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SYNOPSIS

The froth flotation process has found substantial usage in the mineral processing
industry for over a century and as long as minerals continue to exist in the earth’s
crust, the demand for upgrading and recovery of these natural yet valuable resources
will continue to exist. It relies on the principle that a bubble-particle collision process
should be accompanied by the formation of an attachment between the pair. Of
particular importance to the flotation process is the stability of froths. This will affect
the mass pull, which, in turn, will affect recovery and the grade that is attainable. Froth
stability is affected by many factors, viz. machine properties, hydrodynamics within the
flotation cell, reagent suites, as well as mineral particle properties. Of particular interest
to reagent suites is the frother dosage and its influence on the prevention of
coalescence which has been fairly well studied. Regarding froth stability, the frother
influences the amount of water that reports to the concentrate as well as the bubble
surface viscosity, limiting drainage and subsequent bubble coalescence. Most of the
other factors influence the amount of particles that report to the froth, but it is the
particle properties that have the overriding influence on the froth stability. It is in the
interest of flotation modelling and optimisation to be able to find relationships for the
impact of particle properties on froth stability.

This project has focussed on the influence of two main particle properties, i.e. size and
hydrophobicity, and their interactive effects on froth stability. In order to establish
relationships between particle properties and froth stability, two devices were built in
the laboratory, i.e. a non-overflowing stability column to measure froth stability and a
bench-scale continuous flotation cell to provide metallurgical information, besides
being able to measure froth stability using water recovery and froth surface bubble
burst rate.

In the first part of the investigation, particles of discrete sizes as well as mixtures of
particles sizes were utilised at a constant hydrophobicity. Results obtained show a
power law relationship between froth stability and particle size, with all particle
combinations falling on the same relationship. Froth stability decreased with increasing
particle size. A large increase in froth stability occurred for feed particles of average

size below 50 um. This was attributed to particles in the finer range reporting to the



froth by both true flotation and entrainment. These fine particles would result in a

higher interfilm viscosity resulting in reduced drainage.

A useful linear relationship between froth stability and the reciprocal of feed particle
size was obtained. The reciprocal of feed particle size was used to represent the
specific surface area of the particles. It was found that as the specific surface area of

the particles increased, their froth stabilising effect also increased in a linear fashion.

In the second part of the investigation, the influence of particle hydrophobicity and the
interactive effects of particle size and hydrophobicity on froth stability were explored.
In common with other studies, it was found that froth stability increased with increasing
particle hydrophobicity up to an optimum value between 66° and 69° and thereafter it
decreased. The smallest size particles (28 um) produced the highest variation in froth
stability with increasing hydrophobicity. The response of the coarse particles to froth
stability with increasing hydrophobicity was less pronounced. Particle size was found
to have a greater influence on froth stability than particle hydrophobicity. Variations in
froth stability were about 1.5 times greater for changes in particle size than changes

in hydrophobicity over the relatively large ranges of size and hydrophobicity tested.

The relationship between froth stability and feed particle specific surface area was
investigated at different hydrophobicities and found to be linear for most practical
particle sizes. However, a deviation from linearity occurred at very small particles sizes
(28 pm) for particles of optimum hydrophobicities. The slopes of the froth stability
versus feed specific surface area relationships in the linear region were found to
increase with increasing hydrophobicity, up until an optimum contact angle of between
64° and 68°, whereafter they decreased. Thus, this family of curves would allow the
prediction of froth stability of varying hydrophobicities on a size-by-size basis. This
relationship was shown to hold for two real ores: a platinum-bearing UG2 ore and an
Itabirite iron ore. Thus, a simple linear calibration of grind versus froth stability would

allow a prediction of froth stability for a particular ore.

A Langmuir-type model was developed to relate the froth stability to the concentrate
particle surface area. It was found to be a good fit to the experimental data. This shows
that it is possible to model froth stability in terms of the particle packing at the air-water
interface in much the same way that surfactant molecular packing at the interface is

modelled. The increasing particle surface area affects the surface tension of the films

Vi



and reduces film drainage. In studying the interactive effects of particle size and
hydrophobicity, it was found that all data points of all hydrophobicities fell on the same
relationship when froth stability was plotted as a function of concentrate surface area.
It was therefore, concluded that particle size and hydrophobicity define the amount of
particles that will report to the froth phase, but once in the froth, it is the surface area

of the particles that will define the froth stability.
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STATEMENT OF NOVELTY

Particle size and hydrophobicity effects on froth stability have been investigated in two
specially designed laboratory devices, viz; a bench-scale continuously operated
flotation column and a non-overflowing stability column. The novelty resulting from this

study are outlined below:

e Developed a novel bench-scale flotation device for the characterisation of small
samples such as drill core, or synthetic ore samples.

e Shown linear relationships between feed particle specific surface area and froth
stability for most practical particle sizes. This was shown to apply to particles of
different hydrophobicities in a synthetic pyrite/quartz ore, as well as two real
ores.

e Developed a model of the relationship between froth stability and particle
surface area that shows that froth stability is dependent only on patrticle surface

area and not on the hydrophobicity of the particles in the froth.

viii



TABLE OF CONTENTS

DECLARATION . ..ttt et ettt e e e e e et e e e e e e e e e sttt e e e e e e e s sesnsbeeeeeeeeeeeesannnnneees i
ACKNOWLEDGEMENTS ...oiiiiiiiieeiiiiiiiiiiee ettt e e e e et e e e e e e s s snnnssnneeeeeeens i
PUBLICATIONS AND CONFERENCE PRESENTATIONS ..o v
R 1 L0 ] 1 Vv
STATEMENT OF NOVELTY .eeiiiiiiii et e e e e e e e e e e e aann e e viii
NOMENCLATURE ... e e e e e e e e e e e eaan s XVii
(O o A I 1\ 1
I N I @ 151 L @ I PR 1
1.1. Froth flotation PrOCESS .....cooeieeieeeeee e 1
1.2. Froth phase and froth stability............ccooooeioiii 1
1.3. Problem statement and JUSHIfiCAtioN ...........cooeeeeeeiiee e 2
1.4, ODJECEIVES ... 2
1.5. RESEAICH QUESTIONS ... 3
T 1Y/ 010 11 [T SRS 3

A o o] o1 PP 3
1.8. TRESIS AYOUL......uuiiii e e e e e e e e e e eeaenns 4
CHAPTER TWO ...ttt ettt e e e e e e e sttt e e e e e e e e s s s nnbbaneneeeeeeeenanns 6
2. LITERATURE REVIEW ...ttt e e sraee e e e e e e e e e 6
FZ I © 1V =T oV 6
2.2. Kinetics of the flotation ProCESS...........uuuiiiiiiie e 6
2.3. Froth reCoVEry, Rf.....coooiiii e aaaaes 8
pZ S 1 - V1 ] 1= o 12
2.5. The structure of the froth ... 16
2.6. Froth structure and stability ..............oouiiiiii i 19
2.7. Frothers and froth stability ... 20
2.8. The importance of partiCle SIZe ............cceeiiiieiiiiiicce e, 22
2.9. Particle hydrophObDICIty .........coooiiiiii e 27
2.10. Stabilisation mechanisms of froths by mineral particles..............cc........... 33
2.11.  Measuring froth stability ............cooeiiiiiiii i 37
2.11.1. Froth stability COlUMN ..., 37
2.11.2. Water recovery as a froth stability measure..............ccccooeei, 41
2.11.3. Air recovery as a froth stability measure ............ccccooeei 43

iX



2.11.4. Characterisation of froth stability behaviour by image analysis.............. 45

2.11.5. Electrical impedance spectrum as a froth stability measure .................. 46
2.02. SUMIMIATY ...ttt e e e et e e e ettt e e e e eta e e e e esba e e eeesaa e eaeesnnnaaaeees 50
(O o A I G I o | P 52
3. DEVELOPMENT OF THE BENCH-SCALE FLOTATION COLUMN.................. 52
G 700 I 1 11 o o [ 3o 1o o 1P 52
3.2. DeSign CONSIAEIALIONS.......uuiiieeeeeeeeeeice e e e e e e e e e e e e esaaaas 53
I S o T= U o [ o (=] T | SRR 53
3.2.2. General COlUMN AESIgN ...uuuii i e e e e e e e eennes 54
TG TS 11 (8] o =T o [0 0= > i [0 o ISP 56
3.4. Limitations and recommended future improvements to the operation of the
continuous flotation COIUMN.........coooiii i 57
CHAPTER FOUR ... .ouiiiiiiiiie ettt ettt e e e e e e e e e e e e s s b reeeeaaeeesnanns 59
4. EXPERIMENTAL METHOD .....ccoiiiiiiiiiiiiieee ettt e e e e e e e 59
o R o 11 11 o1 0= o | P 59
4.1.1. Froth stability COIUMN........ooooii e 59
4.1.2. Bench-scale continuous flotation column.........cccccccvvviiiiiiiiiiiiiiiiinennnn, 62
4.1.3. Microflotation apparatus ..........ccceeeeeeiiiiiiiiiiii e e 62
4.2, MALEHAIS ..coeeeeeeeeeee e 64
4.2 1. MINEIAIS ..ccoiiiiiiiiiiiie e 64
4.2.2. REAGENIS ...t 65
4.2.3.  Synthetic plant Water ... 66
4.3. Mineral @analysis ... 66
4.4. Contact angle measurement and manipulation ...........cccccccvvvviiiiiiiiiiinnnnnnn. 67
4.5, Froth reCOVEIY ... 68
4.6. Representation of particle size data...........ccccccevvvviiiiiiii 69
4.7. Particle Size diStriDULIONS. ........cooviiiiiiiiie e 70
O R = 10 o] o1 (= 10 ] €] B - L= P 72
(O A I L Y P 73
5. THE EFFECT OF PARTICLE SIZE ON FROTH STABILITY ....ooviiieiiieeeee, 73
o0t I 1o 1 70T [UTox 1 o o [P 73
5.2, ReSUIts and diSCUSSION ......cceiiiiiiiiiiiiiiie e 73
5.2.1. Feed versus concentrate particle Size .........ccccoeeveiiiiiiiiiiiiiice e 73
5.2.2. Relationship between froth stability and feed patrticle size.................... 74

X



5.2.3. Relationship between froth stability and feed particle specific surface

2 T PP 78
5.2.4. A model describing the relationship between froth stability and
concentrate particle SUrface area...........oeeeeeeieee i 81
5.2.5. Comparison of froth stability measurements............ccccevvvviiiiiienecereeenns 83
5.2.6. Particle size and flotation performance..............cccoooeiii, 86
IR T O 0o [od [ 1] o] o 1S3 PUTR 92
(O o I ] PN 94

6. THE EFFECT OF PARTICLE HYDROPHOBICITY AND THE INTERACTIVE
EFFECTS OF PARTICLE SIZE AND HYDROPHOBICITY ON FROTH STABILITY 94

G0 R [ 0T [ Tod 1 0] o RSP 94
6.2. ReSUItS and diSCUSSION ......uuuiiiiieiiiiiiiiiiie et e e e e e e e e eeenes 95
6.2.1. Quantifying mineral particle hydrophobicity — microflotation and contact
aNgle MEASUIEMENLS .....cccc e 95
6.2.2. Froth stability as a function of hydrophobicity ...............ccccoee, 98

6.2.3. Froth stability as a function of hydrophobicity at varying particle sizes102

6.2.4. Froth stability as a function of specific surface area at varying

RYArOPNODICIIIES ... 106
6.2.5. Modelling froth stability as a function of concentrate particle surface area
109

IR T @] o o] U1 [0 o S SSRPPPPPIN 112
(O A I S Y N 114
7. CONCLUSIONS AND RECOMMENDATIONS ... 114
4% S @] o T3 U1 [0 o U SERPPPN 114
7.2. ReCOMMENTALIONS ....coeeiiiiiiiiee e ee e e e e e e et e e e e e e e e eeeeannn e e e e eeeeeeeee 119
e N L P 120
N e L AT O 0 129

Xi



TABLE OF FIGURES

Figure 2.1: Representing the two-stage flotation model which considers both the pulp
and froth as distinct phases (Adapted from Yianatos et al., 2008). ............cccevevvvrnnnnn. 8

Figure 2.2: Flotation rate constant, k, as a function of froth depth, FD. (Vera et al.,
LS 1S L ) T SRR RP P PPPPPPPPPR 10

Figure 2.3: Figure 2.3: Bubble load devices. (a) Seaman et al. (2006), (b) Yianatos et
al. (2008) and (c) Falutsu and Dobby (1992). (Adopted from Runge et al. 2010)..... 11

Figure 2.4: Mechanisms of particle recovery by (a) true flotation, (b) entrainment
(Kawatra and Carlson, 2013). ...ccuuuuiiiiieeeeeeeeiiiiiie e et e e e e e e e eeeba e e e e e eeeeane 14

Figure 2.5: Recovery of silica gangue of different sizes as a function of water recovery
(Engelbrecht and Woodburn, 1975). ........uuuuuiuuiiiiiiiiiiiiiiiiiiiiiiiiiieiiiieieeeeeeeneeeeeeeeanees 16

Figure 2.6: Structure of the lamella, Plateau border, and vertex in a foam system
(Ventura-Medina, 2002). .......ccooiiiiiiiiee e et e e e e et e e e e e e e e aaeaaaaaa 17

Figure 2.7: Froth structure occurring during formation and drainage of the foam in a
COlUMN (PUQGN, 1996). ... it e e e e e e 18

Figure 2.8: (a) General structure of frother (based on alcohol) showing mixed polarity
(left) and orientation at the air—water interface (right). (b) Examples of two common
frothers, an alcohol and a polyglycol (Finch et al., 2008). ..., 21

Figure 2.9: Impact of frother dosage on mean bubble size (D32 and Dio) and on
frequency distributions (number, surface area, volume) at selected frother (Nesset et
LT 0101 ) TR 22

Figure 2.10: Variation in sulphur grade as a function of particle size fraction for
Merensky (M) and UG2 (U) ores, Feng and Aldrich (1999).......cccoeeeeiiiiiiiiiiiineeeenn. 23

Figure 2.11: Maximum recovery as a function of particle size for different contact angle
ranges, Muganda €t al. (2011). ......uuuuuuuuuuiiiiiiiiiiiiiiiiiiiee e 26

Figure 2.12: Schematic presentation of equilibrium contact between an air bubble and
a solid immersed in water (Adapted from Rao, 2013). .........cccccceummmmiiimiiiiiiiiiiiiiiinnns 28

Figure 2.13: Bridging particle behaviour in a foam. (a) moderately hydrophobic (b)
highly hydrophobic particle (Aveyard et al., 1994).........ccoovviiiiiiiiiiiieeie e, 29

Figure 2.14: Suggested stabilization and destabilization mechanisms of the
mineralised froths (a) Particles with fairly low degree of hydrophobicity corresponding
to a contact angle of < 40° on quartz plate, (b) intermediate degree of hydrophobicity

xii



6 = 65°, and (c) fairly high degree of hydrophobicity 6 > 80° (Johannson and Pugh,
LS Rt 35

Figure 2.15: Mechanisms of liquid film stabilisation: (a) a monolayer of bridging
particles; (b) a bilayer of close-packed particles; (c) a network of particle aggregates
(gel) inside the film (HOrozov, 2008).........cccuuuuiiiiiiie e e e e e e e e eeaeens 36

Figure 2.16: A plot of froth height, H, as a function of time, t (adapted from Triffet and
(@] =T 6T 00 ) PP 38

Figure 2.17: Typical decay pattern of foam height as a function of height for surfactant
solutions investigated (Iglesias et al., 1995).........ccoovriiiiiiiiii e, 40

Figure 2.18: Processing the results of the foam decay rate (Iglesias et al., 1995)...41

Figure 2.19: Schematic showing the general effect of air recovery optimisation on
flotation performance (Hadler et al., 2010). ......ccoeeieeiiieeeee e 44

Figure 2.20: Schematic diagram of (A) froth structure and (B) possible electrical
equivalent circuit representing its electrical and dielectric properties (R - resistance; C
- capacitance; L - inductance (Hu et al., 2009)...........ccviiiiiiieeiiieeecee e, 48

Figure 2.21: Effect of the froth stability index on flotation yield of plant operation for

nine differents runs labelled #1 to #9. (Hu et al., 2009). ..........ceeeeiiiriiiiiiiiiieeeeeeeeeins 49
o 18 IR I ST o= o =] SRR PPPPPPPPPPP 54
Figure 3.2: (a) Set-up of froth section of continuous column flotation cell (b) Glass froth
zone columns of varying NeIGNL. ...........uuuiiiiiiiiii e 55
Figure 3.3: Bench-scale flotation COlUMN ...........cooovviiiiiiiiiiiiiiieeeeee 56

Figure 3.4: Schematic showing setup and operation of the bench-scale continuous

flotation COIUMN ... 57
Figure 4.1: Stability COIUMN. ... e 59
Figure 4.2: Froth growth as a function of time for three patrticle size fractions (25-75,
75-150, & 150-300 UM). ..uuuuuuriuinrunnunnnunnneneeeeeeneeeererrreeeeea————————————————————————————————.——————. 61
Figure 4.3: Effect of aeration rate on maximum froth height (Hmax) for two different
(01 Y1 (<7 1 1P 61
Figure 4.4: UCT Microflotation cell used for hydrophobicity determination............... 64
Figure 4.5: Kruss K-12 tensiometer used for contact angle determination................ 68

xiii



Figure 4.6: Concentrate particle size distribution for the 1:4 ratio. Sauter mean particle
sizes from the Malvern mastersizer were used for this plot.............cccooeeeeeiiiiiiiinnnnnn. 70

Figure 4.7: Concentrate particle size distribution for the 4:1 ratio. Sauter mean particle
sizes from the Malvern mastersizer were used for this plot..............cccccciiiiiiinnnnnes 71

Figure 4.8: Concentrate particle size distribution for the discrete size fractions. Sauter
mean particle sizes from the Malvern mastersizer were used for this plot. .............. 72

Figure 5.1: Feed particle diameter as a function of concentrate particle diameter. The
line represents the Xy fUNCLON. ..........cooiii i 74

Figure 5.2: Effect of particle size on dynamic froth stability at 25% pulp density and a
pyrite contact angle of 46° in a non-overflowing stability column. Ratio 1:4 refers to a
mixture with 20% of one size class and 80% of another size class. The reader is
referred to Table 4.3 1IN Chapter 4. ..........uuuiiiiiiiiiiiiiiiii e 76

Figure 5.3: Recovery of water as a function of particle size at a constant pulp density
of 25% and a pyrite contact angle of 46° in a continuously operated bench-scale
flotation column. Ratio 1:4 refers to a mixture with 20% of once size class and 80% of
another size class. The reader is referred to Table 4.3 in Chapter 4........................ 77

Figure 5.4: Effect of particle size on bubble burst rate at a constant pulp density of
25% and pyrite contact angle of 46°as measured from a continuously operated bench-
scale flotation column. Ratio 1:4 refers to a mixture with 20% of once size class and
80% of another size class. The reader is referred to Table 4.3 in Chapter 4............ 78

Figure 5.5: Relationship between dynamic froth stability and reciprocal particle size,

representing SPECIfiC SUIMACE @rEa ..........coviviiiiiiiiiie e e e e eeeeees 80
Figure 5.6: Dependence of water recovery on specific surface area............cccc....... 80
Figure 5.7: Influence of particle surface area on reciprocal bubble burst rate........... 81

Figure 5.8: Influence of particle surface area on dynamic froth stability at a constant
hydrophobicity of contact angle 46°. ..o 83

Figure 5.9: The Langmuir isotherm expression predictions for each of the three froth
stability measurement proxies data Set. ........ccoeeeeeiiiiiiiiiiiie e 86

Figure 5.10: Effect of particle size on pyrite recovery at 25% pulp density in the
continuously operated bench-scale flotation column cell............cccccooeiiiiiiiiiinnnn. 88

Figure 5.11: Variation of froth recovery with particle size and concentration (25% and
300 PUIP AENSILEY) ...t 88

Figure 5.12: Rate constants for pyrite flotation as a function of froth stability........... 89

Xiv



Figure 5.13: Entrainment of quartz particles of different size fractions..................... 90

Figure 5.14: Flowrate of total solids (blue diamonds), hydrophilic material in the form
of quartz (orange squares) and hydrophobic material in the form of pyrite and talc (grey
triangles) as a function of feed particle diameter. ..., 91

Figure 6.1: Variation of pyrite recovery with time in the microflotation cell at no collector
coverage of the partiCle SUMACE. ...t 96

Figure 6.2: Relating the collector surface coverage to pyrite recovery in the
microflotation cell and contact angles measured using the Kruss tensiometer. ....... 97

Figure 6.3: Effect of particle hydrophobicity on froth stability as measured using a non-
overflowing stability column and a bench-scale continuously operated flotation column
for a particle Size 0f 38 — 106 M. ..ccooiiiiiiiie e 99

Figure 6.4: Recovery of solids (total solids, hydrophilic and hydrophobic components)
as a function of hydrophobicity for a constant particle size of 38 — 106 pm. .......... 101

Figure 6.5: Effect of particle hydrophobicity on pyrite recovery and froth recovery for
SIZE ClaSS OF 38 — 106 UM ...uuuiiiiiiiiiiiiiiiiiiie b 102

Figure 6.6: The variation of dynamic froth stability with particle hydrophobicity for
particle mixtures of different geometric mean Sizes. .........cccooeeeeiiiiiiiiiiiiii e, 103

Figure 6.7: The variation of water recovery with particle hydrophobicity for particle
mixtures of different geometric mean SIZES. .......ccococeviiiiiiiiiiiii e 104

Figure 6.8: The variation of solids recovery with particle hydrophobicity for particle
mixtures of different geometric MEAN SIZES. ........uuuuuuriiiiiiiiiiiiiiiieiiiieeeeaees 105

Figure 6.9: Froth stability as a function of the inverse of feed particle size at varying
NYArOPNODICITIES. ..oeeeiiiiiiiiieiee e 107

Figure 6.10: Slope of the froth stability - inverse feed particle size graph as a function
(o) 1)/ [ fo] 0] gTo] o1 [o3 1 Y28 USSP 108

Figure 6.11: Dynamic froth stability as a function of the inverse feed particle size for
UG2 and Iron ores at 15 and 20% solids concentrations (Chidzanira, 2016). ........ 109

Figure 6.12: Relationship between solids recovery in the continuously operated
flotation column and specific surface area at varying hydrophobicities (contact angles).

Figure 6.13: Dynamic froth stability as a function of concentrate surface area for all
hydrophobicity values explored. A Langmuir isotherm model that describes this
relationship is also included. Each of the shape markers represents the particle

XV



hydrophobicity measured in terms of the particle surface coverage with a
corresponding CONtACt ANGIE. .......uuuiiii i e e e e e eeanes 110

XVi



NOMENCLATURE

A Area

A Angstrom

AAS Atomic absorption spectroscopy
B.E.T Brunauer, Emmett, and Teller
cm Centimetre

cm/s Centimetre per second
cm3/min Cubic centimetres per minute
AG Gibb’s free energy

> Sigma

g Grams

g/min Grams per minute

Hmax Maximum height attained by the froth
Jg Superficial air velocity

Kg Kilogram

L Litre

L/min Litres per minute

m Metre

m?2/g Square metres per gram

mL Millilitre

ppm Parts per million

° Degree

°C Degree centigrade

% Percentage

PAX Potassium amyl xanthate
PGM Platinum group minerals

Q Air flow rate

Rf Froth recovery

rpm Revolutions per minute

t Time

pum Micrometre

uG2 Upper group 2

XVii



CHAPTER ONE
1. INTRODUCTION

1.1. Froth flotation process

Froth flotation is a separation technique that exploits the surface properties of solids
(particles) by adjusting and controlling the respective interfacial tensions. This
possibility of varying the relative properties of different interfaces makes froth flotation
one of the most versatile and universal industrial separation techniques used today
(Bulatovic, 2007).

The surface properties of the different solids are controlled by different classes of
reagents, each with a specific function. In addition to chemical reagent control, the
overall process of selective separation by froth flotation depends on many other factors
such as: the physical and mechanical features of thinning of liquid films,
hydrodynamics of solid-in-water slurries, gas dispersion in such slurries, kinetics of
chemical reactions, and of physical processes such as wetting, and the attachment of
particles at air-water interfaces. At constant temperature, any differences in interfacial
tensions and surface charges exhibited by various minerals can be exploited if the
particles are contacted with two phases i.e. a liquid and a gas. The difference in
interfacial tensions leads to a preferential non-wetting of some solids by water. This
differentiation enables the non-wetted (hydrophobic) solids to be separated into a froth

by contact with air bubbles.

