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ABSTRACT 

The dissolved air flotation process experiences process stability problems that are 

attributed to a poor understanding of the fundamental mechanisms. A detailed review 

of the literature revealed that the mechanisms of flotation are fairly well understood in 

mineral flotation application but that the transfer of knowledge to water treatment 

application is poor, particularly regarding the differences between particle and floc 

flotation. 

A detailed surface characterisation of kaolin and Wyoming bentonite particles was 

performed in terms of their zeta potential. This showed that small changes in the 

system's conditions could have large effects on the particle's zeta potential. Simple 

models can be applied to adequately describe the effects of surface conditioners for 

engineering application. This was particularly evident with surfactants which 

represented an effective method of zeta potential manipulation. Coagulants were seen 

to be more complex and less stable in their ability to control the zeta potential of 

particles. 

The investigation continued by comparing the particle removal efficiency in terms of 

turbidity and size distribution to the zeta potentials of the interacting surfaces. The 

results showed that charge neutralisation is necessary with an equivalent zeta potential 

of lOmV on both surfaces being required for the process to be effective. No strong 

relationship could be found between floc size and efficiency, negating grade efficiency 

concepts which are often discussed. The degree of hydrophobicity increases the 

robustness with which the process can float particles which are charged without 

effecting the peak efficiency obtained. A theoretical analysis showed that upon 

collision the particles are swept to the underside of the bubble where they remain or 

are dislodged depending on the balance of forces. 

The mechanisms of bubble production were examined in terms of a three staged 

model. This showed the critical stages in the process to be the detachment of bubbles 

from their nucleation sites and the degree of localised coalescence at the nozzle's exit. 

An experimental investigation into nozzle design by photographic bubble size 

measurements revealed that maximum benefit could be obtained by the use of a 45° 

diverging nozzle chamber or an impingement plate close to the nozzle's exit. 
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CHAPTER ONE 

INTRODUCTION 

Flotation processes separating aqueous mixtures of heterogeneous particulates have 

been a feature of the mineral processing industry for decades, but the application to 

water and wastewater treatment is a more recent development. The processes have 

many similarities but some fundamental differences. In mineral flotation, the aim is to 

separate a specific particle type from the bulk and it is common to use chemicals to 

enhance the collection and stabilise the foam. The bubbles are supplied to the process 

by beating air into the liquid with mechanical rotors. In water treatment the aim is 

clarification by non selective removal of all particles within the fluid. In these cases 

the air is usually supplied by dissolving air into liquid under pressure, allowing the gas 

to expand out of solution under the lower pressure of the separation chamber. 

Process stability is a key component to any water treatment application and DAF 

suffers from occasional erratic periods, resulting in poor clarification. The standard 

practice is to alter the coagulant dose and the recycle ratio until the plant starts to 

operate effectively. The problems are attributed to the empirical nature of the design 

and operation rather than based on an understanding of the fundamental mechanisms 

that occur. In particular, the requirements of charge neutralisation and 

hydrophobicity, which are established in mineral flotation, have not been transferred 

clearly to the flotation of flocs. 

The purpose of this investigation is to improve the understanding of the fundamental 

mechanisms that operate in the dissolved air flotation process. In particular it 

examines the role of surface forces on the process of attachment of particles to 

bubbles. 
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CHAPTER TWO 

LITERATURE REVIEW: REMOVAL MECHANISMS 

2.1 INTRODUCTION 

The process of removal in dissolved air flotation can be subdivided into three key steps. 

The three steps are the approach and collision of a bubble with a particle, the thinning of 

the intervening water film between the two surfaces resulting in the eventual rupture and 

the attachment of the bubble to the particle. The analysis of the process usually 

examines each step individually. An example of this is found in the work of Kitchener 

(1981) who subdivided the process from a micro-kinetic view to identify three individual 

probability terms. The overall probability of capture is the product of the three such that: 

Chance of 
Flotation 

= Probability of 
Particle - bubble 
contact. 

x Probability of 
Attachment. 

x Probability of 
Retention. (2.1) 

The first two events are responsible for the capture of the particles and much work has 

been completed in a search for a fundamental treatment from the mineral processing point 

of view; a good review of these studies can be found in Trahar (1976). The situation 

differs from that of mineral flotation as flocculated particles rather than discrete ones are 

being processed. The differences mean that a range of mechanisms can operate and these 

can be summarised as: 

(A) Adhesion of a gas bubble to the suspended phase as a result of 

collision between the bubbles and the suspended phase 

(B) The trapping of rising gas bubbles in a floc structure. 

(C) The adsorption of gas bubbles into a floc structure as it is formed 
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Figure 2.1 show a diagrammatic view of the different mechanisms. The first mechanism 

has received much attention due its extensive basis in the theories of filtration and 

classical mineral flotation (Bogdanov, 1980). The mechanism has two stages, firstly, 

transport of the particles to the gas bubble's surface and once there, adhesion between the 

two surfaces. The transport step is a question of hydrodynamics and is described in detail 

by hydrodynamic collision models. The adhesion step is a question of thermodynamics 

and requires the formation of a finite contact angle between bubble and particle. These 

ideas will be developed in more detail at a later stage. 

The second mechanism, enmeshment, can occur at three stages: during floc formation, 

during floc breakage and subsequent reformation and as a result of the filtering out of 

rising air bubbles by sedimenting flocs. 

Stevenson (1970) considered that, as the process is floc dependant, enmeshment would be 

the main capture mechanism and that the formation of a finite contact was not necessary. 

Although this idea was supported by Neis (1980), clearly only the third possible 

enmeshment mechanism is likely, i.e. that of sedimenting flocs enclosing rising bubbles. 

The justification of this is that the flocs are formed prior to the flotation stage and are 

unlikely to break up and re-form. Nevertheless, the enmeshment mechanism would be 

dominant when a high rate of coagulation and a rich floc concentration exists, which does 

not occur in the sparse systems in question. 

