity separators generate a high gradient field. However, there are 

exceptions to this. The choice of separator depends on many things, most importantly 

on particle size distribution, distribution of magnetic properties of particles separated 

and on required capacity. (Svoboja & Fujita 2003). 

Dry low-intensity magnetic separators are mainly used for removal of tramp iron and 

for concentration of strongly magnetic (ferromagnetic) components (Svoboja & Fujita 
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2003). Low-intensity wet magnetic separators have been commonly used in the iron ore 

industry for several decades, where they have been used for the enrichment of magnetite 

rich iron ore. Two commonly used separator types are shown in Figure 10. 

(Venkatraman et al. 2003). 

 

Figure 10.  (A) Counter-rotation drum magnetic separator, nonsubmerged magnetic 

field; (B) Concurrent-rotation drum magnetic separator, submerged magnetic field. 

(Venkatraman et al. 2003) 

 

High-intensity magnetic separators are used in the mineral industry to separate 

paramagnetic or weakly magnetic materials, for example weakly magnetic iron-bearing 

particles from silica sand (Venkatraman et al. 2003). Wet high-intensity magnetic 

separators have applications in for example coal industry and industrial mineral 

treatment (Kelly & Spottiswood 1982). 

Permanent magnetic separators are widely used to separate weakly magnetic materials, 

such as garnet, ilmenite and chromite. They can also be used to separate magnetic 

impurities from silica sand. Two main types of dry permanent magnetic separators are 

rare-earth drum and rare-earth roll. Wet permanent magnetic separators are used for 

example in processing the low-grade iron ore. (Venkatraman et al. 2003). 

2.3.4 Electrostatic separation 

An electrostatic separation uses differences in the separated materials’ electrical 

conductivity or surface charge. Particles are brought under an influence of an electrical 
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field, where they, depending on their conductivity, accumulate a charge. The charged 

particles can be separated by a different attraction or repulsion by using various 

electrode configurations. Three main mechanisms of charging particles are contact 

electrification (also known as triboelectrification), conductive induction and ion 

bombardment. (Venkatraman et al. 2003). 

Inculet (1984) lists the advances of electrostatic separation over other processes: 

 Electrostatic forces work only on the particles, not in the medium in which they are. 

 The particles in the electrical field follow the electrical field lines, which can be adjusted to suit different 

applications. 

 Electrostatic forces can be used in combination with other forces, like for example gravitational or 

centrifugal forces. 

 Electrostatic separation forces are determined solely by product of electric field and charge. Unlike 

magnetic separation methods, electrostatic methods can also be used for nonmagnetic materials. 

 

Electrostatic separation is used with a number of minerals. In tin mining it can be used 

to separate cassiterite, columbite and ilmenite from gangue. One major application for 

this method is processing beach sands and alluvial deposits containing titanium mineral. 

In Canada Wabush Mines and in Sweden LKAB use electrostatic separation to produce 

hematite. The method can be used also in an industrial waste recovery. (Kelly & 

Spottiswood 1982). 

2.3.5 Chemical separation 

Leaching and bioleaching are hydrometallurgical processes where ore is oxidized with 

acid and with help of bacteria. 

In situ dump and heap leaching are low-cost processing methods, which can be used to 

economically extract copper from the low-grade ore. Bacterially-assisted heap-

bioleaching of sulphides is a developing technology that has been applied successfully 

to the extraction of copper (Watling 2006). Laboratory studies have shown that sulphide 

ores can be bioleached using iron- and/or sulphur-oxidising bacteria. Bioleaching of 

iron and nickel minerals has been studied, for example in Talvivaara Finlands nickel 

sulphide deposit (Watling 2008). 
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According to Hansforth & Vargas (2001) there are no generally accepted mechanisms 

and kinetics in terms of rate equation for bio-oxidation of sulphide minerals.  The 

bioleaching of sulphide minerals involves electrochemical and chemical reactions of the 

mineral with the leach liquor and the extra-cellular polysaccharide layers on the 

microorganisms.  There is a growing agreement that bio-oxidation involves a primary 

acidic or oxidative ferric reaction with mineral, which produces ferrous iron and 

primary sulphur compound. This ferrous iron and the primary sulphur compound form 

the substrate for microbial growth. The ferric/ferrous-iron turnover may very well take 

place within the extra-cellular polysaccharide layers produced by microorganisms 

attached to the mineral. 

Heap leaching and heap bioleaching are proven technologies with commercial 

operations. About 20% of world’s copper is produced via these methods (Watling 

2006). Bio-oxidation is also an established technology for pre-treatment of refractory, 

arsenical gold ores, with a process for bioleaching of cobalt and nickel under 

development (Hansford & Vargas 2001). 

Hydrometallurgical leaching is sometimes used together with the high temperature 

processes. Zinc sulphide is not leached in acidic solution, so it is first roasted to convert 

it to either ZnO or ZnSO4 before being subjected to leaching. (Fuerstenau & Han 2003). 

After the metals are extracted from ore by dissolution, they must be recovered from the 

leach liquor. Usually there are many different kinds of metal ions in the solution, which 

are individually recovered. Some methods for this recovery are ion exchange, 

cementation, chemical precipitation and solvent extraction. (Fuerstenau & Han 2003). 

2.4 Dewatering 

Most mineral-separation processes involve the use of water. The final concentrate has to 

be separated from pulp via dewatering (solid-liquid separation). Partial dewatering is 

also done at various process stages to prepare feed for subsequent processes. (Wills & 

Napier-Munn 2006). Water is used because it allows greater efficiency, higher recovery, 

lower cost per unit of valuable product and it also helps to eliminate air pollution. 

However, the liquid-solid separation is a major cost in mineral processing. In general, 
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the smaller solid particles are harder to separate from liquid than the bigger ones, and 

for example centrifuges lose capacity if particle size of solid decreases. Usually a help 

of flocculants is needed to efficiently separate the smaller particles. Other factors which 

have major impact on liquid-solid separation are weight and volume percentage of 

solids, viscosity, temperature, pH and chemical composition, specific gravity of solids 

and liquid and also the variation in feed quality. (Dahlstorm 2003). 

According to Wills & Napier-Munn (2006), the dewatering methods can be broadly 

classified into three groups: sedimentation, filtration and thermal drying. Dewatering in 

the mineral processing is usually done with a combination of these methods. 

Sedimentation is the most efficient when there is a large difference in density between 

solids and liquid, which is always the case in the mineral processing, since the carrier 

liquid used is water. Sedimentation (or thickening) removes the bulk of the water and is 

often the first step in dewatering. The settling of solid particles clarifies water which can 

be decanted, leaving thickened slurry. Gravity sedimentation (or thickening) is the most 

widely applied dewatering method in the mineral processing due to it’s high capacity 

and relative cheapness. A sedimentation tank also provides good conditions for 

flocculation because gravitational sedimentation involves very low shear forces. Up to 

80% of water can be removed with sedimentation. (Wills & Napier-Munn 2006). 

Thickeners, clarifiers and classifiers employ the principle of gravitational 

sedimentation. Conventional thickeners consist of a circular tank. Slurry is fed to the 

central feed well. Scrapers at the bottom of the tank move the sludge towards the 

underflow pipe at the middle of tank’s bottom. Spiral classifiers and rake classifiers are 

two basic types of classifiers, both of which introduce the feed submerged into a pool 

area and subjects solids to upstream current. Solids with high enough terminal settling 

velocity will settle against the current to the bottom of the pool and are conveyed out of 

the pool by a screw or a rake conveyer. (Dahlstorm 2003). In OMS minipilot 

beneficiation plant this kind of classifier with a screw conveyer is used as a part of 

grinding circuit. 

Settling rate depends on particle size; very fine particles settle extremely slowly by 

gravity alone. For fine particles, centrifugal sedimentation or agglomeration may be 
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needed. In agglomeration the particles are agglomerated (or flocculated) into larger 

lumps, called flocs, which settle out faster than single particles. This is done by adding 

coagulants, like inorganic sands. Coagulants are electrolytes which have an opposite 

charge than particles, thus causing charge neutralization when added. This allows 

particles to come to contact and adhere. (Wills & Napier-Munn 2006). 

In filtration the solids are separated from liquid by the means of a porous medium, 

which allows only liquid to pass through it. A filter cake gradually builds up on the 

medium and begins to resist flow more and more progressively. Filtration is commonly 

used after thickening. Flocculants are sometimes added before filtration to aid the 

process by reducing “blinding” of a filtering medium and increasing voidage between 

the particles, making filtrate flow easier. The filter mediums are manufactured from 

cotton, wool, linen, jute, nylon, silk, glass fibre, porous carbon, metals, rayon and other 

synthetic materials. (Wills & Napier-Munn 2006). There are many different kinds of 

filters. According to Wills & Napier-Munn (2006), the cake filters are most commonly 

used in the mineral processing. Different cake filters types include pressure, vacuum, 

batch and continuous cake filters. 

One option for separating solids from the liquid is thermal dewatering (or drying). 

Different sedimentation and filtration methods rarely can achieve a water level below 

25% by volume. If lower water levels are needed, it is usually necessary to dry material 

with thermal methods. This is, however, relatively expensive, since the water must be 

vaporized in order to be removed. (Kelly & Spottiswood 1982). The drying of 

concentrates is often the last process performed in a mineral-processing plant before the 

concentrate is transported elsewhere. Drying reduces the cost of transporting, but can 

cause material loss because of dusting (Wills & Napier-Munn 2006). 
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3 MEASUREMENTS IN FLOTATION 

Flotation is complex process with a large number of affecting variables to be measured 

and manipulated. There is an extensive variety of different instruments used in a 

flotation process. A large number of different control strategies for controlling the 

flotation process exist, and no universal way to control flotation plant can be given. 

Laurila et al. (2002) lists the most important variables to the process control:  

 Density and solid content of the slurry, 

 Slurry flow rate, 

 Electrochemical potential (pH, conductivity), 

 Addition rate of chemical reagents, 

 Slurry level and aeration rate in the cell, 

 Froth speed, bubble size, stability, 

 Particle size, shape, degree of mineral liberation, 

 Mineralogical composition of the ore, 

 Mineral concentration in the different process streams  recovery, grade and 

 Froth wash rate. 

 

Measuring the different variables provide a basis for controlling and supervising the 

process. In this chapter, some methods for measuring different variables in a flotation 

process are introduced. 

3.1 Electrical Impedance Tomography 

Tomography means imaging or sectioning through use of any kind of penetrating wave. 

According to York (2001), the research in the applications of tomography to industrial 

processes began to gain popularity around 1990. Before that, the different tomography 

methods had successfully been used in medicine, but in many cases, the demands in the 

industrial applications are significantly different. A particularly successful approach for 

the industrial applications involves electrical tomography. Three measurements 

modalities are used to determine the distribution of conductivity (resistance, 

impedance), permittivity (capacitance) and permeability (inductance). 

Electrical properties of material determine its behaviour under the influence of external 

electric fields. For example the conductive materials have high electrical conductivity 

(σ) and both direct and alternating currents flow through them, while dielectric materials 
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have high electrical permittivity (ϵ) and only alternating current passes through (Borcea 

2002). Electrical tomography is so-called “soft field” problem, where the material 

throughout the subject affects the signal strength (in contrast to “hard field” modalities 

like for example x-ray tomography, where only the material along the signals path 

affects the signal strength). (York (2001). 

Impedivity, or bulk impedance, is a measurement of the electrical impedance per unit 

distance in a bulk material or a solution. Inverse of impedivity is admittivity. Electrical 

impedance Z [Ω] is a sum between resistivity R [Ω] (real part) and reactance X [Ω] 

(imaginary part): 

Z = R + jX                                                                                               (6) 

where  Z is electrical impedance, R is resistivity and X is reactance. 
 
 

In EIT internal resistivity distribution of the measured object is reconstructed based on 

the known injected currents and measured voltage. Quantity imaged is impedivity that 

includes both the electric conductivity and permittivity. In situations where the real part 

of the impedivity is dominating, the sensing technique is called Electrical Resistance 

Tomography (ERT). When the imaginary part of the admittivity dominates, the 

technique is called Electrical Capacitance Tomography (ECT) and in cases in which the 

magnetic permeability is the dominant quantity preferred method is Electromagnetic 

Inductance Tomography (EMT). (Heikkinen et al. 2000). 

Measurements made from the boundary of the object are connected to the internal 

resistivity distribution by using mathematical Forward models. Several different models 

exist. One of these models is so-called Complete Electrode Model (CEM). The CEM 

can be written in form: 

∇ ∙ (σ∇u) = 0              in Ω                                                                       (7) 

u + zlσ
  

  
 = Ul            on el, l = 1, 2, ..., L                                                (8) 

∫el σ
  

  
dS = Il               l = 1, 2, ..., L                                                        (9) 
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σ
  

  
 = 0                      on ∂Ω\   

   l 

where L is number of electrodes, 

 u = u(x1, x2) is the electric potential, 
 σ = σ(x1, x2) is the conductivity, 
 el is the electrode and electrolyte number l, 
 Ul are the potentials of electrodes, 
 Il are the injected currents, 
 ν is the outward unit normal and 
 zl is the effective contact impedance between l’th electrode and the electrolyte 
 

Two conditions for the injected currents and the measured voltage are needed in order to 

ensure the existence and uniqueness of the solution: 

    
   l = 0                                                                                             (10) 

   
   l = 0                                                                                             (11) 

Numerical methods are needed to solve CEM, since in the general cases the analytical 

solution cannot be found. For example finite difference method, boundary element 

method or finite element method can be used. (Heikkinen et al. 2000). 

EIT  has a lot of different applications in medicine. According to Brown (2003) the idea 

of producing images showing impedivity distribution of tissue was first suggested in the 

early 1970s, possible even earlier. EIT has several advantages over other imaging and 

monitoring methods used in medicine: 

 Method is relatively cheap, 

 there are no known hazards to the user, 

 data collection is fast which enables measuring the changes in function, 

 long term monitoring is possible and 

 spectral measurements can be made to characterize the tissue. 
 

EIT applications in medicine include gastric measurements, pulmonary measurements, 

detection of cancer and brain imaging. (Brown 2003). 

EIT as an imaging tool has a lot of applications in different fields, like in geophysics 

and environmental science.  This method can be used to detect the underground mineral 

deposits, the leaks in underground storage tanks and to monitor the flow of fluids in the 

ground. This is useful for example in oil extraction and environmental cleaning. As a 

non-destructive method, it is also used in the material testing. For example corrosion 

and small deflects like cracks in metals can be detected. (Borcea 2002).  
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EIT technology can also be used to monitor sedimentation and froth flotation processes. 

In these cases, the measurements are usually done using a probe sensor that is 

positioned inside the process vessel. Full tree-dimensional reconstruction is possible but 

time consuming (Nissinen et al. 2013).  Other examples of EIT applications are multi-

phase flow imaging and imaging the behaviour of air-core inside the hydro cyclone. EIT 

is a diffuse, nonlinear imaging modality which makes it difficult to reconstruct high 

contrasts in the internal resistivity distribution. In many practical situations there are 

fixed highly conductive structures, like for example drift shafts or mixing paddles, 

which may cause difficulties in reconstructing the resistivity distribution. If there is a 

prior knowledge from these structures, this information can be taken account in the 

image reconstruction. (Heikkinen et al. 2000). 

3.2 Elemental composition 

One of the most important measurements collected from the flotation process is the 

metal contents or grades from the different phases of the refining circuit. Traditional 

method for the grade measurement is to use X-ray fluorescence. For example Outotec 

Courier –analysers are an online-measuring equipment that uses X-ray fluorescence. A 

slurry pipe branch from each process state measured is led through the analyser, and the 

slurry from these branches is sampled one by one. A sample is directed to the jet flow 

cell. X-ray analysis is performed through the window in a jet flow cell, which is 

designed so that it maintains turbulent flow behind the cell window, thus providing a 

representative sample for analysis. Slurry is radiated with high intensity X-rays, and the 

fluorescence radiation emitted is measured. The emitted radiation is characteristic to 

each chemical element, thus it can be used to determine the elemental content of the 

sample. A downside of method is the possible large interval between the samples. Only 

one sample is analysed at a time, so if there is a large number of process streams that 

need to be analysed, the time between measurements for single slurry stream increases. 

For example in Pyhäsalmi beneficiation plant in Pyhäjärvi town in central Finland, 

Outokumpu Courier 6 SL slurry analyser is used to monitor grades in the slurry flows. 

A difference between two the measurements from zinc concentrate flow was 18 

minutes. (Haavisto et al. 2006). 
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Another method used in the mineral processing to measure the mineral composition is 

neutron-activation analysis (Oestreich et al. 1994). Neutron-gamma analysers rely on 

neutrons interacting with the atoms in material, producing gamma-rays. The energies of 

these rays are characteristic to the nuclei emitting them, thus by measuring them the 

elemental composition of material can be inferred. There are two basic techniques for 

bulk elemental analysis that use this method; thermal neutron capture (TNC, also known 

as PGNAA = prompt gamma-ray neutron activation analysis) and neutron inelastic 

scatter (NIS). In TNC method, a sample is bombarded with thermal (low energy) 

neutrons. Nuclei of elements in the sample capture the neutrons, and in most cases 

immediate release of gamma-rays occur. The released spectrum of energies can then be 

interpreted to provide information on the proportion of elements in the sample. In the 

NIS method, neutrons are not captured, but rather they scatter in-elastically from the 

nuclei of the elements and gamma-rays are produced. The NITA analyser (neutron 

inelastic-scatter and thermal-capture analysis) uses high energy neutrons, which when 

interacting with the sample produce combination of NIS and TNC reactions. TNC is 

particularly useful for measuring H, S, Si, Fe, Ca and Cl contents, while NIS is better 

suited for C, O, Al, Si and Fe. NITA can detect wider range of elements than two other 

methods. (Lim & Sowerby 2004).  

Neutron-inducted gamma activation has become a standard online analysis technique, as 

the penetrating power of neutrons makes it possible to measure large volumes of 

material. There is some safety risks related to neutron-gamma techniques, high-strength 

neutron sources used provide a potential radiation hazard. (Lim 2004). Methods based 

on the neutron-activation use radioactive materials as a neutron sources. Transporting of 

radioactive materials is regulated by many worldwide and regional regulations, 

agreements and codes. The International Atomic Energy Agency (IAEA) Regulations 

for the Safe Transport of radioactive Material SSR-6 sets the basis for many other 

regulations. IAEA regulations are reflected in the national requirements of Member 

States, and also in the regulation relative to each mode of transport as issued by 

international or regional bodies. For example United Nations (UN), Universal Postal 

Convention (UPU) and the International Air Transport Association have also set 

regulations for transporting of radioactive materials. (World Nuclear Transport Institute 

2012).  
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Mineral compositions in the mineral processing are measured with XRF and neutron –

activation on-line analysers. With these methods, monitoring complex mineral 

processing operations can be expensive. Using inexpensive colour sensors to evaluated 

mineral contents could significantly improve the control of these operations. Colour 

sensors are not expected to replace XRF and neutron-activation analysis in the 

metallurgical plants, but they are a valuable new tool. (Oestreich et al. 1994). 

The accurate measurement of colour in flotation environment can be difficult. There are 

two primary external variables that change the observed colour: variations in ambient 

light and long-term degradation in signal due to the lighting and camera setup. Also, the 

grade is not the only factor that influences the froth colour. Amount of solids in the pulp 

also have an effect. The froth colour can be used to predict the grades in froth. 