1.2. Froth phase and froth stability

The froth phase in flotation cells is of paramount interest because it is the grade-
determining phase and, in many instances, is also the recovery-determining phase.
The presence of particles has a great influence on the stability of froths. The main
particle properties which affect froth stability are particle size and hydrophobicity (Ata
et al.,, 2003; Aveyard et al., 1994; Chipfunhu et al., 2011; Dippenaar, 1982a,b;
Farrokhpay, 2011; and Rahman et al., 2012). The instability of froths is reflected by
the rupture of thin films, bubble coalescence and loss of froth volume (Schwarz and
Grano, 2005). The hydrophobicity, size and shape of particles are the properties that

govern the degree of penetration of the particles in the film (Bulatovic, 2007). This



degree of penetration is related to the ability of the particle to rupture an individual film
in the froth. Therefore, for constant particle hydrophobicity and shape, the rate of film
rupture and, consequently, the froth stability can be related to the size and number of
particles present in the froth. Particle size, hydrophobicity and concentration all affect
froth stability interactively. As such, it is difficult to model the effect of one parameter

while ignoring the others.

1.3. Problem statement and justification

Froth flotation plays an important role in the processing of mineral ores. However, the
understanding of the processes occurring in the froth phase has had its pitfalls and
challenges. Work done in the Amira P9 project proposed a phenomenological model
of the froth based on froth mobility and froth stability (Harris, 2011). This work will
focus on providing a quantitative framework for froth stability prediction. A number of
studies have shown that the sizes of particles, and their hydrophobicity, have a
significant effect on the structure and stability of the froth. However, there is a general
gap in the knowledge in terms of the interactive effects of these two particle properties
on froth stability, and how these two patrticle properties can be used to quantitatively

predict the stability of froths.

In this project, the effects of particle size and hydrophobicity and their interactive
effects were investigated in great depth. A bench-scale continuously operated flotation
column and a non-overflowing stability column were used to measure froth stability in
a three phase system in which a synthetic ore made up of three components i.e. pyrite,
talc and quartz was used. The froth stability measurement proxies explored are water
recovery and top-of-froth bubble burst rate in the bench-scale flotation column, and

dynamic froth stability factor in the stability column.
1.4. Objectives
The objectives of this investigation were as follows:
a) To determine the froth stability at varying particle size distributions.
b) To determine the froth stability for particles of varying hydrophobicities;

C) To determine the interactive effects of particle size and hydrophobicity on froth
stability; and



d) To develop a method to calibrate the froth stability of a given ore at different

grind sizes.

1.5. Research questions

® What forms the basis of a good experimental measure for froth stability?

(i) What is the relationship between froth stability and particles of varying size
distributions?

(i)  What is the relationship between froth stability and particles of varying
hydrophobicities?

(iv)  What are the interactive effects of particle size and hydrophobicity on froth
stability?

1.6. Hypotheses

Hypothesis 1: Froth stability increases with decreasing particle size and this is due to
increased viscosity of the thin liquid films between bubbles which leads to a slower

liquid drainage rate.

Hypothesis 2: Froth stability will increase as a function of the increasing particle
surface area in the froth because thin film liquid drainage will be directly affected by
the surface area of particles retarding drainage.

Hypothesis 3: Froth stability is greatest at a critical contact angle, below or above
which froth stability decreases. This is due to bridging effects causing film rupture in

highly hydrophobic particles.

Hypothesis 4: Optimum froth stability is obtained with small particles of intermediate
hydrophobicity. This is because large particles and particles of very high

hydrophobicity rupture liquid films and so suppress the froth stability.

1.7. Scope

In this project, a synthetic ore made up of three components, i.e. pyrite, quartz and
talc was used. A bench-scale continuous column flotation cell was used for flotation
tests and measuring froth stability using two proxies, i.e. water recovery and top-of-
froth bubble burst rate. A non-overflowing stability column was used to measure froth

stability by following the froth growth rate. By carefully controlling the feed, the effects



of different parameters on froth stability were investigated. This study investigated the

effects on froth stability of:

a) varying particle size distributions;
b) varying particle hydrophobicities;
c) interactive effects of groups of particles of varying size distributions and varying

hydrophobicities.

The project took hydrodynamic effects, such as bubble size, superficial gas velocity,
and gas holdup into account, but did not investigate them. This study did not
investigate the effect of surfactants; a constant frother dosage was used in all
experiments. A polypropylene glycol ether, Dowfroth 250, was used as frother at 100
ppm dosage. It has been postulated that two particle parameters can comprehensively
describe froth stability and froth mobility, i.e. size and hydrophobicity. This study
investigated these two particle properties in relation to froth stability.

1.8. Thesis layout
This thesis is structured as outlined below:

1) Chapter 1: This chapter provides a background to the flotation process with
emphasis on the froth phase and its stability. In this chapter, the boundaries of
the project are established, stating clearly the problem to be tackled.

2) Chapter 2: In this chapter, a critical synthesis of the literature relevant to this
study was carried out. It is reported that several froth stability measurement
techniques have been generated and this has been well discussed. Particle
size and hydrophobicity effects on froth stability has been discussed, with
emphasis put on the stabilisation mechanisms.

3) Chapter 3: This chapter details the design and operation of a novel bench-scale
flotation column that was built in the laboratory to carry out test work. The
material of construction was Perspex for the pulp section and glass for the froth
section. The flotation column was designed to operate continuously at steady
state.

4) Chapter 4. This chapter details the set-up of the experiments including all
reagents and materials used. A detailed description of the non-over-flowing

stability column used for froth stability prediction is included. This section also
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5)

6)

7

details how samples were prepared and analysed, and how data obtained was
analysed

Chapter 5: In this chapter, it was seen clearly that particle size has a substantial
effect on froth stability. The relationships between particle size, particle surface
area and froth stability were established and the underlying mechanisms
responsible for the relationships discussed with reference to established
scientific principles.

Chapter 6: In this chapter, experimental results originating from studying the
effect of particle hydrophobicity and the interactions of size and hydrophobicity
in influencing froth stability are reported. Discussions explaining the observed
phenomena are made and conclusions are drawn.

Chapter 7: In this chapter, the defining outcomes of this project are clearly spelt
out. The research questions earlier stated in chapter 1 are answered and

hypothesis either accepted or rejected.



CHAPTER TWO
2. LITERATURE REVIEW

2.1. Overview

There are many important drivers of froth stability in flotation: machine properties, ore
characteristics, hydrodynamics within the flotation cell, effect of reagent suites, as well
as mineral particle characteristics. Decoupling the effects of these important drivers
assists in better understanding the flotation process. In addition, flotation modelling

and prediction is facilitated once these effects are known.

This chapter provides a review of the current understanding of froth stability and its
measurement. The influence of particles on the stability of three phase froths, their
stabilisation mechanisms and eventual flotation performance in terms of grade and
recovery will also be reviewed. The particle properties under investigation in the

current study are size, hydrophobicity and concentration.

2.2. Kinetics of the flotation process

Froth flotation is a mineral processing technique used for separating valuable minerals
from gangue, a waste material present in the ore, by use of surfactants and wetting
agents. The separation process takes place in a flotation cell which, on laboratory

scale, can be made to operate in either batch mode or on a continuous basis.

On laboratory scale, batch flotation cells have found application for investigating the
effects of various operating parameters on flotation performance due to a number of
reasons, i.e. batch flotation tests can be rapidly carried out and are an inexpensive
way of assessing mineral flotation response at various operating conditions. Coupled
with the above, it is easy to evaluate the effects of altering flotation variables which is
accomplished by fitting batch data to first order kinetic rate equations — kinetic
modelling of flotation processes being important from both a design and operating
perspective, providing a basis for the simulation of industrial flotation circuits (King,
1978; Mathe et al., 1999; Woodburn et al., 1976).

Flotation is a process occurring in time; the results being determined by many random
factors. Formation of a permanent attachment between a particle and a bubble

requires collision. The kinetic energy must be high enough to overcome the barrier of
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the potential of the particle-bubble interaction but low enough to make this interaction
stable. It is further noted that the particle-bubble collision and the value of particle

kinetic energy are of random character (Brozek and Mlynarczykowska 2006).

In batch flotation systems, it is assumed that the overall flotation response of different
minerals follows first order kinetics with respect to the concentration of floatable
minerals (Mathe et al., 1999; Zuniga, 1935), i.e. kinetic models based on chemical

analogy describes the flotation process mathematically as:

dC i
e _ _kCP Equation 2.1
dt
Where k is the flotation rate constant, C; is the concentration of floating materials
remaining in the flotation chamber at any time, t and n is the order of the flotation

process.

According to Brozek and Mlynarczykowska (2006), Equation 2.1 describes the flotation
kinetics of particles which are homogeneous in their surface properties i.e. equal

floating particles which possess the same value of the flotation rate constant.

Solving Equation 2.1 for n = 1, we obtain the recovery of the floatable particles to the

froth phase from the expression:

Equation 2.2

Rt)=1—e™

Boundary condition for solving Equation 2.2 is:
tlim R(t) = Ry Equation 2.3

Where R, = equilibrium recovery and R(t) = overall recovery at any time, t.

Integrating Equation 2.1 using the boundary condition in Equation 2.3 gives Equation
2.4 which is a general first order kinetic expression for the flotation process.

R(t) = Reo(1 —e7Xt) Equation 2.4

R(t) is the overall flotation recovery which is a measure of the performance of the

separation process; it is defined as the ratio of the mass of particles collected in the



concentrate launder by true flotation to the mass of particles in the feed. The flotation
rate constant may be evaluated using first order, second order or non-integral order
equations (Herndinz and Calero, 2001). Under conditions of true flotation, only
particles that attach themselves to gas bubbles are considered to be overflowing in

the concentrate launder. Particles recovered by entrainment are not considered.

Equation 2.4 represents a single-stage model for batch flotation cells which assumes
100% recovery of minerals within the froth phase. This is one of the major limitations
of the batch flotation cell as a design and optimisation tool. A two-stage model (as
shown in Figure 2.1), which is seen as a more realistic representation of the flotation
process, has also been advanced in flotation column modelling (Finch and Dobby,
1990; Yianatos, et al., 1998).

I—P RcRe

FROTH
Re(1-R)
Re
*  pULP (R0

Figure 2.1: Representing the two-stage flotation model which considers both the pulp and froth as

distinct phases (Adapted from Yianatos et al., 2008).

The overall flotation recovery (due to true flotation) is thus related to the recoveries
of the collection and froth zones and this is described by the relationship:

RcR¢

_ Equation 2.5
1—-Rc(1—Rp)

R

Where R = overall flotation recovery, R = collection zone recovery, R¢ = froth zone

recovery.

2.3. Froth recovery, R¢

Considering the flotation process as perfect mixer, the first order flotation rate

constant, k, for a continuous process can be defined as:

K = R Equation 2.6
(1—-R)



Where t = mean residence time.

In order to develop a comprehensive flotation model the flotation recovery in the froth
phase, R, must be taken into account. R has been defined by Savassi et al. (1998)

as:

Mass rate of particles reporting to the concentrate via true flotation Equation 2.7
f = -

Mass rate of attached particles at the pulp — froth interface

Froth recovery can be calculated by dividing the overall flotation rate constant, k by

the pulp zone rate constant, k..

R, = E Equation 2.8
7k
C

Vera et al., (2002) has noted that Ry has a significant effect on overall recovery. A
particle may be recovered in the collection zone and be transported to the froth phase.
However, if the froth zone recovery is low, the particle will drop back to the pulp zone
instead of being recovered to the concentrate. From experience, it has been seen that
collection zone recovery varies from 60% to 99% while froth zone recovery varies from
10% to 90%. Up to 50% of the overall flotation recovery might be lost owing to

inefficiencies in the performance of the froth zone (Vera et al., 2002).

Because of its significance in determining the overall flotation recovery, it is important
to experimentally measure and quantify R;. A technique developed by Vera et al.,
(1999) building on previous works of Feteris et al., (1987) and Laplante et al., (1983)
has been proposed. This technique involves simultaneous determination of the
collection zone rate constant, k., and subsequently the froth zone recovery, R¢. Two

assumptions are made in carrying out the methodology:

(1) That the transfer of particles from the body of the pulp to the pulp-froth interface
depends only on events occurring in the pulp zone;
(2) That the transfer of particles from the froth to the concentrate depends only on

events occurring in the froth phase.

At zero froth depth, R is equal to 100%. The flotation rate constant at zero froth depth
is defined as the collection zone rate constant, kc. At all froth depths greater than zero,
the froth recovery will be less than or equal to 100%. Vera et al. (1999), utilised



Equation 2.8 to further develop a relationship between flotation rate constant, k and
froth depth, FD. It has earlier been reported that k varies linearly with FD with a
negative slope (Engelbrecht and Woodburn, 1975; Feteris et al., 1987; Hanumanth

and Williams, 1990; Laplante, 1980). The linear relationship can be represented as:

k =a—b(FD) Equation 2.9

Where a and b are constants. The linear relationship can also be represented

graphically as shown in Figure 2.2.
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Figure 2.2: Flotation rate constant, k, as a function of froth depth, FD. (Vera et al., 1999).

The intercept, a = kc at zero froth depth. For a very deep froth for which no material is
transferred from the froth to the concentrate (k = 0), the intercept of the straight line is
(FD)k=0, and b = ke / (FD)k=0. Substituting for a and b into Equation 2.9:

(FD) } Equation 2.10
K=k {1——— quation 2.
{ (FD)k=0o

Substituting Equation 2.10 into Equation 2.8 yields:

(FD) } Equation 2.11
R.= 11— quation 2.
f { (FD)y—o

Equation 2.11 shows that the froth recovery per unit froth depth is constant (Vera et
al., 1999). However, the varying froth depth technique for measuring froth recovery

only estimates recovery losses in the froth alone and not any other loses that may
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occur at the pulp-froth interface as the particle laden bubbles decelerate and form the
froth (Seaman et al., 2006). It requires that the cell reaches steady state at each froth
depth before measurements are taken. According to Runge et al. (2010), it is difficult
to perform this technique at industrial scale as hours of steady state operation is
difficult to achieve. For a scavenger cell, measurement of recovery is very difficult
because the differences in grade between the feed and the tailings are very small.
This is the simplest method to determine froth recovery in a laboratory setting and is
the technique used in this study.

Another technique that has been developed to measure froth recovery is the direct
measurement of bubble load. Devices have been developed to measure the flow of
particles over the concentrate launder so that froth recovery can be estimated (Falutsu
and Dobby, 1992; Seaman et al., 2006; Yianatos et al., 2008). Particle laden bubbles
are allowed to rise within a tube over a timed period. The particles are then removed,
dried, weighed and assayed. Figure 2.3 shows diagrammatic representations by
Runge et al. (2010) of the devices developed by Seaman et al. (2006), Yianatos et al.
(2008) and Falutsu and Dobby (1992) to measure bubble load.

Bubble Load

L, p

. Q—:
IL’— Water
(a) (b) ( s
| |

Froth

Sy

Figure 2.3: Figure 2.3: Bubble load devices. (a) Seaman et al. (2006), (b) Yianatos et al. (2008) and
(c) Falutsu and Dobby (1992). (Adopted from Runge et al. 2010).
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Besides the above techniques, estimation of bubble load has been done from mass
balances. Savassi et al. (1997) first proposed this technique which involves pumping
samples through a funnel directly from the pulp by means of a vacuum pump. The
funnel was oriented in two directions, viz. vertically to aid preferential rise and
collection of particle laden bubbles and horizontally to enable bubbles to rise past the
funnel preventing their collection. A device for collecting a sample of the pulp which
contains no particle laden bubbles was also developed by Savassi et al. (1997). A
mass balance is performed using the mass of solids, water content and mineral assay
of the three samples in order to determine the mass of solids attached per litre of air
(or bubble load). This technique is however, unable to estimate froth recovery in
flotation cells in which there is only a small difference in assay between the particles
attached to the bubbles and the particles suspended in the pulp phase.

An adaptation of the Savassi technique which simplifies the sampling methodology
and mass balancing problem was proposed by Alexander et al. (2003). In this
technique, a sample is collected to determine the air holdup. Two more samples are
collected to infer the assay of the particles in the suspended pulp and the particles

attached to air bubbles. The following assumptions are made:

e The assay of the suspended patrticles in the pulp is equal to that of the tailings
assay, and this holds if the cell is perfectly mixed.

e There is no selective shedding of attached particles within the froth phase. As
such, the assay of the particles attached to the bubbles at the surface of the

froth is the same as that entering from the pulp.

The mass balancing techniques have the advantage of being relatively simple and
straightforward to perform. Since a sample of the attached particles can be obtained,
it is possible to investigate its characteristics in terms of size, liberation, surface
speciation, etc. There is, however, concern whether these devices can produce a

representative sample of the attached patrticles reporting to the froth.

2.4. Entrainment

Three main processes are responsible for the transport of particles from the pulp

through the froth to the concentrate launder (Wills and Napier-Munn, 2006), viz.
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e True flotation (selective attachment to air bubbles). This is the most important
mechanism and the majority of particles report to the concentrate through this
process.

e Entrainment (non-selective recovery in the water which reports to the
concentrate). The degree of entrainment determines the separation efficiency
between the valuable mineral and the fully liberated gangue minerals.

e Physical entrapment between particles in the froth attached to air bubbles (also

referred to as aggregation).

These mechanisms occur parallel to each other and are responsible for the overall
recovery of particles in flotation. Kinetics of particle recovery by true flotation as
applicable in a batch cell has been discussed earlier. It is important that the
entrainment mechanism be discussed here as well because it has a significant effect
not only on the quality of froths obtained, but on the eventual grade and recovery
attainable. Both hydrophobic and hydrophilic particles are recovered by entrainment.
Entrainment is defined as the non-selective mechanical carry over of both hydrophobic
and hydrophilic particles from the pulp phase through the froth and out of the
concentrate launder. Entrainment is the primary mechanism by which gangue minerals
are recovered (Smith and Warren, 1989), and is controlled by factors such as particle
size distribution and amount of slimes in the feed, pulp density, aeration rate, froth
thickness, etc (Kirjavainen, 1989, 1992, 1996; Laplante et al., 1989; Smith and
Warren, 1989; Warren, 1985).

A representation of the two mechanisms responsible for particle recovery in flotation

is shown in Figure 2.4.
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Figure 2.4: Mechanisms of particle recovery by (a) true flotation, (b) entrainment (Kawatra and
Carlson, 2013).

Using fine-sized free gangue particles, pioneering studies have been able to correlate
entrainment with the recovery of water into the froth (Johnson et al., 1974; Trahar and
Warren (1976); Thorne et al., 1976; Warren, 1985). The relationship between gangue
recovery and water recovery has been described using Equation 2.12 (Smith and
Warren, 1989; Warren, 1985).

Ry = eg. Ry Equation 2.12

Where R, = fine-sized gangue recovery, e, = degree of entrainment or entrainment

factor, and R,, = water recovery in a given time.

Earlier studies have shown that the recovery of gangue minerals is directly related to
the amount of water recovered. The classic work of Engelbrecht and Woodburn (1975)
is one such example (Figure 2.5) which shows the recovery of silica particles of various
sizes as a function of particle size. The key findings from the plot of gangue recovery
as a function of water recovery are (Neethling and Cilliers, 2002):

e For most of the regions of interest, a linear relationship exists between gangue
recovery and water recovery. This relationship has recently been shown to hold
by Kracht et al. (2016);

e Extrapolating this linear relationship produces a zero intercept on the water
recovery axis for very fine particles, but an increasingly positive intercept with

increasing particle size;
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¢ A non-linear relationship is observed between gangue recovery and water
recovery at low water recoveries;

e The slope of the linear portion of the recovery of gangue recovery as a function
of water recovery plots decreases with increasing particle size.

Particle size plays an important function in determining the degree of entrainment.
According to Smith and Warren (1989), particles larger than 50 um experience little to
no entrainment. As such, as size increases, particles will most likely drain hydraulically

on reaching the froth phase.

The structure of the froth has a significant effect on entrainment (Engelbrecht and
Woodburn, 1975; Kirjavainen, 1996; Subrahmanyam and Forssberg, 1988). For a
stable froth which is composed of small bubbles, there will be a high recovery of both
entrained and attached particles because of low drainage and less coalescence of
bubbles. An unstable froth will have a low degree of entrainment.
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Figure 2.5: Recovery of silica gangue of different sizes as a function of water recovery (Engelbrecht
and Woodburn, 1975).

2.5. The structure of the froth

In describing the structure of three-phase froths, knowledge of two-phase foams has
been substantially used (Bikerman, 1973; Ventura-Medina, 2002). Pugh (1996) states
that pure liquids are incapable of foaming unless a surface-active material is present
in them. A gas bubble introduced below the surface of a pure liquid will almost
immediately burst as soon as the liquid has drained away. In the study of foams and
froths therefore, dilute surfactant solutions are used so as to create a relatively strong

air-liquid interface brought about by elasticity in the film.

In a two-phase system, gas cells are enclosed by liquid; the gas cells are the dispersed
phase while the liquid is the continuous phase. The bubbles of a foam have a
polyhedral shape with the thin films or surfaces forming the faces or lamellae. Where

the thin films meet is called the Plateau borders (usually seen as lines) and four
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Plateau borders meet at vertices (usually seen as nodes). The thin liquid film which
separates two adjacent bubbles is therefore termed as the lamella, while the channel
formed by the intersection of three lamellae is the Plateau border. Figure 2.6 shows
the diagrammatic representation of different constituents of the foam system.

In relation to a two-phase system, the froth can be defined as a three phase structure
consisting of solids, liquid and air bubbles. The solids contained in the froth are either
valuable material attached to lamellae or a mixture of valuable material and gangue
material contained freely within the Plateau borders (Triffett and Cilliers, 2006). The

entire froth is made up of a continuous network of narrow water channels in which

water and solid particles can flow.

‘ = Lamellae

iy

Plateau border

Lamella

Figure 2.6: Structure of the lamella, Plateau border, and vertex in a foam system (Ventura-Medina,
2002).

A foam or froth system usually undergoes three main sub-processes which are
responsible for defining its structure, i.e. drainage, film rupture (bursting), and
coarsening (coalescence and diffusion). Due to gravity and capillary forces, liquid
drains from the liquid films and Plateau borders. Liquid flow from thin films to Plateau
borders is aided by differences in curvature. The liquid will flow till it reaches the

vertices. This will lead to thinning of the liquid films, which will eventually induce film
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rupture and coalescence of two adjacent bubbles. Diffusion is brought about by
differences in capillary pressures. Small bubbles have higher capillary pressure than
large bubbles; as such gas will diffuse from the small bubbles to the large bubbles
(Bikerman, 1973; Weaire and Hutzler, 1999). This process is known as
disproportionation. The driving force for the disproportionation to occur is the Laplace
pressure over a curved surface. It has been reported by de Vries (1957) that the
diffusion process can reduce the total number of bubbles to about 10% of the initial
count without rupture of the foam lamellae. Pugh (1996) notes that this process is,
however, most important in cases where the gas is soluble in the liquid e.g. in soft
drinks where the solubility of carbon dioxide is 50 times greater than nitrogen.
Disproportionation occurs over a substantially longer time frame than coalescence and
therefore coalescence will dominate in a flotation froth (Ventura-Medina & Cilliers,
2002).

Polyederschaum concentrated
gas system with high
t gas volume and thin films

. W,
o

O Kugelschaum {dilute system)
O with lower gas volume

_
S

Drainage of liquid

02 (C

and thick films

"
q
e
QO

M

O 9 Bubble zone

() O

Figure 2.7: Froth structure occurring during formation and drainage of the foam in a column (Pugh,
1996).
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According to Pugh (1996) and as depicted in Figure 2.7, two types of foam structures

exist:
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1. Kugelschaum or sphere foam is initially produced in freshly prepared systems and
consists of small, roughly spherical bubbles separated by thick films of viscous liquid.
This type of foam structure may be considered as a temporary dilute dispersion of
bubbles in the liquid, but on aging, the structure undergoes gradual changes with the

bubbles transformed into polyhedral gas cells with thin flat walls.

2. Polyderschaum is formed after drainage has taken place through the plateau
borders. The liquid film thins to about 1000 nm with the resulting thin film structure
referred to as a Polyderschaum. A high gas content structure is usually formed near
the surface of the froth and the foam density decreases with the froth height. A foam
will collapse from the top to the bottom of the column, as thin films in the
polyderschaum foams are more susceptible to rupture by shock, temperature

gradients, or vibration.
2.6. Froth structure and stability

It has been stated earlier that the presence of a surface-active material is important in
foaming/frothing. Pugh (1996) notes that a simple test for the purity of water can be
carried out by shaking a sample of it in a closed vessel and the water purity estimated
from the bubble persistence time. A bubble persistence time of even one second on
water would imply the presence of a surface active impurity, such as dust. In order to
prepare foams/froth systems, two techniques may be used. The dispersion technique
involves mechanical shaking or whipping of a surfactant solution or slurry. This method
is, however, not particularly good since accurate control of the amount of air introduced
to the liquid/slurry is difficult to achieve. A more robust technique, known as sparging,
used in industry or for quantitative laboratory analysis involves passing a stream of

gas through an orifice and growing bubbles in the solution/slurry.