The mechanism stilI has merit as it is the only explanation of the flotation of hydrophilic 

materials. In this case bubbles are seen to be enclosed by the floc's structure without 

contact, rather than becoming adhered to it. However, it is likely that a majority of the 

unadhered bubbles would be lost even with the slight agitation that occurs. The light open 

floc structures only require a few bubbles for flotation but the flocs are unlikely to trap 

sufficient bubbles to promote this mechanism of flotation. 
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Figure 2.1 : Three mechanisms of dissolved air flotation. (A) Adhesion of a gas bubble to 

a suspended solid; (B), Trapping gas bubbles in a floc structure as the gas bubbles rise; 

(C), Adsorption of gas bubbles in a floc structure as the floc structure is formed 

(after Liptlik, 1974) 
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More likely is the existence of a few hydrophobic sites within the generally hydrophilic 

floc which the bubbles can adhere to after enmeshment had captured them. Neis (1980) 

examined the difference between particle and floc formation, stating that the adherence 

mechanism was not dominant as bubble size did not appear to effect the flotation rate as 

the classical collision theory would suggest. He accounts for this in that both his clay 

particles and bubbles were negatively charged creating a mutual repulsive force. When 

the bubble size exceeded the floc size he observed a decrease in the flotation rate and 

ascribed this to the floes not being able to enclose the bubbles. 

The final mechanism is one of precipitation and is thought to occur at the Harvey 

nucleation sites that exist on all particles as small gas cavities contained within the 

particles' natural surface imperfections. These sites are concave in nature and never 

completely dissolve in normal circumstances due to the eqUilibrium that forms between 

the water and gas phases. 

Reay and Ratcliff (1973) suggest that this is an important mechanism in dissolved air 

flotation and offer evidence to support the idea. Although there is no doubt that the 

mechanism can operate, within the general scope of the systems considered here it is 

unlikely to operate. The reason for this is that the formation of free bubbles prior to 

injection into the tank is an efficient process such that only residual supersaturation 

remains. This is the driving force for the precipitation mechanism limiting its effect in 

this case. Kitchener (1981) concurs with this, dismissing this mechanism in normal 

situations suggesting a mode of operation where it would dominate. This involves the 

pressurising the whole flow such that the bubble formation occurs throughout the water 

volume, which of course needs to be a batch operation and is of limited practical 

significance. 

The overall view is that the first two mechanisms are unlikely to be dominant enough to 

produce the observed effects. Thus the remaining alternative of adhesion of bubbles onto 
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the flocs upon collision is the mechanism that operates. This means that the situation is 

similar to that encountered in mineral flotation which can be used as a guide to modelling 

the system. However, the way in which bubble and floc collide will still differ as they are 

not discrete particles. Instead it would seem likely that a combination of mul tiple effects 

occur in conjunction with one another. The actual process is likely to be attachment of a 

few bubbles to specific particles within the floc, brought about by either classical 

collision or enmeshment followed by bubble rolling to appropriate sites. The two 

mechanisms differ in that bubbles will collide with the edges of the floc with classical 

collision and with the actual floc structure with enmeshment. 

The reminder of this chapter will focus on the mechanism of collision followed by 

attachment. The theoretical descriptions of both processes will be reviewed and 

discussed in terms of the flotation of treated raw waters. 

2.2 THEORETICAL PREDICTIONS OF THE COLLISION EFFICIENCY 

The collision of particles and bubbles is controlled by the hydrodynamics. A number of 

authors have analysed the process in terms of the single collision collector efficiency. 

This calculates the efficiency with which particles collect on a single bubble due to 

deviations of the particle's motion in the fluid streamlines as they approaches a bubble. 

To demonstrate the approach the work of Reay and Ratcliff (1973, 1975) and Flint and 

Howarth (1971) will be described in detail. These represent the most cited examples of 

the approach in the mineral flotation field. The review will then discuss some of the 

advances made to the model and the results that are generated. 

Reay and Ratcliff (1973) based the model on calculating the trajectory of a particle 

relative to an approaching bubble. In particular, they considered the case of a limiting 

trajectory beyond which the particle would not graze the bubble and hence no collision 

would take place as shown in figure 2.2. The collision efficiency is described as the 
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fraction of particles in the volume swept out by the bubble which actually collide with it, 

compared to the number of particles that lie vertically above the bubble, such that: 

where: 

Ec = collision efficiency 

re = distance of particle from limiting trajectory (m) 

Rb = bubble radius (m) 

x Critical 
trajectory 

Particle 

J---liit----y 

Bubble 

(2.2) 

Figure 2.2 : Model particle-bubble collision system showing the limiting trajectory 
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It should be noted that in this the velocity is a composite of the settling velocity and 

bubble rise velocity and hence the relative velocity of one with the other, not just the rise 

velocity as sometimes reported. To solve the above equation trajectories for the fluid 

streamlines and the particles within them must be calculated. This represents a complex 

task where no analytical solutions are possible, instead numerical step by step and trial 

and error solutions for the respective trajectories are necessary. Reay and Ratcliff (1973) 

described a special case of small particles and small slow rising bubbles where an 

analytical solution becomes possible. The application suggested was for effluent 

treatment but is as equally valid for the present case of water treatment where a similar 

situation exists. In fact this is the exact situation encountered for dissolved air flotation 

and so should be most applicable to the present investigation. To create the necessary 

analytical equations they made a few simplifying assumptions; 

1. The flow pattern around the bubble is governed by Stokes equation for 

a rigid sphere. 

2. Electrical interactions between bubble and particle have a negligible effect 

on the flow trajectories. 

3. Particles are swept to the back of the bubble such that the front half of the 

bubble is always clear. 

4. The motion of the bubble is unaffected by the presence of the collected 

particles 

5. The fluid velocity employed on the drag calculations is that which exists at 

the particles centre if the particle were absent. 

6. Brownian motion is a negligible effect. 

Jameson (1978) showed that the first assumption is valid when the bubble size is less 

than 100).lm. The bubble sizes that occur in the process will be distributed around a mean 

of 40-50J.Lm and so this is valid in the present case. Okada (1990) demonstrated particles 
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being swept to the back of the bubble once collected supporting assumption two. This 

was shown to occur over the time taken for the bubble to travel one diameter and suggests 

that the bubble should always have a clean surface for collision. Once the particles are 

captured it is assumed that the flow field around the bubble is unaffected. This seems 

unlikely to be valid, especially when the bubble becomes more laden. It has been 

reported by Reay and Ratcliff (1975) that the model starts to deviate from experimental 

data when the particles become greater than 15 microns. This is attributed to the change 

in the flow field that occurs as the bubble begins to become laden with these bigger 

particles. 

The other obvious difference is that flotation systems are far from single particle or 

bubble operations. Bubbles exist in highly concentrated swarms which will alter the 

bubble hydrodynamics. Flint and Howarth (1970) describes three ways in which a bubble 

swarm will affect the model 

1. The bubble rise velocity will be reduced due to the hindering effect of the 

other bubbles. 

2. The presence of other bubbles will tend to straighten the flow streamlines 

around a bubble. 

3. The motion of particles above the target bubble will no longer be parallel 

to the direction of bubble motion at great distances above the bubble as the 

bubble layers above the target one will take effect. 