However, better results can be obtained using a combination of colour, velocity and 

stability measurements (Morar et al. 2005). Careful calibration of the camera and care 

in physical layout of the light source and camera are required to produce consistent 

results (Oestreich et al. 1994). 

The U.S. Burnea of Mines (USBM) has developed a sensor system that uses colour to 

measure the mineral concentration of flotation froths and other process streams. The 

system uses video camera and USMD –developed computer program to evaluate colour 

and estimate mineral composition. Video camera uses separate CCD detectors (CCD = 

charge-coupled devices) to measure red, green and blue colour components for each 

pixel. Data is averaged over the selected region of the image and “chrominance red” 

(CR), “chrominance blue” (CB) and colour vector angle values are calculated using 

Equations 12-14: 

CR = 0,877 * (0,701 * Red – 0,587 * Green – 0,114 * Blue)               (12) 

CB = -0,493 * (-0,299 * Red – 0,587 * Green + 0,886 * Blue)            (13) 

Color vector angle = arctan (CR / CB)                                                   (14) 

Where  “Red”, “Green” and “Blue” are intensities for respective colours. 
 
 

The compositions are then evaluated by comparing colour vector angle to a calibration 

curve. Raw RGB intensities are proven to be hard to correlate to the compositions and 
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they are adversely affected by the small variations in lightning. USBM colour sensor is 

an inexpensive method that can provide instantaneous information on the mineral 

compositions and it is well suited for froth flotation. (Oestreich et al. 1994). 

Many other systems that use the froth colour to evaluate metal contents in the froth also 

exist. Also, there are different reference systems for the colour parameter analysis. 

Bonifazi et al. studied a correlation between the froth colour and structure determined 

with image analysis and mineral concentration of the froth. Three reference systems for 

colour analysis were used: RBG (red, green, blue), HSV (hue, saturation, value) and 

HIS (hue, intensity, saturation). Images were captured using colour RBG camera 

mounted perpendicular to the froth surface. (Bonifazi et al. 2001). 

Haavisto et al. (2006) used the on-line optical spectrum analysis to measure grades from 

the flotation froth.  The spectrophotometer consisting of a regular monochrome digital 

camera connected to an imaging spectrograph was used. The froth grade affects the 

colour of the froth, thus the colour can be used to estimate the metal contents in the 

froth. The spectrometer uses wavelength range from 400 to 1000 nm, covering the 

visual range (400-700 nm) and a part of the infrared range. The measured froth 

spectrums were analysed with a static multivariate regression method in order to reveal 

connection between the acquired data and the grades of the froth, which were also 

measured with X-ray fluorescence analyser. The results acquired by Haavisto et al. 

(2006) showed that spectrum analysis used along with X-ray fluorescence method can 

be used accurately to predict the grades of mineral flotation circuit. Main advantage of 

this method is its fast and easy measurement process. Due to the short sampling interval 

spectrum measurement can be used to improve sparse X-ray fluorescence 

measurements, and thus to provide more accurate information to the plant operators. 

The ACELOT analyser is a method based on image processing that measures the colour, 

number, size, shape, density and stability of the bubbles in the flotation cell. Data is 

collected with three industrial grade colour CCD cameras. The colour is defined as the 

mean intensity values of primary colour components: red, green and blue (RGB). 

Bubble shape is defined as a ratio between the minor and major axis of each bubble, and 

the density as a number of bubbles per cm
2
. The centre of the bubble is localized by 

recognizing the shiniest zones of the image, and the edges by recognizing the darkest 
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zones. The stability of bubbles is estimated by comparing two consecutive image frames 

and measuring the rate of change. Froth velocity is computed determining the 

movement of froth from one frame to the next. Cipriano et al. used data measured with 

ACEFLOT analyser to design an expert system that detects the abnormalities in process. 

For example, the system would detect unstable and too fast froth and suggest the 

corrective actions. (Cipriano et al. 1998). 

3.3 Bubble size measurements 

Bubble size has an important role in froth flotation, and wide variety of techniques and 

approaches to measure it has been investigated over the decades. Some of these methods 

include for example using conductivity probes or fibre optics, methods based on 

drawing the bubble into a capillary and measuring the length of formed equivalent 

volume cylinder, analysis of photographic or video images and many others. However, 

most of these techniques have been demonstrated only in laboratory installations. (Chen 

et al. 2001). 

Methods used for measuring bubbles size can be classified based on their operating 

principles. In this chapter, some examples of bubble size analysing methods using 

optical, imaging, electro-resistivity and laser diffraction techniques are presented. 

3.3.1 Optical techniques 

UTC bubble size analyser is an optical method developed in the University of Cape 

Town. In this method, the gas bubbles rise through a tube to the water reservoir, from 

where they are sucked into the capillary tube. Length and velocity of the bubble in 

capillary are measured with two optical detectors. Total volume of gas in capillary tube 

is also measured and based on the pulse lengths and velocities bubble size distribution 

can be calculated. (Grau & Heiskanen 2002). 

3.3.2 Imaging techniques 

According Rodrigues & Rubio (2003) image analysis is most straightforward and most 

widely used technique for bubble size measuring. There are some downsides, however. 



39 

Complicated experimental set-ups are often needed and with most methods, large and 

irregularly shaped bubbles are difficult to measure. 

HUT (Helsinki University of Technology) bubble size analyser uses imaging technique 

and is designed to work only in two-phase system. The system is presented in Figure 11. 

The bubble sampler is filled with water that contains same concentration of frother than 

the fluid in the flotation cell. After the sampler is pumped full, the pump is switched off 

and the camera is focused.  Sampling is started by closing the vent V2 and opening the 

V1. Bubbles flow to the viewing chamber and the image capturing process is started. 

The high-magnification ration is used to yield shallow focal depth of fields, which 

makes it easier to identify overlapping structures. The captured pictures are enchanted 

using high-pass filters and then the bubble size is calculated using Feret diameters and 

the projected area of each bubble (projected area = number of square pixels). (Grau & 

Heiskanen 2002). 

 

Figure 11.  Schematic diagram of the HUT bubble size analyzer. (Grau & Heiskanen 

2002). 

 

Another device using imaging is called LTM-BSizer (Laboratório de Tecnologia 

Mineral e Ambiental) and it is also designed for two-phase systems. In this method, 

bubbles are drawn to the viewing chamber where they are stopped. Motionless bubbles 

are then photographed with digital still camera and with the aid of microscope. 

Advantages of this method are that it allows accurate measuring of even very fine 

bubbles, the positioning of the bubbles in the focus of microscope allows high image 
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quality, ability to measure accurately bubbles with wide size distribution and there are 

no bubble breakage like in methods using capillary. Also, since bubbles are stationary 

when they are photographed, problems related to movement of bubbles are overcome. 

These problems include for example focus, illumination and bubbles overlapping. 

(Rodrigues & Rubio 2003). 

In the experimental part of this thesis Outotec’s FrothSense
TM

 was used to measure 

bubble size from the surface of the froth. Image processing based The ACELOT 

analyser described in Chapter 3.2 can also be used to measure bubble size. 

3.3.3 Electro-resistivity 

In a slurry bubble columns bubble properties can be measured using electroresistivity 

probes. Yasunishi et al. (1986) studied the fundamental properties of gas bubbles in 

column using a dual electroresistivity probe. The probe had two needle points with a 

vertical distance of 3 mm and the difference in the conductivity of gas phase and slurry 

phase was detected by the probe.  The velocity of the bubble and vertical length of the 

bubble were calculated from lag the time between two signals using the following 

Equations: 

Ub = 2l / (∆t1 + ∆t2)                                                                                (15) 

Lb = Ub (τ1 + τ 2) / 2                                                                               (16) 

Where  Ub is velocity of a bubble, 
 Lb is vertical length of the bubble, 

 l is distance between two probes, 
 ∆t is lag time between two electrodes and 
 τ is duration time for bubble 
 

(Yasunishi et al. 1986). 

3.3.4 Laser -based methods 

In a dissolved air flotation (DAF) the size of micro-bubbles can be observed with a 

method based on laser diffraction. Couto et al. (2008) used Mastersizer 2000SM
®

 

equipment from Malvern Instruments in determining the size distribution of bubbles in 

DAF experiments. An instrument uses light scattering and has an analysis range from 

0,1 to 2000 µm. Mie’s complete theory was used to calculate the results, other option 
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would have been to use Frauenhofer approximation. It was shown, that laser diffraction 

based method is simple and reliable way for the characterization of bubble size in DAF 

process. (Couto et al. 2008). 

3.3.5 Drift flux 

In flotation column the air bubbles rise from bottom of the column due to buoyancy, and 

as they raise hydrophobic particles from counter current slurry flow adhere to the 

bubbles and are transported upward to the froth zone. The bubble’s rising velocity is a 

function of its size and physical properties of the fluid. The drift flux analysis can be 

used to compute the terminal rise velocity of bubbles from the knowledge of the phase 

velocities and hold-ups. Bubble size can then be estimated from correlation between 

terminal rise velocity and size of a bubble. However, this method predicates that the 

computed bubble rise velocity in the swarm is equal to the single bubble rise velocity, 

when conditions are the same. Unfortunately, according to Ityokumbul et al. (1994) this 

assumption has not been established, and the surface phenomena occurring in the single 

bubble and bubble swarm are unlikely to be the same. The single drift-flux relationship 

is not applicable for all frother types. (Ityokumbul et al. 1994). 

3.4 Particle size measurements 

On-line particle size analysers are primarily based on a distance measurement, 

ultrasonic, laser scattering and laser diffraction. The distance measurement technique 

uses mechanical fingers to determine maximum particle size. This technique is simple 

and easy to calibrate, but cannot be used with particle sizes below about 30 µm. 

(Coghill et al. 2001).  

Outotec PSI
®
 200 and updated model PSI

®
 300 are examples of on-line particle size 

analysers based on the direct mechanical measurement principle. A slurry sample is 

flowing between the ceramic tipped moving part and fixed ceramic tip. A randomly 

selected particle is trapped between the ceramic tips, and an electronic sensor measures 

the position of the moving part. According to Kongas & Saloheimo (2009) these 

instruments have become the most common method for on-line particle size analysis in 

mineral processing plants. (Kongas & Saloheimo 2009). The PSI
®
 300 has a size range 
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of 25-1000 µm. Analyser automatically takes samples from up to three process streams 

and the size measurement is done two times a second; the results are updated once per 

second based on the past 120 measurements. Density and pH of the sample can also be 

measured (Outotec Oyj. 2009). 

In the laser scattering technique a sample is scanned with high intensity laser beam and 

the reflecting light is measured. On the downside, the results are affected by air bubbles, 

particle shape and reflectivity. Particle size analysis based on laser diffraction technique 

is widely used in laboratory, but on-line applications also exist. Laser diffraction 

instruments require high dilution rate and due to the small sample size, extreme care 

needs to be taken to ensure that the analysed sample is representative of total stream. 

(Coghill et al. 2001). High dilution rate is required because scattering light needs to be 

able to pass through the slurry. A significant advantage of laser diffraction method is 

that it gives a consistent volumetric particle size analysis result without external 

calibration. (Kongas & Saloheimo 2009).  

Outotec PSI
®
 500i is an example of particle size analyser that uses laser diffraction. 

Precision, speed and non-contact nature of this method makes it suitable for mineral 

slurry applications. The size analysis is based on the intensity distribution of coherent 

laser scattered by particles. The laser beam interacts with the particles and the size 

distribution is calculated from scattered light distribution by using the Mie theory. 

Diluter unit reduces sample solid content to 0,1-0,5% level so that the laser beam can 

penetrate the sample. PSI
®
 500i analyser can measure samples from 1-3 sampling points 

and has a particle size range of 0,5-1000 µm. If needed, analyser can also demagnetise 

the magnetic minerals. (Outotec Oyj. 2013). 

Ultrasonic techniques for on-line measurement of particle size in slurries have number 

of advantages. Slurries do not need to be diluted and they work also with optically 

opaque and electrically non-conductive slurries. However, there are also some 

disadvantages that can make using ultrasonic instruments in mineral processing plants 

difficult. It is common that solid loads in mineral slurries is high (30-40 wt% solids) and 

particle size distribution can be wide. These features can lead to inaccuracies in the 

measurement of finer particles due to masking by coarser particles. CSIRO ultrasonic 

spectrometry method for particle size determination involves measuring transit time 
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(and hence velocity) and amplitude (attenuation) of pulsed multiple frequency ultrasonic 

waves passing through the slurry. A gamma-ray transmission gauge is used to correct 

variations in the density of the slurry. With combination of velocity, attenuation and 

gamma transmission, this method is applicable over wide range of particle sizes and 

concentrations. However, for fine particles (smaller than 30 µm), measuring the 

attenuation size requires frequencies greater than 20 MHz. In many industrial 

applications attenuation through slurry is high at these frequencies. Therefore, a small 

path length between the ultrasonic transmitter and receiver, down to order of 0,5 mm, is 

required. This can lead to problems with blockages and representative sampling of the 

slurry. Also, when high frequencies are used, coarse particles cause very high 

attenuation, thereby masking the presence of fine particles. Ultrasonic velocity method 

is more suitable for particles less than 30 mµ. Velocity method uses lower ultrasonic 

frequencies than the attenuation method, accompanied by lower attenuation, longer path 

lights and increased measurement volume. Using lower frequencies greatly reduces the 

masking problem. (Coghill et al. 2001). 

CSIRO particle size analyser is an example of an instrument that uses ultrasonic. The 

system uses a probe that contains three pairs of ultrasonic transducers and gamma-ray 

transmission gauge. The probe can be immersed directly in to the slurry stream, if the 

aeration rate in the stream is low. If the aeration rate is high, slurry is fed to the probe 

via de-aeration vessel. De-aeration is done because high or even moderate aeration 

levels cause large ultrasonic attenuation, making particle size measurement inaccurate. 

From the measured ultrasonic velocity and attenuation, particle size can be calculated 

by using a mathematic inversion technique. Other option is to determine particle size cut 

points by laboratory analyses and observe a correlation between the collected data and 

laboratory analysis. (Coghill et al. 2001). 

3.5 Slurry level measurements 

Most typical instruments used for measuring slurry level in flotation cells are a float 

with target plate and ultrasonic level transmitter, a float with angle arms and capacitive 

angle transmitter and reflex radar. Thick froth layer and variations in slurry density 

make using direct ultrasonic or hydrostatic pressure in slurry level measuring 
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complicated. Also, since transition from slurry with bubbles in it to froth with slurry is 

not sharp, the concept of pulp level is not definitive. (Laurila et al. 2002). 

Ultrasonic level transmitter emits ultrasonic pulses, which echo from the target plate 

back to the transmitter. From a travel time of the pulse, a distance to the float can be 

calculated. Before that, however, the signal must be filtered in order to separate real 

echo from false echoes, acoustic and electronic noises. Temperature compensation must 

also be made before calculating the distance. Reflex radar uses plastic or Teflon plated 

metal rod and can detect various boundary layers. It is possible to measure not only 

froth level, but also froth thickness. There are, however, some difficulties with this 

technology due to the changes in slurry and froth conductivity. (Laurila et al. 2002). 

Capacitance technique uses changes in dielectric constant from air to liquid. Hamilton 

& Guy (2000) presents two methods for detecting capacitance change. In side-tube 

technique a glass-side tube is connected to the main vessel (for example flotation cell). 

Tube is filled to about 20% of the total tube height with distilled water. A latex 

membrane separates pulp from the water in side-tube. When pulp level rises in the 

flotation cell, the pressure on the membrane also increases and therefore water level in 

the side-tube rises. As water in the side-tube rises, it passes between the two capacitor 

and capacitance increases. This method is comparatively simple and effective, but 

temperature changes will affect the results. The other method is named change in vessel 

capacitance. Here a probe is installed into a flotation cell. The probe senses the 

disturbed capacitance between the probe and vessel’s wall and tunes an oscillator to a 

particular frequency with that capacitance. When pulp level changes, the capacitance 

surrounding the probe changes, and thus the oscillatory frequency changes. Advantages 

of this method are that there are no moving parts and the probe is easily cleaned. 

However, changes in temperature and also the conductive minerals with low resistance 

can cause problems with capacitance.  Figure 12. illustrates these two techniques for 

measuring capacitance. (Hamilton & Guy 2000). 



45 

 

Figure 12.  Two methods for measuring capacitance changes in flotation cell: (A) 

capacitance between two plates in side-tube and (B) capacitance between inserted 

probe and vessel walls.  (Hamilton & Guy 2000). 

 

Pressure transducers can also be used for measuring the slurry level. Usually these 

transducers cannot be in contact with liquid, so side-tubes with pressure sensor on the 

top are used. Change in slurry level produces the change in pressure inside the tube, 

which is measured. Some other techniques for level measuring include usage of 

conductivity, radiation, microwaves, vibration and optical measurement. (Hamilton & 

Guy 2000).  

3.6 Air flowrate measurements 

There are many ways to measure airflow rate. Thermal mass flow sensors are based on 

cooling of sensor by flowing air. These kinds of sensors are considered to be accurate, 

but expensive. Also, the measured air flow must be clean, and the calibration is 

complicated. Differential pressure flow meters are popular in a flotation process. These 

sensors are cheap, simple, require fairly low maintenance and a large variation of 

different kind of pressure flow meters are available. Figure 13. illustrates schematic of 

Pitot tube, Venturi tube and annubar element. A Venturi tube consists of conical inlet, a 

cylinder throat and a diverging recovery cone. Pressure is measured before the inlet (p1) 

and in middle of the cylinder throat (p2). Pressure difference between these two points is 

determined by the flow, thus the flow can be calculated. The Venturi tube is simple, 

reliable and accurate measuring method with tolerable pressure lost. However, it does 

require lot of space and is expensive. The transmitter Pitot tube and annubar element 

measure static and total pressure in the pipe and converts them into air flowrate. Pitot 
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tube has one measuring point, while annubar element has several across the pipe. Both 

of these methods are quite accurate and the pressure drop they cause is small. In large 

pipes, however, it can be difficult to find sufficient places to install these devices. 

(Laurila et al. 2002). 

 

Figure 13.  Illustration of Pitot tube, Venturi tube and annubar element. (Laurila et al. 

2002) 

3.7  Slurry flow measurements 

Magnetic flow meters are commonly used to measure slurry flow. The system is based 

on Faraday’s principle of induction; when moving in a magnetic field, a tension is 

inducted to the conductor. In order to this method to work, a measured fluid must be at 

least weakly conductive. Magnetic flow meters consist of electro-magnet that is 

wrapped around a length of pipe and lined with insulating material. Electrodes are 

installed on the opposite sides of the pipe, and they enable electrical circuit to be formed 

through measuring device. Magnetic flow meters are non-obstructive and thus, impose 

no energy loss. Solid particles and suspended air in the slurry can cause some problems 

to the measurements. If slurry contains magnetic materials, special demagnetization is 

needed. (Laurila et al. 2002). 

Sonar based flow measurement technology is another method used in the mineral 

processing industry for measuring the single and multi-phase flows. Sonar can also be 

used to measure pipe loss due to erosive slurry flow. The fundamental principle of sonar 

based flow measurement is based on tracking turbulent eddies (or vortices) or unsteady 

pressure disturbances as they pass through an array of sensors which are located axially 

on the outside of the pipe wall. Theses sensors measure the strain inducted into pipe 

wall by the turbulent pressure fields within the pipe. The strain is converted into a 
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voltage signal that contains both phase and frequency information. The separation 

between the sensors in the array is shorter than coherence length of the vortices; thereby 

voltage signatures from each sensor are similar with only a delay in time. From the 

output signals of the array, the propagation speed of the fluid can be determined. 