Stability of the froth is defined by Aktas et al., (2008), as the time of its persistence
and is related to froth structure and bubble size distribution. According to Tsatouhas
et al., (2006), it also refers to the foam decay process, during which time there is no
further generation of gas bubbles. It is used to describe the general phenomena of thin
film rupture, bubble coalescence and loss of froth volume. Triffett and Cilliers (2006)
define froth stability as the ability of bubbles in a froth to resist coalescence and
bursting. A more stable froth is expected to have fewer coalescence and bursting
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events, a smaller mean bubble size, and may carry more water. With regard to stability,
two types of foams can be defined, i.e. an unstable (or transient) foam with a lifetime
of seconds, and a metastable (or permanent) foam with a lifetime of hours or days
(Pugh, 1996).

Formation of a liquid film occurs when a gas bubble rising in liquid approaches either
another bubble or the surface of the liquid. According to Dippenaar (1982a), the
stability of a froth is related to the stabilities of these liquid films. The rupture of thin
liquid films that separate two adjacent bubbles is one of the main reasons proposed
for bubble coalescence in the froth. Coalescence of bubbles occurs when the liquid
content in the froth falls below a critical value. The presence of particles and

surfactants help to prevent film rupture (Ata, 2012).

The objective of froth flotation is to obtain a stable froth which will recover a large
amount of valuable particles attached to air bubbles. However, a more stable froth
would mean recovery of more gangue minerals by entrainment as well. Accordingly,
from a view point of maximising recovery and concentrate grade, there is an optimum
froth stability for any given flotation cell and any given operating conditions for that cell
(Triffet and Cilliers, 2006).

2.7. Frothers and froth stability

The use of frothers is an important aspect in flotation chemistry. Frothers are surface-
active compounds that have the ability to adsorb at the air-water interface. A frother
molecule consists of hydrophobic (non-polar) and hydrophilic (polar) parts as shown
in Figure 2.8(a). At the air-water interface, the frother is oriented such that the
hydrophobic part is in the air phase and the hydrophilic part is in the water phase. The
frother therefore, has a mixed polarity as the two ends are oriented in different phases.
Figure 2.8(b) shows the structure of two frothers (methyl isobutyl carbinol, MIBC and

a polypropylene glycol ether, Dowfroth 250).
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b MIBC Dowfroth 250

(CH3)2"CHQCOHCH3 [CH3'(CH2CH2CH2-O)n-OH]
CHS'(PO) n- OH

Figure 2.8: (a) General structure of frother (based on alcohol) showing mixed polarity (left) and
orientation at the air—water interface (right). (b) Examples of two common frothers, an alcohol and a
polyglycol (Finch et al., 2008).

The role of the frother in flotation is two-fold: to control bubble size, and to aid in froth
generation (Finch et al., 2008). Nesset et al. (2006) studied the impact of frothers on
bubble size and found that both the Sauter mean (Ds2) and the number mean (D1o)
decreased to a constant value as shown in Figure 2.9. The collector dosage which
gives the lowest bubble size is referred to as the critical coalescence concentration
(CCC). Beyond the CCC, no further reduction in bubble size can be obtained. The
decrease in bubble size can also be seen with the size distribution, initially bi-modal,
but becoming progressively unimodal, finer and narrower. The frother plays an
important role in reducing bubble size, thereby stabilising the froth. This tendency of
frothers reducing bubble size has been a subject of numerous other studies (Castro
et al., 2013; Chow and Laskowski, 2002; Laskowski, 2003; Przemyslaw, 2013). The
mechanism put forward is that the surfactant acts to reduce the tendency of the
bubbles to coalesce (Laskowski, 2003). Another mechanism proposed by Finch et al.

(2006) that seeks to compliment the coalescence mechanism argues that frothers also
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control the breakup of the air stream at the point of injection. In the breakup
mechanism, the frother molecules at the air-water interface will bulge because they
are closer together, forcing a break-away of a bubble which will correspondingly be
smaller. Fine bubbles are a requirement for a froth to be stable and as the frother

concentration is increased, the froth stability will improve.
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Figure 2.9: Impact of frother dosage on mean bubble size (D3, and Do) and on frequency distributions
(number, surface area, volume) at selected frother (Nesset et al., 2006).

2.8. Theimportance of particle size

Particle size effects on froth stability have been studied by a number of authors. These
studies have investigated the effects of discrete particle size fractions as well as
mixtures of size classes on froth stability and overall flotation recovery. Ip et al. (1999)
and Johansson and Pugh (1992) conducted studies on quartz systems in sparsely
mineralised froths consisting of about 2% by volume of solid particles. Ip et al. (1999),
in studying aluminium metal foams, found an inverse linear relationship between
particle size and froth stability (measured by the average foam life) for particles of
mean size ranging from 40 to 140 um. Johansson and Pugh (1992) demonstrated that
the 26 — 44 um size class had a higher stability (maximum froth height) than the 74 —

106 um size class for the same frother concentration.

22



Studies have also been extended to real ore systems in which froth stability has been
guantified by water recovery and a dynamic froth stability factor (Aktas et al., 2008;
Feng and Aldrich, 1999). Water recovery as well as dynamic froth stability were found
to decrease with increasing particle size. Feng and Aldrich (1999) studied the
comparative effects of particle size on the flotation of two complex sulphide ores viz.
Merensky and UG2. They found that when batch flotation was carried out with fine
size fractions (-38 pm), froth stability was higher, and froth volume was greater than
for coarse size fractions (+75-106 pum), where the froth was unstable, and the froth
volume was lower. In both types of ore, medium particle size fractions (+38-53, and
+53-75 um) resulted in better flotation performance in terms of concentrate grade and
recovery. The optimal size range for the UG2 ore (represented by U) was however,
finer than for the Merensky ore (represented by M). The UG2 ore with comparatively
smaller bubbles than the Merensky ore exhibited higher flotation rates under
corresponding experimental conditions. This is best illustrated by the results they
obtained shown in Figure 2.10. These results may, of course, have been influenced
by valuable mineral liberation, which would have influenced recovery and froth
stability. In addition, these experiments were carried out in a batch flotation cell, which
assumes that the particles that become attached to bubbles in the pulp all report to
the concentrate, without any significant drop back from the froth (Connolly and Dobby,
2009) so that the froth zone recovery, Ry, is usually close to 100%. Also to be taken
into consideration is the optimal pulp flotation size for collision and attachment, which

is in the medium size ranges.
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Figure 2.10: Variation in sulphur grade as a function of particle size fraction for Merensky (M) and
UG2 (U) ores, Feng and Aldrich (1999).
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According to Bulatovic (2007), the presence of particles in three phase froths greatly
affects the stability of these froths. It is expected that there is an optimum particle size
which acts as a froth stabiliser. Very large particles and very fine slimes show smaller
effects than particles of intermediate size. A possible explanation for a decrease in
froth stability at smaller particle sizes comes from the amount of particles that may
report to the froth phase when the feed size is smaller. There is a decrease in
probability of collision between particle and bubble with decreasing size, which is
largely responsible for the difficulty in floating fine particles. This can, however, be
improved by a reduction in bubble size. Another reason proposed for poor recovery of
fine particles is that smaller particles, having lower momentum may not be able to
break the liquid barrier surrounding a bubble. However, this limitation can be overcome
by utilising flotation exploiting electrostatic interactions. It has been put forward by
Trahar and Warren (1976) that the floatable size range of particles varies with minerals
and reagent conditions, for instance, 6 — 70 um for galena, 8 — 90 um for sphalerite,
15 — 60 pm for chalcopyrite, and 20 — 150 pum for pyrite. In addition, it was found that
fine particles of diameter < 10 um generally exhibit low flotation rates and recovery.
According to Sutherland and Wark (1955) the best flotation rate and recovery occurs

in the 10 — 100 um particle size range.

Szatkowski and Freyberger (1985) have shown that fine particles retard bubble
coalescence and promote the production of a stable froth. Soto (1992) demonstrated
that the froth phase is the barrier to coarse patrticle flotation. Operating without a froth
phase and using a column with a short collection zone was shown to significantly

improve coarse phosphate recovery.

Rahman et al. (2012) acknowledge that the stability of the froth depends significantly
on the solids it contains. Particles greatly affect froth stability by reducing bubble
coalescence, thus maintaining more bubble surface area throughout the froth zone.
The reason for this is that coarse particles rupture the thin liquid films easily due to
their higher mass, resulting in froth collapse and destabilisation. They carried out
experiments on the flotation behaviour of different particle size fractions in a column
flotation cell and monitored their response to changes in flotation variables. Mixtures
of fine (dgy = 72 um) and coarse (dg, = 299 um) silica were used as feed. The results

of their studies reveal that the overall fine particle recovery was much higher than for
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coarser particles. Experiments were also carried out with 40%, 70%, 80% and 95%
fine silica mixed with coarse silica at a constant superficial air velocity of 1 cm/s and a
froth depth of 250 mm. Their results show that with an increasing percentage of finer
silica in the feed, the recovery in both the collection and froth zones increased. It was
found that froth recovery seems to be sensitive to the ratio of fine to coarse particles
in the feed, i.e. with an increasing percentage of finer silica in the feed, an increasing
trend in coarse particle recovery was noticed. For the case of the froth zone recovery,
the reason given for this is that the fine particles, positioned at the air-liquid interface
might have made a rigid and strong structure, therefore, providing a barrier to the

coarse particles dropping out of the froth.

Similar experiments were performed by Vieira and Peres (2007) to investigate the
influence of fine quartz (-74 to +38 um) in the feed on the flotation recovery of medium
(-150 to +74 pm) and coarse (-297 to +150 um) quartz. They observed that in the
absence of fine quartz, low recoveries of coarse and medium quartz were achieved.
However, the effect of the presence of fine quartz was found to be more significant in
the case of coarse quartz than for medium sized quartz. Hence, the presence of fine
particles seems to enhance the collection of coarse particles in both collection and

froth zones. This is because fine particles render the bubbles smaller and more stable.

Recently, experimental studies were carried out by Chipfunhu et al. (2012) on the
flotation behaviour of methylated quartz particles of different sizes, but within the size
range from 0.20 — 50 um and varying contact angles in a mechanical flotation cell. The
size range is noticeably finer than in other studies mentioned and, therefore, “fine” and
“coarse” within this context are relative. Their results showed that the flotation rate and
maximum recovery increased with an increase in both particle size and contact angle
across all size fractions. Fine particles floated at lower rates than coarser particles
having similar contact angles. They plotted maximum recovery as a function of particle
size and contact angle. They determined that there exists a critical contact angle, Bcrit,
which is particle size dependent, below which particles do not float. The critical contact

angle is higher for the fine particles and lower for the coarser ones.

In a similar study, Muganda et al. (2011) characterised the flotation response of
chalcopyrite as a function of particle size and advancing contact angle. They carried

out flotation experiments under constant hydrodynamics and feed particle size
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distribution. Their results are in agreement with the experimental findings of Chipfunhu
et al. (2011). Likewise, maximum recovery increased with advancing contact angle for
each size fraction as depicted in Figure 2.11. Particles within the same size fraction
and within the same contact angle range were found to display similar flotation
behaviour. Maximum recovery was obtained at intermediate particle sizes — there was
lower recovery at very fine and coarser particle sizes. This study, however, was
conducted using a batch flotation cell with low froth heights and, as such, was
indicative of the pulp zone recovery. This would quantify the amount of particles that

would report to the froth, but not what would occur once they made it to the froth zone.
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Figure 2.11: Maximum recovery as a function of particle size for different contact angle ranges, Muganda et al.
(2011).

In conclusion, the studies appear to be in consensus that smaller particles stabilise
froths. However, certain studies suggested that there was an optimum size range,
where smaller and larger particles produced less stable froths. Not all studies agree
with this, with some studies showing that froth simply became more stable, the smaller
the particle size. Most of the froth studies did not define relationships of froth stability
with particle size, but produced qualitative data. There is a need for a quantitative

investigation of the effect of particle size on froth stability.
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2.9. Particle hydrophobicity

One of the main particle parameters affecting flotation performance is the
hydrophobicity of mineral particles (Johansson and Pugh, 1992; Prestidge and
Ralston, 1996). Collectors selectively convert the surfaces of particular minerals from
a hydrophilic condition to a hydrophobic condition, which creates a condition for
attachment to air bubbles. Particle hydrophobicity can be estimated by means of
contact angle measurements. The presence of hydrophobic particles can cause
bubble coalescence in the froth.

The link between hydrophobicity and froth stability can be explained by considering
the attachment of a particle to a bubble immersed in a liquid phase. When a bubble
contacts a mineral particle surface in contact with a liquid, the total surface is
minimised as it curves round the inhibited phase (Binks, 2002; Hunter et al., 2008) in
pursuit of a stable configuration. Figure 2.12 shows the idealised attachment of a
particle to an air bubble in water (liquid phase). In reality, the solid particle would be
approximately an order of magnitude smaller than the bubble. An angle of contact,
denoted by 8 is made between planes tangential to the surfaces of the solid and the
liquid at the wetting boundary. This wetting boundary is a small zone where the three
phases (i.e. solid, liquid, and gas) meet and is referred to as the three phase line of
contact (TPLC). TPLC is the boundary between the solid particle phase, the receding

liquid phase, and the advancing gas phase.
The free energy change is given by (Rosenholm, 2007):

dGSL = ZiYidAi = O'S\]dA - YLV(dACOSGSL)_O-SLdA Equa“on 2.13

Where: the subscript i represents a component, V = Vapour, L = Liquid, and S = Solid;
y = surface or interfacial tension of the liquid, o = surface energy of the solid particle,
and A = area. And if the AG, < 0 (i.e. negative), then the process of air-mineral particle

contact is spontaneous.

Equation 2.13 relates the change in free energy at the interface of the three phases to
the surface energy of the solid, the interfacial tension of the liquid, and the angle of
contact that the solid makes with the liquid and vapour phases. This angle of contact

is dependent on the particle hydrophobicity.
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Figure 2.12: Schematic presentation of equilibrium contact between an air bubble and a solid

immersed in water (Adapted from Rao, 2013).
At equilibrium:

dGSL/dA = AGSL/A =0=ogy — YLV(COSGSL) — Ogj, Equation 2.14

Which can be written as:

osy = Yry(cosBg.)+ og, Equation 2.15

Equation 2.15 is the Young’s equation which is used to express the thermodynamic
equilibrium of the three phase contact in terms of the interfacial tensions. This
indicates that from the knowledge of the three surface energies involved, it is possible

to predict the contact angle that a solid surface makes with the liquid.

The Dupré equation for the work of adhesion is also used to define the change in free

surface energy:

dGg,/dA = AGgy /A = AG3 = =W, = 0gy — YLy — Os, Equation 2.16
Where AG3 = change in free energy for the work of adhesion at the surface.

Combining the Young and Dupré equations we obtain Equation 2.17:

AG = ypy(cosBg;, — 1) Equation 2.17

Equation 2.17 shows that the change in free energy during the bubble-particle contact
is a function of the contact angle. The free energy change, AG is the energy required
to remove a particle from an air/water interface, and it is at a maximum when 6 = 90°.
Thermodynamically, it means that an increase of the air/solid interface area and a
decrease of the solid/water interface area occurs when an air bubble attaches to a

solid particle (Leja, 1982). CosB® must be less than 1 for a finite contact angle for
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attachment of the bubble to the particle. For this to happen, ysy has to be low. The
mineral particle is thus treated with collector in order to create a surface with low ygy
by adsorption. Low energy surfaces are hydrophobic while surfaces with high energies

are hydrophilic.

Particle hydrophobicity effects on froth stability can be explained by the bridging-
dewetting mechanism of foam film rupture by solid particles (Aveyard et al., 1994;
Denkov and Marinova, 2006; Frye and Berg, 1989; Garrett, 1980). According to
Aveyard et al. (1994), particles can cause film rupture by bridging the film. Film rupture
is highly dependent on contact angle. If the contact angle, 6, is less than a critical
degree of wetting (6<90°, in this case), a stable orientation is attained and the life of
the film is prolonged (as illustrated in Figure 2.13a). However, in the case where the
bridging particle has a contact angle greater than the critical degree of wetting (6>90°,
in this case), the particle will easily dewet through both sides of the lamella, resulting

in film rupture (Figure 2.13b).

{a) Contact angle of surfactant solution (b) Contact angle of surfactant solution
with particle, 8 « 90 degrees with particle, 8 = 90 degrees

Figure 2.13: Bridging particle behaviour in a foam. (a) moderately hydrophobic (b) highly hydrophobic
particle (Aveyard et al., 1994).

Ata et al. (2003) carried out experiments in a continuous flotation cell to study the

collection of hydrophobic particles in the froth phase. Glass particles with well-defined
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hydrophobicities prepared using controlled silanation were used. Three levels of
hydrophobicity were investigated i.e. weakly, intermediate, and strongly hydrophobic
corresponding to contact angles of 50°, 66° and 82" respectively. The results obtained
indicated that the strongly hydrophobic particles (6 = 82°) were more capable of
destabilising the froth (by rupturing bubble films) than the moderately hydrophobic
particles, but still gave the highest flotation recovery. The question which arises then
is why the highest recovery is obtained with the strongly hydrophobic particles. This
was explained based on the high reattachment rate of particles to bubbles in the froth

zone due to their high level of hydrophobicity.

Schwarz and Grano (2005) carried out similar studies using methylated quartz
particles which were 90% passing 38 pm in size and with different average advancing
water contact angles (35°, 53°, 63" and 69+2°) measured by the Washburn technique.
Polyproplene glycol was used as the frother. They found that froth recovery increased
with increasing contact angle up to a maximum near 63° above which it started
decreasing. This decrease in froth recovery at high contact angles was linked to
increased burst rate of froth bubbles which was manifested in an increase in froth

bubble size.

Experiments were carried out by Pugh (2005) to study the structure and stability of
froths. Surface modified quartz particles of different sizes were used. The relationship
between flotation yield and the hydrophobicity of the quartz particles for two particle
size fractions (26 — 44 um and 74 — 106 um) were investigated. The flotation yield was
found to increase with contact angle for both particle sizes, but the smaller size
particles showed a greater flotation yield throughout the hydrophobic range of contact

angles between 20° — 80°.

Studies carried out by Ulusoy et al. (2004) pointed to an interesting connection
between particle shape and hydrophobicity. The shapes of calcite and barite particles
ground by ball, rod and autogenous mills were examined using scanning electron
microscopy (SEM). The results were correlated with the critical surface tension of
wetting as determined by contact angle and micro-flotation methods. The results
obtained revealed that particles with higher flathess and elongation ratio had higher
apparent hydrophobicities without being affected by the mill type. This resulted in
greater flotation performance. However, particles with higher roundness and relative
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width had lower apparent hydrophobicities. These minor differences in hydrophobicity
in terms of shape properties would, in all likelihood be overridden by the addition of

collector as shown by Vizcarra et al. (2011).

In a similar study, Pugh (2005) used dynamic frothing tests to characterise froths
containing 2% quartz particles whose surfaces were modified by reaction with
trimethylchlorosilane in cyclohexane under a dry environment following standard
procedures. A modified Bikerman test consisting of a glass column where the
maximum equilibrium volume of the froth was determined at a flow rate of 60 I/h was
used. Four commercial frothers i.e. polypropylene glycol monomethyl ether with n = 3
and n = 4, a-terpeneol and methyl isobutyl carbinol were used. The results obtained
expressed the dynamic froth characteristics in terms of maximum froth height as a
function of the hydrophobicity of the particles (expressed in terms of the flotation yield).
It was found that with small particle sizes of 26 — 44 um, there appeared to be a distinct
maximum corresponding to a flotation yield of about 70%, which corresponds to a
critical degree of hydrophobicity of 60°. These results were reproducible for both high
and low concentrations of the different frothers used. With larger particles (size
fractions of 74 — 106 um), these effects were not observed. The large particles seemed
not to influence the stability of the system. Again similar trends were observed for both
high and low frother concentrations for the large size fractions. Pugh (2005) extended
their studies using static stability tests. The sets of data again showed a high static
froth stability (slow rate of collapse) corresponding to a critical degree of
hydrophobicity at both frother concentrations with pronounced effects occurring with
the polypropylene glycol monomethyl ether at the lower concentration of 20 mg/l. Pugh
(2005) was therefore able to show that dynamic and static stabilities could be
increased in two ways i.e. reduction in mineral particle size and an increase in particle

concentration and this is at a particular contact angle.

In an earlier study carried out by Johansson and Pugh (1992), the influence of quartz
particles (of well-defined size fractions with different degrees of hydrophobicity) on the
stability of froths was studied by measuring dynamic and static froth stabilities using a
froth column. They reported that larger particles (74 — 106 um) had a less pronounced
effect on froth stability, smaller quartz particles (26 — 44 um) showed maximum froth

stability at an intermediate degree of hydrophobicity (8 =~ 50-65"), while weakly
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hydrophobic particles did not have an influence on froth stability and strongly
hydrophobic particles (6 > 90°) destabilised froths. It was also found that the higher
the concentration and smaller the particle size, the greater the stability of the foam.
According to Morris et al. (2008), contact angles of particles found in flotation froths
usually lie within the range of 0 — 90° with low hydrophobicity being in the range 0 —
30°, intermediate 30 — 70" and high over 70°.

Contact angle determination

To determine the contact angles of sulphide minerals which are representative of
particles in a pulp, Prestidge and Ralston (1995) note that powder technologies are
available which reduce problems associated with single-surface studies. For a bed of
powders, the contact angle measurement techniques are based on the flow of liquid
through a packed bed of particles and they can either be dynamic or static in nature.
Dynamic methods (Washburn, 1921) employ the measurement of the liquid
penetration rate into a bed of particles while static methods (Dunstan and White, 1986;
Diggins et al., 1990) determine powder contact angles from equilibrium measurements
of the capillary pressure increment required to prevent the movement of liquid through
a packed bed of mineral particles.

A description of the Washburn technique for contact angle measurement has been
reported by Siebold et al. (2000). Considering the Poiseuille’s law, liquid capillary rise

rate in a porous media is given by:

dh R} AP

—_—=— Equation 2.18
dt 8n h

Where h = height reached by the liquid at time t (since the height reached by the liquid
is linearly related to the mass increase, mass is commonly substituted for height in this
equation), Rp= mean hydrodynamic radius of pores, n = viscosity of the liquid, and AP
= pressure difference which is given by:

_ 2ycos6

AP = R~ pgh Equation 2.19
S

Where y = liquid surface tension, p = liquid density, 8§ = advancing contact angle of
the liquid on the solid, R¢ = mean static radius of pores, and g = acceleration due to

gravity.
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If it is assumed that the hydrostatic pressure is negligible in the early stages of the
process, Equation 2.18 can be integrated to give the well-known Washburn’s

expression:

rycosf
= t
2n

h2

Equation 2.20
Where r = R3/R;

From Equation 2.20, h? varies linearly with t. In order to determine r, a perfectly wetting
liquid (6 =0, and cos 6 = 1) is used. Once r is known and using glass tubes of constant
packing characteristics, the contact angle, 8, of a non-wetting liquid (0<6 <90°) can be

determined.
2.10. Stabilisation mechanisms of froths by mineral particles

Various mechanisms have been proposed to explain froth stabilisation by hydrophobic

particles.

Kaptay (2012) offered an explanation for the role of particle hydrophobicity in
influencing froth stability. He states that the subject of froth stability is a complex one
which needs to be analysed taking into account two phenomena i.e. the stability of
particles in the liquid/air interface and the stability of the liquid film.

Considering the stability of the particle at the interface, a useful parameter that seeks
to explain how well particles of different hydrophobicities stabilise froths is the particle
detachment energy (AGremove)- ThiS is the energy required to remove a particle from
the liquid/air interface to the bulk liquid phase and it is related to the free energies
involved in the process. This particle detachment energy can be represented by
Equation 2.20 (Kaptay, 2006).

AGremove = TRZ0(1 + cosB)? Equation 2.21

Where R = the radius of the spherical solid particle; o = the interfacial energy between
the liquid and gas; 6 = the contact angle of the liquid phase on a solid particle; sign ‘+’
refers to particle removal into the gas phase, while sign ‘- refers to the removal of the
particle into the liquid phase. According to Equation 2.21, AGemove Should be highest

at a contact angle of 90° and large particle sizes.
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The detachment energy theory can only partially explain foam stability by particles. It
considers the stability offered by particles at the interface. However, it is also important
that the stability provided by particles residing in the interfilm between two interfaces
be considered. Practically, maximum foam stabilities have been observed at contact
angles below 90°. A mechanism proposed to explain this phenomenon is the effect of
particles on the capillary pressure between two bubbles. The thin liquid films between
bubbles are stabilised by the maximum capillary pressure, P?%, This is the pressing
force required to bring two bubbles to coalescence. This observation was made by
Denkov et al. (1992) who considered theoretical liquid films formed by a particle
monolayer pressed between two emulsion interfaces. Utilising the works of Denkov et
al. (1992), Kaptay (2006) derived an expression for P"#* as:

2 :
pax = p%cose Equation 2.22

Where R = particle radius, ¢ = interfacial tension, 6 = contact angle, and p = theoretical
packing parameter, which is a function of particle concentration and packing on the

capillary pressure.