Unfortunately, these factors can not be taken into account when developing the model as 

the problem becomes too complex again. However, the model does represent a useful 

first attempt in modelling the system and should always be pessimistic in its predictions. 

The most important assumption is that the electrical interactions between the bubble and 

particle are not important. This is not the case and this will be discussed in detail in 

section 2.4. The trajectory of a particle as it approaches a bubble is calculated by 
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formulating a differential equation based on a force balance for a particle. This approach 

is investigated in the present work and the details of the procedure can be found in section 

7.5.1. 

2.2.1 RESULTS OF THE COLLISION MODEL 

The first important deduction that Reay and Ratcliff (1973) discussed was that within the 

particle sizes dealt with here only gravity played an important role in deviating particles 

from their streamlines. This is because small particles will be able to adjust to changes in 

the flow path almost immediately and so will not be affected by inertial effects. This idea 

concurs with the study of Flint and Howarth (1970) who conducted a similar investigation 

but over a wider range of particle sizes. They also found that inertial effects only become 

apparent with large particles, considerably larger than those encountered in the treatment 

of raw waters. From their investigation Reay and Ratcliff (1973) showed that the 

collision efficiency could be related to the ratio of the particle and bubble sizes, raised to 

a constant which was dependant on the density ratio. 

(2.3) 

where the coefficients are: 

P 
--1!.. = 1.0 ~ a = 1.2S,~ = 1.9 
PI 

P 
-p = 2.S ~ a = 3.6,~ = 2.0S 
PI 

Generally the collection efficiency is seen to be proportional to the square of the ratio of 

radii of the particle to bubble. This gives clear evidence for the benefits of small bubbles 

as the bubble radius is related to the efficiency by an inverse square relationship. They 
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showed later (1975) that this is only true for bubbles whose size is less than 100 J.Illl as 

the Stokes flow field breaks down and the model no longer adequately describes the 

system. A similar approach has been directly applied to dissolved air flotation by 

Edzwald (1991) and Malley (1988) to examine how specific process variables would 

effect the process. They plotted the single collision collector efficiency for each 

individual mechanism of particle deviation. An example of the curve is shown in figure 

2.3. 

c 
o 

:!1i 
(5 
o ... 
~ 

Diffusion Transition Collision 
10~----------r---------------.---------' 

--eff(l) 
1--eff(D) 

1 ........... 0 0 0 0 eff(S) 
Eff(total) 

0.1.oooooooooooooooooooooooooooooooooooo 

~ (5 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

o 

0.01 0.1 1 10 100 

Particle size (!lm) 

Figure 2.3 : Single collector collision efficiency against particle size for the individual 

mechanisms: I (interception), S (sedimentional), D (diffusional), (after Malley 1988) 

The curve shows three different regions where differing mechanisms dominant; these 

regions are diffusion, transition, and collision respectively. The calculated efficiency is 

about an order of magnitude greater in the collision regime than in the diffusion regime 

showing a clear preference for large particles. Particle sizes that lie in between the two 

size bands exist in the transition regime where a combination of effects occur. The 
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efficiency in this regime is at its lowest value with the actual minima occurring at about 

Illm. The efficiency curves demonstrate the advantages of flocculating particles such 

that they are collected in the collision regime were the efficiency is at its greatest. 

However, if sub micron particles are to be flocculated it must be ensured they become 

sufficiently large enough to enter the collision regime, otherwise they would enter the 

transition regime were the efficiency would decrease, not increase as desired. The 

benefits of this was observed by Fukui (1979) in the flotation of ferric oxide which as a 

sub micron particle floated very poorly, but once the pH had been adjusted to the 

isoelectric point flotation became effective which was due to the natural flocculation that 

would occur at this point transforming the size of particles in the system. 

2.2.3 INCLUSION OF ELECTRICAL FORCES 

Reay and Ratcliff (1975) tested their model experimentally and showed discrepancies 

with particle size. They attributed these to the effects of the particles' electric charge on 

the attachment efficiency. Improvements in the model have been made to include terms 

for the electrical interactions. The early work on this was conducted by Collins and 

J ameson (1976, 1977) and focused on incorporating the electrophoretic mobilities of the 

particle into the rate equations. A more direct attempt has been conducted recently by 

Okada (1990) who included short range forces into his model. 

Malley (1988) demonstrated that the attachment efficiency and hence the electrical 

properties of the system had a marked effect on the removal efficiency. He showed that 

unless the attachment efficiency was high, very poor overall removal efficiencies resulted. 

He concluded that charge neutralisation was one of the key factors in effective flotation. 
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2.3 ATTACHMENT 

The second stage in the collection process is the attachment step and represents whether 

or not a particle will stick to a bubble once it has collided with it. This stage is governed 

by the thermodynamics of the systems which determines whether or not the particle can 

attach to the bubble. Gochin (1983) and Edzwalds (1995) stated that the fundamental 

requirements for effective flotation are charge neutralisation and hydrophobicity, without 

which particles will not attach. The theory concerning both of these requirements is 

central to general colloid science. The basic concepts for both of these effects will be 

reviewed below from the collective works of Shaw (1992). Hunter (1981, 1992), 

Israelachivili (1986), Gregory (1993) and Davies (1961) amongst others. The reader is 

referred to the references listed for more detailed information about the subjects covered 

below. 

2.3.1 Hydrophobicity 

When a particle attaches to a bubble, the water film that originally surrounded both must 

be displaced. The relative tendency of the water to be displaced is described by the 

hydrophobicity of the surfaces. 

The central concept to hydrophobicity is in the comparison of the bond that forms 

between a water molecule and the surface compared to the bond that forms between two 

water molecules. When the bond between the two water molecules is stronger than 

between the water molecule and the surface, the water molecules preferentially bond with 

themselves. In these cases the water is easily displaced and the surface is termed 

hydrophobic. When the water bonds more strongly to the surface than it does to itself the 

water's tendency is to remain on the surface. In these cases the water is diffficult to 

displace and the surface is termed hydrophilic. 
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The hydrophobicity of particles can be determined by the types of bonds that they can 

form with water. Hydrophobic materials are ones that present non-polar groups to the 

exterior surface, such that the water can only bond through relatively weak dispersion 

forces. Hydrophilic materials on the other hand contain 'broken bonds' or polar groups 

on their surface with which water can bond to with strong cohesive forces. The classical 

way of rendering particles hydrophobic is to condition the surface with surfactants. These 

work by replacing charged sites on the surface of particles with long non polar chains 

which bond very poorly with water and produce high levels of hydrophobicity. 