According to Maron et al. (2008) clamp-on sonartrac velocity profiling meters are 

becoming widely used in industrial applications where slurries are used. The standard 

clamp-on flow meter is based on using a single multiple element array which measures 

flow velocity. Flow velocity is then converted into volumetric flow based on the pipe 

inner diameter and gas volume fraction. One of the advantages of this method is that it 

is non-obstructive; sensors never come in contact with the slurry. (Maron et al. 2008). 

In an open channel, a flow measurement can be done with ultrasonic level transmitter. 

Slurry is made to flow through the V-shaped cut-out, and the level of slurry is 

measured. When the geometry of the V-cut-out is known, flow rate can be calculated. 

However, this method is not accurate, and provides only rough estimate. (Laurila et al. 

2002). Slurry flow rates can also be controlled by using fixed speed pumps (Shean & 

Cilliers 2011). 

3.8 Density measurements 

Density of the slurry can be measured with nuclear density meters. This method is based 

on the attenuation of nuclear radiation by the measured slurry. However, suspended air 

in the slurry can make usage of this method impossible. Some XRF analysers and 

particle size analysers also provide density measurements.  

Staff at Pacific Northwest National Laboratory has developed a method based on an 

ultrasonic reflection for real time measuring of density and solid concentration of 

radioactive waste slurries. Transducers are installed outside the pipe and the reflections 

of ultrasound inside the pipe create an acoustic impedance. Each time the ultrasound is 

reflected, its magnitude diminishes. The multiple echoes are recorded by the transducer 

and amplified by the receiver. Acoustic impedance is defined as the product of the 

slurry density and the velocity of sound in the liquid. The speed of sound measurement 

is based on analysis of a series of round trip measurements of ultrasound between 

transducer transmitter and the transmitter in the receiver mode. The density is obtained 
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by coupling the acoustic impedance measurement with a velocity of sound 

measurement. (Bamberger & Greenwood 2004). 

3.9 pH measurements 

The most commonly measured electrochemical potential is pH. PH measurement is ion 

selective measurement and it is sensitive to the hydrogen ion concentration. 

Concentration of certain ions can be measured by using ion selective electrodes. These 

electrodes are electrochemical cells where the potential difference between electrode 

and examined solution is developed. The magnitude of potential difference is 

proportional to the logarithmic activity of the selected ion in the solution. However, this 

potential difference cannot be reliably measured directly, so a reference electrode to 

measure the potential of the solution is required. pH measurement can be troublesome 

because the electrodes are easily contaminated by the active substances in slurry. 

Sampler or automatic washing system is often needed, along with regular maintenance. 

(Laurila et al. 2002). Sometimes pH measurement can be replaced with a conductivity 

measurement, which can give approximately the same information about the process. In 

highly alkaline conditions, conductivity measurements can be more accurate than pH 

measurements. However, if there is a large amount of air in the slurry or if ore 

properties cause variation in conductivity, this method does not work well. (Laurila et 

al. 2002). 

3.10 Reagent addition measurements 

Measuring the dosage of reagents (like frothers, activators, collectors etc.) can be 

challenging due to the fact that the dosage levels are usually small and different reagents 

can have different physical and chemical properties. Metering pumps are suitable for 

this task, but they are high-priced and require lot of maintenance. If reagent flow 

volume is large enough, inductive flow meters and valves can be used.  Many different 

kind of systems for reagent dosing exist. Many flotation plants use ratio type control for 

reagent addition, where certain amount of reagents is fed per ton of ore.   
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4 FLOTATION REAGENTS 

A number of chemical reagents are used in a froth flotation to achieve separation. 

Generally these reagents are interfacial surface tension modifiers, surface chemistry 

modifiers and flocculants. These reagents can be classified into five groups: frothers, 

collectors, activators, depressants and modifiers. Many agents can act in many different 

roles, depending on the circumstances, and therefore can be classified into multiple 

groups. (Crozier 1992). The term reagent has a dictionary definition of “an agent that 

produces chemical reactions” or “a substance which acts on another in a chemical 

reaction” (Pearse 2004). 

Used species include both organic and inorganic reagents. A chemical is surface active 

if it has a tendency to concentrate at one of the five possible interfaces (liquid/gas, 

liquid/liquid, solid/liquid, solid/gas and solid/solid). Surface active agents that are 

amphipatic molecules are called surfactants. Amphipatic molecules possess both a polar 

group (hydrophilic) and a non-polar group (hydrophobic). These surfactants have a two-

fold effect in flotation; they are absorbed at the solid/liquid interface making the 

selected solid particle hydrophobic (thus acting as collectors) and they can also 

influence the kinetics of the bubble-solid attachment (thus acting as frothers). In 

addition to surfactants, a number of inorganic compounds are used in flotation as well. 

These are used to regulate pH or are surface active at selected solid/liquid interfaces 

acting as activators or depressants. (Rao 2004b). Inorganic reagents are also used in 

coagulation and precipitation, sulphur acid is used for leaching of various minerals 

(Pearse 2004). 

4.1 Frothers 

Main purpose of a frother is to provide a froth that can hold floated minerals at the 

surface of aerated pulp, so that minerals can be recovered into the concentrate. Primary 

mechanism is to reduce air/liquid interface tension so that foam will form. Frothers can 

also act as collectors, even though their hydrophobic contribution is not as strong as in 

collectors, co-adsorbing at the mineral/liquid interface and that way lowering the 

collector dosage. Froth has an important part in making froth flotation as a selective 
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process, and this can be controlled with the type of used frother. Frothers also have 

major effect on the rate of flotation and bubble size. (Pearse 2004). An essential role of 

frother is to promote particle-bubble contact and enhance flotation rate. A balance must 

be achieved between allowing thinning of liquid film between bubble and particle which 

allows attachment of solids to take place, and providing sufficient stability. Weakly 

attached and mechanically trapped particles of unwanted material must be able to leave 

froth with draining liquid (Rao 2004b). 

Frothers affect the bubble size by decreasing the degree of bubble coalescence, thus 

increasing the frother concentration decreases the bubble size. After the frother 

concentration exceeds the so called critical coalescence concentration (CCC), the 

coalescence of the bubbles is completely prevented.  However, frother concentration 

only has an effect on the bubble size, if bubbles are able to collide with each other. (Cho 

& Laskowski 2002). With frother concentration higher than CCC, bubble size becomes 

constant and is no more affected by frother concentration (Laskowski 2004). 

Frothers are neutral molecules consisting of medium chain length hydrocarbon and 

polar group or groups. The polar groups are always hydroxyl (-OH), usually in the form 

of alcohol or glycol. (Pearse 2004). Common frothing agents can be divided into 

alcohols slightly soluble in water and those that are completely miscible, such as 

polyethers and polyglycol ethers (Crozier 1992). These reagents are also often 

characterized as either selective or powerful (Melo & Laskowski 2005). Generally, 

insoluble alcohol based frothers are more selective, while water-soluble glycol based 

ones are stronger in their effect (Pearse 2004). 

In the early days of flotation, natural oils were used as frothers. Eucalyptus oil was the 

most popular at first, later pine oil became dominant natural oil frother because of 

greater availability. Natural oils have lost popularity to synthetic frothers due to 

problems with obtaining same frother performance from different suppliers and because 

of fact that all natural oils have also collector properties. Using pine oil results in close-

knit froth with small bubbles, that favours recovery but lowers concentrate grade. 

Increasing amount of pine oil feed can flatten the froth, so it is sometimes used as an 

emergency supply at mills with ores which tend to have periods of over-frothing. 

(Crozier 1992). 
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Cresylic acids are distilled from coal tars and have similar quality control problems as 

pine oil. They also have strong collector properties. Nowadays cersylic acids are used as 

a frother mostly in coal flotation because of their availability from coking ovens. Froth 

produced with these acids is similar to those of pine oil, but has somewhat bigger 

bubble size. (Crozier 1992). 

Aliphatic alcohols, for example hexanol, heptanol, methyl isobutyl carbinol (MIBC), 4-

heptanol and different kind of alcoholic mixtures, are used as frothers as well. These 

alcohols generally have low solubility in water (Crozier 1992). Aliphatic alcohols of 

MIBC type have been used in flotation for decades. They are normally sensitive to pH 

changes and have strong kinetic effect when dosage is changed. Flotation tests have 

shown that low dosage of aliphatic alcohols show high rate of flotation, and when 

dosage is increased flotation rate passes through maximum and then starts to fall 

rapidly. Also, when pH increases, it causes a decrease in water retention of alcohol 

froths, reducing entrapment of unwanted minerals. While this improves selectivity, the 

increased water drainage reduces tenacity of froth, which may lead into larger particles 

dropping off from froth back to the pulp. To float coarser particles, a greater dosage of 

frother is required, or alternatively pH must be lowered. First the increased dosage of 

frother may cause problems with selectivity; on the other hand, lowering pH increases 

water retention which also lowers selectivity. The aliphatic alcohols give high rate and 

selectivity for fine and medium size particles when dosage is low and pH is high. 

Alcohols with lower hydrocarbon chains have high recovery capacity but low 

selectivity, while opposite holds for alcohols with a long hydrocarbon chain. (Rao 

2004b). 

Because all frothing reagents mentioned before are only partially soluble, a metallurgist 

assumed that good frother can only be very slightly soluble to water. This changed at  

the 1950s when polyglycol ethers were developed. These new, completely water 

miscible frothers were marketed by the Dow Chemical Company under the name 

Dowfroths, by Union Carbide as Uncon frothers, by Cyanamid as Aerofroths and ICI as 

Teefroths. Compared to partially soluble frothers, polypropylene glycols produce more 

tightly knit and selective froths. Froth structure is compact and lasting, but still it breaks 

down readily in the launders. However, using an over-dose can cause too persistent 

froths which can cause operating problems. (Crozier 1992) 
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Some examples of polyglycol frothers are:  

 Dowfroth-250 CH3(PO)6.3OH 

 Dowfroth-1263 CH3(PO)4OH.BO 

 Aerofroth 65  H(PO)6.5OH 

These type of frothers have usually a higher recovery capacity and are not as sensitive 

to pH variations than the alcohol frothers. (Rao 2004b). 

4.2 Collectors 

Collectors are used for selective hydrophobisation of mineral surfaces (Rao & Forssberg 

1997). Collectors used with sulphide ores are thiols or can hydrolyse to a thiol, for 

example xanthates. Fatty acids, amines, quaternary ammonium compounds, sulphonates 

and petroleum oils are normally used as collectors with non-sulphuric and non-metallic 

minerals. (Crozier1992). Molecules or ions are absorbed on the mineral surface, 

reducing stability of hydrated layer that separates the mineral surface from air bubble so 

that particle can attach to a bubble when they come in contact (Wills & Napier-Munn 

2006). Some materials, such as coal and molybdenum, are naturally hydrophobic (Rao 

& Forssbesrg 1997). 

In direct flotation, a valuable mineral is made hydrophobic and thus floated and 

recovered from the froth. In reverse flotation, gangue is made hydrophobic via use of 

collectors. 

Collectors can be ionising or non-ionising. Ionising collectors can be further classified 

into anionic and cationic collectors, according to what type of ion (anion or cation) 

produces a water-repellent effect. Non-ionising collectors are non-polar hydrocarbons 

and practically non-soluble in water. They make mineral water repellent by covering 

particles surface with a thin film. The ionising collectors contain both a non-polar 

hydrocarbon group and a polar group that can be one of a numerous types (Wills & 

Napier-Munn 2006). Fuerstenau & Somansundaran (2003) state that in the flotation of 

oxides, the non-polar part is usually a long chained hydrocarbon (10 to 18 CH, CH2 and 

CH3 groups), while in flotation of sulphides short chained hydrocarbons are used (2 to 5 

CH2 or CH3 groups). Polar group is usually one of the following: anionic sulphate, 

sulphonate, phosphate, carboxylate, xanthate, cationic amine or non-ionic oximes. 
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Because these collectors have both polar and non-polar functional parts, they have dual 

ability to adsorb and to make particles hydrophobic.  Non-polar group is hydrophobic 

and polar group is electrostatically or chemically reactive toward species on mineral 

surface. Figure 14.  illustrates adsorption of collector. 

 

 

Figure 14.  Collector adsorption on mineral surface. (Wills & Napier-Munn 2006) 

 

Polar part is adsorbed to the surface of mineral due to chemical, electrical or physical 

attraction leaving non-polar end towards the pulp thus making a particle hydrophobic. 

Only monomolecular layer of reagent is needed. Increasing amount of collector agent 

dosage tends to float other minerals reducing selectivity. If a collector dosage is too 

high, it may also have a negative effect on the recovery of valuable minerals. If a 

collector forms multi-layers on a mineral’s surface, this may reduce the proportion of 

non-polar hydrocarbons facing into the bulk thus reducing hydrophobicity of a particle. 

Using collectors with longer hydrocarbon chains can increase flotation without 

increasing dosage of collector agent. It is common to use more than one kind of 

collector agent. More selective collectors can be used at the beginning of flotation 

circuit, and more powerful ones at the end to increase recovery of slower floating 

minerals. (Wills & Napier-Munn 2006) 

Adding a collector also increases a contact angle between bubble and solid particle, 

floatability is a function of a contact angle (Muganda et al. 2011). As discussed in 
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Chapter 2.3.1 a contact angle is an important variable used to describe adsorption 

between bubble and solid. 

As mentioned by Fuerstenau & Somansundaran (2003), for the flotation of oxides 

usually the collectors with longer non-polar hydrocarbon chains are needed. Rao & 

Finch (2002) studied the effect of length of the xanthate’s hydrocarbon chain to 

recovery rate in flotation of nickel oxide. As it can be seen from Figure 15.  the results 

indicate that the collectors with short chains are not effective in the flotation of oxides 

(unlike with flotation of sulphide minerals). This difference is probably related to the 

natural hydrophilicity of oxides; in other words because oxides are more hydrophilic 

than sulphides, more hydrophobic collectors are needed. Also with the sulphide 

minerals, a chemical bond between xanthate and metal is more likely to form than with 

the oxide minerals.  

 

Figure 15.  Effect of xanthate chain length on the flotation of nickel oxide. (Rao & 

Finch 2002) 

 

It can also be seen, that recovery rate is affected by pH. Generally, when pH increases, 

recovery rate decreases. For anionic collectors like xanthate, flotation is preferential 

when pH is lower that the isoelectric point (IEP; pH at which molecule carries no net 

electrical charge), for nickel oxide IEP is 7,8. (Rao & Finch 2002). 
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According to Pearse (2004), the  sulphide minerals represent in tonnage the largest 

mineral group treated by flotation and alkyl xanthates are by far most used collector 

reagents in sulphide flotation. Second most used collectors are dithiophosphates. Both 

of them are anionic collectors. 

Xanthates are derivatives from carbonic acid (H2CO3) from which one hydrogen has 

been replaced with an alkyl group and two oxygens with sulphur. Preparing sodium or 

potassium alkyl xanthates is done by dissolving an alkali hydroxide in the appropriate 

alkyl alcohol, followed by adding of carbon disulphide. Reactions for making sodium 

alkyl xanthate are: 

(alkyl alcohol) + (sodium hydroxide)  

 → (sodium alcoholate) + (water)                                                         (17) 

 

(sodium alcholate) + (carbon disulphide)   

→ (sodium alkyl xanthate)(s)                                                                (18) 

Commercial xanthates may contain some residual alcohol or residual alkali hydroxide. 

Sometimes a metal carbonate is added to slowdown the thermal decomposition of 

xanthate during the storing. Moisture, oxygen (both atmospheric and in water) and CO2 

also causes decomposition of xanthate. (Rao 2004b). 

Rao (2004b) lists six principal xanthate decomposing reactions relevant to flotation 

systems:  

- hydrolysis of the xanthate ion 

K
+
 + ROCS2

-
 + H2O → K

+
 + OH

-
 + ROCS2H                                      (19)  

- decomposition of xanthic acid 

ROCS2H → ROH + CS2                                                                       (20) 

- hydrolytic decomposition 
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6 ROCS2
-
 + 3H2O → 6ROH + CO3

2-
 + 3CS2 + 2CS3

2-
                         (21) 

- oxidation to dithiolate 

2 ROCS2
-
 + 0,5O2 + H2O → (ROCS2)2 + 2 OH

-
                                   (22) 

- oxidation to monothiocarbonate 

ROCS2
-
 + 0,5O2 ↔ RCO2S + S

0
                                                           (23) 

- oxidation to perxanthate 

ROCS2
-
 + H2O2 → ROCSSO

-
 + H2O                                                    (24) 

Xanthate is hydrolyzed (reaction 19) when pH is below 7. At pH below 2 xanthatic acid 

decomposes to carbon disulphide and alcohol (reaction 20). In highly alkaline 

conditions decomposition produces carbonate, hydrosulphide, tritliocarbonate ions and 

alcohol (reaction 21). (Rao 2004b). 

4.3 Activators 

Activators are used to promote interaction between the mineral particles and collectors. 

They interact with the mineral surface and alter its chemical nature. For some minerals, 

the activator chemicals are required in order to enable collector-mineral interaction.  

(Rao 2004a).  

Activators are usually inorganic compounds, like for example metal ions. Copper 

sulphate is used in activation of sphalerite, which is commonly floated by xanthate. 

Copper ions for copper sulphate exchange for zinc ions at the surface of sphalerite, 

forming a copper sulphide film. Xanthate, acting as a collector, is then able to interact 

with copper sulphide film, just like it would with copper sulphide mineral. (Rao 2004b) 

Other agents used as activators are for example lead nitrate, sodium sulphate and 

hydrogen sulphate. For all minerals/reagent -combination there is a critical pH above 

which flotation occurs. Therefore pH modifiers, like lime, soda ash and sulphuric acid, 

can also be considered to be activators. (Crozier 1992). 
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4.4 Depressants 

Depressants role is opposite to that of a collector. Collectors make flotation of certain 

minerals possible, while depressants inhibit flotation by either preventing adsorption of 

collector onto minerals surface or by creating a hydrophilic surface onto a hydrophobic 

mineral. Depressants that work by forming a hydrophilic layer are mostly polymeric 

hydrophilic compounds. pH regulators can also be classified as depressants, since they 

can prevent adoption of collector. This is due to the fact that in many mineral systems 

H
+
 and OH

-
 ions can determine the surface charge of mineral particles, and thus affect 

the collector adsorption (Laskowski & Pugh 1992). Depressants are used to improve 

selectivity, and for some ores, like nickel sulphides, they are vital in order to make 

process economic (Wills & Napier-Munn 2006).  

According to (Crozier 1992), the most used depressant (besides the lime) is cyanide ion. 

Sodium cyanide is used as a depressant for iron sulphides, zinc sulphate is often used in 

a copper flotation to depress sphalerite and sulphuric acid is used in depression of 

quartz. There are also organic depressants. They are usually large molecules, like tannic 

acid which is used in the depression of calcite and dolomite in the flotation of fluorite. 

4.5 Modifiers 

Modifiers (aka. regulators) are used to make collectors more selective towards certain 

minerals. Modifiers can be classified as activators, depressants or pH modifiers. (Wills 

& Napier-Munn 2006). Dispersants and aggregating chemicals are also modifiers used 

in flotation (Laskowski & Pugh 1992). 