Equation 2.22 dictates that a froth system will only be stable if the maximum capillary
pressure is positive and is much larger than the combined sum of all forces
(centrifugal, electric or magnetic fields, etc.) that seek to collapse the thin liquid films
between the bubbles. This equation also predicts that froth stability is possible if 6 <
90° and the maximum stability will be obtained for a contact angle of 0° and at small
particle sizes. This maximum capillary pressure theory is in contrast to the predictions
made by the particle detachment theory. However, a critical look at this shows that this
is expected since the liquid film will drain less when a particle resides more in the
interfilm, reaching a minimum at a contact angle of 0°; the point at which the particle
resides within the film. This does not take gravitational forces into consideration. The
interactive effect of the detachment energy and capillary pressure was modelled by
Kaptay (2006) for a single layer of particles between two bubbles. For a foam system

containing particles, the highest stability was obtained at a contact angle of about 70°.

Johannson and Pugh (1992) studied the influence of particle hydrophobicity on froth
stability and proposed a schematic to represent this phenomena (Figure 2.14). When

small mineral particles have a low hydrophobicity (8 < 40%) they will remain dispersed
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within the lamella phase, and so their influence on froth stability will be low (a).
However, particles with intermediate hydrophobicity will penetrate the interface and
remain in the film during thinning (b). For a very large contact angle, a drop in the
capillary pressure will cause the particle to dewet the liquid causing rupture (c). The

experiments conducted by Johannson and Pugh (1992) utilised sparsely mineralised

froths (2% wt quartz).
Particles
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Figure 2.14: Suggested stabilization and destabilization mechanisms of the mineralised froths (a)
Particles with fairly low degree of hydrophobicity corresponding to a contact angle of < 40° on quartz
plate, (b) intermediate degree of hydrophobicity 8 ~ 65°, and (c) fairly high degree of hydrophobicity

6 > 80° (Johannson and Pugh, 1992).

Thus far this review has focussed on the stability of froths and foams aided by patrticle-
interface interactions. Another central consideration in explaining stabilities of froths is
particle-particle interaction (Hunter et al., 2008). These interactions between particles
at short separation distances are of utmost importance and may determine to a large
extent the overall stability or instability of the froth system. It relies on the principle of
particle network structures generating a steric barrier to coalescence brought about by
film drainage and thinning between bubbles. As film thinning occurs and reaches its
final stages, dark spots (or holes) are formed. These will expand until the film becomes
unstable and ruptures. However, for a stabilised particle-bubble system, the bubble
surface is well covered and the possibility of thinning and rupture is minimised. As

such, an energy barrier must be overcome to form a critically sized dark spot (or hole)
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in the film wall. The degree of coalescence can then be related to the amount of energy
required for the formation of holes. For a strongly adsorbed particle system, it is difficult
to remove the particle into the open medium during thinning as it preferentially moves
laterally along the contact line. This brings into play the forces related to particle-
particle interactions such as electric double layer repulsion and dipole-dipole repulsion

as well as van der Waals attractions and capillary forces.

Theories on the contributions made by the particle packing mechanism in Plateau
borders to froth stabilization have also been proposed. Horozov (2008) proposed that
liquid films can be stabilised by either a bridging monolayer of particles, a bilayer of
hexagonally packed particles, or a network of particle aggregates inside the film as
shown in Figure 2.15. This packing mechanism possibly acts to prevent liquid outflow

from the thin films, thus stabilising the froth.

(a) (b) (c)

Figure 2.15: Mechanisms of liquid film stabilisation: (a) a monolayer of bridging particles; (b) a bilayer
of close-packed particles; (c) a network of particle aggregates (gel) inside the film (Horozov, 2008).

It has also been reported that a strong correlation between the viscosity of the liquid
and the stability of the foam/froth exists (Leja, 1982). If the liquid from which the
bubbles form is viscous, the drainage of liquid from between the bubbles is slow. This
will inevitably increase the froth stability. Thus, fine particles that increase viscosity will

slow liquid drainage and increase froth stability.
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2.11. Measuring froth stability

Froth structure and froth stability play significant roles in determining the mineral grade
and recovery achievable from a flotation operation. However, quantifying froth stability
consistently, both at laboratory and industrial scales remains a significant challenge
(Farrokhpay, 2011; Barbian et al., 2005).

A number of techniques have been developed and reported on the measurement of
froth stability in continuous flotation column operations. These include: water recovery,
air recovery (Barbian et. al., 2003; Hadler and Cilliers, 2009; Ventura-Medina and
Cilliers, 2002), and image analysis (de Jager et al., 2004; Morar et al., 2006). Non-
continuous froth stability measurements using the dynamic froth stability column have
also been significantly used in flotation column research (Barbian et al., 2005;
Bikerman, 1953; Iglesias et al., 1995).

2.11.1. Froth stability column

Aktas et al. (2008), Pugh (2005) and Barbian et al. (2003) have suggested two
methods that can be used to measure the stability of the froth, viz. dynamic methods
and static methods. In dynamic methods, observations are made during the formation
and build-up of the foam. Static methods involve observation of the decay of the foam.
In laboratory-scale tests, both of these methods assess froth stability individually and
do not address froth stability of a continuous process with simultaneous

measurements of recovery and grade.

The froth stability column, originally proposed by Bikerman (1973) is based on the
dynamic stability test for non-overflowing froth columns. Dynamic froth stability
involves the measurement of the dynamic stability factor, denoted as ), defined as the

ratio of the volume of froth to air flow rate in the system.

Triffet and Cilliers (2006) used the dynamic test method to measure two froth stability
parameters namely; the maximum height attained by the froth in the column and the
rate or velocity of movement of froth up the column. They used a Perspex column with
the following dimensions; 30 x 30 x 165 cm. They plotted froth height as a function of
time for their test work and generated a curve as shown in Figure 2.16. The graph

displays raw data as well as a fitted model for the data.

37



FROTH HEIGHT AS A FUNCTION OF TIME
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Figure 2.16: A plot of froth height, H, as a function of time, t (adapted from Triffet and Cilliers, 2006).

The fitted model for the data obtained was of the form (Barbian et al., 2003):

H =H.(1—etT) Equation 2.23

Where t = fitted stability parameter and t = time, H, = maximum height attained by
the froth

A measure of the dynamic froth stability factor was performed by Barbian et al. (2003)
in which air flow rate and frother concentrations were the key operating variables. They
measured the rate of froth growth and the maximum equilibrium height reached for
different air flow rates and frother concentrations. The maximum equilibrium froth
height was found to increase with increasing air flow rate and frother concentration,
however, at higher aeration rates and frother concentrations, the maximum equilibrium
height decreased. Under these conditions, the froth collapsed as it was no longer
stable. The dynamic stability factor was thus found to be affected by both air flow rate
and frother concentration. However, their test work could not ascertain the relationship
between air flow rate and flotation performance. If this relationship were known, then
it would be possible to manipulate the froth height to produce an optimal froth stability

and flotation performance. Barbian et al., (2005) extended this study and determined
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that as the air flow rate increased into the cell, the fraction of air overflowing the weir,
a, the dynamic froth stability, >, and the froth stability factor, B, all decreased indicating

a loss of stability in the froth.

Iglesias et al. (1995) investigated the behaviour of short-life foams in which the decay
occurs by drainage and/or film breakage, and whose lifetime is too short for inter-
bubble diffusion to become significant. Their foam decay experiments were carried out
in a graduated borosilicate glass column measuring 5 cm in diameter and 150 cm in
height. A sample of solution containing surfactant, 50 ml in volume was introduced into
the column and pre-humidified nitrogen gas was bubbled through the solution from the
bottom through a hypodermic needle at a constant aeration rate of 140 ml/min. After
dynamic equilibrium was achieved (when there is no tendency for the foam height to
change), the gas flow was cut off, and the variation in foam height over time (decay
process) monitored. Figure 2.17 shows the foam decay rate variation for the different
surfactants used. A linear variation of foam height, H with time, t, can be

mathematically expressed as:

H=alog(t)+Db Equation 2.24

Where a and b are constants.

A differential form of Equation 2.24 which gives the rate of foam height change is given
by:

d_H = _E Equation 2.25
dt t
Equation 2.25 shows that the rate of change of the foam height is inversely

proportional to its age.
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Figure 2.17: Typical decay pattern of foam height as a function of height for surfactant solutions
investigated (Iglesias et al., 1995).
Iglesias et al. (1995) suggested a characteristic time, t, ,, can be used to interpret the
foam decay process data. t, ,, known as foam half-life, is the time at which the column

height is half the original height, Ho. An expression relating ti2 and H,Ho is given by:
H/H, =1/2 —blog(t/ty/;) Equation 2.26

Where b is a dimensionless constant with typical values in the range 0.3 — 0.4. A plot
of H/H, versus log(t/t,,) is a straight line graph as depicted in Figure 2.18. Their

proposed experimental method and data processing technique has generated two
main characteristic parameters of the froth, viz. the foam half-life ti2, and the original

height, H,. Whereas t,,, gives estimates of the foam stability, H, accounts for both

the stability and foamability.
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Figure 2.18: Processing the results of the foam decay rate (Iglesias et al., 1995).

2.11.2. Water recovery as a froth stability measure

Water recovery is defined as the fraction of the water entering the flotation cell that is
recovered in the concentrate. In a flotation cell, water recovery is the result of a two-
step transfer process, i.e. transfer of the water in the pulp phase to the froth phase
and transfer of the water in the froth phase to the concentrate launder. These two
steps are not independent of each other. Zheng et al. (2006) elaborates that only a
certain fraction of the water entering the froth phase may be recovered into the
concentrate; the rest returns to the pulp phase via the mechanism of drainage. The
amount of water entering the froth phase may to a large degree determine the
characteristics of the froth in terms of froth stability and mobility, and hence influences
the recovery of the water and solid particles in the froth phase to the concentrate

launder.

It has been widely reported by many authors that recovery of water has a significant
effect on gangue recovery and concentrate grade and recovery. Hydrophilic particle
recovery in flotation occurs mainly by entrainment which is related to froth stability.
Tao et al. (2000) suggest that establishing a relationship between particle entrainment

and froth stability is important for a better understanding of the mechanisms of
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collection of different particles. They established a linear relationship between water

recovery and recovery of hydrophilic solids:
R, =F, + e,R, Equation 2.27

Where: R, = hydrophilic particle recovery, R,, = water recovery, F, = recovery of

gangue accompanying the solids, e, = entrainment factor

They further obtained a linear relationship between water recovery and hydrophobic

particle recovery:
log(1 —R.) =loga + blog(1—R,) Equation 2.28

Where: R, = hydrophobic particle recovery, a and b are constants. When R,, =0, R, =
1 —a, and this can be considered as the contribution from true flotation. Their
computations reveal that for values of R,, between 0 and 0.18, the best fitting values
for a and b are 0.218 and 4.683. However, Tao et al. (2000) note that the relative
contribution of true flotation and entrainment to the overall recovery of hydrophobic

particles is strongly dependent on the size of particles.

Water recovery is an essential component for modelling of a flotation column. It has a
significant effect on both entrainment and recovery of valuable particles. It determines
the circulating flow and residence time in the individual process units in the plant
(Zheng et al., 2006; Neethling and Cilliers, 2002). It is important that water recovery
from the pulp-froth interface to the product launder is minimised (by the froth), allowing
water to drain out of the froth as this drainage will minimise unselective recovery of
unattached particles present by the entrainment mechanism (Schwarz and Grano,
2005).

Zheng et al. (2006) argue that as much as both empirical and fundamental models of
water recovery in flotation processes tend to fit the data reasonably well, empirical
models which relate the water recovery to the solids recovery or describe the water
recovery as a function of the mean froth residence time are generally unable to
distinguish the effect of different cell operating conditions such as froth height and air
rate — they can thus be used only within a relatively narrow range of cell operating

conditions.
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2.11.3. Air recovery as a froth stability measure

Air recovery is defined as the fraction of air that overflows to the concentrate as unburst
bubbles. The link between air recovery and froth stability was made by Barbian et al.
(2003). They showed that froth stability can be quantified by measuring air recovery in

flotation cells.

The concept of air recovery was first introduced by Woodburn et al. (1994) who
proposed that the froth structure, specifically the flow of bubble surface, was related
to the flow of solids and water to the concentrate in a free flowing froth. They defined

the air recovery, «, as:

«m Qout _ {XveXhy, Xw

Qin Qin

Where Q,,; = volume of air overflowing the weir, Q;,, = volume of air added to the cell,

Equation 2.29

¢ = fraction of air in the overflowing froth and is generally considered as unity, vy =
velocity of the overflowing froth, h,, = is the height of froth overflowing at the weir, w =

weir lip length. v can be determined using image analysis of the froth.

Ventura-Medina and Cilliers (2002) used image analysis to estimate the amount of air
that overflows the weir as unburst bubbles at industrial scale. They determined that
for a single cell, the air recovery increased with increasing aeration rate and frother
concentration. However, at the highest aeration rate and frother concentration, air
recovery decreased, indicating a decrease in froth stability. There exists, therefore, a
peak air recovery (PAR) with cell aeration. Smith et al. (2010) and Hadler and Cilliers
(2009) proposed that the compliment to air recovery is the fraction of bubbles bursting
at the froth surface (1-«). A high air recovery, therefore, indicates a low loss of air
through bursting bubbles, and consequently a more stable froth. Hadler et al. (2010)
agree with the above findings and stated that air recovery is a robust, non-intrusive
measure of froth stability that passes through a peak as cell air rate is increased. They
showed that when operating a cell at the air rate that yields the “Peak Air Recovery”
an improvement in flotation performance, particularly mineral recovery, can be
obtained. Their work on two concentrators, one at Modikwa and the second at Western
Limb Tailings Retreatment Plant (WLTRP) involved carrying out preliminary air

recovery tests during which the air rates to the first two cells in the bank were varied
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and the air recovery measured. Surveys were also carried out at the “As Found air
rates” and at the optimised Peak Air Recovery (PAR) air rates. Their findings are

shown in Figure 2.7 below:
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Figure 2.19: Schematic showing the general effect of air recovery optimisation on flotation
performance (Hadler et al., 2010).

Their findings indicate that by increasing the air rate from “As Found” to PAR, (for
operation at Modikwa), an increased mass pull and recovery were obtained for a small
drop in concentrate grade. Conversely, dropping the air rate to obtain PAR conditions
(for operation at WLTRP), yielded both a higher grade and recovery with a decrease

in mass pull.

Zheng et al. (2006) noted that an accurate measurement of air recovery is difficult.
They proposed that the fraction of unburst bubbles on the surface of the flotation cell
can be considered to be linearly proportional to the froth height:

Hy

x=1—-———
Hg(max)

Equation 2.30

Where Hy(max) is the maximum froth height that can be obtained under the given
operating conditions and at this maximum froth height all the bubbles burst, H is the

froth height.

Estrada-Ruiz and Perez-Galibay (2009) proposed a semi-phenomenological model to
estimate air recovery:

Qsl_overflodeg .
o= Equation 2.31

Qg {[db +a (Qsl_overflow - QW_OUeTfIOW)/AC]3} - dg
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Where: d;, = bubble diameter, Q,, oyerriow = Water flow rate in the overflow, Qg oyerfiow
= slurry flow rate in the overflow, A, = cross sectional area of the column, and Q, = Air

flow rate. It should be noted, however, that the independent variables in Equation 2.31

are difficult to measure on an industrial scale.

2.11.4. Characterisation of froth stability behaviour by image analysis

The use of machine vision for froth characterization is finding increasing application in
mineral processing industries. Measurements describing properties of the froth such
as: bubble size distribution, bubble shape distribution, colour, number, density, speed
and stability are provided by these instruments. However, much of the challenge
encountered in the use of these machine vision based instruments has been in relating
the information extracted from the images to flotation performance. Moolman et al.
(1995) explained that the characterization of flotation froth stability is a good example
of the utilization of visual data as a supplement to conventional plant data. In their
experiments, images from pyrite batch flotation tests conducted after a factorial design
as well as images from a copper flotation plant were used to understand the
relationship between froth characteristics and flotation performance. Their findings
show that most of the froth characteristics (e.g. stability, mobility, viscosity, colour, and
average bubble size) can be explained in terms of the concentration of solids in the
froth and factors that affect the solids concentration. Froth stability measurement using
image analysis is characterized based on the following arguments: if the froth is
excessively stable, i.e. the rate of bubble collapse is slow, fewer local changes in light
intensity between successive frames (light to dark or dark to light) should occur than
in an unstable froth. In an unstable froth, the high rate of bubble collapse and the
formation of new bubbles imply a quick change in the highlights on the tops of bubbles

(caused by the spotlight) and the bubble boundaries (light areas).

Ventura-Medina et al. (2004) carried out experiments on solids loading on froth surface
bubbles as a function of the superficial gas velocity for different froth depths at
standard and high frother concentration, respectively in the rougher cell at Pyhasalmi
copper concentrator in Northern Finland. Solids-loading in bubble lamellae was
directly measured by sampling using microscope glass slides and image processing.

They found that the average solids loading decreased as air flow rate (superficial gas
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velocity) increased. Also, the average solids loading in bubbles increased with

increasing froth depth at constant air flow rate.

Barbian et al. (2007) proposed that the bubble solids loading, I, can be calculated
using the expression:

= i Equation 2.32

Where m is the amount of solids collected on a slide and A is the surface area of the
bubble-print. They state that under steady state conditions, it is also possible to collect
enough material attached in the bubble lamellae by multiple sampling to determine the

average grade.

Morar et al. (2012a, b) reported that froth stability is reflected by three main attributes
which are visible on the froth surface, these are: froth surface bubble burst rate, froth
surface bubble size and solids loading. These authors developed a machine vision
technique to measure the burst rate of bubbles on the froth surface as a practical
measure of froth stability for an industrial environment. The developed algorithm
outputs for the number, size, and volume information of bubbles bursting per pair of
frames analysed. Copper and platinum flotation systems were used for their
experiments to represent slow and fast floating materials respectively. Their results
show that burst rate tends to increase with an increase in bubble size. In the platinum
system, it was found that the size that bubbles are able to attain is limited by the burst
rate and the solids loading. At lower solids loading, smaller bubbles were present.
Conditions of higher solids loading were attained with larger bubbles. However, the
same scenario was not reproducible in the copper system. Thus, burst rate and solids
loading measurements are able to augment the bubble size information obtained on
the froth surface to characterize froth stability.

2.11.5. Electrical impedance spectrum as a froth stability measure

Hu et al. (2009) proposed a technique for quantifying froth stability using the electrical
and dielectric properties of the froth. In their model, they propose that a body of froth
between two electrodes can be regarded as a complex network of electrical

conductance, inductance and capacitance as shown in Figure 2.20.
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It is suggested that the solids and water contained in the inter-bubble lamellae may
have an electrical resistance (R) and a conductance (C), while the bubbles may have
an electrical inductance (L). In their experiments, the measurement system consisted
of an electrical impedance spectrometer-Solartron 1260 Frequency Response
Analyser (used to measure electrical impedance spectrum) and a pair of electrodes
which were attached to the non-conductive column wall in the froth phase. A stability

index (SI) defined below in Equation 2.33 has been used to quantify froth stability.

n
st=" | (s =5n)’/(=1D Equation 2.33
f=1

Where: S, = \/zi(zﬂ —me)2 ; Sm = X7=1S¢/n; n is the total number of frequency

points, Z; is the real impedance component of ith measurement at frequency point f;
Zsy is the mean of five measurements at frequency point f. Sy is the measure of

variability in repeated measurements at frequency point, f. SI is a statistical measure
of variations among repeated measurements of the electrical impedance spectrum in
the froth phase. Hu et al. (2009) carried out experiments to establish the link between
S| values and flotation response. Process variables consisting of feed flow rate, air
flow rate, feed solids concentration, froth depth and collector and frother dosages were
varied. At steady state, five sets of electrical impedance spectra were measured and
a stability index evaluated. The results obtained showed that a flotation process with
a relatively low stability index value would generally give a high flotation yield. Froth
stability is therefore associated with low stability indices. This is illustrated in Figure
2.21.
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Figure 2.20: Schematic diagram of (A) froth structure and (B) possible electrical equivalent circuit
representing its electrical and dielectric properties (R - resistance; C - capacitance; L - inductance (Hu
et al., 2009).
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Figure 2.21: Effect of the froth stability index on flotation yield of plant operation for nine differents
runs labelled #1 to #9. (Hu et al., 2009).

However, exclusive prediction of froth stability from the froth stability index cannot be
absolutely relied on as a low value of SI would not guarantee a high flotation yield.
This is depicted in Figure 2.21 above where runs 1 and 8 show contrasting results.
Process run 1 had a lower Sl than run 8 and was expected to have a higher yield, but

this was not the case.

In conclusion, it should be emphasized that froth stability is an important aspect of the
flotation process and its measurement and ultimately prediction is at the heart of the
operations within the mineral processing industry. As such, the selection of the
technique for froth stability measurement was a crucial component of this thesis. The
development of a measurement technique was not a focus for this project, but rather
to utilise a proven technique to achieve the desired goal of quantifying froth stability.
Based on its simplicity, the froth stability column was chosen for measuring froth
stability. However, because metallurgical information could not be obtained by utilising
the froth stability column, a bench-scale continuously operated flotation column was
built in the laboratory to achieve this purpose. This utilised two of the froth stability

measurements discussed, viz. water recovery and top-of-the-froth bubble burst rate.
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2.12. Summary

This review has discussed the importance of the froth phase in flotation, how to
measure froth stability, the effect that mineral particles have on froth stability and the
mechanisms that cause these effects. Because it is a valuable mineral grade/recovery
determinant, an understanding of how the froth phase is affected by process variables
(in this context, particle size and hydrophobicity) is crucial. Such is the value of froth
stability as a process optimisation tool, that it is currently being trialled in a flotation

control system for performance optimisation (Shean et al., 2017).

The stability of the froth has been found to depend on the thickness of the liquid film
between Plateau borders. Mineral particles, depending on their size and
hydrophobicity, will either promote the liquid film thickening (stabilising the froth), or
enhance drainage (in this case destabilising the froth). Dippenaar (1982b) reported
that the thinning of the liquid film is the rate-determining step in the destabilisation of
froths. The liquid film thickness is affected by the size of particles as well as their

hydrophobicity which in flotation studies is manipulated by use of collectors.

The study of the literature has shown that there is agreement that coarse particles
tend to produce less stable froths, but there is no consensus on the effect of particles
at the fine end of the flotation range. Some studies say that froths continue to become
more stable as particles become finer, while others propose that froth stability goes
through a maximum and then becomes less stable at the finest flotation sizes. The
only known relationship between particle size and froth stability was investigated in
metal foams at very low solids concentrations. There is clearly a need for a
comprehensive investigation into the effect of particle size on froth stability within the

flotation context.

Most flotation studies agree that a maximum froth stability exists for particles of contact
angles between 60° and 70°. However, most studies have investigated the effects of
particle size and hydrophobicity on froth stability individually. It is of importance that
studies on the interactive effects of these two particle properties on froth stability are

investigated.

Theories that seek to explain how particles stabilise froths have also been advanced.

The maximum capillary pressure of coalescence theory explains froth stability based
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on the pressure gradient between a bubble and the interfilm fluid. Since this measures
the resistance of the bubble phase to a pressing force, the higher this pressure the
more stable the froth is. It predicts that the froth is most stable when the particle contact
angle is 0" and the patrticle size is small. However, an opposing theory for describing
froth stabilisation by hydrophobic particles known as the particle detachment theory
has also found substantial application. It predicts that the froth stability will be highest
for large particles of contact angle of 90°. However, Kaptay (2006) used these two
theories in his model and predicted an optimum contact angle of 70° for maximum
froth stability. The packing of particles within the Plateau borders has also been
advanced as an important mechanism which influences froth stabilisation. Particles
may pack to form a bridging monolayer, a bilayer of hexagonally packed particles, or
a network of particle aggregates inside the film. Also, the stability of the froth is related
to the liquid viscosity. A liquid with a high viscosity will slow the rate of drainage of the

liquid in the thin liquid films thus stabilising the froth.