Water 

(a) hydrophobic surface 

Water 

(b) hydrophilic surface 

Figure 2.4 Hydrophobicity and contact angle for (a) hydrophobic surface (b) hydrophilic 

surface 
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The thermodynamic assessment of flotability is quantified by the contact angle which is 

formed at the three phase contact point. This is the angle that forms where the gaslliquid 

interface meets the solid and is shown in figure 2.4. The angle depends on the interfacial 

tensions of the three interfaces and at equilibrium is defined by Young's equation: 

where: 

cr AS = interfacial tension of the gas/solid interface (Nm'l) 

crws = interfacial tension of the water/solid interface Nm'l) 

cr AW = interfacial tension of the gas/water interface (Nm'l) 

cjl = contact angle (0) 

(2.4) 

A contact angle forms when the work of adhesion (WAD) between the surface and the 

water is less than the work of cohesion of the water (Weo). The work of adhesion, 

defined as the work required to separate liquid water from the solid surface is given by 

the Dupre relationship 

(2.5) 

combining (2.5) and (2.4) we obtain the Dupre-Young equation for the thermodynamic 

requirement for flotation: 

!::.G = cr AW(l + coscjl) (2.6) 

This equation relates to a flat surface and represents the maximum free energy change 

available. This means that although any angle greater than zero is theoretically required a 

\ 
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practical limit is set. Gochin (1982) quoted a value of 25° although significantly greater 

angles than this are preferable as they would represent stronger contact and so less chance 

of dislodgement. 

The quoting of contact angles is complicated by contact angle hysteresis which occurs 

due to surface imperfections. The angle will be larger when the liquid advances over the 

solid than when it recedes. Obviously, the latter situation is more applicable to the 

systems under discussion in this present work. However, the former is often quoted as it 

is more reproducible experimentally and thus suggests that materials are more effectively 

flotable than seen in practice. 

The application of contact angle ideas towards water treatment is complicated due to the 

fact that flocs are involved rather than discrete particles. The bubble to floc contact may 

occur at more than one point such that smaller individual contact angles are required than 

when only one contact point exists. A discrepancy exists with the idea that 

hydrophobicity is required as highlighted by Edzwald (1995) in that the flocs are formed 

by coagulation with metal salts which have large amounts of associated water attached 

there surface. This will make the flocs hydrophilic and will prevent the formation of a 

finite contact angle. Kitchener (1980) reported that surfactants were required to make 

hydrophilic flocs flotable. He suggests this as evidence that the flotation of water 

requires trace organics to be present to ensure that the surfaces have at least patches of 

hydrophobicity. Gochin (1982) tested this notion experimentally and concurred with 

Kitchener's belief. He suggested that when not present a small quantity of soap or humic 

acid should be added to enable the process to operate. The overall requirement for 

hydrophobicity is clear but this may only require patches on the floc's surface to be 

hydrophobic rather than the whole surface. 
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2.3.2 Electrical neutrality 

When a particle approaches a bubble closer than lOOnm, short range forces begin to 

become important. There are several types of interactions which may be critical, the best 

known of which are van der Waals attraction and electrical repulsion. Together these 

make the basis of the classical DLVO theory of colloid stability, which calculates the 

total interaction force between two surfaces as they approach one another. 

The following section will review the basic theory and highlight some recent advances 

that are pertinent to bubble particle interactions. The review begins with a description of 

the electrical double layer that forms when a charged surface exists in an aqueous 

medium. 

2.3.2.1 The electrical double layer 

Naturally occurring particles carry a negative charge due to a number of charging 

mechanisms. The most significant of these for the clays investigated in this work are 

lattice imperfections and broken hydroxyl bonds. The charge on the surface of the 

particles influences the ions in the surrounding aqueous phase, attracting ions of an 

opposite charge (counter ions) and repelling ions of a like charge (co ions). The 

distribution of these ions together with the effects of thermal motion produces an 

electrical double layer such that overall electroneutrality is maintained. Figure 2.5 shows 

a schematic of the idealised system consisting of two regions. An inner region where the 

ions are bound to the surface within one hydrated radius. The other is an outer region 

made up of loosely bound ions whose concentration is distributed according to the 

Maxwell-Boltzmann distribution such that it decays in an exponential manner with 

distance. 
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Distance 

Figure 2.5 : Schematic of the electric double layer and the resulting potential decay curve 

The analysis of the exact solution of the double layer is complex, but when the potential 

is Iow the expression for the diffuse region becomes: 

'I' h = 'I' 0 exp( -Kh) 

where 

'1'0 

h 

= 

= 
= 

= 

potential at distance h from the surface (m V) 

potential at surface (mV) 

distance from suface (m) 

Debye-Hlickel parameter (m· l
) 

(2.7) 

The Debye-Hlickel parameter is a measure of the range of influence of the double layer. 

At a distance h= lIK the potential decays to lie of its original value and as such this 

position is referred as the double layer thickness. This is strongly dependant on the 
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electrolyte concentration in the system and for an aqueous solution at 25°C is determined 

by: 

where 

c 

z 
= 
= 

concentration of ions (molrl) 

valency of ions 

(2.8) 

More complete treatments of the theory are available and the reader is directed towards 

the references listed at the start of this section for the detailed treatment. Difficulties exist 

in that the potential at the particle' s surface and Stern layers cannot be measured. These 

problems are generally overcome by relating them back to a measurable quantity. This is 

the zeta potential which is a measure of the potential at a position which approximately 

relates to the start of the diffuse region of the double layer. The zeta potential is 

determined by measuring the velocity of a particle due to an applied electric field. The 

position in the double layer at which the zeta potential is measured is not fixed. When a 

particle moves due to an electric field the part of the double layer that is strongly bound 

to it will remain with it as it moves. The point at which this occurs is known as the plane 

of shear and it is at this point that the zeta potential is measured. 

2.3.2.2 Total energy of interaction 

The total interaction force that is generated as a particle approaches a bubble is analysed 

by the combination of the van der Waals and electrical interaction forces that are 

generated. Other forces exists such as hydration and hydrophobic forces and these will be 

discussed shortly. The model will be described in terms of the case for Iow potentials and 
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equal sized spheres as this represents the simplest case and demonstrates the concepts 

involved. The situation is more complicated and the reader is referred to Hunter (1981) 

who gives a fuller analysis of the model. 