Rao (2004b) lists the principal effects of modifying agents used in flotation: 

 pH control, 

 Altering the surface of mineral via ion exchange, 

 Controlling the concentration of ionic species, 

 Controlling the concentration of metallic ions in solution trough precipitation and 

 Regulation of oxidation of ions in solution. 

 

As mentioned before, same reagent can act as modifier, activator or depressant, 

depending on the characteristics of solid or flotation system. 
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Alkalinity of the slurry has very important role in flotation; selectivity of the separation 

process is dependent on a balance between reagents and pH. For example lime, sodium 

carbonate, ammonia or sulphuric acid can be used for controlling the pH. (Wills & 

Napier-Munn 2006). The pH of solution helps or hinders the adsorption of chemical 

reagents at the solid/liquid interfaces by determining the extent of ionization and 

hydrolysis of surfactants. (Rao 2004b). 

Dispersants are used to prevent the aggregation of fine particles. In flotation, very fine 

particles (slime) can aggregate onto the coarser particles, covering them. This 

phenomenon is called slime coating and it can cause poor floatability of valuable 

minerals, thus dispersants are used to remove the slime. Therefore, dispersing agents 

increase recovery and in some cases also improve selectivity. Dispersants and 

depressants both are associated with increasing of hydrophilicity, so it can be 

impossible to distinguish between dispersion and depression, and some chemicals can 

be used as both dispersants and depressants. (Laskowski & Pugh 1992). 

Coagulants are used to make fine particles adhere to each other forming agglomerates. 

In any given system, the particles surfaces have same sign electrical charge. This causes 

repulsion forge between the particles, which prevents coagulation. Coagulants have an 

opposite charge, and thus their addition causes neutralisation of particles, allowing 

particles to come into contact and adhere. Inorganic salts containing highly charged 

cations are often used as coagulants.  In some cases lime or sulphuric acid can also be 

used. (Wills & Napier-Munn 2006). 

Flocculants are long-chained organic polymers that form “bridges” between particles. 

Flocculants can be used to improve sedimentation, and they are also used as a filtration 

aids (Wills & Napier-Munn 2006).  

Overall, a wide range of chemicals is used in the mineral processing. Pearse (2004) lists 

some other uses for reagents that were not described here: dust suppressants, dewatering 

aids, antifoams, solvent diluents or carriers, extender oils, wetting agents, biocides, 

emulsifiers, cathode smoothing aids, levelling agents, mist suppressants and heavy 

metal precipitants. 
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5 EXPERIMENTAL PART 

In the experimental part of this thesis, the effect of chemical reagents and pH on the 

electrical conductivity of the froth is studied. The research environment at the Oulu 

Mining School (OMS) minipilot beneficiation plant, research environment, research 

plan and the measurements made for this thesis are presented in this chapter. 

5.1 OMS minipilot beneficiation plant 

The experimental part of this thesis was performed in OMS continuous minipilot 

beneficiation plant at the University of Oulu. The experiments were done in March and 

May of 2015.  A general description of the plant layout at the time of the measurements 

is presented in this chapter. The experimental setting used in the measurement is 

described in Chapter 5.2. 

OMS minipilot beneficiation plant consists of a grinding circuit, a copper flotation 

circuit and zinc flotation circuit. Currently minipilot plant is set up as a 1:5000 scaled 

replica of First Quantum minerals beneficiation plant in Pyhäsalmi Finland, but it can be 

configured for different type of ores and beneficiation processes as well. Full process 

flowchart is provided in Appendix 1. 

A grinding circuit used at the plant was presented in Figure 2. Ore comes to process pre-

crushed; the particle size is smaller than 4 mm in diameter. Ore is stored into a silo 

which has volume of 0,5 m
3
. Three weighing sensors are used to measure the amount of 

ore in the silo, which is equipped with a MVSI 3/200-S02 vibrator. The ore is fed to the 

rod mill with a screw conveyor that has been integrated into the silo. From the rod mill 

the slurry flows to a LAITEX RKK-L 120x1200 screw classifier. The classifier is run in 

a closed circuit with a ball mill; the overflow from classifier continues to the conditioner 

while the underflow circuits between the ball mill and the classifier until the particle 

size is reduced to the proper level. After grinding, the particle size of ore has been 

reduced to 70-80 µm. Between the copper and zinc flotation circuits there is a smaller 

ball mill that can be used in regrinding if necessary. Technical information of mills is 

presented in Table 1. 
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Table 1. OMS Mini-pilot plant mills (Seppälä et al. 2014) 

Equipment Rod mill Ball mill Regrinding mill 

Height (mm) 1754 1025 1025 

Width (mm) 1205 1130 600 

Length (mm) 1200 1200 700 

Weight (kg) 480 436 68 

 

Between the grinding circuit and the copper flotation, and also between the copper and 

zinc circuits, there is a conditioner with effective volumes of 7,5 litres and 10 litres. The 

conditioner is equipped with a mixer and a pH sensor. The mixer height is adjustable 

and it is rotated with a Bonfiglioli MS71C-4 motor. All chemical reagents used in the 

process are fed to these conditioners using Flowrox LPP-M2S-26 tube pumps. 

In the whole plant there is a total of eight flotation machines: four in both circuits. Each 

flotation machine consists of four flotation cells, and there are two different sizes for 

cells; 4 litres and 2 litres. All four rotors in one flotation machine are rotated with the 

same motor and the airflows through rotors can be adjusted individually for each cell. 

Figure 16. presents the flotation machine. Each cell is equipped with a white LED-light. 

 

Figure 16.  Flotation machine at the minipilot beneficiation plant. 
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The bed level of slurry can be adjusted by changing the level of the tailings discharge 

gutter. This is done by adding or removing bricks from the gutter, shown in Figure 16.  

Slurry is pumped from the conditioner to flotation and between different flotation 

machines by using Masterflex L/S Easy Load 910-0025 pumps. The configuration of 

flexible hoses can be changed, which enables making different variation of flotation 

circuits. In the grinding circuits, between the mills, screw classifier and conditioner, two 

Flowrox LPP-D hose pumps are used. 

Other equipment includes a concentrator with volume of 500 litres. Currently all the 

waste water produced in the process is stored and later transported to Pyhäsalmi for 

treatment. 

5.2 Research environment 

The experimental setup used for measurements is presented in Figure 17.  and in Figure 

18. One flotation machine, acting as a copper rougher, with the cell volumes of 4 litres 

was used. The cells are connected to each other from bottom. 

 

Figure 17.  Experimental setup used in measurements. The ERT-probe and 

FrothSense
TM

 - camera were installed into cell number 4. 
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Figure 18.  Flotation cell used in the measurements. 

 

The electrical conductivity was measured with Outotec’s 30 centimetre-long ERT-

probe. Data was collected by using Tomoshop and UPlotter applications. Bubble size, 

colour and speed of the froth were measured with Outotec’s FrothSense
TM

 - camera 

using FrothSense
TM

 and ACTVision application. Both the ERT-probe and the camera 

were placed into the cell number four. Camera was placed 9 centimetres above the 

liquid surface. Figure 18. shows the flotation cell and devices installed into it. 

Ore from Pyhäsalmi mine was used. Ore was grinded using the minipilot’s grinding 

circuit and water was fed to both rod mill and ball mill. After grinding, slurry was 

pumped to conditioner. All chemical reagents (Dowfroth, xanthate, ZnSO4 and lime) 

used in process were added to the conditioner, the rotation speed of conditioner’s mixer 

was 1400 rpm. From the conditioner, the slurry was pumped into flotation. The feed to 

flotation was done to the cells 1 and 4 using two separate hoses (Feed 1 (A) and Feed 2 

(A)) in FFigure 17. Different process streams were named as following: A = feed to 

flotation, B = concentrate and C = tailings. A rotor speed in the cells was adjusted to 

800 rpm, airflow to each cell was 7 Nl/min. 

Rotors and stators used in the experiments were custom made for the minipilot by 

Outotec. The rotor’s diameters were 65 mm and height 35 mm, and the stator’s 

diameters were 105 mm and height 50 mm. The rotor and stator are shown in Figure 19. 
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As seen in the Figure, stator’s blades are wedge-shaped in the inner side. The air needed 

in the flotation process entered the cells through rotors. 

 

Figure 19.  Equipment used in the experiments: A) rotor, B) stator 

 

0,1 % by weight aqueous solution of Dowfroth250 (C7H16O3) was used as a frother in 

the experiments.  0,5 wt-% solution of sodium isobutyl xanthate (C5H9NaOS2)was used 

as a collector and 1,5 wt-% zinc sulphate heptahydrate (ZnSO4.7H2O) as an activator. 

Water solution of calcium oxide (burnt lime) was used to control pH. 

5.3 Experimental design 

The machinery and reagents used in these experiments were discussed in the previous 

chapter. The effect of four variables was tested; dosages of Dowfroth (Test 1), xanthate 

(Test 2) and ZnSO4 (Test 3) and pH (Test 4). Each test consists of three step tests; the 

effect of variable in question was tested with three dosage levels while other parameters 

were kept at the selected base level. Each test was performed twice: first and second test 

round. Table 2 lists the set values of chemical dosages for each test. All chemicals were 

fed to the conditioner, from where the slurry mixed with chemicals was pumped to the 

flotation using two separate hoses. 
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Table 2. Values of studied variables for all tests. 

  

Test 1: effect 
of Dowfroth 

Test 2: effect 
of xanthate 

Test 3: effect 
of zinc 

sulphate 

Test 4: effect 
of pH 

Test round: 1 2 1 2 1 2 1 2 

First 
dosage 

level 

Dowfroth 18 18 18 18 18 15 18 15 
Xanthate 23 23 20 20 23 23 23 23 
Zinc sulphate 25 25 25 25 25 25 25 25 
pH target 12,0 12,0 12,0 12,0 12,0 12,0 12,5 12,5 

Second 
dosage 

level 

Dowfroth 15 15 18 18 18 15 18 15 

Xanthate 23 23 23 23 23 23 23 23 

Zinc sulphate 25 25 25 25 22 22 25 25 

pH target 12,0 12,0 12,0 12,0 12,0 12,0 12,0 12,0 

Third 
dosage 

level 

Dowfroth 21 21 18 18 18 15 18 15 

Xanthate 23 23 26 26 23 23 23 23 

Zinc sulphate 25 25 25 25 28 28 25 25 

pH target 12,0 12,0 12,0 12,0 12,0 12,0 11,5 11,5 

 
Chemical dosages as ml/min 

 

The changes to the chemical dosage were made at the end of each step test. Each 

chemical dosage level was used for two hours, and between the different step tests, as 

well as before the first step, there was a 30 minute settling period. So in total, dosage of 

each studied variable was kept at one level for 150 minutes. In order to make process 

function better, the base level for Dowfroth dosage was changed for second test rounds 

of tests 3 and 4.  

Start of the froth flotation  30min  first dosage level (2h)  change to chemical 

input  30min  second dosage level (2h)  change to chemical input  30min  

third dosage level (2h) 

Bubble size, colour and froth speed were measured with FrothSense
TM

 - camera and 

conductivity data with the ERT-probe. Injection amplitude of 5,0 mA and injection 

frequency of 5000 Hz were used. Slurry bed level and froth thickness were calculated 

from the conductivity data. Froth thickness was also measured manually every 30 

minutes using a float with a centimetre scale on it. pH was measured from the 

conditioner with a pH sensor. A sample was taken every 30 minutes from three process 

streams; feed (A), concentrate (B) and tailings (C). The samples were later dried and 

then made into pressed pellets and sent to Oulu University’s Center of Microscopy and 
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Nanotechnology to be analysed with XRF method (X-ray fluorescence) in order to find 

out chemical compositions. The results from XRF analysis are listed in Appendix 2. 

Sample for the particle size analysing was taken once per test from flotation feed. The 

particle size was analysed by screening in OMS’s Minerals Processing Laboratory. The 

density of the slurry was also measured once per test from the feed to conditioner and 

from the feed to the flotation cell. 
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6 RESULTS 

As mentioned, the conductivity was measured using Outotec’s ERT-probe. Based on the 

conductivity, the thickness of froth was calculated and then divided into the layers by 

the percentage of height. There were ten different layers: 0-10%, 10-20%, 20-30%, ..., 

90-100%. Layer 0-10% consists the uppermost 10% of the froth, while layer 90-100% 

was the lowest part of the froth ending at the slurry-froth interface. Three of these ten 

layers were chosen for closer inspection: 10-20%, 40-50% and 70-80%. From now on 

these layers will be referred as the upper froth layer, the central froth layer and the 

deeper froth layer. 

The conductivity range was large and there were considerable differences between test 

days. Within all the measurements, the electrical conductivity varied approximately 

between and 0,05 and 16,0 mS/cm (in the three observed froth layers).  

Electrical conductivity is different in the different parts of the froth. On the one hand, 

because of the draining of water which occurs in the froth, the upper parts of the froth 

are drier, which reduces the conductivity compared to the lower regions. On the other 

hand, in the upper portion of the froth, the relative amount of solid particles is greater, 

which improves conductivity.  Overall, the prognosis was that the conductivity would 

be better in the deeper layers of the froth, closer to the slurry-froth interface. However, 

according to the results, this estimation was true only in two out of eight test rounds. 

Slurry level depth –value (SLD) measures a difference between slurry-froth interface 

and the top of the flotation cell concentrate launder (or the top of the “wall” over which 

the concentrate leaves the cell). This means that when the slurry depth level increases, 

also the froth thickness increases, and the slurry level and the froth bed on top of it 

move downwards in relation to the stationary ERT-probe. The way froth bed was 

divided into the layers by the percentage of height should compensate this movement of 

layers related to probe to some extent. However, a clear correlation between the slurry 

level depth and the conductivity in certain froth layers could be seen.  
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In all tests, pH was actively controlled in order to keep it at the wanted range. This 

means that the possible effect on the pH caused by changing the chemical dosage was 

left unobserved. 

Unpaired t-test was used to determine whether electrical conductivity differed 

significantly with different chemical dosage levels. The t-value implicates how much 

mean values of the variable in question differ from each other in different groups, and p-

value tells how likely it is that these two set of values actually belong to the same group 

(p =0 meaning that there is 0% chance that the values are from the same group). 

However, the results of t-test should be interpreted with caution, since t-test requires 

that the values are continuous and at least almost normally distributed. The assumption 

of normally or almost normally distributed values was not true in all cases. The t-tests 

were done by using DataMiner –software and the assessment of whether the data was 

normally distributed or not was done graphically by drawing a histogram of the values 

and studying if they followed the Gaussian function. 

Outotec’s FrothSense
TM

 - camera was used to measure bubble size, camera correlation 

value and froth velocity. Camera correlation value [%] measures, how similar the two 

frame shots of the froth are; the bigger the percentage, the more similar the two frames 

are. Camera correlation value was used to evaluate the stability of the froth. The 

principle being, that when the values were big, less bursting of bubbles took place and 

thus the froth was more stable. However, the froth speed also has an effect on the 

camera correlation value. At its highest the camera correlation was between 30-40% and 

in these cases the froth stability was considered to be good. At its lowest, values were 

less than 5 %. 

The refining results of copper were poor, even considering that only one flotation phase 

(roughing) was used. However, a clear difference between copper concentration in 

concentrate and tailing –streams was achieved. Copper content in the feed varied 

between 1,03 and 1,44 wt-% (average being 1,23 wt-%) and in the concentrate between 

1,25 and 4,38 wt-% (average 2,03 wt-%) and in the tailings between 0,13 and 1,16 wt-% 

(average 0,58 wt-%). 
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6.1 Test 1: effect of Dowfroth 

Effect of Dowfroth250 to the electrical conductivity of the froth was tested with three 

frother dosages (FD): FD = 18 ml/min in the first step, FD = 15 ml/min in the second 

and FD = 21 ml/min in the third. The dosages of other chemicals were kept at their base 

levels, shown in Table 2. 

In both test rounds, the goal was to keep pH approximately at the same level through the 

entire test periods. As it can be seen from Figure 20.  this goal was not fully achieved. 

During the FD = 18 ml/min measuring period of the first test round, pH varied, 

stabilizing only for the last 20 minutes of the first two hour period. For the remaining of 

the first test round, pH level stayed near 12,4. Average pH value was 12,1 with FD = 18 

ml/min, and 12,4 with other dosages. In the second test round pH level was lower. With 

FD = 18 ml/min pH varied between 12,2 and 12,0 (average 12,1), and with FD = 15 

ml/min and FD = 21 ml/min between 12,1 and 11,9 (average values being 11,9 and 

12,0). Table of pH values is presented in Appendix 3. 

 

Figure 20.  Test 1: pH as a function of time for the test rounds one (●) and two (●). 
Values outside of the three two hour measuring periods (settling periods before and 

between the step tests, and also the values measured after the last step) are marked 

with purple bars.  
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6.1.1 Structure of the froth 

In the both repetitions of the test one, the values of the froth thickness and slurry level 

depth seemed to correlate with each other and were affected by the changes in the 

frother dosage. During the first test round the froth was thin, slurry level depth values 

remained under 2,3 cm. In the second test round of the test one, the froth was thick in 

the beginning (slurry level depth over 10 cm). With the FD = 15 ml/min , about 12:10-

12:40, a fast decreasing in slurry level depth occurred, after which the froth was thin 

and slurry level depth value less than 3,0 cm. The line plots for slurry level depth, 

bubble size and camera correlation value are presented in Figure 21.  

 

Figure 21.  Test 1: From top to bottom: slurry level depth, camera correlation value 

and bubble area as a function of time for the tests rounds one (left) and two (right). 

Frother dosages (FD) in different steps were 18 ml/min (●), 15 ml/min (●) and 21 

ml/min (●). Xanthate and ZnSO4 dosages were kept constant: 23 ml/min and 25 

ml/min, respectively. Values outside of the three two hour measuring periods 

(settling periods before and between the step tests, and also the values measured 

after the last step test) are marked with purple bars. 

 

 



70 

In the first test round, in the middle of the FD = 18 ml/min period, both the froth 

thickness and the slurry level depth increased for about 30 minutes and then returned 

approximately to the same level than in the beginning of the measurements. This was 

most likely caused by the drop in pH, which occurred at the same time. At the same 

time, a peak was also seen in bubble area values. When the frother dosage was lowered, 

the slurry level depth began to increase, and about 60 minutes after the change in dosage 

was made, a leap up in the values occurred. When the frother dosage was increased to 

21 ml/min, slurry level depth decreased. Again, like after the first change in chemical 

dosage, fastest change in slurry level depth did not occur immediately, but this time 

about 50 minutes after the dosage was changed. 25 minutes before the end of the FD = 

21 ml/min period a smaller drop occurred, possibly caused by the slight increase in pH 

level. 

Average bubble size in the first test round dropped slightly when the frother dosage was 

decreased. However, pH was significantly higher during the FD = 18 ml/min measuring 

period, which increased the bubble size (see Chapter 6.4 Test 4: effect of pH). If the 

bubble size after the decreasing of frother dosage is compared to the bubble size at the 

very beginning of the FD = 18 ml/min period, where the pH was closer to what it was 

with FD = 15 ml/min and FD 21 ml/min, bubble size actually increases when the frother 

dosage is lowered. After the FD = 15 ml/min period, when the dosage was increased to 

21 ml/min, the bubble size began to grow slightly.  