The froth stability measurement techniques relate a given property of the froth to its
stability. Proxies employed by past research include water recovery, dynamic froth
stability factor, air recovery, electrical impedance spectrum and bubble burst rate,
among others. It was in the interests of this thesis to utilise proven techniques for
qguantifying froth stability. The dynamic non-overflowing froth stability column was
chosen because it is simple to use and its results are scalable. However, because of
its inability to provide metallurgical information, a bench-scale continuously operated
flotation column was built in the laboratory for this purpose, which was also able to

measure froth stability using water recovery and top-of-froth bubble burst rate.
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CHAPTER THREE

3. DEVELOPMENT OF THE BENCH-SCALE FLOTATION
COLUMN

3.1. Introduction

A vital step in meeting the objectives of this research project was to construct a device
capable of measuring differences in froth stability, while at the same time predicting
the flotation performance. The equipment was required to operate on a continuous
basis at steady state. It needed to be able to operate using small enough amounts of
material so as to meet logistical challenges associated with using large amounts of
materials in a big column. Discrete particle size fractions of controlled hydrophobicity

were carefully prepared and used in this test work.

The column flotation cell found practical use in the upgrade of mineral ores as early
as the 19" Century. Industrial flotation columns are either round or rectangular vertical
chambers in which the particles in a slurry move downwards counter-current to a
swarm of air bubbles generated by spargers installed at the bottom of the cell. Because
they are designed without impellers, particles experience hindered settling with a
distribution of residence times. Columns provide an improvement in metallurgical
performance as they are operated with deep froths, often with wash water. They have
also been seen to reduce operating costs owing to fewer moving parts as compared
to mechanical cells. Since its inception, the design of flotation columns has followed
an experience-based approach and “know how”, rather than a detailed engineering
solution (Ityokumbul, 1992; Finch, 1995).

The column flotation cell constructed for this project is based on the design originally
described by Xu et al. (1996). The bench-scale flotation column represents an attempt
to design a system that provides more information than the traditional batch flotation
cell. In contrast to the mechanical batch flotation cell, the flotation column has a well-
established froth and operates continuously at steady state. It uses small amounts of
well characterised particles and has been purposely designed to meet logistical

challenges foreseen in as far as meeting the objectives of this project were concerned.
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Since the focus of this project was on measuring the stability of the froth, a deep froth

was desired.

3.2. Design considerations

The bench-scale flotation column (shown in Figure 3.3) was designed using a Perspex
pulp and glass froth sections. Glass was chosen as the material of construction for the
froth zone so as to minimise wall effects associated with Perspex. Perspex is
hydrophobic, which causes froth bubbles to stick to the walls. The collection and froth
zones are completely separable from each other. The collection zone has an internal
diameter of 3.6 cm and length of 30 cm. Its height is 73% of the overall column height
considering the longest froth zone height of 11 cm. Dimensions were chosen to give

a volume that was practical from a sample preparation point of view.

3.2.1. Sparger design

Spargers are typically employed in the minerals industry to generate uniform small
bubbles, enabling hydrophobic mineral particles to collide with and attach onto them.
The sparger used in this design consisted of a porous ceramic tube enclosed in a
casing made of Perspex as shown in Figure 3.1. Bubbles were formed by sheer as a
result of passing the recycled slurry across the porous tube. Bubble size was
controlled by the shear rate. Pulp bubble size has been shown to have an effect on
the measured froth stability (Geldenhuys, 2017). Smaller bubbles produce a more
stable froth. However, bubble size was kept constant at a constant slurry flow rate of
580 g/min. In addition, slurry flow through the sparger resulted in a higher energy
bubble-particle collision zone than in traditional column flotation cells where bubbles
and particles are contacted through a counter-current flow system of relatively low

energy.

A rotameter with an air flow rate range from 0 to 1 L/min was used. Numerous tests
were carried out to determine an appropriate aeration rate that could be used for all
experiments. A constant airflow rate of 0.7 L/min corresponding to a superficial gas

rate of 0.98 cm/s was maintained using a rotameter.
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Figure 3.1: Sparger

3.2.2. General column design

Glass columns of variable lengths each of internal diameter 4 cm were constructed
and used as the froth zone. It was necessary to keep the collection zone of a constant
height in order to have a consistent collection zone rate constant. Therefore, froth
zones of variable lengths i.e. 4, 7 and 11 cm (as shown in Figure 3.2b) were
constructed so as to calculate the froth recovery using the variable froth depth
technique, a method used by several authors (Feteris et al., 1987; Laplante et al.,
1989; and Vera et al., 1999). Since the froth height was varied, a detachable launder
was constructed and positioned on top of the froth zone. A series of tests was carried
out to obtain the highest possible froth height and it was determined that the 11 cm

column height was adequate for all test conditions explored.

The froth flowing out of the flotation system is directed through the concentrate launder
before being collected. The launder sits at an angle of 20 degrees to the froth zone

section.
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(a) Froth section of (b) The three glass columns; from left to right: 11, 7,
flotation column and 4 cm height

Figure 3.2: (a) Set-up of froth section of continuous column flotation cell (b) Glass froth zone columns
of varying height.

Translucent silicone tubing was used for flow distribution within the system. This
enabled blockages to be identified especially when floating large particles in the

coarsest size fraction (+150-300 pym) which settled easily in the tubes owing to their
high mass.

Three peristaltic pumps were used to drive flow through the system, viz. for the feed,
tails and recycle streams. The level in the cell was controlled by the tailings flow rate.
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Figure 3.3: Bench-scale flotation column

3.3. Setup and operation

Experiments using the bench-scale flotation column were set-up as shown in Error!
Reference source not found.. A slurry feed of 7 kg (which contains 5% pyrite, 1.2%
talc and the rest quartz), prepared using the synthetic ore, was required to carry out
each flotation test at three different froth heights consecutively. A feed pulp density of
25% was maintained for all tests. This was the highest density attainable for stable
operation of the column. The slurry feed flow rate was 580 g/min at a residence time
of 1 min, the superficial gas rate was 0.98 cm/s and frother dosage was 100 ppm.
Operating conditions were chosen by systematically varying flow rates and frother
dosages in order to find a set of conditions at which operability was achieved for all
particle size conditions. This was a difficult task as the very fine particles had
significantly different frothing effects to the very large particles. A balance needed to
be struck between conditions which allowed both fine and coarse patrticles to float. In
addition, the glass froth section was hydrophilic and froth drainage was high at the
surface and required high frother dosages. It is acknowledged that the frother dosage
is higher than normal and well above the critical coalescence concentration. However,
it was simply a requirement due to the varying particle conditions and did not in any

way mask the effects of particle size as these were still clearly observed. The particle
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effects that were observed in this investigation are expected to be extrapolated to any

frother dosage.

The solid particles in the feed tank were kept in suspension by means of an impellor.
The feed and air were fed through a sparger where particle-bubble contacting took
place before entering the column. A recycle stream that assisted in keeping the
particles in suspension was maintained between the base of the pulp section and the

feed stream.

The air supply was first turned on, followed by the recycle and tailings pumps. The
feed pump was then turned on and the system was allowed to reach steady state in
closed circuit for 10 minutes, after which the cell was open-circuited and given three
residence times to reach steady state. Thereafter, three concentrate and three tailings

samples were collected in open circuit at 30 seconds intervals.

Launder

Froth section
Height (variable): 11, 7,and 4 cm

Diameter: 4 cm
1 | | U

Concentrates

Pulp section
Height: 30 cm
Diameter: 3.6 cm Key

- ——& Flow direction

Figure 3.4: Schematic showing setup and operation of the bench-scale continuous flotation column

3.4. Limitations and recommended future improvements to the operation of
the continuous flotation column

A decision was made to use glass instead of Perspex for the froth phase section. This
was in order to study the bubble coalescence profile above the pulp-froth interface.
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Perspex is not well suited for this as bubbles are prone to adhere to it making it difficult
to measure their size and subsequently account for increases in size above the pulp-
froth interface. However, glass is hydrophilic and this resulted in a high drainage rate
at the glass interface, which caused a lower apparent froth stability. This necessitated
using a high frother dosage to enable the formation of froth of adequate volume.
Numerous attempts were made in choosing the correct combination of frother dosage
and air flow rate. 100 ppm frother dosage was found to be sufficient and was thus
chosen as the dosage at which all experiments were carried out. It may be useful to
explore other options of intermediate hydrophobicity in the construction material of the

froth zone.

Flotation conditions needed to be such that maximum froth heights of 11 cm were
attainable under all particle size and particle hydrophobicity conditions. Since the
range of particle sizes produced such a large difference in froth characteristics, it was
extremely difficult to find a set of conditions that suited all particle sizes. Coarse
particles needed high air flow rates and frother concentrations to produce sufficient
froth, while under these air and frother conditions small particle sizes produced a froth
that was too stable. The variables that had most influence on the froth characteristics
were the frother concentration, pulp bubble size and air flow rate. Unfortunately, it was
impossible to decouple these variables. Air flow rate, as well as feed and recycle flow
rates, had an effect on the bubble size. Thus, the aeration rate of 0.7 L/min, giving a
superficial gas rate of approximately 1 cm/s, resulted in such a stable froth at small
particle sizes (-25 um) that it was impossible to obtain an interface between the pulp
and the froth phases. It is recommended for future designs to have independent
control over the bubble size and the air flow rate by installing glass frits of different

pore sizes.
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CHAPTER FOUR

4. EXPERIMENTAL METHOD

This Chapter details the equipment, materials and methods employed to meet the

research objectives of this thesis.

4.1. Equipment
4.1.1. Froth stability column

In order to measure dynamic froth stability, a non-overflowing stability column as shown
in Figure 4.1 was constructed from Perspex. Since images of the side of the froth were
not analysed in this piece of equipment, the hydrophobicity of the wall was not an issue
as discussed in Chapter 3. The column has a height of 1 m and an internal diameter
of 9.3 cm. A sintered glass frit placed at the bottom through which air is sparged is used
for bubble generation in this thesis. All work was conducted using a P2 frit which has a
pore size of 40 — 100 um. A stainless steel impeller operating at 1100 rpm was inserted
inside the column to keep the solids in the slurry in suspension, and to assist in particle-

bubble attachment.

Figure 4.1: Stability column.
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Well mixed slurry was pumped through an inlet near the bottom of the column to the 2
L mark. This was sufficient that the particles did not become the limiting factor during
the growth of the froth. The impeller was then turned on to keep the solid particles
suspended in the fluid. The level attained by the slurry was noted. Air was turned on at
the required flow rate and the height attained by the froth was tracked as a function of
time. Once the maximum froth height was achieved, the air was turned off. The slurry
was then pumped out of the column and was subsequently used for flotation tests in
the bench-scale flotation column.

Froth stability was determined in this way for each continuous column flotation

experiment conducted.

Dynamic froth stability factor, ), is defined as (Bikerman, 1973):

H, XA
T = % Equation 4.1

Where H,,,, = the maximum height attained by the froth; A = Column surface area
and Q = Air flow rate. Using Equation 4.1, a dynamic froth stability factor was

calculated for each experimental condition.

Hmax was determined by measuring the growth rate of the froth and making use of the
expression:
H(t) = Hmax(1 — 1) Equation 4.2

Equation 4.2 was developed by Barbian et al., (2003). Where t = froth residence time,

t = time, and H(t) = height of froth at any time t.

Figure 4.2 shows the variation of froth height with time for three particle size fractions
generated using the froth stability column at constant conditions of air flow rate (0.98
cm/s) and frother concentration (100 ppm). All froth stability data generated using the

stability column were analysed using Equation 4.2.
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Figure 4.2: Froth growth as a function of time for three particle size fractions (25-75, 75-150, & 150-

The stability column was initially run at varying air flow rates, but fixed frother dosage,
in order to enable selection of a fixed aeration rate at which all experiments could be
conducted. Figure 4.3 shows the variation of the maximum froth height as a function
of aeration rate for two different ore systems; (1) a mixture of 75-150 and 150-300 um
size classes at a ratio of 4:1 dosed with collector corresponding to 300% surface

coverage of pyrite made up in a slurry at 25% pulp density, and (2) 150-300 um size

class dosed with

300 um).

collector corresponding to 25% surface coverage of pyrite made up

in a slurry at 20% pulp density.
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Figure 4.3: Effect of aeration rate on maximum froth height (Hmax) for two different ore systems.
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There is an initial non-linear region at low air flow rates, which after about 4 L/min
enters a linear region. This is where the froth stability is directly proportional to the air
flow rate and is the region at which it was desired to work. Consequently, an aeration
rate of 4 L/min was chosen for all column experiments. This corresponds to a
superficial air velocity of 1 cm/s similar to that used in operating the bench-scale

continuous flotation column.

4.1.2. Bench-scale continuous flotation column

The performance of the flotation process as the system variables changed was also
monitored using a bench-scale flotation column operated at steady state. This column
including its set-up, and operation, has been extensively described in Chapter 3. The
column flotation cell was used to predict froth stability using two proxies i.e. water

recovery and top-of-froth bubble burst rate.

4.1.3. Microflotation apparatus

One method of quantifying hydrophobicity was a University of Cape Town (UCT)
microflotation cell (shown in Figure 4.4). The unit operates without a froth phase and
was used to determine the hydrophobicity of pyrite samples that were reacted with
different dosages of potassium amyl xanthate (PAX) collector. This microflotation cell,
which is made of glass, has been used in several studies that have earlier been
described (Bradshaw, 1997; Bradshaw & O’Connor, 1996; Min, 2010). It uses single
bubble streams generated by air flowing through a micro-litre syringe to float particles
in the pulp zone. A peristaltic pump is used to achieve an upward circulatory flow in
order to keep the mineral particles in suspension. On reaching the upper conical
section of the cell, the bubbles burst releasing their load onto the launder. All other
parameters being constant, the greater a particle’s hydrophobicity, the greater the
likelihood of a bubble-particle attachment and the greater the mineral recovery. Thus

a higher mineral recovery is associated with a greater degree of hydrophobicity.

Sample preparation: 3 g of pyrite was added to a 250 ml glass beaker, 100 ml of

synthetic plant water was added to it and the slurry was conditioned with the required
dosage of PAX collector for 5 minutes. An overhead stirrer was used to keep the solids
in suspension. After conditioning, the pyrite was filtered out and used for
hydrophobicity determination in the microflotation cell.
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Microflotation cell experimental procedure: To conduct an experiment, air was turned

on and the U-tube manometer given at least 30 minutes for the air distribution to reach
steady state. The cell was then half filled with synthetic plant water with the pump
turned on. 3 g of dry pyrite sample of size 38 — 106 pum that had earlier been
conditioned with collector was added to the cell. The water was topped up to the mark
and the flotation test started after the air supply to the cell was connected through a
micro-litre syringe at the base of the cell. An aeration rate of 10 cm3/min was used and
the peristaltic pump was set at 100 rpm. Concentrate samples were collected for 2, 4,
6 and 8 minutes in the concentrate launder, filtered, dried and then weighed.

Experimental data was fitted to the first order kinetic expression in Equation 4.3:
R(t) = Rpax(1 —e7kt) Equation 4.3

Where R(t) = recovery at any time, t, R,,4, = maximum recovery, t = time, and k =

rate constant.
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Figure 4.4: UCT Microflotation cell used for hydrophobicity determination.

4.2. Materials
4.2.1. Minerals

Pure pyrite and talc were sourced as bulk samples from Wards Scientific and quartz
from Consol Glass (Pty). A synthetic ore made up of these three components was
used in all experiments conducted in the stability column and in the bench scale
flotation column. Pyrite was the hydrophobic component while quartz was the
hydrophilic component. It was necessary to use talc, a naturally floating gangue
mineral, in order to aid in stabilising the froth. The synthetic ore contained 1.2% talc,
5% pyrite and 93.8% quartz. The quartz was milled using a 1 kg capacity stainless
steel mill and rods supplied by Eriez Magnetics and sieved into the same size fractions
as the pyrite and talc samples. The pyrite and talc were pulverised using a Sieb mill

supplied by Ferguson Industrial Group. All milling and screening were done on dry
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samples as received. The screens used to obtain the different size fractions had
aperture sizes of 25, 38, 75, 106, 150, and 300 ym. Prepared pyrite samples were
kept under nitrogen at -30 °C to minimise surface alterations by oxidation. All three
minerals were sized into the following size classes: - 25, 25 - 75, 75 — 150, 150 — 300
and 38 — 106 um. These particle size classes were chosen as being representative
of typical ranges of size classes found in most conventional flotation systems. The
sub-25 um range is the very fine range, where much of the material would report to
the concentrate by entrainment. The 150 — 300 um size class is a very coarse and

difficult-to-float region.

The particle size distribution of the ore samples was determined using a Malvern
Mastersizer 2000 (Hydro 2000 MU) patrticle analyser. The measurement technique is

based on the principle of laser ensemble light scattering.

In order to calculate the amount of collector required to achieve a specific surface
coverage the specific surface area (in m?/g) of pyrite was determined for each size
class using the B.E.T. (Brunauer, Emmett and Teller) gas adsorption method. This
was based on the BET surface area of the pyrite and assuming the cross-sectional

area of the thiol head group of xanthate to be 28.8 A (Grano et al., 1997).

4.2.2. Reagents

In all tests carried out in the flotation column and the non-over-flowing stability column,
potassium amyl xanthate (PAX) was used as the collector. It was supplied by Senmin
in powder form and prepared on a daily basis using deionised water. PAX was chosen
since it is a strong collector that can be used to alter the hydrophobicity of the mineral
surface. At very low dosages, low contact angles could be attained using any xanthate
collector. But a strong collector such as PAX was required to induce the very large

contact angles required to investigate high hydrophobicity.

A polypropylene glycol ether, Dowfroth 250, supplied in liquid form by Betachem (Pty)
Ltd, was used as frother at a constant dosage of 100 ppm. This high frother dosage
was necessary in order to run all the experiments in the bench-scale flotation column
under the same conditions as the froth volume obtained with coarse particles at a
lower frother dosage would be insufficient to obtain an acceptable solids and water
mass flow to the concentrate. The glass wall of the flotation column did not have a

stabilising effect as it is hydrophilic and drainage would be high at the surface.
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4.2.3. Synthetic plant water

Synthetic plant water was used to prepare slurries used in both the stability column
and the bench scale flotation column as well as to run all experiments in the UCT
microflotation cell. Synthetic plant water mimics the inorganic ions found in recycled
plant water, which is essential to a realistic assessment of flotation conditions. Six
different salts were dissolved in pure distilled water as reported by Wiese (2005) in
order to be able to simulate industrial platinum group minerals (PGM) process water.
Each of the salts was weighed as shown in Table 4.1 and dissolved in distilled water
to make up 40 L batches of synthetic plant water.

Table 4.1: Composition of salts in each 40 L batch of synthetic plant water

Salt Formula Mass composition (g)
Magnesium Sulphate Heptahydrate | MgSOa. 7H20 24.6
Magnesium Nitrate Hexahydrate Mg(NO3)2.6H20 4.28
Calcium Nitrate Tetrahydrate Ca(NOs3)2.4H20 9.44
Calcium Chloride Dihydrate CaCl2.2H2 5.88
Anhydrous Sodium Chloride NaCl 14.24
Anhydrous Sodium Carbonate Na2CO3 1.20

4.3. Mineral analysis

The quartz used in this study was assayed for iron impurities (that may influence the
results obtained for assays of pyrite) using atomic absorption spectroscopy (AAS). The
amount of iron in the quartz was found to be negligible. BET specific surface area of
both quartz and pyrite were very similar within each size class. Table 4.2 shows the
specific surface area of pyrite for each size class. Concentrates and tails from the
column flotation tests were assayed for Fe and Mg using AAS after acid digestion.
Concentrates were also analysed for particle size and surface area by Malvern particle

analyser.
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Table 4.2: BET specific surface area of pyrite for each particle size class

Size class (um) BET Specific surface area (m?/g)
- 25 0.8956
25-75 0.2419
75-150 0.0818
150-300 0.0478

4.4. Contact angle measurement and manipulation

Samples for the capillary rise experiments were prepared by a technique first proposed
by Burt and Fewtrell (1970) for preparing beds of powders for air permeability
measurements. A Kruss K-12 tensiometer (shown in Figure 4.5) was used for the
contact angle determination. Capillary tubes were manually filled with samples of the
pyrite particles and the sample beds compacted by centrifugal force using a laboratory
centrifuge. Hexane, a perfectly wetting liquid was first used to determine the material
constant, after which the contact angle of pyrite was determined using water in the
capillary rise experiments. The hydrophobicity of pyrite was varied by using different
dosages of collector. The dosage of collector required for different coverages on the
surface were calculated from the specific surface area of the pyrite. A description of
how contact angle is calculated using the Washburn technique has earlier been
reported in Chapter 2.
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Figure 4.5: Kruss K-12 tensiometer used for contact angle determination

4.5. Froth recovery

Froth recovery is defined as the fraction of particles that are delivered to the pulp-froth
interface that make it to the concentrate launder. It is used as a measure of the
performance of the flotation system, specifically the froth phase. Froth recovery is
related to froth stability (Zanin et al., 2009); high froth recovery is achieved with stable
froths. Unstable froths in which there is rapid bubble collapse and volume depletion

yield lower froth recoveries.

The technique developed by Feteris et al. (1987) which involves carrying out flotation
tests for at least three different froth depths and calculating the different collection zone
rate constants was employed. In this technique, a linear relationship between flotation
rate constant and froth depth is obtained. The flotation rate constant at zero froth

depth, k., is used to calculate froth recovery, Ry by the expression:

k. Equation 4.4

Where k is the rate constant at a given froth depth other than zero.
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4.6. Representation of particle size data

The geometric mean is defined as the nth root of the product of n numbers, i.e:

(IT~, x;)*/™ whereas the harmonic mean is defined as nn - where X1, X2, ...... , Xn are

i= 1x_l.

positive real numbers. In this study, a geometric mean size was used to represent size
for particle size classes. Where a mixture of two size classes was used, a weighted
average geometric mean size was used to represent size. The harmonic mean size
was calculated and found to be similar to the geometric mean size as shown in Table
4.3 for all size classes. As such the harmonic mean sizes as well as their weighted

averages were not used in the results presented here.

Table 4.3: Geometric and harmonic means of discrete size fractions and mixtures of particle size

fractions.
Percentage particles by mass from Geometric mean | Harmonic mean
each size class (%) size (um) size (um)
-25 um 25-75um | 75-150 ym | 150-300 ym

80 20 15.59 11.79
80 20 28.14 24.29
20 80 36.37 31.07
100 43.30 37.50
80 20 49.35 44.29
80 20 55.85 50.00
80 20 77.07 70.00
20 80 86.58 81.07
20 80 93.51 87.50
100 106.07 100.00
80 20 127.28 120.00
20 80 171.44 161.07
20 80 178.37 167.50
20 80 190.92 180.00
100 212.13 200.00

Experiments to determine the effect of particle size on froth stability were conducted

with discrete particle size classes as well as mixtures of these size fractions at two

ratios, 1:4 (20% and 80%) and 4:1 (80% and 20%) as shown in Table 4.3.
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4.7. Particle size distributions

A characterisation of the particles in terms of distribution was done. Initially, the
particles were screened into different fractions using wire mesh sieves aided by
mechanical vibration. This was the most appropriate way to characterise the particles
as it enabled preparation of large quantities of feed particles, especially quartz which
was required in large amounts. A Malvern mastersizer 2000 was used to determine
the size of the particles in the concentrates obtained from the flotation process and the
results are shown in Figure 4.6, Figure 4.7 and Figure 4.8. This was found to be very

effective for the small amounts of concentrates obtained from the flotation tests.

Figure 4.6 shows the particle size distribution for the concentrates of 1:4 ratios. As

expected, a distribution of sizes was obtained. The following observations are made:

e 93% of the particles in the —25/25-75, —25/75-150 and the 25-75/75-150 pm
mixtures were below 212 pm in size.

¢ Inthe case of the —25/150-300, 25-75/150-300, and the 75-150/150-300 pm
mixtures, 93% of the particles were below 425 um in size.

100
——-25/25-75
80
—m—-25/75-150
2 60
= 25-75/75-150
@
o
X 40 -25 /150 - 300
20 —%—25-75/150-
300
0 ‘ ‘ . —8—75-150/150 -
0 200 400 600 300
Particle size (micrometres)

Figure 4.6: Concentrate particle size distribution for the 1:4 ratio. Sauter mean particle sizes from the
Malvern mastersizer were used for this plot.

Figure 4.7 shows the particle size distributions for the 4:1 ratio. The following

observations are made:
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e 949% of the particles in the —25/25-75, —25/75-150, and —25/150-300 mixtures
were smaller than 53 pm in size.

e In the case of the 25-75/75-150 and the 25-75/150-300 mixtures, 86% of the
particles were smaller than 106 pm in size.

e 93% of the particles in the 75-150/150-300 um mixtures were smaller than 300

pHm in size.
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Figure 4.7: Concentrate particle size distribution for the 4.1 ratio. Sauter mean patrticle sizes from the
Malvern mastersizer were used for this plot.

Figure 4.8 shows the particle size distributions for discrete size fractions of

concentrates from the flotation process. The following observations are made:

e 85.9% of the particles in the 25 — 75 um size class were smaller than 75 pm in
size.

e 44.3% of the patrticles in the particles in the 75 — 150 um size class were smaller
than 150 pm in size.

e In the 150 -300 um size class, 67.45% of the particles were smaller than 300

pum in size.