When two surfaces approach one another their diffuse double layers will penetrate each 

other. When the particles are of the same sign this will lead to a electrostatic repulsion 

which can be expressed in its simplest form as 

where 

= 

= 
= 

Energy of interaction due to electrostatic repulsion (1) 

Particle zeta potential (mV) 

Bubble zeta potential (m V) 

(2.9) 

This force is effected strongly by the zeta potentials of both particles and bubbles and by 

the ionic strength of the solution and it represents the main area which allows the control 

of colloid processes. The classical example is in coagulation theory which shows that 

increasing the salt concentration reduces the effects of the electrical repulsion allowing 

the particles to agglomerate. This effect of the electrolyte is mainly in the reduction of 

the size of the double layer thickness which allows the particles to approach one another 

more closely before the repulsion begins. 

The electrostatic repulsion is counteracted by the van der Waals attractive force. In the 

disperse systems of interest here this is determined by the London dispersion interaction 

that is generated by charge fluctuations in the electron cloud. This is determined for the 

case of equal spheres as 
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Energy of interaction due to van der Waals attraction (J) 

Hamaker constant (1) 

particle size (m) 

(2.10) 

The negative sign of the expression denotes by convention that the force is an attractive 

one. The term A is the Hamaker constant of the interacting surfaces. This is the critical 

part of the expression as its value is difficult to determine. Gregory (1986) states the 

value of the Hamaker constant for a wide range of materials and shows that they lie 

typically between lx1O-19 and lx1O-2o J. The analysis of the van der Waals interaction 

tends to overestimate the magnitude of the force generated with large particles and this is 

usually corrected for by a retardation factor. This problem only becomes apparent for 

distances over 50 nm 

The total energy of the interaction between two surfaces is obtained by the summation of 

the electrical double layer and van der Waals energies. An example of the curve that 

results is shown in figure 2.5. 

When the zeta potentials of the particle and bubble and the ionic strength of the solution 

are such that repulsion outweighs attraction, an energy barrier to attachment is created 

and the particle will not be collected. This is seen in the total interaction curve extending 

into the positive region. As the zeta potential is reduced and/or the ionic strength is 

increased the energy barrier is reduced upto a point when the curve never crosses into the 

positive side and at this point no barrier to collection exists. 
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Figure 2.5 : Schematic energy verus distance profile of DL VO interaction 

A number of important features are worth highlighting. When a barrier exists the 

colliding surfaces must overcome it in order to contact. Gregory (1995) quoted a value of 

20 kT as an energy barrier that should always prevent contact. Once the barrier is 

overcome the primary attraction minima should always hold the surfaces together and so 

no detachment should occur. The other important feature is that because of the difference 

in the range of operation of the two forces a secondary minimum can exist which will 
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(1991) investigated its effect on the flotation of minerals and concluded that it was of 

critical importance. 

2.3.3 Experimental investigation 

A number of authors have examined the flotation process in terms of short range forces 

described above to generate a model of hetero-coagulation of a particle attaching to a 

bubble. The idea was most notably described by Deryaguin (1960) and also by Rao 

(1974) in terms of mineral flotation. The same idea was developed for fine particle 

flotation by Okada (1988, 1990) and by Sato (1979) for oil flotation. Other work also 

exists but the same idea is always developed. The curve of the total interaction force is 

analysed to determine the point at which the energy barrier just disappears. This 

generates a floatibilty criteria such as 

(2.11) 

The exact value of m quoted by authors varies due to the slightly different forms of the 

model that they use; however, the value usually lies between 3 and 3.5. The model has 

been tested by relating the zeta potential to the removal efficiency, which involves 

measuring the particle zeta potential as that is relatively easy to do. In all cases the 

efficiency was high when the magnitude of the zeta potential was low. However, no 

greater link between the variables has been established, which is due probably to the 

complexities of the analysis and numerous variables that affect it. Okada (1988) tested 

the model with oil droplets and showed good agreement with the flotability criteria 

showing a clear cut off at about m=3 when he used high valency electrolytes. He 

extended this idea to included the bubble zeta potential in his analysis and improved the 

correlation between the experimental data and his model as a result. 
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Edzwald (1991, 1995) and Roberts (1980) have conducted similar investigations but 

directly to raw water treatment applications. A strong relationship was found between 

zeta potential and removal efficiency but no real cut off could be determined. The results 

were presented as demonstrating the need to reduce the charge of the flocculated 

particles such that no energy barrier to attachment exists. However, no direct analysis of 

this was conducted in terms of the short range forces described above. Edzwald (1995) 

concluded with the view that charge neutralisation and hydrophobicity are the key 

requirements to successful flotation of flocculated raw waters. 

2.4 CONCLUSIONS 

The literature reviewed within this chapter has led to the following conclusions. The 

process is made up of two fundamental steps: collision between a bubble and an 

approaching particle followed by attachment between the approaching surfaces. The 

collision stage of the process has been analysed in terms of the single collision collector 

efficiency which calculates the limiting trajectories of particles as they flow around 

bubbles. The theory has been shown to describe the situation adequately and collision 

efficiency can be easily calculated for systems. 

The attachment stage of the process is governed by the thermodynamics of the process 

and can be split into two requirements. The requirements are that the surface charge of 

both particles and bubbles must be so low as to offer no energy barrier to attachment. 

This is usually determined by measurement of the zeta potential of the surfaces involved. 

The second requirement is that the particle must have at least some degree of 

hydrophobicity to allow a three phase contact between the bubble and the particle to 

develop. 
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Although the general criteria for successful flotation have been developed, little work has 

been conducted on how these criteria are affected by the differences that exist between 

particle and floc flotation. This represents the area that most requires investigation at 

present. In particular the application of zeta potential in terms of both particles and 

bubbles requires a more detailed investigation, especially in connection with floes. 
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CHAPTER THREE 

LITERATURE REVIEW: BUBBLE PRODUCTION 

3.1 INTRODUCTION 

The bubble cloud required in the dissolved air flotation process is generated by the 

saturation of air into water under pressure and its subsequent release into an 

atmospheric environment. The production of the bubbles represents about 10-12% of 

the capital costs and 50% of the operating costs of a standard plants. Thus 

optimisation of the system is essential, especially in terms of operating costs. The 

process can be split into two separate stages, the first concerns the saturation of air 

into water, which determines the total amount of air that is released and will be 

discussed later in section 3.11 and the second is about the creation of the appropriate 

size and number of bubbles. 

The efficiency with which the supplied air is used within the process is determined by 

the size of the bubbles formed. This is determined by the geometrical design and 

operating conditions of the injection system. 