Excluding the very beginning of the FD = 18 ml/min step, the froth stability was good 

throughout the entire first test round. Camera correlation value increased during the 

whole FD = 18 ml/min period and remained mostly over 25% for rest of the test round. 

Froth velocity decreased slightly through the entire first test round. 

Froth thickness and slurry level depth correlated with each other also in the second test 

round. With FD = 18 ml/min and FD = 21 ml/min, both values stayed practically at the 

constant level. However, the values of both of the variables were significantly lower 

with FD =21 ml/min than they were with FD 18 ml/min. A sudden drop in the froth 

thickness and slurry level depth values occurred half way throw the FD = 15 ml/min 

step. At the same time, a drop could also be seen in the conductivity values, but not in 

the bubble size, camera correlation or froth velocity values. Bubble size was at its 
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highest with FD = 15 ml/min and camera correlation value followed roughly the same 

pattern than the bubble size. Camera correlation value decreased from 30% to just 5% 

during the FD = 18 ml/min step. In FD = 15 ml/min step and the beginning of FD = 21 

ml/min step, value varied around 15%. In the step three (with FD = 21 ml/min) there 

was a problem with the Dowfroth line, the feed had completely stopped. Problem was 

fixed at 14:40 and the immediate response in bubble size and camera correlation value 

was seen. Bubble size decreased from about 4,9 mm
2
 to 1,1 mm

2
 and camera correlation 

value decline to 5% . No clear reason for the sudden drop in the second step was found. 

6.1.2 Composition of process streams 

The results from XRF analysis for the test one are shown in Table 3 and in Figure 22.  

Table 3. Test 1: average content of copper, zinc, iron and sulphur in different process 

streams. Xanthate and ZnSO4 dosages were kept constant: 23 ml/min and 25 

ml/min, respectively. 

Test 1: chemical 
compositions 

Test round 1 Test round 2 

Average content [wt-%] Average content [wt-%] 

Dowfroth dosage: Cu Zn Fe S Cu Zn Fe S 

Feed 

18 ml/min 1,240 1,797 35,661 37,748 1,394 2,084 35,669 36,175 

15 ml/min 1,248 1,820 35,733 38,038 1,311 2,007 34,631 35,697 

21 ml/min 1,130 1,721 35,233 36,548 1,235 1,882 34,713 35,744 

Concentrate 

18 ml/min 2,963 2,457 35,401 38,524 1,901 2,326 36,591 39,871 

15 ml/min 2,975 1,867 35,099 37,349 1,746 2,296 35,736 38,507 

21 ml/min 2,331 1,559 35,275 37,126 1,597 2,258 35,467 38,126 

Tailings 

18 ml/min 0,538 1,824 34,988 36,329 1,000 1,814 35,067 33,649 

15 ml/min 0,445 1,599 34,992 35,856 0,881 1,747 34,244 34,345 

21 ml/min 0,443 1,638 35,126 35,988 0,634 1,313 33,081 32,935 

 



72 

 

Figure 22.  Test 1: results from XRF-analysis. From top to bottom: contents of 

sulphur, iron, copper and zinc as a function of time in the feed (●), concetrate (●) 

and tailings (●). Frother dosages (FD) in different steps were 18 ml/min, 15 ml/min  

and 21 ml/min. Xanthate and ZnSO4 dosages were kept constant: 23 ml/min and 25 

ml/min, respectively. Values outside of the three two hour measuring periods 

(settling periods before and between the step tests) are marked with purple bars. 

 

In the first test round, the copper concentration in the feed remained around 1,24 wt-% 

with FD = 18 ml/min and FD = 15 ml/min, and declined a bit when the frother dosage 

was increased to 21 ml/min. The amount of zinc in the feed also remained roughly at the 

same level for whole duration of the test. In the concentrate stream, copper and zinc 

behaved similarly. With FD = 18 ml/min, both values kept increasing through the whole 

step, copper from 1,66 wt-% to 4,37 wt-%, zinc from 0,84 wt-% to 4,68 wt-%. These 

changes were caused by the variation in pH level, pH increased rapidly towards the end 

of the FD = 18 ml/min measuring period. When the frother dosage was decreased from 

18 to 15 ml/min, values dropped, but increased again during the first half of the FD = 15 

ml/min step. In the second half, the concentration of both metals decreased again. When 
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the frother dosage was increased to 21 ml/min, a concentration of copper and zinc 

started to increase, but changes were much smaller than in the previous steps. The 

amounts of sulphur and iron in the concentrate behaved exactly in an opposite way to 

the copper and zinc. As mentioned, large changes in pH in the FD = 18 ml/min step had 

a clear effect on the element concentrations in the froth. 

In the second test round there weren’t as big or as many changes to the concentrations in 

any streams. The copper concentration in all three process streams kept steadily 

declining for whole duration of the test, as did the concentrations of iron. In concentrate 

stream, the amounts of zinc and sulphur also decline the whole duration of the test. In 

other words, in the second test round concentration of all four measured elements 

declined for whole duration of the test in both feed and concentrate. 

6.1.3 Conductivity and t-test 

Electrical conductivity plots for all froth layers are presented in Figure 23. and average 

conductivities and standard deviation are listed on Table 4. Average values were 

generally higher during the second repetition of the test four, and the behaviour of the 

conductivity within the different measuring periods seemed to differ between test 

rounds.  However, the conductivities clearly correlated with the slurry level depth and 

bubble size. 

The conductivities followed for the most part the assumption, that the electrical 

conductivity is better deeper in the froth. In the first test round, in the beginning of the 

FD = 15 ml/min step, there was a five minute period when the conductivity was slightly 

greater in the central layer than it was in deeper layer of the froth, but a part of that 

conductivity data followed assumed order between the layers. In the second test round, 

in about half way through the measurements, a sudden drop in the froth thickness and 

slurry level depth values occurred. This same drop could also be seen in all of the froth 

layers. Before this drop, the electrical conductivities followed the assumption: the 

conductivity was greatest in the deeper froth layer and weakest in the upper layer. After 

the drop, however, the central and deeper layer switched order.  
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Table 4. Test 1: Average conductivities and standard deviations with different frother 

dosages. Xanthate and ZnSO4 dosages were kept constant: 23 ml/min and 25 

ml/min, respectively. 

Test 1: conductivity Test round 1 Test round 2 

Dowfroth dosage: 

Average 
conductivity 

[mS/cm] 

Standard 
deviation 
[mS/cm] 

Average 
conductivity 

[mS/cm] 

Standard 
deviation 
[mS/cm] 

Upper 
froth 
layer 

18 ml/min 2,570 0,195 4,453 0,086 

15 ml/min 2,099 0,138 3,634 0,594 

21 ml/min 2,348 0,130 3,856 0,598 

Central 
froth 
layer 

18 ml/min 3,363 0,233 7,381 0,150 

15 ml/min 2,911 0,131 6,085 1,466 

21 ml/min 3,085 0,104 4,836 0,074 

Deeper 
froth 
layer 

18 ml/min 3,699 0,259 7,716 0,040 

15 ml/min 3,173 0,184 5,611 1,972 

21 ml/min 3,815 0,269 3,886 0,083 

 

 

Figure 23.  Test 1: Conductivities as a function of time for test rounds one 

(uppermost) and two. Froth layers: Upper layer (●), Central layer (●) and Deeper 

layer (●). Frother dosages (FD) in different steps were 18 ml/min, 15 ml/min  and 

21 ml/min. Xanthate and ZnSO4 dosages were kept constant: 23 ml/min and 25 

ml/min, respectively. Values outside of the three two hour measuring periods 

(settling periods before and between the step tests) are marked with purple bars. 
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In the first test round, the behaviour of electrical conductivity in all froth layers was 

fairly similar. In the first half of the FD = 18 ml/min step, the conductivity value varied 

up and down with the intensities of about 0,3 mS/cm, and started to increase towards the 

end of the step. With FD = 15 ml/min, the average conductivity was lower than with the 

higher frother dosage in all of the froth layers. 60 minutes after lowering the frother 

dosage, a drop in conductivity happened. This drop was seen in the central and upper 

layers, in the deeper layer there was an increase in conductivity at the same time. With 

FD = 21 ml/min, a leap up in conductivity values happened after 50 minutes from 

changing the frother dosage. After that, the conductivity kept slightly increasing until 

the end of test. Overall, the conductivity followed closely the changes in slurry level 

depth. 

In the second test round, all the froth layers behaved rather similarly, for the most part. 

Through the whole FD = 18 ml/min step, the conductivities increased slowly. When the 

frother dosage was lowered to the 15 ml/min, the conductivity in the upper layer began 

to decline, in the upper and central layers a slight increasing continued. In middle of FD 

= 15 ml/min period, a sudden drop in values occurred. When the frother dosage was 

increased to 21 ml/min, the conductivities began to increase slowly. The increasing 

became faster after the first 30 minutes of the step, especially in the upper froth layer, 

where the increase of the conductivity was significantly faster than in other layers. The 

changes in conductivity after the drop were caused by the decrease in bubble size due to 

the increase in the frother dosage. The effect of bubble size was most clearly seen in the 

upper layer of the froth. 

Electrical conductivity of the froth layers were studied with the unpaired t-tests. The 

results are shown in Table 5. 
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Table 5. Test 1: Results of unpaired t-test for electrical conductivities between frother 

dosages. T-value (upper value) implicates how much mean values of conductivity 

differ between different frother dosages and p-value tells how likely measured 

conductivity values from different FD-levels actually belong to the same the group, 

rather than to two different groups. 

Test 1 

Test round 1 Test round 2 

FD = 18 
ml/min 

FD = 18 
ml/min 

FD = 15 ml / 
min 

FD = 18 
ml/min 

FD = 18 
ml/min 

FD = 15 ml / 
min 

/ / / / / / 

FD = 15 
ml/min 

FD = 21 
ml/min 

FD = 21 
ml/min 

FD = 15 
ml/min 

FD = 21 
ml/min 

FD = 21 
ml/min 

Upper 
froth 
layer 

21,15    
(p=0) 

9,97      
(p=0) 

-14,16    
(p=0) 

14,99    
(p=0) 

10,88   
(p=0) 

-2,86      
(p=0) 

Central  
froth 
layer 

18,28    
(p=0) 

11,49    
(p=0) 

-11,26    
(p=0) 

9,67      
(p=0) 

166,57 
(p=0) 

9,32       
(p=0) 

Deeper  
froth 
layer 

17,76    
(p=0) 

-3,24    
(p=0) 

-21,45     
(p=0) 

11,74    
(p=0) 

458,6     
(p=0) 

9,58       
(p=0) 

 

The results from the t-test indicate that in both test rounds and in all the layers of froth, 

the average conductivity values between the frother dosage levels would differ 

significantly from the each other. However, since the data was not normally distributed 

in all cases, also the conductivity plots and behaviour within the steps themselves must 

be considered. 

In the first test round, in all layers of froth conductivity values with FD = 15 ml/min 

were most clearly different from the values with other dosages. The conductivity plots 

(Figure 23.  show that froth was less conductive with FD = 15 ml/min. The difference 

between the FD = 18 ml/min and FD = 21 ml/min was smaller, but in the upper and 

central layers there was still a clear difference in the conductivity between the dosage 

levels. In the deeper layer of the froth, it could not be confirmed that the conductivity 

with FD = 18 ml/min and FD = 21 ml/min differed from each other significantly. 

Behaviour of conductivity seemed to be different between the steps, but the large 

changes in pH, which occurred during the first step, affected the results. 

The conductivity data from the second test round of the first test followed the normality 

assumption poorly. However, looking at the average conductivity values and behaviour 
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within the step test, the difference in conductivity between FD = 18 ml/min and FD = 21 

ml/min was clear in all the layers. The conductivity with FD = 15 ml/min behaved the 

first half a lot like with FD = 18 ml/min and the second half like with FD = 21 ml/min, 

and based on the changes within the step, it could be said to significantly differ from the 

other dosage levels in all the layers of froth. 

6.1.4 SUMMARY 

The results from two repetitions of the test differed somewhat. In the first test round, the 

conductivities in different layers behaved similarly for the most part. The conductivity 

decreased when the frother dosage was lowered and increased when the dosage was 

increased again. Slurry level depth behaved in an opposite way, and there was a very 

clear negative correlation between the conductivities and slurry level depth.  

In the first test round, when the dosage of Dowfroth was first reduced from 18 to 15 

ml/min, the conductivities in all froth layers began to decrease. pH level was lower 

during the FD = 18 ml/min period than what it was in the two later steps. Based on the 

results of the test for, effect of pH, it can be predicted that had the pH been at the same 

level in the first step than it was in the other steps, the conductivity in with FD = 18 

ml/min would have been higher and bubble size and slurry level depth smaller. Even 

with the lower pH level in the first step, the conductivities decreased and slurry level 

depth increased when the frother dosage was decreased, but the changes would probably 

have been bigger, if the pH level had been constant through the entire duration of the 

measurements. However, the average bubble area decreased when the frother dosage 

was lowered. If the bubble size with 15 ml/min is compared to bubble size in very 

beginning of the FD = 18 ml/min step (when pH was above 12,0) and not to the average 

value, bubble size was actually bigger with the second FD = 15 ml/min. It would seem 

that bubble size decreased when the frother dosage was decreased, not because of the 

change in the frother dosage, but because of the large change in pH level. If the pH level 

had been constant, the change in bubble size might even have been opposite, since the 

decreasing of frother dosage allows more coalescence of bubbles thus increasing the 

bubble size. Still, the bubble size was smaller with the FD = 15 ml/min than with FD = 

18 ml/min and the conductivity was lower. During the first test round, the changes to 

bubble size were small, especially when the frother dosage was lowered, and the 
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conductivity changes seem to have been effected more by the changes in slurry level 

depth. 

In the second test round, in middle of the FD = 15 ml/min step, a large drop in slurry 

level depth and conductivity values of all the layers occurred. Slurry level depth 

dropped 77%, from about 12,2 cm to 2,8 cm in less than a 30 minutes, and 

simultaneously the conductivities dropped; the decrease in the upper layer was 30%, in 

the central layer 40% and in the deeper layer 52%. Bubble size, camera correlation 

value or the total velocity of the froth were not affected by this drop. No clear reason for 

this sudden decreasing was found. The drop took place about 75 minutes after the 

Dowfroth dosage was lowered, but it is questionable whether this change could have 

caused the drop, since the effects of increasing frother later did not have nearly as strong 

effect. 

Even before the drop, when the frother dosage was lowered, the conductivity in the 

upper layer began to decrease slightly, in the other layers there were a very slight 

increase and bubble size and slurry level depth increased. When the frother dosage was 

increased, the conductivity in all layers started to increase slightly. In the upper layer, 

the increasing of conductivity was remarkably faster after 14:40, and at the same time 

the bubble area decreased. Based on the results, the Dowfroth dosage has an effect on 

the conductivity through the bubble size, especially in the upper layer of the froth.  

However, the largest change of the bubble area happened 70 minutes after the second 

change to the chemical dosage was made. At the time, there were a problem with the 

frother pumps and the feeding of frother was unintentionally stopped. Bubble size 

decreased rapidly right after this problem was fixed and thus frother dosage increased 

back to the wanted level. Even though changes to the frother dosage seemed to have a 

clear effect on the bubble size, which was also in line with the assumed effect of 

frothers, there were also changes in pH level during the test. When the bubble area 

started to increase, pH also decreased. Same happened in the FD = 21 ml/min step: 

bubble size decreased and at the same time pH increased. It is likely that both of these 

factors, pH and frother dosage, had an effect on the bubble size.  
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Overall, the changes in bubble size were larger between the frother levels of 18 and 15 

ml/min than they were between 18 and 21 ml/min. In the first test round, there were no 

significant difference in the conductivity of the deeper layer between FD = 18 ml/min 

and FD = 21 ml/min. In other words, decreasing the frother dosage had a clear effect, 

but increasing the amount of frother after the 18 ml/min level had little effect.  

Decreasing the frother dosage increased bubble size and slurry level depth, and 

decreased the conductivity in the thin froth and in the upper layer of the thick froth. The 

average values and the behaviour of key parameters with different frother dosages are 

listed in Table 6.  
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Table 6. Average values of conductivity, slurry level depth, bubble size, froth 

thickness and pH, and changes in behaviour between different Dowfroth dosage 

levels. Arrow-markings indicate how the values began to change when the frother 

dosage was changed, and values on both sides of the arrow-marking present the 

average values within the different steps: value with previous frother dosage on the 

left side and value with new dosage on the right. (↑) and (↓) –markings indicate 

large increasing/decreasing of values, (↗) and (↘) -markings smaller changes. Note 

that the changes in frother dosage were not in all the cases the only factors affecting 

the behaviour of the variable, and because of that, the changes in average values 

may contradict the behaviour of the variable. 
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6.2 Test 2: effect of xanthate 

Effect of sodium isobutyl xanthate dosage on electrical conductivity of the froth was 

tested with three xanthate dosages (XD): XD = 20 ml/min in the first step, XD = 23 

ml/min in the second and XD = 26 ml/min in the third. The dosages of other chemicals 

were kept at their base levels, shown in Table 2. 

The goal was to keep pH at the constant level through the both experiments. pH levels 

for both repetitions of the test two are shown in Figure 24. In both test rounds, there was 

some variation in the pH level. In the first round, pH increased slightly from step to 

step, the average values being 12,1 with XD = 20 ml/min, 12,2 with XD = 23 ml/min 

and 12,4 with CD = 26 ml/min. In the second test round the average pH values were 

12,0 with XD = 20 ml/min, 12,0 with XD = 23 ml/min and 11,8 with CD = 26 ml/min. 

Table of pH values is presented in Appendix 3. 

It should be noted that the first test round of the test two was started 30 minutes later 

than all the other measurements made for this thesis. The measurements were usually 

done between 09:00-16:00, so that the first step test took place 9:00-11:00, the second 

11:30-13:30 and the third 14:00-16:00 at their respective days. Test two, first test round, 

was done between 9:30-16:30, so each step test also started and ended 30 minutes later 

than in the other measurements. 

 

Figure 24.  Test 2: pH as a function of time for test rounds one (●) and two (●). 
Values outside of the three two hour measuring periods (settling periods before and 

between the step tests, and also the values measured after the last step test) are 

marked with blue vertical lines for the first round and red lines for the second round. 
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6.2.1 Structure of the froth 

The results from two test rounds differed somewhat, and the unintentional variation of 

pH had a clear effect on the slurry level depth and froth thickness. The line plots for 

slurry level depth, camera correlation value and bubble size are shown in Figure 25. 

Froth was thin during the first test round (slurry level depth less than 2 cm) and thick 

during the second (slurry level depth over 10 cm). 

In the second test round, there was a clear correlation between the froth thickness and 

slurry level depth. Froth thickness and slurry level depth started to increase after first 60 

minutes of the XD = 20 ml/min step. Increasing continued until the end of the step, and 

it was much slower with XD = 23 ml/min and XD = 26 ml/min. Bubble size changed 

only slightly between the steps. At the end of the XD = 20 ml/min step, a peak in a 

bubble area values occurred and lasted about 20 minutes.  At the same time, there was 

also a peak in camera correlation values. Froth stability was poor throughout the entire 

second test round. Camera correlation values stayed, for the most part, under 13% and 

decreased towards the last step. With XD = 26 ml/min the average correlation value was 

only 2,6 %. 