The results obtained using mechanically agitated stacked screens are expected to be
different from those in which the Malvern Mastersizer was used for non-spherical
particles. This is expected since each of these two methods measure particle size in
different ways. Laser diffraction techniques require well described optical properties

and assume that particles are perfect spheres.
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Figure 4.8: Concentrate particle size distribution for the discrete size fractions. Sauter mean particle
sizes from the Malvern mastersizer were used for this plot.

4.7. Bubble burst rate

The number of bubbles bursting at the top of the concentrate launder can be used as
a measure of froth stability. Videos were captured of the top of the froth using a Sony
Handycam video camera. The videos were analysed using VirtualDub, a free online
video analysis software. By scrolling through the video frame by frame, it was possible

to count and record the number of bursting bubbles per unit time.
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CHAPTER FIVE

5. THE EFFECT OF PARTICLE SIZE ON FROTH
STABILITY

5.1. Introduction

Mineral particle size has been known to significantly affect the quality of froths and
subsequently froth stability in flotation tests. This impacts on the overall grade and

recovery tenable.

This chapter presents experimental findings and discussions on the effect that mineral

particle size has on froth stability. The hypotheses being tested here are:

“Hypothesis 1: Froth stability increases with decreasing particle size and this is due
to increased viscosity of the thin liquid films between bubbles which leads to a slower

liquid drainage rate.”

“Hypothesis 2: Froth stability will increase as a function of the increasing patrticle
surface area in the froth because thin film liquid drainage will be directly affected by

the surface area of particles retarding drainage.”

The aims of this chapter are to establish a relationship between particle size and froth
stability for a set of well-characterised particles and to establish this methodology as
a small-scale particle characterisation test that could be used for flotation froth
modelling. Stabilities of froths resulting from discrete particle sizes as well as mixtures
of size fractions were investigated. A novel bench scale continuously operated flotation
column with a well-defined froth phase (as described in Chapter 3) was used for the
flotation tests and a non-overflowing stability column for stability tests. Froth stability
was quantified using water recovery, top-of-froth bubble burst rate, and maximum

height attained by the froth at a fixed aeration rate (dynamic froth stability factor).

5.2. Results and discussion
5.2.1. Feed versus concentrate particle size

Naturally, the particles that will affect the froth stability are not the feed particles, but
those that report to the froth phase. However, in the first phase of the data analysis,

froth stability was analysed as a function of feed patrticle size, rather than concentrate
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particle size. Since, on a full-scale operation or in ore characterisation, feed particle
size is generally a more easily measured property than concentrate particle size, and
it is a more useful property for froth characterisation. Figure 5.1 illustrates the
relationship between feed particle diameter and concentrate particle diameter for all
the particle size ranges used in this Chapter. The feed consists of pyrite, quartz and
talc in different proportions as earlier reported in Section 4.2.1. It is clear that the
particles reporting to the concentrate have a slightly smaller average diameter than
the feed particles, as would be expected. However, the concentrate particle diameter
is a linear function of feed particle diameter and plots of froth stability as a function of
either feed or concentrate particle diameter follow the same trend. It was decided to
analyse the data in terms of the feed particle diameter since this is a parameter that is

more useful as a predictive tool.

250

200 -

150 -

100

50 -

Concentrate particle diameter (um)

0 50 100 150 200 250
Feed particle diameter (um)

Figure 5.1: Feed particle diameter as a function of concentrate particle diameter. The line represents

the xy function.

5.2.2. Relationship between froth stability and feed particle size

Dynamic froth stability data was generated by the non-overflowing froth stability
column. This was accomplished by measuring the froth growth rate at a fixed
superficial gas rate of 1 cm/s. Figure 5.2 shows the variation of the dynamic froth
stability with feed particle size at a constant pulp density of 25% and constant collector
surface coverage of 25%, corresponding to pyrite contact angle of 46°. This was
chosen as an intermediate contact angle that would generate some pyrite recovery,
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but not be high enough to destabilise the froth. The general trend of the graph shows
a power law dependence of the froth stability on particle size. The froth is most stable
at small particle sizes, with the highest froth stability of 68 s, and least stable at large
particle sizes, with the lowest froth stability of 7.7 s. There is a steep initial decrease
in the froth stability as the particle size increases up until about 50 um, whereafter the

dependence of froth stability on particle size becomes less pronounced.

It was observed visually in the stability column that fine particles formed fine bubbles
that grew steadily up the pulp-froth interface. The froth was very stable and carried a
high amount of water and solid particles. In contrast, coarse particles formed froths
with larger bubbles that were very unstable. The froth had a low concentration of

particles. As such, the froth height obtained for coarse particles was low.

It is interesting to note that the data points fall on the same relationship irrespective of
whether they are for mixtures or discrete particle sizes. Thus, the weighted geometric
mean (as described earlier in Chapter 4) seems to be a good approximation of the
characteristics of the particle size distribution as applied to froth stability. The particles
stabilise the froth to the same extent whether they are, for example, a mixture of small
and large particles or a narrow size range of medium sized particles. This may be
unexpected due to the work of Dippenaar (1982b) who found that the rate determining
step in the rupture of bubbles by hydrophobic particles of different sizes was the rate
at which the thinning of the films occurred. Large particles ruptured films faster since
less film thinning was required before the particle could bridge the film and cause
migration of the three-phase boundary lines to the same point. Thus, it may have been
expected that a single large particle would be sufficient to bridge the film and cause
rupture. However, it is clear from Figure 5.2 that all particle size combinations fall on
the same relationship. For example, the geometric mean of 49.4 pym represents 80%
particles less than 25 um and 20% particles in the 150 to 300 ym size class. Thus, it
might be expected that the 20% of large particles would have a disproportionate effect
and destabilise the froth to a greater extent than a mixture with less large particles.

However, this was clearly not the case.

The horizontal line in Figure 5.2 shows the froth stability of the 2-phase system. Thus,
it is evident that any mixture with an average diameter greater than about 30 ym acts
as a destabilising force on the froth. These would be conditions that have a large ratio
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of hydrophobic to hydrophilic particles reporting to the froth, since there will be less
particles reporting to the froth by entrainment and more by true flotation. These

particles may be classified as film breakers due to their froth destabilising effect.
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Figure 5.2: Effect of particle size on dynamic froth stability at 25% pulp density and a pyrite contact
angle of 46° in a non-overflowing stability column. Ratio 1:4 refers to a mixture with 20% of one size
class and 80% of another size class. The reader is referred to Table 4.3 in Chapter 4.

Froth stability was also measured using the continuously operated flotation cell. It is
well known that the characteristics of the froth such as its stability, mobility and gas
hold-up are influenced by the amount of water entering the froth phase and this will
ultimately influence the water and solids recoveries to the concentrate launder (Zheng
et al., 2006). Figure 5.3 shows the variation in water recovery as a function of the feed

particle size.

Similarly, to the stability column data, it can be seen that the water recovery has a
power law dependence on the particle size. Small particles result in a higher water
recovery than large particles and this dependence becomes less pronounced as the
particle size increases. It was seen during the experimentation stage that the fine
particles formed froths that were very mobile and had a high mass pull. On the
contrary, froths formed with coarse particles were low in volume, with a low mass pull.
Again, the dependence of froth stability on particle size is more pronounced below a

particle size of 50 pm.
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Figure 5.3: Recovery of water as a function of particle size at a constant pulp density of 25% and a
pyrite contact angle of 46° in a continuously operated bench-scale flotation column. Ratio 1:4 refers to
a mixture with 20% of once size class and 80% of another size class. The reader is referred to Table
4.3 in Chapter 4.

The water recovery versus particle size results are consistent with experimental
findings earlier reported by Feng & Aldrich (1999) who investigated particle size effects
on flotation performance of complex sulphide ores and showed that water recovery
decreased as patrticle size increased, although this is the first time that such a detailed
relationship between water recovery (froth stability) and particle size has been

established.

The bubble bursting phenomena at the froth surface also provides an indication of the
extent of the stability of the froth. A higher burst rate indicates a lower froth stability.
Figure 5.4 shows the top-of-froth bubble burst rate as a function of feed particle size.
A power law relationship is seen to exist between particle size and bubble burst rate.
As patrticle size increases, the burst rate increases. This relationship is obeyed by both
particle mixtures and the discrete particle size fractions used in the experiments. The
shape of the bubble burst rate versus particle size graph is the inverse of the water
recovery versus particle size graph (Figure 5.3), as expected. As can be seen, coarse
particles generally form froths with a high burst rate compared to small particles. The
variation in the bubble bursting phenomena is between 2 to 5 bubbles bursting per

second.
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Figure 5.4: Effect of particle size on bubble burst rate at a constant pulp density of 25% and pyrite
contact angle of 46°as measured from a continuously operated bench-scale flotation column. Ratio
1:4 refers to a mixture with 20% of once size class and 80% of another size class. The reader is
referred to Table 4.3 in Chapter 4.

5.2.3. Relationship between froth stability and feed particle specific surface
area
An inverse relation exists between particle size and specific surface area (Jigiao and
Baiyun, 2001; Hosokawa et al., 2012), i.e.

a

= Equation 5.1
Aggr P

d

Where d = particle diameter (cm), a = shape factor (6 < a < 18; a = 6 for spherical
particles), Ager = specific surface area as determined by the BET technique (cm?/g),

and p = particle density (g/cm?3).

A particle with a large surface area will have a small size. On the contrary, large
particles have small surface area relative to smaller particles of similar mass. This
implies that in studying froth stabilisation, the effects of size and surface area should
be considered concurrently. It is important to note that flotation is a kinetic process
which is surface area driven. The relationship between particle surface area, size, and
the froth phase stability can be looked at by considering the adsorption of the particle
at the air-water interface. Binks (2002) provides an extensive discussion on particles
as surfactants. Particles can act as surfactant molecules when they adsorb at the air-

water interface and in so doing stabilise froths. A greater adsorption at the air-water
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interface results in a more stable interface. When particles adsorb at the air-water
interface, they can form a dense film (monolayer or multilayer) around the dispersed
bubble surfaces impeding rupture and coalescence. The extent to which they can

prevent rupture and coalescence may be dependent on the particles’ surface area.

The reciprocal relationship between particle size and specific surface area, as shown
in Equation 5.2, is used in Figure 5.5 to illustrate the relationship between the dynamic
froth stability, >, and feed particle specific surface area. This shows that the dynamic
froth stability is linearly dependent on the specific surface area of the particles. Small
particles with a high surface area will create froths with high dynamic stability. Coarse
particles on the other hand, because of their large size and small surface area, will
have a low influence in raising the stability of the froth. In the same way that the
strength of a frother increases with molecular weight, the increasing specific surface
area of the particles can be visualised as the “strength” of their ability to stabilise the
froth. The more surface area available per unit mass, the greater the froth stabilising
effect. This may be due to a greater adsorbed surface area, leading to changes in
capillary pressure and also a greater viscosity because of an increase in fine particles
reporting to the froth by entrainment. It may be expected that the slope of the line will
be related to the hydrophobicity, or froth stabilising/destabilising effect of the particles.
Particles with optimum hydrophobicities for froth stabilisation will have a greater slope
than particles of low hydrophobicity, which will have poor froth stabilising ability.
Particles of very high hydrophobicities may also have a lesser slope due to their
destabilising effect on the froth. The y-intercept may represent the lowest froth stability
at very large particle sizes. These aspects will be discussed further in the following
chapter. This relationship may prove to be a useful way in which to characterise an
ore in terms of its frothing properties, which traditional batch flotation tests do not

provide for.
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Figure 5.5: Relationship between dynamic froth stability and reciprocal particle size, representing

specific surface area

Analysis of water recovery based on surface area is shown Figure 5.6. The linear

dependence of water recovery on surface area is seen to be similar to the dynamic

froth stability data.
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Figure 5.6: Dependence of water recovery on specific surface area

Figure 5.7 shows the dependence of the bubble burst rate on specific surface area.

1/bubble burst rate is defined here as the time taken for a given number of bubbles to

burst. It thus depicts the life time of a given number of bubbles. This time is seen to

increase with increasing surface area. An increase in particle surface area leads to a

more stable froth and less bubble bursting events.
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Figure 5.7: Influence of particle surface area on reciprocal bubble burst rate

It is clearly seen in Figure 5.7 that coarse particles cause an increase in bubble
bursting events over fine particles. The bubble life time at the froth surface is thus
higher with fine particles than with coarse particles.

The reciprocal feed particle size has provided an important relationship with froth
stability. For modelling purposes, it is a simple process to use the feed particle size
distribution as this can easily be measured from the feed being sent to the flotation
process. The relationship between froth stability and the reciprocal of feed particle size
is a simple linear relationship. Should this relationship hold for other conditions and
ore types, it may prove extremely valuable in predicting frothing characteristics that
could be used to predict mass pull and flotation recovery.

5.2.4. A model describing the relationship between froth stability and
concentrate particle surface area
It is evident that it is the particles in the froth phase that affect the froth stability and
not the feed particles, which have been analysed up until now. In addition, it is not only
the size of particles in the froth that affect the stability, but the amount of these
particles. Therefore, it was hypothesised that the froth stability is a function of the

concentrate particle surface area.

The effect of surface area on froth stability can be visualised in terms of the packing
of particles at the interface. The packing of particles in the films can be considered as

an adsorption process. The fundamental concept uses the adsorption isotherm to
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relate the quantity of the adsorbed material to the pressure or concentration in the bulk
phase at constant temperature. The adsorption isotherm enables the efficiency of the
separation process to be assessed based upon the adsorption of the adsorbate to the
adsorbent. One of several equations that has been proposed to explain the adsorption
phenomenon is the Langmuir isotherm equation. It was derived kinetically based on
the assumption that there is a definite and energetically equivalent number of
adsorption sites at each of which one molecule of adsorbate may be adsorbed
(Dabrowski, 2001). Two main types of adsorption processes can be identified;
physisorption resulting from Van der Waals forces or chemisorption resulting from a
chemical process. Physisorption is a reversible phenomenon, which occurs at a
temperature lower or close to the critical temperature of an adsorbed substance. In
contrast, chemisorption is a specific process occurring at a temperature usually much
higher than the critical temperature. This theory can be loosely applied to the process
of particle adsorption at the air-water interface and the resultant froth stability in the

same way that a surfactant molecule may adsorb at the air-water interface.

Using the above assumptions, a Langmuir type isotherm relationship shown in
Equation 5.2 can be used to model the data obtained:

p-as ) Equation 5.2

7 = o+ omar (T
s

Where ¢ is the froth stability, g, is the initial froth stability, ¢,,,, IS the maximum froth
stability, p is a stabilisation constant and a, is the surface area of the particles in the

concentrate.

The fitted model is shown in Figure 5.8 showing the variation of dynamic froth stability
with concentrate surface area at constant hydrophobicity (particles contact angle of
46°).
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Figure 5.8: Influence of particle surface area on dynamic froth stability at a constant hydrophobicity of
contact angle 46°.

It is clear that the Langmuir isotherm model is a relatively good fit to the experimental
dynamic froth stability data. This shows that it is possible to model froth stability in
terms of the particle packing at the air-water interface in much the same way that
surfactant molecular packing at the interface is modelled. The particle packing affects
the surface tension in the same way that surfactant molecules do. The fitted constants
for the data set in Figure 5.9 were: 6,,,, = 89.52 S, 0, =15.91 sand p = 0.14. The initial
froth stability, g,, is not the 2-phase froth stability, as might be supposed since this
was measured for the case of the non-overflowing stability column and was found to
be higher than the modelled value, i.e. considering the stability column, it was 39 s
for the experiment versus 15.91 s for the case of the model. This shows that there are
a substantial number of particles above a certain size that break down the structure of
the foam. The constant, p, can be approximated as the ability of the particles to reduce
film drainage and bubble coalescence. In essence, it can be referred to as a
stabilisation constant. This model will be discussed in more detail in the following

chapter (Chapter 6) when the effects of particle hydrophobicity are also considered.

5.2.5. Comparison of froth stability measurements

The non-overflowing froth stability column provides a practical and simple method for
determining froth stability, which is not taken into account by standard laboratory batch
flotation tests. In addition, it is a potentially scalable measure, which is the subject of
ongoing research at the Centre for Minerals Research. However, it does not provide
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any metallurgical data, which is why the bench-scale continuous column flotation cell
was designed to simultaneously collect froth stability and metallurgical data. Three
froth stability measures were used in the continuous column flotation cell: water
recovery, top-of-froth bubble burst rate and side-of-froth bubble coalescence rate. The
side-of-froth bubble coalescence rate data was discarded since the growth rate of the
bubbles up the column length was not sufficient to distinguish between different
conditions. Water recovery has often been used as a proxy for froth stability since a
more stable froth will hold more water in the thin films and Plateau borders (Triffet &
Cilliers, 2006).

The following discussion compares the three measurement techniques and the two

measurement devices with specific reference to the factors affecting the froth stability.

= Bubble generation was by means of a ceramic tubular sparger for the bench
scale flotation column, whereas a sintered glass P2 frit with a pore size of 40 —
100 pm placed at the bottom of the column was used in the non-overflowing
stability column. Bubble size generated by the frit was approximately 1.5 mm,
while those generated by the sparger were smaller than 1 mm. This would
certainly have an effect on the froth stability. Smaller pulp bubble sizes result in
larger apparent froth stabilities (Geldenhuys, 2017). However, since the bubble
sizes in both devices were held constant, the trends would be expected to be
the same. Thus, absolute values of froth stability would differ between the
different measurement types and devices, but the p constant in Equation 5.2,
which defines the ability of the particles to stabilise the froth, should be
expected to be similar.

= The superficial air velocity used for both pieces of equipment was 1 cm/s. The
air flow rate will govern how much water reports to the froth and subsequently
to the concentrate launder. Likewise, this should also govern the growth rate of
the froth if the frother dosage is held constant in both devices. Since both
parameters were held constant, these were not expected to differ between the
two devices or different measurement techniques.

= The two devices employed were of different diameters. It is expected that the
rate of drainage will be higher in the continuous flotation column due to its
higher wall-to-froth surface area ratio (smaller diameter). The wall has been

shown to have a higher drainage rate than the froth in previous studies
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(Geldenhuys, 2017). However, since this difference holds constant between the
two devices, it is expected to have an effect on the absolute value of the froth
stability measurement, but not on the ability of the particles to stabilise the froth,
the p value.

= The two devices differ in operating mode. The bench-scale flotation column was
operated continuously at steady state whereas the non-overflowing stability
column was operated in batch mode. Thus, once the maximum froth height is
achieved in the stability column, further particles reporting to the froth serve to
overload the froth and there is a collapse in froth height. However, the particles
then build again and the froth height can be shown to oscillate around a mean,
which is the maximum froth height. If it can be shown that the two devices show
similar trends, then it can be assumed that the froth stability column is a suitable
device for measuring froth stability. This will be shown in Figure 5.9.

= Both devices are dynamic processes, meaning that liquid is reporting to the
froth phase continuously while drainage is occurring simultaneously. This is as
opposed to a static process, where there is no air input and only drainage is
occurring. The froth growth height, bubble burst rate and water recovery will all
be driven by these two processes: water and particles reporting into the froth,
while simultaneously draining. Liquid content of the froth at the surface affects
the liquid films at the top of the froth (Neethling and Cilliers, 2003). Wet froths
have smaller bubbles and therefore contain more water, whereas dry froths
have larger bubbles and contain less water (Morar et al., 2012a; Neethling and
Cilliers, 2003). Since bubble coalescence causes materials (particles and liquid
trapped within the lamella) to detach from the bubbles, the rate of coalescence
will be higher in a dry froth than in a wet froth. The bubble burst rate at the top
of the froth is related to the incoming bubble size as well as pulp conditions. It
is expected that the wet froth will experience less surface bubble bursting
phenomena than the dry froth. Less surface bubble bursting phenomena

implies more water flow over the weir and therefore a higher water recovery.

It was seen in section 5.2.4. that the Langmuir isotherm expression is a good way to
model experimental froth stability data. In this section, a comparison of the model

predictions for the three froth stability measurement proxies is explored as shown in
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Figure 5.9. It can be seen that the model predictions are in good agreement with the

experimental data for all three froth stability measurement proxies.
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Figure 5.9: The Langmuir isotherm expression predictions for each of the three froth stability
measurement proxies data set.

Table 5.1 shows values of the initial froth stabilities, a,, maximum froth stabilities, g4,
and the stabilisation constant, p for each of the three froth stability measurement
proxies. The values of p are very similar for all the three proxies as expected and as
discussed above. This shows that the same mechanisms are driving the froth stability
in both devices. Thus, the froth stability column has been shown to be a simple device
that produces similar results to a continuous device and has the possibility of being

scalable.
Table 5.1: Values of the initial froth stabilities and the stability constant,
P for each froth stability measurement proxy
Dynamic froth stability 1/burst bubble rate Water recovery
o 1591s 0.20s 36.29 g/min
Omax 89.52 s 0.42s 119.29 g/min
p 0.14 0.15 0.20

5.2.6. Particle size and flotation performance
5.2.6.1. Overall recovery and froth recovery
Flotation performance was monitored concurrently with the froth stability

measurements. Figure 5.10 shows that the pyrite recovery follows the same type of
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power law dependence on particle size as the froth stability data, albeit with some
scatter in the data. This recovery is a combination of the pulp phase and froth phase
recovery. According to the literature, pulp phase recovery follows the classic
dependence on particle size first put forward by Gaudin et al. (1931), where smaller
particles and larger particles are more difficult to recover than intermediate sized
particles. These recovery losses occur mainly due to limitations associated with
bubble-particle adhesion and collision rates, detachment and buoyancy (Kohmuench
et al., 2010). Interestingly, Figure 5.10 shows that there is not a decrease in the pyrite
recovery at smaller particle sizes. This indicates that the froth zone is more important
to the recovery of pyrite than the pulp zone. The expected decrease in pyrite recovery
in the pulp zone at smaller particle sizes is offset by the higher froth stability at those
particle sizes, which aids in the recovery of pyrite.

This is supported by the froth recovery data shown in Figure 5.11. This shows that
the amount of pyrite entering the froth that is recovered to the final concentrate is
greater for the small particle sizes than for the large particle sizes. This supports the
fact that the more stable froth at smaller particle sizes allows for greater overall
recovery than would normally be expected. This also serves to show the strong role
that froth stability plays in valuable mineral recovery. With an increase in froth stability,
there is a concomitant increase in valuable mineral recovery as shown in Figure 5.14.
This shows the value of being able to predict froth stability for different particle
properties. The incorporation of froth stability values into a phenomenological froth
flotation model is a subject of ongoing research within the Centre for Minerals

Research.
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Figure 5.10: Effect of particle size on pyrite recovery at 25% pulp density in the continuously operated
bench-scale flotation column cell
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Figure 5.12: Rate constants for pyrite flotation as a function of froth stability

5.2.6.2. Effect of hydrophobic and hydrophilic particles

In order to further understand the effect of particles on froth stability, the concentrate
was characterised in terms of the particles’ hydrophobicity or hydrophilicity. This is
because mechanical carry-over of unattached hydrophilic particles in the water flowing
through the froth lamellae occurs alongside true flotation of attached particles to
bubble surfaces. Entrainment functions were calculated for each of the size classes
by assuming that all the quartz was recovered by entrainment only, since quartz is
highly hydrophilic. The slope of the quartz versus water recovery graph gives the
classic straight line entrainment function as shown in Figure 5.13. This is similar to the
works of Kracht (2016) and Moyo (2005). The slope of the graph gives the
entrainability or entrainment factor. It is clearly seen that the quartz particles with a
size range of 25 — 75 um are easily entrained. However, the coarse particles in the
size ranges of 75 — 150 and 150 — 300 um are not affected by entrainment. Coarse

guartz particles are not entrained to the concentrate launder.
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Figure 5.13: Entrainment of quartz particles of different size fractions

It is significant that froth stability rises sharply for a feed size less than 50 ym (as
shown in Figure 5.2, and Figure 5.3). This raises the question of whether the froth is
stabilised by entrained particles, since the amount of these would be expected to rise
sharply at a particle size of less than 50 um, or by naturally floatable particles that are
attached at the interface, or by a combination of the two. The proposed mechanisms
of film stabilisation incorporate particles attached at the air-water interface as well as
particles with complete wettability that reside within the films, as discussed in Chapter
three.