The usual process operates by releasing the supersaturated water to the atmosphere via 

a sudden pressure drop. This is normally created by a constriction in the flow in the 

form of a nozzle or a valve, shown diagrammatically in figure 3.1. The effect of such 

an operation is for the water to 'cavitate' where the excess gas is released from within 

the solution 

F10W'------~-J~ 
r------~~ 

Figure 3.1 Generalised view of the bubble formation process (after de Rijk 1994) 
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The present chapter will review the literature that relates to the design of injection 

nozzles and the methods of saturation. The focus of the work is on the design of the 

injection nozzles as this is the least understood part of the process. The review 

initially examines the process at a fundamental level to ascertain the mechanisms that 

operate. This is then followed by a review into practical nozzle design followed by a 

section on the advances achieved through experiment investigations that have 

attempted to determine design equations. 

3.2 EXISTENCE OF NUCLEATION SITES 

The air that is used to generate the gas bubbles comes from the cavitation of a 

supersaturated water flow. The flow is cavitated by forcing it through a restriction 

which leads to a region of atmospheric pressure. A sudden pressure drop is created 

which forces the excess air out of solution. At this stage an important distinction is 

necessary in defining cavitation. Urban (1980) reviewed the complex work of Knapps 

(1970) on the subject of cavitation and highlighted two distinct types. The first 

invol ves the idea of the pullin'g apart of groups of water molecules to form cavity 

spaces in which vapour can exist. This type of nucleation is referred to as de novo 

nucleation and involves the creation of nucleation sites from within a homogeneous 

fluid. This process requires considerable forces to achieve stable cavities and Urban 

(1980) demonstrated that these are never generated within the dissolved air flotation 

process. 

The second type of cavitation is based on the idea that as the nucleation sites already 

exist such a process becomes one of activation rather then creation. These sites are 

named after the work of Harvey (1946) who first established their existence. They 

exist within the natural crevices at the fluid solid boundary or as very small bubbles in 

solution whose size is sufficiently small as to avoid creaming, such that the bubbles 

remain in solution (Wedlock, 1994). When the supersaturated flow cavitates the 

excess air feeds these sites which then grow into free flowing bubbles. 
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Urban (1980) found evidence of these sites by discussing some of the anomalous 

properties of water. The two most significant of these are that water boils at 100 DC 

instead of the 300 DC that is theoretically predicted and that only ambient pressure is 

possible in the suction head of a liquid pump. 

The existence of such nucleation sites has been demonstrated experimentally by a 

number of authors and Urban (1980) offers a good review of their findings. The basic 

approach is consistent throughout in that the experiments involve removing the 

nucleation sites from the water and then measuring the force required to cavitate it. 

The most notable of these experiments used pre-pressurisation where the system 

experiences pressure magnitudes greater than those normally experienced within the 

process. This has the effect of dissolving all the gas even in the stable nucleation 

sites. Knapp (1958) showed this effect with a glass venturi tube which required an 

increased pressure drop to achieve cavitation of the water once the tube had been pre

pressurised. Hayward (1970) showed a similar effect by improving the suction head 

of a pump from lOm to 17m after the pump had undergone a pre-pressurisation cycle. 

3.3 STABILITY OF NUCLEATION SITES 

Harvey (1947) described two possible configurations of crevice in an attempt to 

explain how such crevices can support stable gas pockets at eqUilibrium. Figure 3.2 

shows the different manner in which a meniscus between air and water can exist 

within a crevice on the surface of a solid. The stability of such interfaces is described 

by Laplace's equation for mechanical equilibrium of a meniscus to a system: 

2s 
~ -p =-

L g r (3.1) 
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Where: 

P L = pressure in the liquid. (Pa) 
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Pg = pressure in the gas ( the sum of the vapour pressure of the liquid and the 

partial pressure of any gas present). (Pa) 

s = surface tension of the liquid. (Nm·') 

r = radius of curvature of the interface. (m) 

Equilibrium is established when the surface tension of the meniscus resists the 

pressure difference between the liquid and vapour phases. The equation shows that at 

standard conditions the maximum radius of a stable meniscus would be 1.47 Ilm. 

This is consistent with the idea that such pockets must be small otherwise they would 

be visible or would undergo creaming if they were free bubbles or on the surface of 

small particles. . 

Liquid 
Solid 

Liquid 

Solid 

Figure 3.2: Stabilised crevice configuration for (a) hydrophobic crevice, (b) 

hydrophilic crevice.(after Urban 1980) 
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The nature of the crevices that form on the surface of a solid will mean that a range of 

crevice geometries exist. The stability of the meniscus that forms in these crevices is 

determined by the manner in which its size responds to pressure flucculations. When 

the pressure goes up the radius of the meniscus needs to be decreased to maintain the 

balance between the two phases. Otherwise the equilibrium is no longer established 

and the meniscus disappears. 

Figure 3.2a represents the general criteria required to produce a stable gas pocket. In 

this case the meniscus is convex to the gas phase with the angle of contact between 

the crevice wall and the meniscus being large and as such is deemed hydrophobic. 

This is a loosely defined term as it may be crevice geometry rather than true 

hydrophobicity that creates the large angle of contact. This results in the necessary 

alteration in the meniscus radius as the system responds to produce a stable interface 

and so the nucleation site is stable. 

Figure 3.2b shows an alternative configuration, where the meniscus is concave to the 

gas phase. A pressure increase in this case would increase the radius of the meniscus 

which in turn increases the driving force of the radius change. Thus the meniscus is 

caught in a negative loop which makes it unstable and results in the nucleation site 

being dissolved back into solution. Such crevices are seen to have only small angles 

of contact and are thus referred to as hydrophilic in the present context. 

3.4 LOCATION OF THE NUCLEATION SITES 

The location of the nucleation sites within the systems has been an issue of concern 

for a number of authors. The work is split into two arguments; one for fixed sites and 

the other for free flowing ones. 

The first idea is that the nucleation sites are not fixed but exist in the free flowing 

liquid. A number of possible sources have been reported but the most viable is that of 

Fox and Herzfeld (1954) who described the possibility of tiny gas bubbles which are 
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protected by organic skins. No exact definition of what these represent is given but 

presumably they refer to the adsorption of the naturally occurring organics in the 

system. These bubbles constantly remain in the water due to their very small size and 

are protected from dissolving back into solution by their organic skin. Fox and 

Herzfeld (1954) support this idea by explaining the results of pre-pressurisation as 

destroying the skins and thus allowing the gas to dissolve. Urban (1980) tested this 

theory by using progressively cleaner sources of water ranging from tap water to 

double distilled. The double distilled water would significantly decrease the number 

of nucleation sites available but no effect was seen in the bubble clouds produced. 