In the first test round of the test two, the froth thickness and slurry level depth values 

seemed to behave similarly within the two hour measuring periods, but changed to 

different directions between them. The average froth thickness decreased from step to 

step, while the average slurry level depth increased. With XD = 20 ml/min, both values 

decreased slowly for the first 60 minutes and then leaped up (increase in the froth 

thickness was 0,3 cm and in the slurry level depth 0,3 cm). With XD = 23 ml/min slurry 

level depth increased. Froth thickness decreased first, but remained most of the step 

approximately at the constant level. 20 minutes before the end of the XD = 23 ml/min 

period, froth thickness started to decrease, while slurry level depth started to increase. 

However, at the very end of XD = 23 ml/min step, froth thickness leaped up about 1,1 

cm. In the last step with XD = 26 ml/min, both values decreased and decreasing was 

faster after first 30 minutes of the step. Before this decreasing, a large spike in a froth 

thickness value occurred and lasted about 20 minutes. Bubble area value and camera 

correlation value followed a noisy pattern through the entire first test round. Bubble size 

was slightly higher with XD = 23 ml/min than with other dosages. Froth stability was 
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good through the entire measurements and average camera correlation value stayed 

above 20 %. With XD = 23 ml/min, camera correlation value was significantly higher 

during the first half of the step than on the second half. 

In both test rounds the average slurry level depth increased as the xanthate dosage was 

increased. Bubble size, camera correlation value and froth speed behaved differently 

between the test rounds. Overall, in both test rounds, the changes in pH level seemed to 

have a bigger effect on the structure of the froth than the increasing of xanthate 

concentration. 

 

Figure 25.  Test 2: From top to bottom: slurry level depth, camera correlation value 

and bubble area as a function of time for the tests rounds one (left) and two (right). 

Xanthate dosages (XD) in different steps were 20 ml/min (●), 23 ml/min (●) and 26 

ml/min (●). Dowfroth and ZnSO4 dosages were kept constant: 18 ml/min and 25 

ml/min, respectively. Values outside of the three two hour measuring periods 

(settling periods before and between the step tests, and also the values measured 

after the last step test) are marked with purple bars. 
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6.2.2 Composition of process streams 

In both repetitions of the test two, within the one test round, the copper and zinc 

concentrations in different process streams behaved similarly with each other, while 

sulphur and iron concentration also behaved roughly the same way with each other. The 

average contents of process streams in the test two are presented in Table 7 and in 

Figure 26.  

Table 7. Test 2: average content of copper, zinc, iron and sulphur in different process 

streams. Dowfroth and ZnSO4 dosages were kept constant: 18 ml/min and 25 

ml/min, respectively. 

Test 2: chemical 
compositions 

Test round 1 Test round 2 

Average content [wt-%] Average content [wt-%] 

Xanthate dosage: Cu Zn Fe S Cu Zn Fe S 

Feed 
20 ml/min 1,283 1,943 35,439 36,982 1,182 1,799 34,787 35,663 
23 ml/min 1,296 1,954 35,441 37,650 1,215 1,848 34,773 35,933 

26 ml/min 1,336 1,856 35,426 37,448 1,251 1,911 35,030 36,487 

Concentrate 

20 ml/min 2,595 1,987 36,266 39,551 1,386 2,102 36,592 39,000 

23 ml/min 1,699 1,703 36,041 39,042 1,469 2,221 35,466 37,287 

26 ml/min 1,865 1,594 36,310 38,985 1,331 2,007 35,790 37,622 

Tailings 

20 ml/min 0,554 1,748 35,208 36,269 0,427 0,908 33,056 32,704 

23 ml/min 0,647 1,705 34,808 35,986 0,307 0,684 31,066 30,270 

26 ml/min 0,604 1,626 34,925 36,230 0,201 0,463 30,413 28,950 
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Figure 26.  Test 2: results from XRF-analysis. From top to bottom: contents of 

sulphur, iron, copper and zinc as a function of time in the feed (●), concetrate (●) 

and tailings (●). Xanthate dosages (XD) in different steps were 20 ml/min, 23 

ml/min and 26 ml/min. Dowfroth and ZnSO4 dosages were kept constant: 18 ml/min 

and 25 ml/min, respectively. Values outside of the three two hour measuring periods 

(settling periods before and between the step tests) are marked with purple bars. 

 

In the first test round, the concentrations of copper in feed stayed constantly around 1,3 

wt-% during the most of the test, rising only at the very end of the XD = 26 ml/min step. 

The zinc concentration was slightly lower with XD = 26 ml/min than in the lower 

dosages. In the concentrate stream, the amount of both metals was at their highest with 

XD = 20 ml/min and decreased towards the end of the step. Decreasing continued with 

XD = 23 ml/min. The copper and zinc contents in the concentrates started to increase at 

the end of the XD = 23 ml/min step, but decreased again when XD was 26 ml/min. The 

concentration of zinc especially decreased towards the end of the measurements. The 

amount of iron and sulphur in the concentrate were also at their highest during the first 

step with XD = 20ml/min, and both decreased for whole duration of the first step 

(sulphur from 40,1 wt-% to 38,8 wt-%., iron from 37,0 wt-% to 36,2 wt-%.) The 
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concentration of sulphur stayed at the approximate 39 wt-% for the rest of the 

measurements, while the amount of iron started to increase again. In feed, the 

concentrations of both sulphur and iron increased from step to step, but plummeted at 

the very end of the test round. 

In the second test round, the concentration of all four measured elements in feed stayed 

approximately at the constant level through-out the measurements, increasing only 

slightly. The amounts of copper and zinc in the concentrate were at their highest with 

XD = 23 ml/min, both about 0,10 wt-% higher than with other xanthate dosages. 

Contents of sulphur and iron in concentrate both declined fast during the first 60 

minutes of the XD = 20 ml/min step. After that, the declining was much slower but 

continued in every xanthate dosage. However, since the concentrations of both went up 

between the steps, the average contents of these elements actually increased from step to 

step. 

6.2.3 Conductivity and t-test 

In the first test round, the conductivities of different layers followed the assumed order, 

but in the second they did not. In the second repetition, the highest conductivities were 

measured from the central froth layer, and the lowest from the upper layer. Also, in the 

second test round the differences in average conductivities were significantly smaller 

between central and deeper layer, than with the upper layer and the other layers. The 

average conductivities and their standard deviations are listed in Table 8, conductivity 

plots are presented in Figure 27.  
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Table 8. Test 2: Average conductivities and standard deviations with different 

xanthate dosages. Dowfroth and ZnSO4 dosages were kept constant: 18 ml/min and 

25 ml/min, respectively. 

Test 2: conductivity Test round 1 Test round 2 

Xanthate dosage: 

Average 
conductivity 

[mS/cm] 

Standard 
deviation 
[mS/cm] 

Average 
conductivity 

[mS/cm] 

Standard 
deviation 
[mS/cm] 

Upper 
froth 
layer 

20 ml/min 2,223 0,126 3,742 0,451 

23 ml/min 2,613 0,049 4,101 0,181 

26 ml/min 2,758 0,163 4,214 0,127 

Central 
froth 
layer 

20 ml/min 3,025 0,137 8,033 0,067 

23 ml/min 3,211 0,062 8,084 0,051 

26 ml/min 3,211 0,329 8,139 0,081 

Deeper 
froth 
layer 

20 ml/min 3,587 0,282 7,915 0,060 

23 ml/min 3,720 0,140 7,900 0,067 

26 ml/min 3,855 0,247 7,860 0,082 

 

 

Figure 27.  Test 2: Conductivities as a function of time for test rounds one 

(uppermost) and two. Froth layers: Upper layer (●), Central layer (●) and Deeper 

layer (●). Xanthate dosages (XD) in different steps were 20 ml/min, 23 ml/min and 

26 ml/min. Dowfroth and ZnSO4 dosages were kept constant: 18 ml/min and 25 

ml/min, respectively. Values outside of the three two hour measuring periods 

(settling periods before and between the step tests) are marked with purple bars 
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In the first test round, electrical conductivity behaved almost similarly in different froth 

layers, especially in the upper and the central layers. The average conductivity increased 

as the dosage of xanthate was increased. With XD = 20ml/min, the layers conductivity 

increased in the upper and central during the first 50 minutes, decreased the next 40 

minutes and after that, started to increase again. The increasing continued through the 

XD = 23 ml/min step. In the deeper layer of the froth, the behaviour was somewhat 

different. Trend with XD = 20ml/min was increasing, but with XD = 23 ml/min, unlike 

on the other layers, the conductivity decreased slightly. In the step with XD = 26 ml/min 

conductivity plots were very similar for all of the froth layers. During the last 60 

minutes of the XD = 26 ml/min step, the conductivities started to decrease. Overall, the 

conductivities correlated with the changes in slurry level depth. 

During the second test round, the conductivities in the central and deeper layers behaved 

in a similar way, but the upper layer differed from the others. From Figure 27.  it can be 

seen, that the conductivity plots for the deeper and central layers were very similar. At 

the end of the XD = 20ml/min step, a sudden drop occurred and lasted about 25 

minutes. The drop could be seen in all layers of the froth, and at the same time there was 

a peak on the froth thickness, slurry level depth, camera correlation and bubble size 

values. This sudden change might have been caused by a momentary pause in the 

flotation feed caused by taking the sample for slurry density measuring. 

The average conductivity increased slightly from step to step, as the xanthate dosage 

was increased. However, as mentioned the changes in pH clearly had an effect on the 

slurry level depth and thus, to the conductivity. Consequently, it is difficult to say how 

big effect the increase in the xanthate dosage had. 

Electrical conductivity of the froth layers were studied with the unpaired t-tests. The 

results are shown in Table 9. 
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Table 9. Test 2: Results of unpaired t-test for electrical conductivities between 

xanthate dosages. T-value (upper value) implicates how much mean values of 

conductivity differ between different xanthate dosages and p-value tells how likely 

measured conductivity values from different XD-levels actually belong to the same 

the group, rather than to two different groups. 

Test 2 

Test round 1 Test round 2 

XD = 20 
ml/min 

XD = 20 
ml/min 

XD = 23 
ml/min 

XD = 20 
ml/min 

XD = 20 
ml/min 

XD = 23 
ml/min 

/ / / / / / 

XD = 23 
ml/min 

XD = 26 
ml/min 

XD = 26 
ml/min 

XD = 23 
ml/min 

XD = 26 
ml/min 

XD = 26 
ml/min 

Upper 
froth 
layer 

-30,3    
(p=0) 

-27,61 
(p=0) 

-8,91    
(p=0) 

-8,07          
(p=0) 

-10,76 
(p=0) 

-5,51    
(p=0) 

Central  
froth 
layer 

-12,91 
(p=0) 

-5,51    
(p=0) 

0           
(p=1) 

-6,67          
(p=0) 

-10,94 
(p=0) 

-6,22    
(p=0) 

Deeper  
froth 
layer 

-4,42    
(p=0) 

-7,65    
(p=0) 

-5,03     
(p=0) 

1,84      
(p=0,07) 

5,87     
(p=0) 

4,1       
(p=0) 

 

According to the t-test, in the first test round electrical conductivities with different 

dosages would differ significantly in all layers of the froth, with an exception of XD = 

23 ml/min and XD = 26 ml/min in the central layer of the froth. In the upper layer, the 

conductivity values followed the normality assumption decently and the differences in 

average conductivity values between the dosage levels were greater. In the deeper layer, 

the differences were smaller, but based on the t-values and a different behaviour of the 

conductivity within the steps, it could be confirmed that the conductivity with all three 

dosages differed. In the central layer, with XD = 23 ml/min and XD = 26 ml/min, even 

though the average conductivities were very close to each other, behaviours within the 

steps were clearly different. During the first 60 minutes of the XD = 26 m, electrical 

conductivity was clearly higher than with the XD = 23 ml/min, and during the last 60 

minutes conductivity the declined under the XD = 23 ml/min values. 

In the second test round, again according to the t-test there seemed to be a clear 

difference in the mean values between most of the dosage levels, and the conductivity 

plots supported this. The difference was smallest between XD = 20 ml/min and XD = 

23 ml/min in the deeper layer of the froth. In this case, it could not be confirmed that 

these groups differed significantly from each other. 
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6.2.4 SUMMARY 

Xanthate dosage was first increased from 20 to 23 ml/min and next from 23 to 26 

ml/min. When dosage was increased, the average conductivity increases in the upper 

layer of the froth, in the central and deeper layers increase was very slight or 

nonexistent. In both test rounds, there was a strong correlation with the changes in 

slurry level depth and the conductivities. The average slurry level depth increases 

throughout the measurements, while the average bubble area decreased slightly. Slurry 

level depth was significantly higher during the second test round of the test two, and so, 

the froth was also thicker. 

During the first test round, the largest changes to the conductivities occurred half way 

through the XD = 20 ml/min step and at the beginning of the XD = 26 ml/min step. In 

both the cases conductivity increased in all froth layers, while simultaneously bubble 

size and slurry level depth decreased. However, these changes in bubble size and slurry 

level depth were more likely caused by the increase in pH which occurred at the same 

time than the changes in xanthate dosage. 

In the second test round, again the changes to the conductivity were larger in the upper 

layer of the froth. Overall, the average conductivities increased in both upper and 

central layers, and slightly decreased in the deeper layer. Within the steps, the 

conductivity in the upper layer behaved in an opposite way compared to the two lower 

layers. A large, momentary change in bubble size occurred at the end XD = 20 ml/min 

period. Bubble size and slurry level depth increased, while the conductivities decreased, 

especially in the upper layer of the froth. This sudden change was most likely caused by 

the cease in flotation feed due to taking of froth density sample.   

During the second test round, near the end of the XD = 20 ml/min step, a sudden 

increase in slurry level depth and bubble area occurred. Because of this, the average 

bubble size was actually lower with the XD = 20 ml/min than after the first increase to 

xanthate dosage. The overall trend of bubble area was slightly decreasing after that. 

This sudden change to slurry level depth might have been caused by the momentary 

drop in pH that occurred right before. 
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In the first test round camera correlation value seemed to correlate with the pH level and 

it cannot be said for sure that changes to xanthate dosage had significant effect. In the 

second test round, camera correlation value decreased and froth velocity increased as 

the xanthate dosage was increased. 

The addition of collector increases the solid loading of the froth. It has been shown the 

increased amount of solids at the Plateau borders increases the electrical conductivity of 

the froth. In both test rounds, the average conductivity increased as the xanthate dosage 

was increased. However, it could not be confirmed that the dosage of xanthate had a 

significant effect. The most visible changes in bubble size, slurry level depth, camera 

correlation and conductivity were caused by the variation in pH level and the problems 

in flotation feed.  

The average values and the behaviour of key parameters with different xanthate dosages 

are listed in Table 10. As it can be seen, there were a lot of variations in the behaviour 

of conductivity and other variables, not just between the steps, but also within them. As 

mentioned, these variations in behaviour were caused by unintentional changes in pH 

and the problems in flotation feed. 
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Table 10. Average values of conductivity, slurry level depth, bubble size, froth 

thickness and pH, and changes in behaviour between different xanthate dosage 

levels. Arrow-markings indicate how the values began to change when the xanthate 

dosage was changed, and values on both sides of the arrow-marking present the 

average values within the different steps: value with previous xanthate dosage on the 

left side and value with new dosage on the right. (↑) and (↓) –markings indicate 

large increasing/decreasing of values, (↗) and (↘) -markings smaller changes. Note 

that the changes in xanthate dosage were not in all the cases the only factors 

affecting the behaviour of the variable, and because of that, the changes in average 

values may contradict the behaviour of the variable. 

 



93 

6.3 Test 3: effect of zinc sulphate 

Effect of zinc sulphate was tested with three dosages (CD = collector dosage): CD = 25 

ml/min in the first step, CD = 22 ml/min in the second and CD = 28 ml/min in the third. 

Dosage of other chemicals was kept at their base levels, shown in Table 2. Dosage of 

Dowfroth was adjusted between the first and second repetition of the test in order to 

make process function better. 

Goal was to keep pH at the constant level trough the both test rounds. Measured pH 

levels for both rounds are shown in Figure 28.  There was some variation to pH levels 

during both repetitions. During the first test round pH increased slightly from step to 

step, average values being 12,0 with CD = 25 ml/min, 12,1 with CD = 22 ml/min and 

12,2 with CD = 28 ml/min. In the second test round, pH values varied between 12,2 and 

11,9 whole duration of the test, average values were 12,1 with CD = 25 ml/min, 12,0 

with CD = 22 ml/min and 12,1 with CD = 28 ml/min. Table of pH values is presented in 

Appendix 3. 

 

Figure 28.  Test 3: pH as a function of time for the test rounds one (●) and two (●). 
Values outside of the three two hour measuring periods (settling periods before and 

between the step tests, and also the values measured after the last step test) are 

marked with purple bars. 
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6.3.1 Structure of the froth 

In both repetitions of the test three, a clear correlation between froth thickness and 

slurry level depth was observed. In both cases, the plots of these two variables were 

practically identical. However, between the test rounds behaviour was different. The 

plots for slurry level depth, camera correlation value and bubble area are presented in 

Figure 29.  

 

Figure 29.  Test 3: From top to bottom: slurry level depth, camera correlation value 

and bubble area as a function of time for the tests rounds one (left) and two (right). 

Collector dosages (CD) in different steps were 25 ml/min (●), 22 ml/min (●) and 28 

ml/min (●). Dowfroth and xanthate dosages were kept constant: Dowfroth 18 

ml/min during the first round and 15 ml/min during the second, xanthate 23 ml/min, 

respectively. Values outside of the three two hour measuring periods (settling 

periods before and between the step tests, and also the values measured after the last 

step test) are marked with purple bars. 

 

In the first test round the froth thickness and slurry level depth stayed steadily at the 

constant level for the whole CD = 25 ml/min step and first 30 minutes of the CD = 22 

ml/min step. After that, a sudden leap up in both values occurred. During this leap, the 
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froth thickness increased 7,6 cm (113,6 %) and slurry level depth 7,5 cm (267,9%).For 

the rest of the first test round, both values stayed close to their new levels, decreasing 

only slightly during the rest of the measurement. Bubble size correlated with camera 

correlation value, both followed similar plots. Both values were at their highest with CD 

= 25 ml/min, stated to decline when CD was 22 ml/min and increased again with CD = 

28 ml/min. Increasing of bubble size and camera correlation value in the CD = 28 

ml/min step were faster during the last 60 minutes, as was the declining of slurry level 

depth. the froth stability was decent during the first round of test; camera correlation 

values stayed above 15% for most of the test round and were lowest during the 

beginning of the CD = 25 ml/min  measuring period and with CD = 22ml/min. The froth 

speed declined slightly from a step to step. 

In the second test round, the changes to froth thickness and slurry level depth were 

much smaller, the froth was thick and the slurry level depth varied between 10,13-10,36 

cm. Like in the first test round, the average slurry level depth and froth thickness values 

increased from a step to step, but the behaviour within the steps was different and there 

was no sudden leap in the values like in the first round. With CD = 25 ml/min, both 

values started to decline during the last 50 minutes of the step. About 15 minutes before 

the end of the CD = 25 ml/min step, slurry level depth and froth thickness increased 

again. With CD = 22 ml/min and CD = 28 ml/min, slurry level depth followed a slightly 

rising trend, but within the CD = 22 ml/min step, between 11:47-11:55 and 12:38-12:42 

values also declined. Increasing of slurry level depth with CD = 28 ml/min was faster 

during the last 60 minutes of the step. The bubble area was at its lowest in the when CD 

was 25 ml/min and increased from a step to step. Camera correlation value decreased 

from a step to step. The froth stability was decent with CD = 25 ml/min (camera 

correlation value was around 20%), but kept decreasing, and by the end of the last step 

(CD = 28 ml/min), camera correlation value had decreased to less than 10 % and the 

froth stability was poor. In both bubble area and camera correlation values, a decrease in 

value occurred during the last 60 minutes of the CD = 28 ml/min step, same time as the 

slurry level depth value started to increase. 