Figure 5.14 shows the amount of total solids reporting to the concentrate as a function
of the feed particle size. In addition, the total solids have been separated into
hydrophilic material (the quartz), which is presumed to be recovered mostly by
entrainment and the hydrophobic material (the pyrite and talc), which is recovered
mostly by true flotation and is attached at the air-water interface. It is evident from
Figure 5.14 that the amount of hydrophilic quartz reporting to the concentrate
increases sharply below a feed size of 50 um. Although there is some scatter in the
data, little quartz is recovered to the concentrate above a feed size of 50 ym. This is
in line with many previous studies that have shown entrainment to be significant below
a particle size of 50 um (Smith & Warren, 1989). The recovery of hydrophobic material
follows a gradual, linear increase as particle size decreases. Thus, it is evident that
the dramatic increase in froth stability below a particle size of 50 um can be attributed

to the large increase in the amount of hydrophilic particles reporting to the froth. This
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suggests that the drainage of the thin films is affected by the presence of hydrophilic
particles within the films and that this has a large effect on the froth stability. The
drainage is affected by an increase in viscosity of the liquid making up the films, which
will increase with decreasing particle size and increasing particle mass or area. In
addition, froth stability may be described by the pressure gradient between bubbles
and interfilm fluid, or the capillary pressure. The maximum capillary pressure is
inversely proportional to the particle size (as discussed in Chapter 4), which shows
that smaller particles are more effective at preventing drainage and stabilising froths.
Thus, it is expected that the main mechanism stabilising froths with feed particle sizes
of less than 50 um is the increased capillary pressure gradients and viscosities of the
thin films. Above 50 um, the majority of particles reporting to the froth phase are
hydrophobic in nature. The line in Figure 5.14 shows the froth stability of the 2-phase
system. Thus, it is evident that any mixture with an average diameter greater than
30 um acts as a destabilising force on the froth. These would be conditions that have
a large ratio of hydrophobic to hydrophilic particles reporting to the froth. These
particles may be classified as film breakers due to their froth destabilising effect.
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Figure 5.14: Flowrate of total solids (blue diamonds), hydrophilic material in the form of quartz (orange
squares) and hydrophobic material in the form of pyrite and talc (grey triangles) as a function of

feed particle diameter.
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5.3. Conclusions

The effect of particle size on froth stability has been studied experimentally using a
synthetic ore made of three components, i.e. pyrite, talc, and quartz. Experiments were
performed using particles of discrete size classes as well as mixtures of discrete size
classes. These were floated in a non-overflowing froth stability column and in a
continuously operated bench-scale column flotation cell and the froth stability was

measured.

There was a power law relationship between froth stability and feed patrticle size, with
all particle size combinations falling onto the same relationship. Froth stability was
shown to decrease with increasing particle size. There was a large increase in froth
stabilities for average feed particle sizes below 50 um and this was shown to be largely
due to the large increase in particles reporting to the froth by entrainment. It was
suggested that these particles modified the viscosity of the thin films, reducing
drainage and thus stabilising the froths. The same trend was found to be consistent

for both water recovery and bubble burst rate techniques.

Froth stability was shown to have a linear relationship with the reciprocal of feed
particle size. The reciprocal of feed particle size is used to represent the specific
surface area of the feed particles as shown in Equation 5.2. The larger the specific
surface area of the particles, the greater their froth stabilising effect. This is the first
time that such a linear relationship has been shown and may prove a useful tool in
predicting the froth characteristics of ore samples.

A Langmuir-type equation was used to model the relationship between froth stability
and concentrate surface area. It was found that the model was a good fit to the
experimental data. This shows that it is possible to model froth stability in terms of the
particle packing at the air-water interface in much the same way that surfactant
molecular packing at the interface is modelled. The increasing particle surface area
affects the surface tension of the films and reduces film drainage. The model has three
constants: the initial froth stability, g,, the maximum froth stability, o,,,,, and a
constant, p, that defines the curvature of the plot and describes the ability of the
particles to stabilise the froth. When comparing the two different flotation devices and

the three different measurement techniques, it was found that, as expected, the
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absolute values of froth stability differed between the measurements. However, the
stability constant, p, was similar between the three different measurements. This
showed that the three measurements and two devices were consistent in their
determination of the froth stabilising abilities of the different particle size conditions.
This was found to be encouraging for the future use of the froth stability column as a

simple and effective method of characterising froth stability for scale-up and design.

The continuous flotation column was used to measure, not only froth stability, but the
flotation performance at the different particle size conditions. This confirmed that froth
stability was an overriding factor in the recovery of valuable particles. There was an
approximately linear relationship between froth stability and the valuable mineral rate
constant, with an increase in froth stability resulting in an increase in the pyrite rate
constant. This affirms the need for froth characteristics to be taken into account during

scale-up and design, which are neglected in the current batch flotation methodology.
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CHAPTER SIX

6. THE EFFECT OF PARTICLE HYDROPHOBICITY AND
THE INTERACTIVE EFFECTS OF PARTICLE SIZE AND
HYDROPHOBICITY ON FROTH STABILITY

6.1. Introduction

The degree of hydrophobicity of a mineral surface affects the recovery of valuable
mineral particles in the flotation process. Certain mineral surfaces possess an inherent
hydrophobicity, although this may be improved with the use of surface active reagents
known as collectors. For the flotation process to be successful, a mineral particle must
attach to an air bubble. In so doing, the air bubble will displace water from the mineral
particle surface making an effective contact. However, for this to occur, the mineral
particle surface has to be hydrophobic to an appreciable degree. The extent to which
the bubble will displace water from the mineral surface forms the basis for the measure
of the degree of hydrophobicity (Rao, 2013).

In Chapter 5, the effects of particle size on froth stability have been explored in great
detail. This chapter presents experimental findings and discussions on the effect that
mineral particle hydrophobicity and the interactive effects of particle size and
hydrophobicity have on froth stability. The hypotheses being tested here are:

“Hypothesis 3: Froth stability is greatest at a critical contact angle, below or above
which froth stability decreases. This is due to bridging effects causing film rupture in

highly hydrophobic particles.”

“Hypothesis 4: Optimum froth stability is obtained with small particles of intermediate
hydrophobicity. This is because large particles and particles of very high

hydrophobicity rupture liquid films and so suppress the froth stability.”

The aim of this work was to develop a relationship between mineral particle
hydrophobicity and froth stability. To achieve this aim, two devices were used, i.e. a
bench-scale continuously operated flotation column and a non-overflowing stability
column in which froth stability was quantified by means of water recovery and froth

growth rate, respectively. A synthetic ore made up of hydrophilic (quartz) and
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hydrophobic (pyrite and talc) components was used. The pyrite was rendered
hydrophobic by conditioning the prepared slurry with potassium amyl xanthate
collector. A pulp density of 25% was used for all tests. Firstly, the effect of different
hydrophobicities was investigated at a constant size class of +38 -106 um. Thereafter,

mixtures of particles of different sizes were used at varying hydrophobicities.
6.2. Results and discussion

6.2.1. Quantifying mineral particle hydrophobicity — microflotation and

contact angle measurements

The control of particle hydrophobicity is key to attaining the separation of minerals in
flotation. In order to characterise the hydrophobicity of pyrite particles, two
measurement techniques were employed. The first technique involved measuring the
pyrite recovery in a microflotation cell and the second technique employed the
Washburn method to measure the particle contact angle. Particle hydrophobicity was
varied by increasing collector surface coverage. This is explained in detail in the

Experimental section.

Figure 6.1 shows the reproducibility measurements for the microflotation tests. Three
identical tests were carried out with no collector addition to ascertain the degree of
reproducibility. The results obtained were within a maximum relative standard

deviation of less than 10% for the recovery of pyrite over a 20-minute period.
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Figure 6.1: Variation of pyrite recovery with time in the microflotation cell at no collector coverage of
the particle surface.

The Washburn method for studying the wettability of a solid by a liquid was employed
to measure the contact angle of a bed of pyrite particles as described in the
Experimental section. n-Hexane, a perfectly wetting liquid was used to determine the
capillary constant. The average value of the capillary constant in both the presence
and absence of collector is (1.22 + 0.08)x10~> for three identical tests carried out.
This was then used to obtain the contact angle of pyrite in water at varying collector
surface coverages. Contact angle tests were done in triplicate at each collector surface
coverage and an average value calculated. Maximum relative standard deviation for
each test was less than 10%.

It is seen in Figure 6.2 that the pyrite particles had an initial contact angle of 37° in the
absence of collector. The pyrite contact angle increases linearly with surface coverage
up to approximately 80% surface coverage, where the contact angle is 64°, and
thereafter, levels off. It can be clearly seen that there is not a significant increase in

contact angle above one monolayer coverage. The maximum contact angle is 73.4°
at 300% surface coverage.

The UCT microflotation device was used to measure the recovery of pyrite over time
as explained in the experimental section. Figure 6.2 shows that there is a non-linear

relationship between collector surface coverage (or contact angle) and the cumulative
pyrite recovery.
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Figure 6.2: Relating the collector surface coverage to pyrite recovery in the microflotation cell and
contact angles measured using the Kruss tensiometer.

Below 50% collector surface coverage, the pyrite recovery was below 20%. However,
above 50% collector surface coverage, a sharp increase in pyrite recovery occurred.
This is similar to results published by Blake and Ralston (1985), Crawford and Ralston
(1988) and Prestidge and Ralston (1996) where they found that there existed a critical
contact angle above which flotation recovery significantly increases. They observed
this in the flotation of galena and hydrophobised quartz particles. The range of surface
coverages from zero to 300% resulted in the presence of particles with a large range
of different hydrophobicities, from particles that barely float with no collector present
on the surface, to particles that are almost 100% floatable at collector surface

coverage of 300%.

A measure of the particle hydrophobicity can either be made using contact angle
measurements or using the recovery of the pure mineral from the microflotation cell.
Johansson and Pugh (1992) plotted froth stability as a function of the recovery from
the microflotation cell, but acknowledged that particle recovery is not an absolute
hydrophobicity measure since it is dependent on the kinetics of the process, much as
it is an easy way to conveniently represent hydrophobicity. Although contact angle
measurements have been used widely as a measure of hydrophobicity, challenges do
exist in obtaining reproducible results in its determination. This work has focussed on
linking froth stability to contact angles measured using the Washburn technique since

this is a more routinely acceptable measure of surface hydrophobicity.
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6.2.2. Froth stability as a function of hydrophobicity

The froth stability was measured using the dynamic froth stability factor obtained from
the non-overflowing stability column and water recovery from the continuously
operated column cell. Froth stability experimental results are plotted versus the particle
hydrophobicity measured in terms of contact angle. The bubble burst rate technique
was abandoned in this Chapter since it is more prone to scatter. However, water
recovery was maintained as a control to determine that the non-overflowing stability
column continued to give equivalent results to the continuously operated bench-scale

flotation column.

The results in Figure 6.3 show that increasing particle hydrophobicity results in an
increase in froth stability up until a maximum, which in this case corresponds to a
contact angle of between 56° and 64°. Above 64°, there is a decrease in froth stability
with increasing hydrophobicity. Maximum froth stability of 78.6 g/min for water
recovery and 34.6 s for dynamic stability factor are obtained. The response of the non-
overflowing stability column to changes in froth stability as collector dosage was varied
is within a narrow range of 22 — 35 s. This is as opposed to large variations observed
with particle size differences (between 8 s and 68 s). This shows that froth stability is
more sensitive to changes in particle size than particle hydrophobicity over the ranges
tested. The continuously operated flotation column also showed less variability in
water recovery over the hydrophobicity range than the particle size range that was

tested.
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Figure 6.3: Effect of particle hydrophobicity on froth stability as measured using a non-overflowing
stability column and a bench-scale continuously operated flotation column for a particle size of 38 —
106 pum.

Taking into account both froth stability factor and water recovery, the approximate
contact angle that gives the optimum froth stability for the pyrite particles of +38-106
pUm size range used in these experiments is 64°. This optimal contact angle is very
close to the optimum experimental value of 65° obtained in a study by Johansson and
Pugh (1992) in which they used a sparsely mineralised froth consisting of methylated
quartz particles. Also, utilizing the concepts of froth stabilisation by the particle
detachment theory and the maximum capillary pressure of coalescence, Kaptay
(2006) was able to show that an optimum contact angle of 70° on particles within a
foam system provided the highest stability. The system used in the current study was
very different to the sparsely mineralised froth of Johansson and Pugh or the model
results of Kaptay. However, it still produced results that were very similar to those

obtained by these authors.

Particles with an intermediate degree of hydrophobicity interact with the air-water
interface and produce stable films during the process of film formation. As a result of
particles packing at the interface of the Plateau borders, the strength, rigidity and
surface viscosity of the froth structure will increase. However, if the particles are
weakly hydrophobic, they will stream out into the lamella, remaining dispersed and
thus have little influence on froth stability. On the other hand, if the particles are highly
hydrophobic, they will penetrate the interface, causing bridging and rupture
(Johansson and Pugh, 1992).
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Figure 6.4 shows the recovery of solids from the continuously operated flotation
column as a function of the particle hydrophobicity. The total solids recovered have
been decoupled into the hydrophobic components, consisting of pyrite and talc, and
the hydrophilic components, consisting of quartz particles. It is clear that at low
hydrophobicity (below a contact angle of 47°) and at very high hydrophobicity (above
a contact angle of 70°), the amounts of both hydrophilic and hydrophobic particles
reporting to the concentrate decrease and the decrease in solids recovery represents
the effects of very low and very high hydrophobicities respectively on the amount of
particles reporting to the concentrate launder. This is indicative that conditions of low
and high hydrophobicity are not favourable for flotation recovery. However, it has
already been shown in Chapter 5 that the amount of particles (and, hence, the surface
area of these particles) reporting to the froth phase has a large influence on froth
stability. Particles of low hydrophobicity are less floatable than particles of high
hydrophobicity as shown in Figure 6.2. Therefore, less of these particles will report to
the froth phase and the froth will be less stable as a result. However, at higher
hydrophobicities (above 64°), Figure 6.2 shows that particle recovery in the pulp phase
continues to increase. This is not reflected by an increase in froth stability, but rather
a decrease in froth stability. This has been attributed to the bridging and rupture of the
films by these very hydrophobic particles (Dippenaar, 1982a; Johansson and Pugh,
1992). The influence of particle surface area on froth stability will be discussed in more
detail in Section 6.2.5

The theory of particle detachment energy suggests that increasing contact angle, up
to 90°, results in an increase in froth stability. This suggests that, as the hydrophobic
particles attach onto the air-liquid interface, the liquid films thicken and froth stability
increases. This packing of hydrophobic particles at the air-liquid interface of the
Plateau border will increase the rigidity and surface viscosity and strength of the froth
structure. This favours the accumulation of hydrophilic quartz particles into the plateau
borders by entrainment hence enhancing their recovery. The highest recovery of
hydrophilic quartz is obtained at the highest froth stability when the contact angle of
pyrite is 64°. A decrease in hydrophilic quartz recovery occurs as the particles attain a

hydrophobicity beyond the optimum value.
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Figure 6.4: Recovery of solids (total solids, hydrophilic and hydrophobic components) as a function of
hydrophobicity for a constant particle size of 38 — 106 um.

Figure 6.5 shows the flotation performance in terms of the froth recovery and overall
recovery of pyrite as a function of the particle hydrophobicity. It is clear that both froth
recovery and overall pyrite recovery are initially low at low hydrophobicity. Then they
increase with an increase in hydrophobicity until a maximum value is obtained,
thereafter, a decrease in both is observed. The trends of the plots for recovery as a
function of hydrophobicity are very similar to those for froth stability (as measured by

water recovery and dynamic froth stability) as a function of hydrophobicity.
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Figure 6.5: Effect of particle hydrophobicity on pyrite recovery and froth recovery for size class of 38 —
106 pm

It is clear that froth stability will affect the froth recovery, which in turn affects the overall
recovery. The froth phase has the overriding influence on pyrite recovery since pulp
phase recovery continues to increase with increasing hydrophobicity as shown in
Figure 6.2, whereas overall recovery (and froth stability) decreases above a contact
angle of 64°. This illustrates the importance of taking froth characteristics into account

in flotation modelling.

6.2.3. Froth stability as a function of hydrophobicity at varying particle
sizes

The influence of particle hydrophobicity on froth stability has also been studied on
mixtures of particles having varying geometric mean sizes. Figure 6.6 shows the effect
of particle hydrophobicity on dynamic froth stability for mixtures of particles of varying
geometric mean sizes. The fine particles (28 um mean size) gave the largest variation
in froth stability while the coarse particles (127 um mean size) generated froths with
the lowest volume and the least variation with increasing hydrophobicity. Dynamic
froth stability generally increased with increasing hydrophobicity up to a maximum
value at a contact angle of between 68 and 69° for all particles. The life time of froths
obtained with coarse particles varied between 15 and 20 s. For particles of
intermediate size (mean sizes 36 and 56 um), it varied between 30 and 50 s whereas

that of fine particles (28 pm) varied between 50 and 94 s. At the optimum contact
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angle, the maximum life times of these particles were: 94 s for the fine particles, 50 s

for the intermediate particles (36 um) and 20 s for the coarse particles.
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Figure 6.6: The variation of dynamic froth stability with particle hydrophobicity for particle mixtures of
different geometric mean sizes.

Figure 6.7 shows the variation in water recovery from the continuously operated
flotation column as a function of particle hydrophobicity for the particle mixtures of
varying geometric mean sizes. Again as can be seen in comparison with the stability
column data, a similar variation in froth stability (as measured by the water recovery
proxy) with particle hydrophobicity for different geometric mean sizes of the particles
is seen. The water recovery is initially low at low hydrophobicity and it increases as

hydrophobicity increases reaching a maximum value before it decreases or levels off.
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Figure 6.7: The variation of water recovery with particle hydrophobicity for particle mixtures of different
geometric mean sizes.

Fine particles show significantly larger variability in froth stability with changing
hydrophobicity than do larger particles. This accounts for the relatively small changes
in variability that were seen in Section 6.2.2 since this particle size distribution
contained no fine particles (38-106 um). The reason for the larger variability in froth
stability at fine particle sizes is proposed to be due to the large difference in the
amounts (and, therefore, surface area) of these particles that report to the froth. This
will be discussed in more detail in the following sections.

As discussed in Section 6.2.2, particle size still has a larger effect on froth stability
than hydrophobicity with the largest difference between different particle size
distributions being 72 s, while the largest difference between different contact angles
was 44 s.

Results from flotation tests showing the amount of solids recovered to the concentrate
as a function of particle hydrophobicity for varying particle sizes are shown in Figure
6.8. These follow similar trends to the froth stability data and contribute to the argument
that high froth stabilities are related to a high surface area of particles in the froth.
There was a significant decrease in the amount of solids recovered for the fine
particles after the maximum froth stability was reached at a contact angle of 69°. These
particles also produced the highest froth stabilities as well as the highest solids
recovery below a contact angle of 68°. The coarse particles produced froths with the

lowest stabilities as well as the lowest solids recoveries at all hydrophobicities. As
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discussed in Section 6.2.2, the amount of particles recovered to the concentrate will
be as a result of the combined recovery in the pulp phase and the froth phase.
Predictions of pulp phase recovery can be inferred from the microflotation recoveries
(Figure 6.2), which showed increasing recovery with increasing hydrophobicity.
However, it is evident that the froth phase has the overriding effect on solids recovery
since the solids recovery follows the general trend of froth stability and not of the pulp

phase recovery.
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Figure 6.8: The variation of solids recovery with particle hydrophobicity for particle mixtures of
different geometric mean sizes.

It is well known that the overall froth stability is determined by the liquid film stability
(Aktas et al., 1982; Dippenaar, 1982b) which is related to the lamellae thickness. The
extent of drainage affects the lamellae thickness and the drainage is affected by the
particle size and the nature of the particles. It has been reported by Johannsson and
Pugh (1992) that particles with high hydrophobicity may break the liquid films and
destabilise the froth. This was seen especially with the fine particles of mean size 28
pm during flotation tests using collector dosages above 100% surface coverage in this
study. These particles may destabilise the froth and reduce the solids holding capacity
of the froth. The particles with low hydrophobicity will remain dispersed within the
lamellae and therefore, will have less effect on froth stability, particularly at larger
particle sizes. Aveyard et al. (1994) and Kumagai et al. (1991) have also correlated
the feasibility of the liquid films rupture to the wettability of particles. Kumagai et al.

(1991) proposed that hydrophobic particles may modify the Laplace pressure between
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the Plateau border and the three liquid films when they pack at the air-water interface
and in so doing influence froth stability. This will reduce the pressure difference, and
thus stabilise the froth since the liquid drainage will be restricted. Aveyard et al. (1994)
quantified the hydrophobicity in terms of contact angles (6) and proposed two
possibilities in which hydrophobicity could affect liquid film drainage. The first instance
is when 8<90°, in which the particles are expected to decrease the rate of liquid film
thinning. In the second instance when 8>90°, film rupture is promoted. The 2 three-
phase lines of contact are forced to meet since both surfaces of the film are on the
same side of the centre of the particle. In essence, a particle that has entered a film
and bridged two interfaces will have to position itself in such a way as to meet the
contact angle requirement. The contact angle will determine if the froth will remain in

a stable orientation or it will become destabilised.

6.2.4. Froth stability as a function of specific surface area at varying

hydrophobicities

Chapter 5 showed how the froth stability as a function of the reciprocal of feed particle
size (specific surface area) had a linear relationship. The specific surface area of the
particles was described as the ability of the particles to stabilise the froth. This ability

increased in a linear fashion with increasing specific surface area.

Figure 6.9 shows the relationship between dynamic froth stability and the reciprocal of
feed particle size at varying hydrophobicities. Linear relationships are maintained for
contact angles of 46°, 69° and 73°. However, for the intermediate hydrophobicities
(contact angles of 56°, 64°, and 68°), the linear relationship is maintained only up to a
particle size of 56 pm. Deviation from linearity occurs as the particles become finer at
the smallest particle size of 28 uym. This shows that at optimum hydrophobicities and
very small particle sizes, there is a substantial increase in froth stability, above the
predicted linear trend. This is probably because the froth is stabilised, not only by the
specific surface area of the particles, but by the amount of those particles reporting to
the froth phase. It seems that the feed particle specific surface area, as shown in
Chapter 5, was a good predictor of the froth stability because the feed patrticle size is
also a good predictor of the amount of a given size of particles that will report to the
froth phase. It is well known that fewer large particles report to the froth by true flotation

and almost none by entrainment. There is an optimum size of particle, which will report
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to the froth by true flotation and an increasing amount of particles will report to the
froth by entrainment as the particle size decreases. From an examination of the data
shown in Figure 6.9 it appears that, at low or high hydrophobicities, the particle size is
a good predictor of the amount of particles of any size class that will report to the froth.
However, at optimum hydrophobicities, more fine particles report to the froth than is
predicted by their particle size. This may be due to the increased amount of fine

particles reporting to the froth by true flotation at these hydrophobicities.
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Figure 6.9: Froth stability as a function of the inverse of feed particle size at varying hydrophobicities.

Since most concentrator plant streams will have dsos of greater than 28 ym, the final
data point in Figure 6.9 was discarded and a linear trend plotted for each of the contact

angles. The slopes of these lines and the R? value are given in Table 6.1.

Table 6.1: Slopes of the froth stability - inverse feed particle size graphs at each contact angle

Contact angle (°) Slope R?
46 999 0.998
56 1404 0.995
64 1444 0.999
68 1451 0.998
69 1367 0.972
73 1231 0.935

If these slopes are plotted as a function of the contact angle, the plot in Figure 6.10 is
obtained. As discussed in Chapter 5, this is the expected trend in the slopes of the
froth stability versus reciprocal particle size graphs. The slope increases up until an

optimal hydrophobicity, whereafter the slope decreases as froth stability decreases at
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higher hydrophobicities. The slope of the line is the predictor for all particle sizes of
that particular hydrophobicity or for that particular type of ore. This could be useful

when characterising the froth for a particular ore type or drill core sample.
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Figure 6.10: Slope of the froth stability - inverse feed particle size graph as a function of
hydrophobicity.

Figure 6.11 shows an example of a graph showing froth stability as a function of
reciprocal particle size for some real ores. The raw data comes from the study by
Chidzanira (2016). Froth stability was measured using a froth stability column under
the same conditions that were used in this study. The ores that were investigated were
an Itabirite ore and a UG2 ore at various patrticle sizes and solids concentrations. The
Itabirite iron ore consists of a large percentage of floatable quartz, while the UG2 is a
platinum-bearing ore whose froth consists mainly of floatable gangue species. Both
ores at all solids concentrations conform to the straight line relationship. The iron ore,
with more floatable particles than the UG2 ore has a higher froth stability. In addition,
the iron ore shows increasing slopes when going from 15% to 20% to 25% solids
(Table 6.2). This is to be expected since there will be more floatable material present
at a higher solids concentration. All solids concentrations of the UG2 ore fall on the
same line. This may be due to the fact that the UG2 froth is sparsely mineralised and
changes in solids concentration have less effect than in a heavily mineralised froth. A
comparison between the slopes of the lines in Figure 6.11 show that the UG2 has less
hydrophobic material present than the iron ore since the slope is smaller for the UG2
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ore (Table 6.2). The information given in Figure 6.11 may be of use to a plant to predict
how the froth would react to changes in grind and solids concentration.
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Figure 6.11: Dynamic froth stability as a function of the inverse feed particle size for UG2 and Iron
ores at 15 and 20% solids concentrations (Chidzanira, 2016).