This shows that the sites do not exist within the flow but are fixed. 

The alternative location refers to nucleation sites situated in the material of the nozzle 

or the container wall and are due to the surface roughness of the material which is 

either naturally occurring or the result of the manufacturing process. Urban (1980) 

simplified this by assuming that all the fixed nucleation sites were within the nozzle. 

This allowed for the nozzle to be conditioned externally to the rest thus effecting only 

the fixed sites in the system. He found that both pre-pressurisation and surfactant 

addition had a marked effect on the bubble cloud produced. 

The position of the nucleation sites was further investigated by varying the orifice 

thickness and the number of holes in the orifice plate. The results demonstrated 

variations only with hole number indicating that the nucleation occurred at the top 

edge of the orifice rather than throughout its depth. Confirmation was obtained from 

the visual observation that two cloudy streams appeared either side of the nozzle 

rather than in the middle of the discharge stream. 

Dean (1944) postulated an alternative theory which suggests activation in the bulk 

flow within the low pressure core of turbulent vortices. Calculations on such vortices 

by Urban (1980) showed that they could not produce the necessary pressure drop. 

However, the idea of these vortices has application as they will exist at the nozzle 

exit and will assist in the activation process. This will provide a low pressure 
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environment for the freshly formed bubble to grow initially, which provides a more 

stable environment at a point when the bubble might dissolve back into solution. 

3.5 DETACHMENT 

Bubbles grow on their nucleation sites by the uptake of the precipitated air. The 

growth continues until the buoyancy force and the fluid drag is sufficient to overcome 

the influence of the nucleation site as seen by the effects of the surface tension. Figure 

3.3 shows a diagram of the situation: 

Nucleation site 

Convection 
currents 

Surface of cavitation plate 

Figure 3.3 Visualisation of the one stage model for bubble production with a direct 

gas flow. (after Repanas 1992) 

The exact nature of the detachment process does not appear to have been discussed in 

the literature to any significant degree. However, the work of Repanas (1992) offers a 

good review of the theory of bubble detachment in sparging and this can be adapted. 

Detachment is said to have occurred when the bubble has travelled one bubble radius 

from its nucleation site. The exact size produced is determined by a force balance 

around the bubble instantly before detachment takes place: 
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Forcesurface tension ForCedrag + ForCebuoyancy (3.2) 

The bubbles will detach when the combination of buoyancy and drag is greater than 

the surface tension force. A detailed description of this can be found in Repanas 

(1993) but has been excluded here as the ultimate analysis is flawed. The surface 

tension force presents a difficulty as this will be very dependant on the geometry of 

the nucleation sites. This is an unknown parameter which means that it is not possible 

to calculate the size of the bubbles upon dislodgement. However, it is possible to 

make some qualitative conclusions as pointed out by Urban (1979). Within a system 

it is reasonable to assume that the sites exist with a range of sizes and geometries such 

that a bubble size distribution will be generated at the point of dislodgement. The 

general concept holds that larger nucleation sites produce larger bubbles and the more 

open the crevice the larger the bubble will be upon dislodgement as the effects of the 

surface tension will be reduced. 

The detachment process remains a problem for any model of the process as it would 

have to take into account the configuration of the nucleation sites to determine the size 

at which they were dislodged. This is not possible at the present time and this has 

great implications for the ability of any model as the starting point at which the 

remaining process operates from is an unknown. 

3.6 NOZZLE DESIGN 

In practical situations, nozzles are designed on an empirical basis using established 

rules or criteria. This is because of the complexity of the system as described above 

preventing any rational design based on fundamentals. This section will describe the 

design approach used industrially to produce nozzles. The Guinness brewery 

company presented the initial investigations into nozzle design in their collective 

patents (Ash 1957, 1959, 1958, Camaghan 1962, Painter 1966 and Hildebrand 1970) 

and this was followed by the Camaghan (1962). 
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~ Flow 

Guinness patent 1961 

.. Flow 

Guinness patent 1972 

[] .~--FlOW 
Water Research Centre 1976 

Idealised 1980 
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u 

.... --Flow 

Figure 3.4 : Nozzle configurations 

Figure 3.4 presents a series of cited nozzle designs from industrial applications. A 

common feature of all the designs is the existence of a short constriction where the 

sudden pressure drop occurs, followed by a device to generate strong turbulence 

within the freshly cavitated liquid. The nozzles differ mainly in the degree of 
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intricacy with which this turbulence is created. The Guinness brewery company states 

that such turbulence homogenises the foam on a beer to produce a good foam size 

with a reduced standard deviation in the bubble size distribution. However, the 

patents do not state any figures on the mean sizes produced or on the specific effects 

of turbulence upon this. They also state that the reduction of pressure below 

atmospheric is the cause of bubble formation and not the turbulence. The Guinness 

brewery company conducted a series of experiments to deduce empirical design 

criterion for what they stated as good 'head' and these are summarised below: 

1. Hole size: 0.15-0.08" {3.81-2.03 mm} (1958). 

2. Thickness or depth of constriction:< 0.015" {0.381 mm}. 

3. Distance between baffle and constriction:< internal diameter of tube. 

4. Hole size: 0.025-0.05" {O.635-1.27 mm}, preferably 0.035" {O.889 mm} (1962). 

It is believed that the size of the holes and the position of the baffle control the size of 

the bubble produced. The target bubble size was 0.01" {250 /lm}, somewhat larger 

than the present case. To achieve this size they altered the original design in two 

ways: Firstly, they decreased the orifice diameter and secondly increased the 

turbulence by introducing a concave baffle and impinging jets, maximising the 

disturbance of the fluid. The patents also include the composition of the gas as a 

factor, preferring a mixture of carbon dioxide and nitrogen to that of air, avoiding any 

problems with acetification. They found that varying the partial pressure of each 

component effected the size and endurance of the 'head', a factor rarely discussed. 

Although this work represents a significant first step, no attempt is made to link 

design variables to bubble parameters except by qualitatively keeping nozzle design as 

much an art as it is a science. The Water Research Centre offers similar information in 

their patent for a purpose designed nozzle for dissolved air flotation operations. The 

actual design is very similar to that of the Guinness brewery company except in the 

manner with which the turbulence is created. In this case a chamber type arrangement 

is employed where two circular plates are positioned within a tube to generate a 
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confined space, see figure 3.5. The turbulence is generated as the in and outlet holes 

are geometrically offset, thus forcing the fluid to impinge on the second plate and alter 

direction in order to exit. The dimensions of the chamber are such as to provide 

strong turbulence; no rules are described for this or a definition of strong turbulence, 

however, an example is cited: 

1. Diameter of tube: 1" (25.4 mm). 

2. Diameter of cavitation hole: 1/8" {3.17 mm}. 

3. Diameter of exit hole: 1/4" (6.35 mm). 

4. Length of chamber: 1!4" (6.35 mm). 

These represent significantly larger sizes than those of Guinness and no mention is 

made of a temperature dependant critical orifice size as in one of the Guinness patents 

(Carnaghan 1964). Alternative devices exist; however all are based on the principle 

of a short constriction to evoke cavitation followed by turbulence to homogenise the 

swarm's characteristics. They differ only in the varying complexity of the design, 

especially in the feature intended to creat turbulence .. 