6.3.2 Composition of process streams 

Results from XRF analysis for test 4 are shown in Table 11 and Figure 30.  
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Table 11. Test 3: average content of copper, zinc, iron and sulphur in different process 

streams. Dowfroth and xanthate dosages were kept constant: Dowfroth 18 ml/min 

during the first round and 15 ml/min during the second, xanthate 23 ml/min, 

respectively. 

Test 3: chemical 
compositions 

Test round 1 Test round 2 

Average content [wt-%] Average content [wt-%] 

ZnSO₄ dosage: Cu Zn Fe S Cu Zn Fe S 

Feed 

25 ml/min 1,165 1,778 35,256 36,548 1,281 1,938 34,805 36,259 
22 ml/min 1,177 1,753 35,125 36,607 1,211 1,848 34,674 35,847 

28 ml/min 1,129 1,727 35,398 36,899 1,201 1,837 34,826 35,947 

Concentrate 

25 ml/min 1,725 1,056 35,775 37,571 1,429 1,964 35,918 38,005 

22 ml/min 3,550 1,229 34,958 37,060 1,445 1,964 36,005 38,460 

28 ml/min 2,859 2,275 34,838 37,231 1,479 2,019 35,957 38,176 

Tailings 

25 ml/min 0,387 2,109 34,390 35,168 0,780 1,559 33,235 33,636 

22 ml/min 0,160 1,867 34,817 35,528 0,943 1,867 33,517 34,457 

28 ml/min 0,203 1,378 35,240 35,916 0,741 1,530 32,507 32,691 

 

 

Figure 30.  Test 3: results from XRF-analysis. From top to bottom: contents of 

sulphur, iron, copper and zinc as a function of time in the feed (●), concetrate (●) 

and tailings (●). Collector dosages (CD) in different steps were 25 ml/min, 22 

ml/min and 28 ml/min. Dowfroth and xanthate dosages were kept constant: 

Dowfroth 18 ml/min during the first round and 15 ml/min during the second, 

xanthate 23 ml/min, respectively. Values outside of the three two hour measuring 

periods (settling periods before and between the step tests) are marked with purple 

bars. 
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In the first test round, copper refining results were best when the dosage was at its 

lowest. The amount of copper in the concentrate kept increasing through the first (CD = 

25 ml/min) and second (CD = 22 ml/min) step, and decreased after that. The amount of 

zinc in the concentrate declined slightly when CD was 25 ml/min, but started to increase 

after that, first slowly and then faster after the first 60 minutes of the CD = 22 ml/Min 

step. The concentration of both metals in the feed remained roughly at the constant level 

throughout the measurements. The amount of iron and sulphur in the concentrate 

decreased within the steps, but increased during the settling period between the CD = 22 

ml/min and CD = 28 ml/min steps. 

In the second test round, the changes to the contents of measured elements were much 

smaller. All four stayed roughly at the same level throughout the measurements. There 

were, however, some changes, especially in the tailings stream. The amount of copper 

was about 0,10 % higher when CD was 28 ml/min than with the lower dosages. With all 

four measured elements, the concentrations in the tailing stream increased during the 

first half of the CD = 25 ml/min step.  the sulphur and iron contents started to decrease 

at the beginning of CD = 22 ml/min step, the decreasing was at its fastest with CD = 28 

ml/min. The copper and zinc contents in the tailings stayed at the constant level during 

the CD = 22 ml/min step, but they too started to decline fast 30 minutes after the CD 

was changed to 28 ml/min. 

6.3.3 Conductivity and t-test 

The electrical conductivities between different froth layers did not follow the 

assumption of conductivity growing towards the slurry-froth interface. In the first test 

round, the leap in slurry level depth and froth thickness values, which occurred during 

the CD = 22 ml/min step, could also be seen in the conductivity plots in all of the froth 

layers. Before this leap, the conductivity was highest on the deeper layer and lowest on 

the upper layer. After the leap, the conductivity of the central layer was highest, and the 

upper layer was still the least conductive layer.  In the second round, the conductivity 

was highest in the central layer and lowest in the upper layer. The difference in 

conductivity between the deeper and central layer was around 1,5 mS/cm, a lot smaller 

than between the deeper and upper layer, which was around 10,0-11,0 mS/cm. The 
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average conductivities and standard deviations for the test three are listed in Table 12 

and the conductivity plots are presented in Figure 31.  

Table 12. Test 3: Average conductivities and standard deviations with different ZnSO4 

dosages. Dowfroth and xanthate dosages were kept constant: Dowfroth 18 ml/min 

during the first round and 15 ml/min during the second, xanthate 23 ml/min, 

respectively. 

Test 3: conductivity Test round 1 Test round 2 

ZnSO₄ dosage: 

Average 
conductivity 

[mS/cm] 

Standard 
deviation 
[mS/cm] 

Average 
conductivity 

[mS/cm] 

Standard 
deviation 
[mS/cm] 

Upper 
froth 
layer 

25 ml/min 1,736 0,129 2,498 0,085 

22 ml/min 2,707 0,646 2,455 0,121 

28 ml/min 2,887 0,182 2,781 0,158 

Central 
froth 
layer 

25 ml/min 1,827 0,139 14,248 0,531 

22 ml/min 5,980 1,808 14,870 0,048 

28 ml/min 7,371 0,096 15,030 0,059 

Deeper 
froth 
layer 

25 ml/min 3,311 0,092 12,780 0,507 

22 ml/min 5,792 1,555 13,239 0,053 

28 ml/min 6,617 0,054 13,226 0,083 
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Figure 31.  Test 3: Conductivities as a function of time for test rounds one 

(uppermost) and two. Froth layers: Upper layer (●), Central layer (●) and Deeper 

layer (●). Collector dosages (CD) in different steps were 25 ml/min, 22 ml/min and 

28 ml/min. Dowfroth and xanthate dosages were kept constant: Dowfroth 18 ml/min 

during the first round and 15 ml/min during the second, xanthate 23 ml/min, 

respectively. Values outside of the three two hour measuring periods (settling 

periods before and between the step tests) are marked with purple bars. 

 

In the first test round, the conductivities followed roughly the same pattern in all the 

layers. With CD = 25 ml/min, the conductivity increased slightly. About 30 minutes 

after the beginning of CD = 22 ml/min step the leap up in the slurry level depth and 

conductivity occurred. As it can be seen from Figure 31. the increasing of conductivity 

during this leap was fastest in the deeper layer, and slowest in the upper layers. In the 

CD = 22 ml/min step, even before the leap, the conductivity in the central and deeper 

froth layers increased, in the upper layer there was a slight declining. While the 

conductivity increased, the bubble size and camera correlation values decreased. When 

the zinc sulphate dosage was increased to 28 ml/min, the conductivity in the upper layer 

started to decline, while the bubble size and camera correlation values started to 

increase. In the other froth layers, with the CD = 28 ml/min, the conductivity first began 

to decrease slightly, and half way through the step, slightly increase again. 
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In the second test round, the conductivity in the central and deeper froth layers behaved 

similarly, increasing from step to step. In the upper layer, the conductivity decreased 

between CD = 25 ml/min and CD = 22 ml/min periods, but kept increasing through the 

entire CD = 22 ml/min step and until the 35 minutes before the end of CD = 28 ml/min 

step, after which the conductivity in this layer decreased. 

Overall, it is difficult to say if changing the zinc sulphate dosage had any effect on the 

conductivity. The changes in slurry level depth and bubble size, and thus, changes in 

conductivity correlated strongly with the variation in pH level. 

Electrical conductivity of the froth layers were studied with unpaired t-tests. The results 

are shown in Table 13. 

Table 13.  Test 3: Results of unpaired t-test for electrical conductivities between ZnSO4 

dosages. T-value (upper value) implicates how much mean values of conductivity 

differ between different collector dosages and p-value tells how likely measured 

conductivity values from different CD-levels actually belong to the same the group, 

rather than to two different groups. 

Test 3 

Test round 1 Test round 2 

CD = 25 
ml/min 

CD = 25 
ml/min 

CD = 22 ml / 
min 

CD = 25 
ml/min 

CD = 25 
ml/min 

CD = 22 ml / 
min 

/ / / / / / 

CD = 22 ml / 
min 

CD = 28 
ml/min 

CD = 28 
ml/min 

CD = 22 ml / 
min 

CD = 28 
ml/min 

CD = 28 
ml/min 

Upper 
froth 
layer 

-16,09   
(p=0) 

-56,48 
(p=0) 

-2,91     
(p=0) 

3,11      
(p=0) 

-16,66 
(p=0) 

-17,9     
(p=0) 

Central  
froth 
layer -25,08  (p=0) 

-358,41    
(p=0) 

-8,42      
(p=0) 

-12,77   
(p=0) 

-15,83 
(p=0) 

-23,15   
(p=0) 

Deeper  
froth 
layer -17,45  (p=0) 

-338,67 
(p=0) 

-5,81     
(p=0) 

-9,86     
(p=0) 

-9,39    
(p=0) 

1,43 
(p=0,15) 

 

The results from a t-test suggest, that in the first test round, there was a significant 

difference in the conductivity mean values between all the ZnSO4 dosage levels in all 

the layers of froth. The conductivity values in CD = 22 ml/min step followed a 

normality assumption poorly, but by looking at the conductivity plots and average 
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values, it can be confirmed that the conductivities with different dosages differed from 

each the other. 

In the second test round, according to the t-test the difference between CD = 22 ml/min 

and CD = 28 ml/min steps in the deeper froth layer was unclear. There seemed to be no 

significant change to conductivity between these two dosage levels. Other than that, the 

conductivity with different frother dosages seemed to differ from each other 

significantly. The difference in average conductivity values between the CD = 25 

ml/min and CD = 22 ml/min steps in the upper layer was small, but based on the 

conductivity plots they can be confirmed to differ.  

6.3.4 SUMMARY 

Results from first and second repetition of the test three differed. In both cases, the 

changes in slurry level depth had the biggest impact to the conductivity.  An 

unintentional variation in pH level had a clear effect on the bubble size and slurry level 

depth, which made it difficult to evaluate the effect of zinc sulphate dosage. Especially 

in the second test round the slurry level depth, and thus, conductivity followed closely 

the changes in pH. 

In the middle of the first test round, a sudden leap in the slurry level depth value 

occurred. In about two minutes, the slurry level depth increased 280%, from 2,75 cm to 

10,44 cm. At the same time, the conductivities in all froth layers also started to increase, 

the increasing was slowest in the upper layer and fastest in deeper layer. Bubble size, 

camera correlation value and froth speed were not affected by this change. A reason for 

this sudden change is unclear. The leap happened about 60 minutes after the dosage of 

ZnSO4 was decreased, but no such change happened when the dosage was later 

increased back to the higher level, nor did anything similar occur during the second 

repetition of the test. 

The average values and the behaviour of key parameters with different ZnSO4 dosages 

are listed in Table 14. Overall, the results from test three were inconclusive. The process 

was too unstable during the measurements and the results from two test rounds differed. 

The effect of the zinc sulphate to the conductivity of the froth could not be seen from 

the results.  
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Table 14. Average values of conductivity, slurry level depth, bubble size, froth 

thickness and pH, and changes in behaviour between different ZnSO4 dosage levels. 

Arrow-markings indicate how the values began to change when the ZnSO4 dosage 

was changed, and values on both sides of the arrow-marking present the average 

values within the different steps: value with previous ZnSO4 dosage on the left side 

and value with new dosage on the right. (↑) and (↓) –markings indicate large 

increasing/decreasing of values, (↗) and (↘) -markings smaller changes. Note that 

the changes in ZnSO4 dosage were not in all the cases the only factors affecting the 

behaviour of the variable, and because of that, the changes in average values may 

contradict the behaviour of the variable. 

 



103 

6.4 Test 4: effect of pH 

pH targets for the first step was 12,5, for the second 12,0 and for the third 11,5. Figure 

32. shows measured pH values for both repetitions of the test four. The dosage of 

Dowfroth was adjusted between test rounds one and two in order to make process 

function better. 

 

Figure 32.  Test 4: pH as a function of time for the test rounds one (●) and two (●). 
Values outside of the three two hour measuring periods (settling periods before and 

between the step tests, and also the values measured after the last step test) are 

marked with purple bars. 

 

In the first test round, pH value in the step one stayed between 12,3 and 12,4, with an 

exception of a sudden drop in pH to level 11,8 which occurred around 10:20 and lasted 

about 20 minutes. A drop was caused by a stagnation in the lime feeding tube. In the 

second step, pH level stayed close to the targeted level of 12,0 for the whole duration of 

the step. In the step three pH level was a bit more unstable as the value dropt 

momentarily under the targeted 11,5. Average pH (ApH) values were ApH = 12,3 in the 

first step, ApH = 12,0 in the second and  ApH = 11,5 in the third. 

During the second test round, the adjusting of pH level between the steps took more 

time than expected, and thus pH levels were not at the targeted values for the whole two 

hour duration of the steps. In the step one values varied between 12,4 and 12,3, staying 
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most of the step closer to 12,4. In the step two, the pH target was dropped to 12,0. For 

the first 10 minutes pH level varied between 12,2 and 12,3, next 50 minutes 12,1 – 12,2 

and for the last 60 minutes stayed approximately at 12,0. In the step three, the target was 

11,5. During the first 40 minutes of third step pH values varied strongly between 10,7 

and 11,8 as the dosage of lime was adjusted. During the remaining part of the step, pH 

settled to 11,6 -11,4. Even though stabilizing pH level took some time, a clear 

difference to average pH was achieved between the steps: average pH values were ApH 

= 12,4 in the first step, ApH = 12,1 in the second and ApH = 11,5 in the third. A table of 

pH values is presented in Appendix 3. 

6.4.1 Structure of the froth 

In the first test round, the slurry level depth increased when the pH was reduced. During 

the first 60 minutes of the step one, the slurry level depth decreased from 10,30 cm to 

9,88 cm and started to increase again after that. When average pH level was decreased 

to 12,0, the slurry level depth increased from the 10,25 to 10,51 cm, the average of the 

step being 10,44 cm. During the last step of the first test round, the slurry level depth 

increased only slightly, the average value being 10,85 cm.  

In the second test round, the slurry level depth (and froth thickness) was significantly 

lower, the values varied between 3,20 and 2,28 cm, average values being 3,23 cm with 

ApH = 12,4, 2,22 cm with ApH = 12,1 and 3,24 cm with ApH = 11,5. The slurry level 

depth was at its highest in the beginning of the first step, and because of this average 

slurry level depth value was higher with ApH = 12,4 than with ApH = 12,1. However, 

from Figure 33. it can be seen that the slurry level depth clearly starts to increase as the 

pH is lowered. 

The average bubble area values in the first test round were 1,31 mm
2
 with ApH = 12,3, 

1,25 mm
2
 with ApH = 12,0 and 1,22 mm

2
 with ApH = 11,5. With the ApH = 12,3, 

bubble size varied strongly, most likely due to a momentary drop in pH during the step. 

Bubble size stayed steadily at the same level during the ApH = 12,0 and ApH = 11,5 

steps. The stability of the froth was decent through the first test round. Camera 

correlation value stated to decrease as the pH was lowered. At the end of first step, 
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camera correlation value was about 30% and at the end of the last step about 17 %. 

Froth speed increased slightly as the pH decreased. 

In the second test round the bubble size increased when as the pH decreased. The 

average bubble area was 1,42 mm
2
 with ApH = 12,4, 2,10 mm

2
 with ApH = 12,1 and in 

3,93 mm
2
 with ApH = 11,5. Froth stability was poor (camera correlation value less than 

20 %) during the whole test and like in the first round, camera correlation value 

decreased and froth speed increased as the pH was lowered. The line plots for bubble 

size, camera correlation value and slurry level depth are presented in Figure 33.  

 

Figure 33.  Test 4: From top to bottom: slurry level depth, camera correlation value 

and bubble area as a function of time for the tests rounds one (left) and two (right). 

PH targets in different steps were 12,5 (●), 12,0 (●) and 11,5 (●). Dowfroth, 

xanthate and ZnSO4 dosages were kept constant: Dowfroth 18 ml/min during the 

first round and 15 ml/min during the second, xanthate 23 ml/min and ZnSO4 25 

ml/min, respectively. Values outside of the three two hour measuring periods 

(settling periods before and between the step tests, and also the values measured 

after the last step test) are marked with purple bars. 

6.4.2 Composition of process streams 

The results from XRF analysis for test 4 are shown in Table 15 and in Figure 34.  
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Table 15. Test 4: average content of copper, zinc, iron and sulphur in different process 

streams. Dowfroth, xanthate and ZnSO4 dosages were kept constant: Dowfroth 18 

ml/min during the first round and 15 ml/min during the second, xanthate 23 ml/min 

and ZnSO4 25 ml/min, respectively. 

Test 4: chemical 
compositions 

Test round 1 Test round 2 

Average content [wt-%] Average content [wt-%] 

pH target: Cu Zn Fe S Cu Zn Fe S 

Feed 

12,5 1,192 1,791 35,450 37,309 1,252 1,908 34,358 35,180 

12,0 1,188 1,783 35,588 37,849 1,239 1,889 34,770 35,763 

11,5 1,195 1,775 35,594 37,581 1,188 1,812 34,752 35,633 

Concentrate 

12,5 3,745 4,600 33,339 36,491 1,711 2,396 35,617 36,523 

12,0 2,358 2,176 35,494 37,728 1,584 2,108 35,854 38,018 

11,5 1,608 0,812 36,124 38,230 1,361 1,748 36,225 38,559 

Tailings 

12,5 0,288 0,851 35,653 36,321 0,904 1,754 33,532 33,458 

12,0 0,314 1,334 35,487 36,241 1,035 1,981 33,737 34,732 

11,5 0,299 2,932 32,899 33,254 1,134 2,481 32,452 33,481 

 

 

Figure 34.  Test 4: results from XRF-analysis. From top to bottom: contents of 

sulphur, iron, copper and zinc as a function of time in the feed (●), concetrate (●) 

and tailings (●). PH targets in different steps were 12,5, 12,0 and 11,5. Dowfroth, 

xanthate and ZnSO4 dosages were kept constant: Dowfroth 18 ml/min during the 

first round and 15 ml/min during the second, xanthate 23 ml/min and ZnSO4 25 

ml/min, respectively. Values outside of the three two hour measuring periods 

(settling periods before and between the step tests) are marked with purple bars. 
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During the first test round, the copper and zinc contents in the concentrate stream 

behaved in a similar way. The amounts of sulphur and iron in concentrate also behaved 

in a similar way with each other, and in an opposite way compared to copper and zinc. 