Table 6.2: Slope of the lines in Figure 6.11. (Chidzanira, 2016)

Ore type, solids concentration Slope of the line in Figure 6.11
Iron ore, 25% 1870
Iron ore, 20% 1685
Iron ore, 15% 961
UG2 ore, 15, 20 & 25% 773

6.2.5. Modelling froth stability as a function of concentrate particle surface
area
Chapter 5 discussed how it was it is not simply the size (or hydrophobicity) of the
particles in the froth that affect froth stability, but also the amount of these particles in
the froth. This developed into a theory on the relationship between particle surface
area and froth stability. Figure 6.12 shows that as the specific surface area of the
particles increased, so did their recovery to the concentrate. This was more
pronounced at contact angles that afforded the maximum froth stability. This simply
shows that, not only does surface area increase as the particle size decreases, but
that there is an additional contribution to the surface area from the increased mass

recovered at smaller particle sizes.
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Figure 6.12: Relationship between solids recovery in the continuously operated flotation column and
specific surface area at varying hydrophobicities (contact angles).
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Figure 6.13: Dynamic froth stability as a function of concentrate surface area for all hydrophobicity
values explored. A Langmuir isotherm model that describes this relationship is also included. Each of
the shape markers represents the particle hydrophobicity measured in terms of the particle surface
coverage with a corresponding contact angle.

Equation 5.2 developed in Chapter 5 was used to model this relationship between
froth stability and the concentrate surface area. It is reproduced here below to aid in
the discussion in this section:

p-ds ) Equation 6.1

0 = 0y + Onax <1+pa
=S
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Where ¢ is the froth stability, o, is the initial froth stability, ¢,,,, IS the maximum froth
stability, p is a stabilisation constant and a, is the surface area of the particles in the

concentrate.

Figure 6.13 shows the froth stability as a function of concentrate particle surface area.
It is clear that the data points for all of the different hydrophobicities fall on the same
relationship. The fitted constants oy, 0,4 and p are: 18.73 s, 94.01 s, and 0.11,

respectively.

It was expected that particles of the same hydrophobicities, but decreasing size, would
fall onto the same relationship. As discussed in Chapter 5, particle packing affects
froth stability in much the same way that surfactant molecules affect surface tension.
Both can be fitted by a Langmuir-type isotherm. However, surfactant molecules of
different hydrophobicities have different equilibrium constants. The equilibrium
constant (p in Equation 6.1) defines the curvature of the adsorption isotherm. A higher
p value corresponds to a greater affinity of the surfactant for the air-water interface.
Surfactants may have greater affinities for the interface for such reasons as their
molecular weight or their chemical structure. Therefore, it was expected that particles
of different hydrophobicities would have different affinities for the air-water interface
and would, therefore, have different p values. This was found not to be the case as
shown in Figure 6.13. There is no clearly defined difference between the different
hydrophobicities and all hydrophobicities appear to fall on the same relationship with

the same p value.

Figure 6.6 showed that particles of high hydrophobicity had a lower froth stability than
particles of optimum hydrophobicity. The result of this was that the surface area of
these particles in the froth was lower and, thus, the froth stability was lower. However,
they still fell on the same froth stability versus surface area relationship. It appears that
for a given volume, geometry and initial bubble size, there is an associated surface
area of particles with a given stability. The surface area of the particles reporting to the
froth may change according to the hydrophobicity of the particles, but will fall
somewhere along the relationship. That is, the surface area of particles in the froth
defines the stability attainable under those conditions. Therefore, the contact
angle/mineralogy defines the amount of particular particles that report to the froth. But
it is their surface area once they are there that will define the froth stability.
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6.3. Conclusion

This chapter has demonstrated the relationship between froth stability and particle
hydrophobicity at different particle size distributions using a synthetic ore made up of
three components, i.e. pyrite, quartz, and talc. Froth stability was measured using two
laboratory devices, i.e. a non-overflowing stability column and a continuously operated
column flotation cell. Firstly, the effect of varying pyrite hydrophobicity was tested on
a distinct particle size class of +38-106 um. Thereafter, particle size distributions of

varying mean sizes were used to study this effect.

It was found, in common with other studies, that froth stability increased with
increasing particle hydrophobicity until a maximum value was obtained at a contact
angle of between 66° and 69°. At higher contact angles there was a decrease in froth
stability. Both the non-overflowing stability column and the continuous column
produced similar results, showing that the results were not device-specific. It was
found that the greatest differences in froth stability with increasing hydrophobicity were
for the smallest size particles (geometric mean of 28 um). Although larger particles
followed a similar trend to the smaller particles, the response was less pronounced.
Froth stability was found to be more sensitive to changes in particle size than changes
in hydrophobicity over the relatively large range of size and hydrophobicity values

tested.

The relationship between the froth stability and the feed specific surface area was
found to be linear at most practical particle sizes. However, it deviated from linearity
at very small mean particle sizes (28 pm) for particles of optimum hydrophobicities.
This was attributed to the increase in particles reporting to the froth by both
entrainment and true flotation at smaller particle sizes with optimum hydrophobicities.
The slopes of the relationships for froth stability as a function of feed specific surface
area in the linear region were found to increase with increasing hydrophobicity, up until
an optimum contact angle of between 64° and 68°, whereafter they decreased. Thus,
this family of curves would allow the prediction of froth stability of varying

hydrophobicities on a size-by-size basis.

It was demonstrated how this relationship can be used to characterise the froth stability
of real ores at different grinds and how the slopes of these curves change with changes

in solids concentration and different ore mineralogy.
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The Langmuir-type model that related the froth stability to the concentrate particle
surface area was fitted to all of the data points at all particle sizes of varying contact
angles. It was found that all data points fell on the same relationship. It was shown
that particle hydrophobicity and size determine the amount of particles that will report
to the froth phase, but that once the particles are in the froth, it is their surface area

which defines the froth stability.
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CHAPTER SEVEN
7. CONCLUSIONS AND RECOMMENDATIONS

7.1. Conclusions

The main aim of this thesis was to study the effect that mineral particle properties have
on froth stability. The two main particle properties which were varied in order to
guantify their effects are size and hydrophobicity. At first, each of these particle
properties were studied independently and their effects on froth stability quantified.

Thereatfter, the interactive effects of the two variables on froth stability were quantified.

A summary of the results are presented here as answers to the key questions put

forward in Chapter 1.
(@ What forms the basis of a good experimental measure for froth stability?

Techniques employed to predict froth stability ought to focus on the factors that affect
it. In this regard, the prediction of indicators like water recovery, top-of-the-froth bubble
burst rate, froth growth rate, and froth lifetime, among other factors, should provide a
good understanding of the stability of the froth. In order to answer the above key

guestion, two devices were built in the laboratory.

The non-overflowing stability column which predicts the froth growth rate was built in
the laboratory. It provides a practical and simple method for determining froth stability,
which is not taken into account by standard laboratory batch flotation tests. It is
important that flotation tests should be accompanied by metallurgical data. Since this
is a shortcoming of the non-overflowing stability column, a continuously operated
bench-scale flotation column was constructed, and in addition it is able to predict froth

stability using water recovery and the bubble burst rate.

The differences and similarities between the two devices as well as among the three

froth stability measurement proxies have been substantially discussed in Chapter 5.

e The two devices were operated with the same superficial air velocity of 1 cm/s.

At a constant frother dosage, the froth growth rate and the amount of water
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reporting to the froth will be the same. In addition, both devices are dynamic
processes, meaning liquid reports to the froth while drainage occurs
continuously. The froth growth height, bubble burst rate and water recovery will
all be driven by these two processes.

e Differences do exist between the two devices and this is brought about by
differences in operating mode, column diameters, and the bubble generation
techniques employed. Whereas the bench-scale flotation column was operated
continuously at steady state, the non-overflowing stability column was operated
in batch mode. The bench-scale flotation column had a smaller diameter than
the froth stability column (higher wall-to-froth surface area ratio) meaning it
experienced a higher rate of drainage. Bubble generation was by means of a
ceramic tubular sparger for the bench scale flotation column, whereas a
sintered glass P2 frit with a pore size of 40 — 100 um placed at the bottom of

the column was used in the non-overflowing stability column.

Differences between the two devices should bring about differences in the absolute
values of froth stability, but this is not expected to bring about a difference in the ability
of the mineral particles to stabilise the froth. This was confirmed by the fact that the
two devices, along with 3 different measurement types (dynamic froth stability, water
recovery and bubble burst rate) all had similar stability constants, p, in the froth stability

versus particle surface area model.

(i) What is the relationship between froth stability and particles of varying size

distributions?

The influence of particle size on froth stability was studied experimentally and results
obtained discussed in Chapter 5. It was found that froth stability decreased with
increasing particle size. It was seen that small particles had the biggest influence on
froth stability. However, coarse particles had a destructive effect on froths and the froth
volume was low. There was a large increase in froth stabilities for average feed particle
sizes below 50 ym and this was shown to be largely due to the large increase in
particles reporting to the froth by entrainment. It was suggested that these particles
modified the viscosity of the thin films, reducing drainage and thus stabilising the
froths. In addition, the maximum capillary pressure is inversely proportional to particle

size, which predicts that smaller particles increase the capillary pressure gradients.
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On the other hand, coarse particles tend to break the liquid films in between bubbles

rendering the froth unstable.

Froth stability was shown to increase linearly with feed particle specific surface area.
This useful relationship was shown to hold for two different ore types at different

percent solids.

Froth stability was related to the packing of particles at the air-water interface. A
Langmuir-type equation was thus used to model the froth stability data in much the
same way that one would model surfactant packing at the interface. It was found that

this model is a good fit to the experimental data.
Thus, the first two hypotheses were answered in this section of work:

Hypothesis 1: Froth stability increases with decreasing particle size and this is due to
increased viscosity of the thin liquid films between bubbles which leads to a slower

liquid drainage rate.

Froth stability was found to increase with decreasing particle size and the
relationship was shown. Determining the mechanism for this was beyond the
scope of this work, but it was shown that very fine, entrained particles increased
the froth stability substantially and it is known that these would have a

significant effect on viscosity.

Hypothesis 2: Froth stability will increase as a function of the increasing particle
surface area in the froth because thin film liquid drainage will be directly affected by

the surface area of particles retarding drainage.

A relationship and model have been put forward and the froth stability has been

shown to increase in a systematic manner with increasing surface area.

(i)  What is the relationship between froth stability and particles of varying
hydrophobicities?

Particle hydrophobicity was quantified using three main proxies, i.e. collector surface

coverage, recovery of pyrite in the microflotation cell and contact angle. It was found
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that pyrite recovery in the microflotation cell followed a sigmoid shape as a function of
the collector coverage on the mineral surface, as opposed to overall recovery, which
decreased after a particular surface coverage. Contact angle increased linearly until a
value of about 64°, which corresponded to a collector surface coverage of 80%,

whereafter it levelled off.

The effect of particle hydrophobicity was initially tested on particles of a size range 38-
106 um. It was found that froth stability was initially low at low particle hydrophobicity.
It then increased with increasing hydrophobicity, reaching a maximum value at a
contact angle of 64°, before finally decreasing as particle hydrophobicity continued to
increase. The optimal condition at 80% collector surface coverage (contact angle of
64°) which offered the highest froth stability also gave the best flotation performance
in terms of recovery. The lowest froth stabilities as well as flotation recoveries were
obtained at conditions of very high and very low hydrophobicities. This indicates the
importance of froth stability in overall valuable mineral recovery. It was shown that the
recovery of pyrite in the microflotation cell continued to increase with increasing
collector dosage, indicating that the particle hydrophobicity kept increasing and thus
favoured their recovery in the pulp zone. However, this was not reflected by a
continuous increase in froth stability, but rather, a maximum stability was reached and
this was followed by a decrease. The decrease in froth stability beyond the optimal
hydrophobicity has been attributed to bridging and rupture of the thin liquid films by
these very hydrophobic particles.

Hypothesis 3: Froth stability is greatest at a critical contact angle, below or above
which froth stability decreases. This is due to bridging effects causing film rupture in
highly hydrophobic particles.

Froth stability was shown to increase until a critical contact angle, after which

the froth stability decreased.

(iv)  What are the interactive effects of particle size and hydrophobicity on froth
stability?

The interactive effects of particle size and hydrophobicity on froth stability was studied
extensively in Chapter 6 using mixtures of particles of different sizes and varying

hydrophobicities.
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In common with the single size range studied initially, the different size classes
followed the same trend of increasing froth stability with increasing hydrophobicity up
until a contact angle of about 68° to 69°, whereafter froth stability decreased. The
effect on small particles of 28 um mean size were far more dramatic than on coarser
particles, but all followed a similar trend. This trend was found to be in common with
previous flotation studies that have found greatest froth stabilities between 63° and
69°. This provides confirmation of the robustness and accuracy of the techniques
employed in this study. However, this study extended our understanding of particle-
stabilised froths by characterising the froth stability in terms of surface areas of
particles.

The effect of particle surface area on froth stability

The reciprocal relationship between patrticle size and specific surface area was used
to investigate the relationship between froth stability and feed particle specific surface
area. It was shown that froth stability was linearly dependent on the feed specific
surface area for most practical flotation particle sizes. The slopes of the froth stability
versus feed specific surface area relationships in the linear region were found to
increase with increasing hydrophobicity, up until an optimum contact angle of between
64° and 68°, whereafter they decreased. Thus, this family of curves would allow the
prediction of froth stability of varying hydrophobicities on a size-by-size basis. It was
demonstrated how this relationship can be used to characterise the froth stability of
real ores at different grinds and how the slopes of these curves change with changing

solids concentrations and different ore mineralogy.

A Langmuir-type model that related the froth stability to the concentrate particle
surface area was fitted to all of the data points at all particle sizes of varying contact
angles. It was found that all data points fell on the same relationship. This showed that
particle hydrophobicity and size determine the amount of particles that will report to
the froth phase, but that once the particles are in the froth, it is their surface area which
defines the froth stability.

Hypothesis 4. Optimum froth stability is obtained with small particles of intermediate
hydrophobicity. This is because large particles and particles of very high
hydrophobicity rupture liquid films and so suppress the froth stability.
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This hypothesis was shown to be true. This was shown most clearly in Figure
6.6 where small particles of optimum hydrophobicity had a significantly higher

froth stability than other particles.

7.2. Recommendations

Much as the continuously operated flotation column provided a good framework for
froth stability prediction using water recovery and the bubble burst rate technique, let
alone froth recovery determination by the variable froth depths method, it was
however, unable to provide for the prediction of the bubble coalescence rate due to
the small diameter of the column. A redesign of this column that provides for a large
surface area in which bubble size variation is seen up the pulp-froth interface would
be a worthy venture in enabling the bubble coalescence rate to be predicted by
measuring the bubble sizes in the froth phase. A column with flat surfaces would be a

preferred choice for this instead of the cylindrical column employed in this work.

Another important step in furthering this work would be to build an image analysis
technique to measure the bubble bursting phenomena at the top of the flotation cell. It
would be impossible to quantify the bubble bursting phenomena visually for a flotation

cell with a large surface area at the top.

In this study, a pyrite-quartz-talc system was used to study the effect of particle
properties on froth stability. It would be interesting to carry out similar studies with a

mineral system which has a different density, e.g. a galena-quartz-talc system.
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APPENDICES

APPENDIX A

Appendix A presents the data sets on the effect of particle size on froth stability as
discussed in Chapter 5.

The froth growth rates were obtained by following the change in height of the froth
over time using the froth stability column. The dynamic froth stability was then

calculated using the Model:

5 = maxx4 Equation Al

Q

Where H,,,, = the maximum height attained by the froth; A = Column surface area

and Q = Air flow rate.

The model fits for the experimental data for each mean patrticle size are represented

in Figure Al.
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Figure Al: Growth rates of the froth for each mean particle size.

A Langmuir-type model was fitted to the froth stability data. This model is shown

below:
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Equation Al

Where ¢ is the froth stability, o, is the initial froth stability, o,,,,, IS the maximum froth

stability, p is a stabilisation constant and a, is the surface area of the patrticles in the

concentrate.

Table Al: Fitting the Langmuir-type model to the dynamic froth stability data.

Feed particle

size (um)

15.59
28.14
36.37
43.30
49.35
55.85
77.07
86.58
93.51
106.07
127.28
171.44
178.37
190.92
212.13

Feed
particle size

(Mm)
15.59

28.14

36.37

86.58
106.07
127.28
171.44
178.37
190.92
212.13

Concentrate Concentrate Froth Model
Surface Area Surface Area stability
(m2/min) (m?) (s)

7.86 8.90 67.89 65.43

6.16 4.87 47.47 52.08

2.99 1.15 23.01 28.24

0.69 0.24 21.03 18.81

1.21 0.70 34.80 23.88

1.98 0.86 26.01 25.46

0.39 0.16 24.06 17.81

1.49 0.55 21.99 22.24

0.24 0.07 18.86 16.83

0.32 0.09 17.33 17.05

0.13 0.03 15.39 16.33

0.13 0.04 18.07 16.40

0.11 0.02 12.21 16.19

0.07 0.02 13.05 16.10

0.07 0.01 7.72 16.02
Table A2: Top-of-froth bubble burst rate data

Concentrate Concentrate Bubble burst  1/Bubble Model
surface area surface area rate (s?) burst rate
(m?/min) (m?) (s)

7.862 8.896 2.375 0.421 0.43
6.158 4.872 2.750 0.364 0.41
2.995 1.148 2.625 0.381 0.33
1.492 0.547 3.375 0.296 0.28
0.323 0.093 4.000 0.250 0.22
0.134 0.034 4.625 0.216 0.21
0.133 0.040 5.125 0.195 0.21
0.113 0.023 5.250 0.190 0.21
0.071 0.015 4.875 0.205 0.21
0.069 0.009 5.000 0.200 0.21
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Feed particle
size (um)

Feed particle

size (um)

15.60
28.10
36.40
43.30
49.40
55.90
77.10
86.60
93.50
106.07
127.30
171.40
178.40
190.90
212.13

15.59
28.14
36.37
55.85
86.58
106.07
127.28
171.44
178.37
190.92
212.13

Table A3: Water recovery data

Concentrate
surface area
(m?2/min)

7.8624
6.1583
2.9946
1.2118
0.3899
0.2376
0.1336
0.1325
0.1132
0.0713
0.0693

Concentrate
surface area (m?)

8.896
4.872
1.148
0.858
0.547
0.093
0.034
0.040
0.023
0.015
0.009

Water recovery
(g/min)

112.05

96.80
72.01
43.48
39.91
30.60
56.35
44.14
33.89
42.34
21.20

Model

Table A4: Metallurgical analysis of the concentrates from the bench-scale flotation column

size (um)

Concentrate

particle

14.99
17.25
22.78
34.88
46.83
23.29
58.55
55.03
81.18
102.74
120.13
139.78
171.42
166.25
207.14

Concentrate Concentrate Concentrate

Solids

recovery talc mass
(g/min) | (g/min)
28.08 0.91
21.09 1.03
11.05 0.72
5.17 0.81
10.82 0.91
3.28 0.86
3.61 0.94
8.11 0.69
5.94 0.54
4.39 0.00
1.76 0.59
4.89 0.60
3.71 0.50
2.63 0.36
3.46 0.13
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pyrite mass
(g/min)

3.13
3.26
3.04
3.81
3.49
3.51
2.49
2.93
1.54
2.15
1.89
2.18
1.37
1.24
2.15

quartz
mass
(g/min)
24.04
16.80
7.29
0.55
6.42
2.13
0.18
4.48
3.86
2.24
0.15
2.12
1.84
1.03
1.14

Pyrite
recovery
(%)

85.1
80.84
67.46

59.7
66.53
49.68

46.2
67.17
61.62

30.6

49.9
46.99
50.85
45.28
21.20

113.11
95.65
58.87
54.01
48.23
38.51
37.12
37.25
36.85
36.67
36.51

Pyrite
rate
constant,
k(s)
8.30

6.13

1.54

2.89
1.43
1.25
2.99
2.33

1.45
1.29
1.50
1.20



APPENDIX B

Appendix B presents the data sets on the effect of particle hydrophobicity and the
interactive effects of particle size and hydrophobicity on froth stability as discussed in
Chapter 6.

Calculating the amount of collector required for flotation

The amount of collector used for each of the flotation tests was calculated from the
BET surface area of pyrite and assuming the cross-sectional area of the thiol head
group of xanthate to be 28.8 A (Grano et al., 1997).

1 g of collector was weighed and dissolved to make 100 mL of solution in a volumetric

flask from which calculated volumes required for each flotation test were measured.

Table B1: Calculated volumes of collector solution used in the microflotation tests.

Collector surface coverage (%) Calculated volume required
(ML)
10 100.3
20 200.6
30 300.9
40 401.2
50 501.5
60 601.8
70 702.1
80 802.4
100 1003.0
150 1504.5
200 2006.0
300 3009.0
400 4012.0
500 5015.0

The recovery of pyrite was calculated by the first order kinetic expression:
R(t) = Rmax(1 — e_kt) Equation B1

Where R(t) = recovery at any time, t, R,,,, = maximum recovery, t =time, and k =

rate constant.

Froth recovery, R¢, was calculated from the ratio of the overall flotation rate constant,

k and the collection zone rate constant, k., i.e.
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Figure B1: Recovery of pure pyrite as a function of time in the microflotation cell for varying
hydrophobicities.

Table B2: Relationship between contact angle, collector surface coverage, and pyrite recovery in the
microflotation cell for a particle size class of +38 — 106 um.

Contact angle

()

36.99
40.85
48.76
55.91
63.86
66.18
73.37

)
0
10
30
50
80
150
300

Collector surface coverage

Pyrite recovery (%)

4.28

5.39

6.46
15.88
42.22
77.38
95.95
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Table B3: Froth stability of the +38 — 106 um size class at varying hydrophobicities

Collector surface Contact angle Dynamic Froth stability Water recovery
coverage (%) °) (s) (g/min)
10 40.85 23.57 21.59
30 48.76 28.27 35.72
50 55.91 34.35 56.51
80 63.86 34 78.55
100 77.22 32.7 61.26
150 25.54 43.13

Table B4: Flotation response of the +38 — 106 um size class at varying hydrophobicities

Collector Total .
surface solids Hydrophobic Quartz Grade Pyrite Froth
: mass recovery recovery,
coverage mass mass (g/min) (g/min) (%) (%) Ry (%)
(%) (g/min) J P
10 2.41 1.3973 1.0127 29.47 20.32 30.54
30 4.81 3.1131 1.6969 25.21 36.8 48.01
50 6.21 3.4251 2.7849 21.2 41.86 56.37
80 8.37 4.3404 4.0296 14.01 42.84 53.01
100 6.53 3.2663 3.2637 22.58 43.05 54.1
150 5.57 2.2713 3.2987 22.3 37.53 39.62

Table B5: Interactive effectives of particle size and hydrophobicity on dynamic froth stability (s).

Contact angle (°)

Mean feed size 46 56 64 68 69 73
(Hm)
28 47.47 75.74 86.82 94.01 61.16 57.15
36 35.00 42.88 4532 50.15 48.97 44.79
56 26.01 31.07 32.07 352 39.85 38.56
127 15.39 15.34 16.98 21.63 22.18 20.70

Table B6: Interactive effectives of particle size and hydrophobicity on water recovery (g/min) in the
bench-scale flotation column.

Contact angle (°)

Mean feed size 46 56 64 68 69 73
(um)
28 96.80 181.00 229.54 230.01 105.47 108.22
36 72.01 114.43 123.26 138.83 167.46 167.46
56 43.48 85.00 93.89 130.00 163.71 143.10
127 35.00 45.10 50.93 59.00 44.80 41.44
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Mean feed
size (um)

28

36

56
127

bench-scale flotation column.

Concentrate
specific surface
area (m?/g)
0.2800
0.1810
0.0976

0.0154

46

21.09
11.05
6.51
2.63

Contact angle (°)

56 64 68
45.10 56.51 57.97
19.31 2228 26.10
12.20 11.53 19.70
3.98 6.71 6.13

particle size and hydrophobicity on froth stability.

Mean feed size 46
(Hm)
28 5.905
36 2.000
56 0.635
127 0.041

Contact angle (°)

56 64 68 69
12.628 15.823 16.232 6.070
3.495 4.033 4.724 4344
1.191 1125 1923 2.465
0.061 0.103 0.094 0.094
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69

21.68
24.00
25.26

6.09

73

8.935
3.450
2.072
0.079

Table B7: Interactive effectives of particle size and hydrophobicity on solids recovery (g/min) in the

73

19.20
19.06
21.23

5.15

Table B8: Surface areas of concentrates (m?) obtained from studying the interactive effectives of