The amounts of copper and zinc in the feed stayed approximately at the same level for 

the whole duration of the both test rounds. The copper content in the concentrate 

declined after the first step, while the copper content in the tailings increased. As it can 

be observed from Table 15, the amount of copper remained higher in the concentrate 

than in the tailings for the whole duration of the test. The content of zinc in the 

concentrate and tailings behaved in the same way as the copper concentrations did; 

decreasing in concentrate while increasing in the tailings. 30 minutes before the end of 

second step, the amount of the zinc in the tailings exceeded the amount of the zinc in the 

concentrate. During the second test round, the copper and zinc content in the 

concentrate stream also followed similar trends, and declined as pH was decreased. 

However the changes were smaller than during the first test round. 

In both repetitions of the test, the iron and sulphur contents in feed were slightly lower 

during the step one with higher pH than in rest of the steps. Again, the overall trends for 

the iron and sulphur contents were similar in both test rounds, but the absolute values 

and scale of changes differed between the tests. The iron content in the concentrate 

increased as the pH decreased, while the iron content in the tailings declined. The 

sulphur content in the concentrate declined during the first half of the step one, but 

started to increase after that and was at its highest with ApH = 11,5. The sulphur in the 

tailings decreased as pH decreased. 

6.4.3 Conductivity and t-test 

The conductivities in neither repetitions of the test four followed completely the 

assumption that the upper froth layers are electrically less conductive than the deeper 

layers. In the first test round, the conductivity was highest at the central froth layer and 

weakest at the upper layer. In second round the highest conductivity was in the upper 

layer and lowest in the deeper layer. The average conductivities also differed greatly 

between two repetitions of the test four. In the upper froth layer conductivity was 

actually bigger in the second test round, but the conductivities of the two lower layers 

were significantly higher during the first repetition of the test. Table 16 lists the average 
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conductivities and standard deviation for both tests, Figure 35. illustrates the 

conductivity in the different layers. 

Table 16. Test 4: Average conductivities and standard deviations with different pH 

levels. Dowfroth, xanthate and ZnSO4 dosages were kept constant: Dowfroth 18 

ml/min during the first round and 15 ml/min during the second, xanthate 23 ml/min 

and ZnSO4 25 ml/min, respectively. 

Test 4: conductivity Test round 1 Test round 2 

Average pH:                      
target / round 1 / round 2 

Average 
conductivity 

[mS/cm] 

Standard 
deviation 
[mS/cm] 

Average 
conductivity 

[mS/cm] 

Standard 
deviation 
[mS/cm] 

Upper 
froth layer 

12,5 / 12,3 / 12,4 2,879 0,284 4,029 0,146 

12,0 / 12,0 / 12,1 1,733 0,060 3,671 0,331 

11,5 / 11,5 / 11,5 1,404 0,032 1,785 0,317 

Central 
froth layer 

12,5 / 12,3 / 12,4 7,760 0,127 0,538 0,066 

12,0 / 12,0 / 12,1 8,133 0,046 0,596 0,034 

11,5 / 11,5 / 11,5 8,607 0,225 0,369 0,059 

Deeper 
froth layer 

12,5 / 12,3 / 12,4 6,791 0,078 0,084 0,009 

12,0 / 12,0 / 12,1 7,023 0,062 0,101 0,003 

11,5 / 11,5 / 11,5 7,096 0,089 0,069 0,010 

 

 

 

 



109 

 

Figure 35.  Test 4: Conductivities as a function of time for test rounds one 

(uppermost) and two. Froth layers: Upper layer (●), Central layer (●) and Deeper 

layer (●). PH targets in different steps were 12,5, 12,0 and 11,5. Dowfroth, xanthate 

and ZnSO4 dosages were kept constant: Dowfroth 18 ml/min during the first round 

and 15 ml/min during the second, xanthate 23 ml/min and ZnSO4 25 ml/min, 

respectively. Values outside of the three two hour measuring periods (settling 

periods before and between the step tests) are marked with purple bars. 

 

During the first test round the electrical conductivity behaved differently in the different 

layers. With ApH = 12,3, the conductivity in the upper layer stayed at approximately 

3,0 mS/cm for the first 70 minutes and declined then to 2,4 mS/cm, while in the central 

and deeper layers the conductivity followed U-shaped pattern, declining the first 60 

minute and increasing after that. In the upper layer, the conductivity kept decreasing 

from a step to step as the pH decreased; the decreasing was very slow within the step 

three (ApH = 11,5). In the central layer the conductivity increased with ApH = 12,0 and 

ApH = 11,5. In the deeper layer the conductivity increased the first half of the ApH = 

12,0 step, and decreased during the second. With ApH = 11,5 the conductivity in the 

deeper layer increased. 



110 

In the second test round, the behaviour of conductivity was similar in all froth layers. 

With ApH = 12,4 the conductivities rise almost linearly for the whole duration of the 

step. The deeper froth layer made an exception to this, as for the first 15 minutes the 

conductivity actually declined, but started to increase after that. When the pH was 

decreased to 12,1, the conductivities started to decrease again; the decreasing rate 

increased after first 60 minutes of ApH = 12,1 step. In the step three, with ApH 11,5, 

the declining of the conductivity continued in all froth layers for the first 60 minutes. 

After that the decreasing slowed down for the reminder of the test. 

The electrical conductivity of the froth layers were studied with the unpaired t-tests. The 

results are shown in Table 17. 

Table 17. Test 4: Results of unpaired t-test for electrical conductivities between pH 

levels. T-value (upper value) implicates how much mean values of conductivity 

differ between different pH levels and p-value tells how likely measured 

conductivity values from different pH levels actually belong to the same the group, 

rather than to two different groups. 

Test 4 

Test round 1 Test round 2 

ApH = 12,3 ApH = 12,3 ApH = 12,0 ApH = 12,4 ApH = 12,4 ApH = 12,1 

/ / / / / / 

ApH = 12,0 ApH = 11,5 ApH = 11,5 ApH = 12,1 ApH = 11,5 ApH = 11,5 

Upper 
froth 
layer 

43,06  
(p=0) 

56,02  
(p=0) 

52,93  
(p=0) 

10,79  
(p=0) 

70,16   
(p=0) 

45,03  
(p=0) 

Central  
froth 
layer 

-30,25 
(p=0) 

-35,91 
(p=0) 

-22,45 
(p=0) 

-8,6         
(p=0) 

20,84  
(p=0) 

36,44  
(p=0) 

Deeper  
froth 
layer 

-25,55 
(p=0) 

-28,17 
(p=0) 

-7,31    
(p=0) 

-18,65 
(p=0) 

12,16  
(p=0) 

32,97  
(p=0) 

 

The results from the t-test indicate that in different test rounds and in all the layers of 

froth, the average conductivity values with different pH levels would differ significantly 

from each other. However, since the data was not normally distributed in all cases, also 

the conductivity plots and behaviour within the steps themselves must be considered. 
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In the first test round, in the upper and central froth layers, according to t-test there was 

a clear difference in the conductivity values between all pH levels. The values followed 

normal distribution very poorly, but the conductivity plots (Figure 35. confirmed the 

results.  

In the second test round, in the upper and central froth layers, a step with ApH = 11,5 

was the only that shows a significant difference compared to the steps. Based on the t-

test, the conductivity values with ApH = 12,4 and ApH = 12,1 cannot be confirmed to 

be significantly different. However, the behaviour of conductivity was different with 

different pH levels. In all froth layers, the conductivity values followed roughly the 

same pattern. 

6.4.4 SUMMARY 

The results show that changing pH has a visible impact to the electrical conductivity of 

the froth and also to the other measured parameters; however there were some 

differences between two repetitions of the test. 

In the second test round (thin froth), the conductivity behaved similarly in all layers of 

the froth. When pH was decreased, the conductivities began to decrease. However, since 

conductivities in all froth layers steadily increased through entire first step of the first 

test round, the average conductivities in the central and deeper layers were actually 

higher after the first lowering of the pH than before it. In other words, lowering the pH 

had a clear impact to the behaviour of conductivity, but because the behaviours were 

opposite before and after the first pH change, the average conductivities were close to 

each other. Same was true also for the slurry level depth during the second test round. In 

the first round, the conductivity behaved differently in different layers of the froth. 

When pH was decreased, the conductivity in the central and deeper layers of the froth 

increased, while the conductivity in the upper layer decreased.  In both test rounds, the 

changes were larger in the upper layer. 

In both cases, the slurry level depth began to increase when pH was lowered. The slurry 

level depth was significantly higher during the first repetition of the test as well as the 

average conductivity, with an exception of the upper layer. The change to the slurry 

level depth was faster during the second change to pH, when pH was dropped from 12,0 
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to 11,5 and the slurry level depth had a very clear effect on the conductivity in both test 

rounds and in all froth layers. Camera correlation values decreased and total froth 

velocity increased in both repetitions when pH was reduced.  In the second test round, a 

clear change to the bubble area value could be seen. The bubble area started to increase 

when pH was decreased. However, during the first test round no significant change to 

bubble area was observed. 

The copper and zinc contents in the concentrate stream decreased when pH was 

lowered, while the sulphur and iron contents increased. The average changes were 

larger during the first repetition of the test. 

In the first test round of the test four, all the changes were observed to start about 40 

minutes before the first planned pH level change. This is due to the unplanned decrease 

in pH at the end of step one, and because of this, in a sense step two started early.  

In addition to the test four, pH levels also changed unintentionally during the other tests. 

Effect of pH was similar in all the cases; when pH lowered, the bubble size and slurry 

level depth started to increase, the conductivity in the thin froth decreased. In the thick 

froth, the conductivity in the upper layer decreased and in the other layers increased. the 

changes were opposite when pH increased. The chemical composition of the froth also 

changed when the pH level changed; for example during the first repetition of the test 

one, when the pH increased toward the end of the first step, the copper and zinc 

concentration in the froth increased while the iron and sulphur concentrations decline. 

The average values and the behaviour of key parameters with different pH levels are 

listed in Table 18. In conclusion, reducing pH at this range caused an increase in bubble 

size, slurry level depth and froth velocity, and a decrease in camera correlation value. 

The electrical conductivity in the thin froth and the upper layer of the thick froth 

decreased, and in the other layers of the thick froth increased slightly. The refining 

results of copper also decreased when pH was lowered. 
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Table 18. Average values of conductivity, slurry level depth, bubble size, froth 

thickness and pH, and changes in behaviour between different pH levels. Arrow-

markings indicate how the values began to change when the pH level was changed, 

and values on both sides of the arrow-marking present the average values within the 

different steps: value with previous pH on the left side and value with new pH on 

the right. (↑) and (↓) –markings indicate large increasing/decreasing of values, (↗) 
and (↘) -markings smaller changes. Note that the changes in pH were not in all the 

cases the only factors affecting the behaviour of the variable, and because of that, 

the changes in average values may contradict the behaviour of the variable. 

 

 



114 

7 DISCUSSION 

The experiments for this thesis were performed in a small 4 litre cell. The system was 

relatively sensitive to the changes in pH and the flotation feed. The momentary 

problems or slight changes in CaO feeding could cause fast changes in pH levels, and 

even short breaks in the slurry feed to the flotation, caused by for example taking the 

sample for the density measuring, could cause a visible effect on the results. An 

unintentional variation in pH had a clear effect on the flotation process and, thus to the 

results. The effects of pH variation were in line with the results from test four: effect of 

pH, but provided a challenge to the analysis. The changes in the flotation feed had an 

effect on the slurry level depth. The flow speed of the flotation feed was not measured, 

but the pumping speed was kept at a constant level within one test round. Still, some 

unrecorded changes in the flotation feed might have occurred due to the partial clogging 

of the feeding hoses and other problems. The recorded changes in the flotation feed had 

an effect on the process and thus, to the conductivity data. 

The effect of each chemical was tested with three different dosage levels. Each step test 

lasted 120 minutes, and the change in the chemical dosage was made 30 minutes before 

the beginning of next step. Therefore, each dosage level was kept constant for the 

duration of 150 minutes within one test round. The effects of some changes to the 

conductivity were observed almost instantly after the change was made. For example 

the effect of adjusting the pH was observed very fast. In some cases, like with the 

Dowfroth, the effect of change had delay to take place or the effect accelerated 

significantly after a while. In test one: the effect of Dowfroth, the biggest changes in the 

slurry level depth and the conductivity were observed about 50-60 minutes after the 

change in the chemical dosage was made. 

In some cases, the changes for example in the slurry level depth or bubble size started 

when the chemical dosage was made and continued without settling to a constant level 

within the two hour measuring periods. Thus, any changes that might have occurred in a 

longer test period were left unobserved. Also, in some cases the behaviour of the 

measured variable might have been opposite within different chemical dosages, whether 

it was just because of the change in chemical dosage or some other factor like pH. 

Because of this, the average conductivities with different chemical dosages were in 
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some cases very close to each other, even though the behaviour could have been 

completely different. Thus, even if the changing of the chemical dosage had a clear 

effect on the behaviour of variable, the changes observed in the average values between 

the dosage levels were in some cases very small or even opposite to suggested changes 

in behaviour. A good example of this was observed in the second test round of test four. 

When at the end of first step the pH level is changed from 12,5 to 12,0, the slurry level 

depth immediately started to increase, and the electrical conductivity in all froth layers 

decrease. Lowering the pH had a clear positive effect on the slurry level depth and 

negative effect on the conductivity. However, because slurry level depth was high at the 

beginning of the test and decreased the entire first step, the average slurry level depth 

value was actually higher with the pH target 12,5 than it is with the pH target 12,0, 

despite the effect that decreasing the pH had. Same was also seen in the average 

conductivity values in the central and deeper froth layers. 

The slurry level depth and froth thickness varied between the test and test rounds, and 

sometimes even within the one round. In the thinner froth, the electrical conductivity 

behaved mostly similarly in all of the froth layers. In the thicker froth (when slurry level 

depth over 9,5 cm), however, there were differences in the behaviour of the conductivity 

between the layers. The upper layer of the froth differed the most from the others, while 

the behaviours of the central and deeper layers were closer to each other. In terms of the 

conductivity, in thick froth upper layer behaved in a different way than the others, and 

in the thin froth all the layers behaved like the upper layer in the thick froth. 

Additionally, in the thick froth, the differences in average conductivities were smaller 

between the central and deeper layers than they were between the upper layer and the 

others. No reason for the large differences in the slurry level depth between test days 

was found. 

A larger slurry level depth value and thus, the greater froth thickness might explain why 

the conductivity values behaved differently in the upper froth layer in the thick froth. 

According to Kejonen (2014), when the froth thickness rises, the relative draining 

reduces due to the changes in Plateau border thickness. In other words, a thin froth dries 

up faster than thick froth, and in the thick froth’s lower layers the water content is 

significantly higher than in the upper layers. This is reasonable, since according to the 
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results, in the thin froth there were less differences in the behaviour of the conductivity 

between the layers than there were in the thick froth. 

Based on the results, the effect of the slurry level depth to the electrical conductivity 

was not unambiguous. In general, when the slurry level depth was higher (and therefore 

the froth was thicker), the conductivity was also higher. This was evident especially in 

the first repetition of test three and the second repetition of test one, during which a 

large changes to the slurry level depth and the parallel changes to the conductivities in 

all layers of the froth occurred. However, during the smaller changes within all the tests, 

slurry level depth ‒ conductivity relation was opposite: the conductivity decreased when 

the slurry level depth increased and vice versa. Again, in the thick froth, the effect was 

different in the upper layer of the froth. When the slurry level depth decreased, the 

conductivity in the upper layer increased, and in the central and deeper layers decreased. 

With a low slurry level depth values (thin froth) all the layers behaved like the upper 

layer.  

The bubble area value was another parameter, which had a clear impact to the electrical 

conductivity. In general, an increase in bubble size caused a decrease in conductivity. 

This is because when the bubble size grows, the number of plateau borders, which carry 

the electrical current in froth, decrease. The effect of bubble area on the conductivity 

was largest in the upper layer of the froth. 



117 

8 CONCLUSION 

The effect of pH and three flotation chemicals to the electrical conductivity of the froth 

flotation froth were tested. The results indicate, that the changes caused by adjusting 

chemical dosage and pH can be observed by measuring the electrical conductivity of the 

froth, and that the changes to the conductivity are different in the different regions of the 

froth. 

The effect of Dowfroth was tested with three dosages: 18 ml/min, 15 ml/min and 21 

ml/min. The changes in dosage had a clear impact on the bubble size and to the slurry 

level depth, and thus, to the conductivity. The decreasing of the frother dosage increased 

the bubble size. This is reasonable, since one important function of the frothers is to 

decrease bubble size by preventing coalescence between the bubbles. However, between 

the Dowfroth dosage levels of 18 ml/min and 21 ml/min there were no significant 

difference in bubble size. It is possible, that the critical coalescence concentration for 

Dowfroth250 was reached somewhere between the frother dosages of 15 ml/min and 18 

ml/min, and thus, after that the increasing of the frother dosage had a little to no effect. 

The slurry level depth value however had a bigger effect on the conductivity than the 

bubble size. When the frother dosage was decreased, the slurry level depth increased 

and in the thin froth the conductivities decreased, while in the thick froth only the 

conductivity in the upper layer decreased, and in the central and deeper layers there was 

a slight increase. 

The effect of pH was tested with the values between 11,4 to 12,5.  pH level had a clear 

impact to the slurry level depth, the bubble size and the electrical conductivity. In a 

thick froth, the changes to the electrical conductivity were different in the upper froth 

layer than they were in the other layers. When pH was lowered, the bubble size and the 

slurry level depth increased. When the bubble size grew, the conductivity in the thin 

froth decreased. However, in the thick froth, only the conductivity in the upper layer of 

the froth decreased as the bubble size grew.  In the central and deeper layers the 

conductivity increased slightly. The changes to the slurry level depth had even a greater 

effect on the electrical conductivity. In all of the tests and test rounds, the electrical 

conductivity in all layers of the froth corresponded to the changes in slurry level depth 
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in a previously mentioned way. Other effects of lowering the pH level included a 

decrease in camera correlation value and an increase in froth velocity. 

When pH was lowered, the refining results of copper declined. The copper and zinc 

concentration in the froth declined, while the iron and sulphur concentration increased. 

The changes to concentrations were larger when pH was dropped from 12,5 to 12,0 than 

they were during the second drop, when pH was dropped from 12,0 to 11,5. 

The results from the test two: effect of xanthate, were inconclusive. In both repetitions 

of the tests, the conductivity in the upper layer of the froth increased as the dosage of 

collector was increased; the changes to average conductivities in other layers were 

slight. This seems reasonable, since the addition of a collector increases the solid 

loading of the froth, which in turn increases the conductivity. However, most of the 

changes to the bubble size and slurry level depth and thus to the conductivity were more 

likely caused by the changes in pH. This is not to say, that the xanthate dosage did not 

have any effect on the conductivity, but based on these results, this could not be 

confirmed. 

The measurements for the test three: effect of ZnSO4, were unsuccessful. Due to the 

instability of process during the test runs, the possible effect of ZnSO4 could not be seen 

from the results. 

In conclusion, the chemical dosage and pH have an effect on the conductivity of the 

froth in the froth flotation process. The changes in conductivity are different in the 

different layers of the froth: in a thick froth the conductivity behaves differently in the 

upper layer than in the other layers, in a thin froth all layers behave like an upper layer 

of the thick froth. At the dosage and pH ranges used in these measurements, the 

decreasing of the frother dosage causes a decrease in the electrical conductivity in the 

thin froth and the upper layer of the thick froth. The decreasing of pH decreases the 

conductivity in the thin froth and upper layer of the thick froth.  The decreasing of pH at 

this range also weakens the copper refining results.  
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