Urban (1980) investigated the design of nozzles and concluded that the intricate 

designs employed could not produce significantly greater turbulence than a more 

simple open device. Apart from that, the dissipation of the excess kinetic energy does 

occur in a small volume and he noted that this may be beneficial to the results. 

Examination of the fluid dynamics indicates that the high velocity core generated by 

the decompression will lose its identity in 5-6 hole diameters. A boundary is 

established between the spreading jet and the slow moving fluid with an apex angle of 

140
• The slow moving fluid circulates as eddies until the expanding jet contacts the 

wall in about 4 pipe diameters. The flow pattern is shown in figure 3.5 and indicates 

that the most appropriate design to investigate nozzle parameters would be a simple 

idealised configuration as no significant advantage appears apparent for the more 

intricate designs. 
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Figure 3.5 Development of the flow patterns within an idealised nozzle (after Urban 

1980). 

3.7 EXPERIMENTAL INVESTIGATIONS INTO NOZZLE DESIGN 

Although the qualitative descriptions of the previous section are beneficial to the 

engineer, the overwhelming aim remains that of quantification so that consistently 

reliable design equations can be developed. This section describes the experimental 

work of the major investigations into nozzle design in a chronological order to 

demonstrate the development of the understanding of bubble production. 

Urban (1980) acknowledged the complexity of the process and attempted to evaluate 

the problem in a more systematic way by setting up a fractional factorial design 

scheme. This approach enabled Urban to examine all the possibilities in the minimum 

number of tests and resulted in a set of regressed design equations being developed. 

In these equations, variables are assigned values of either ±1 to represent certain 

prescribed values of the -actual variables. An example result of this is shown for the 

variables of pressure, orifice diameter and percentage injection. 
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D Orifice diameter, 

D = 0.75 mm Coefficient = -1.5 

D = 1.01 mm Coefficient = -0.5 

D = 1.43 mm Coefficient = 0.5 

D = 2.03 Coefficient = 1.5 

P Saturation pressure 

P = 20 Psig Coefficient = -1.5 

P = 40 Psig Coefficient = -0.5 

P = 60 Psig Coefficient = 0.5 

P = 80 Psig Coefficient = 1.5 

G Percentage injection 

G = 5 % Coefficient = -1 

G = 10 % Coefficient = + 1 

The coefficients are then entered into the regressed equations rather than the actual 

values. To illustrate this the example for the calculation of mean bubble size and 

bubble number concentration is shown. The regressed equations are: 

Mean bubble diameter = 57.7 + 0.5D + 3.7(D2_1.25) - 5.7P + 0.7DP (3.3) 

Bubble number!mm3 = 50.3 + 24.5P + G(29.1+ 11.8P) - 1.9DP (3.4) 

Thus when D = 0.75 mm, P = 80 Psig, G = 5 %. The coefficients to be entered into 

the regressed equations become: D = -l.5, P = 1.5, G = -1 which yields: 

Mean bubble diameter = 50.53 

Bubble number! mm3 = 44.53 
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The above procedure has the advantages that the effect of individual variables can be 

determined from the estimation of the means from a series of tests due to the 

symmetrical nature of the experiments. More importantly, such an approach permits 

effects due to the interaction of combinations of variables to be examined. However, 

limitations exist, the application of any derived equation is constricted in a nodal 

manner such that any variable must relate to a pre-supposed value. The other concern 

relates to the confidence with which the coefficients of the regressed equations can be 

assigned. Increasing the number of variables results in fewer data points contributing 

to each individual coefficient, reducing its reliability. 

The usefulness of such an approach is qualitative, enabling examination of the 

possible trends rather than direct correlations to be established. This more 

conservative approach would seem appropriate as the problem appears to be too 

complex for simple design equations. Urban (1980) discussed the effects of 

individual variables in this way, preferring to describe the observed results in terms of 

the concepts discussed above to try to understand the mechanisms of bubble 

production. The work concentrated on the two most accessible variables: orifice 

diameter and saturation pressure. 

The results for orifice diameter showed a curve with a minimum in mean bubble size 

at an orifice diameter just over 1 mm. Urban discusses this in terms of the factors that 

alter with orifice diameter. Principally this is the perimeter of the orifice which will 

provide more possible nucleation sites. The degree of cavitation occuring also 

increases with diameter and thus increases the excess pressure available enabling a 

greater proportion of available sites to be activated. Counteracting this will be a 

reduction in the residence time within the nozzle as the average velocity of the liquid 

will remain constant (thUS increasing the throughput). A combination of the above 

effects is offered tentatively to describe the processes which result in the minima 

observed. 
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The effects of pressure show a linear relationship between mean bubble size and 

pressure, indicating as believed, the possible advantages of increased pressure. Again 

a series of effects can be discussed tentatively within the suggested model. An 

increase in pressure would release a greater proportion of air per unit of water and 

generate a stronger cavitation force across the nozzle orifice. The result of this will be 

that smaller nucleation sites will be able to be activated. The size of the bubbles at the 

point of detachment will also decrease as the velocity and therefore turbulence of the 

fluid will have increased. This will release bubbles with a smaller size into the free 

flowing liquid within the nozzle at an earlier stage in their growth. The overall result 

will be in that a greater number of bubbles exist. The available air will have to be 

shared out over that greater number, decreasing the size of individual bubbles. 

Urban's investigation then considered the effects of surfactant concentration in both 

the flotation tank and the saturator. In this way surfactant is seen as a second string 

variable due to its independent nature. This is observed in the regressed equations as 

surfactant only enters within the grouped components although such a factor may have 

a marked effect. The observed results did indeed demonstrate some interesting trends 

indicating the significance with which surface chemistry effects the process 

Urban's first observation is that the application of surfactant suppresses the influence 

of the principal variables to almost negligible degree. A shift in magnitude is also 

observed showing a considerable decrease in bubble size. This is most notable with 

the effects of pressure, where increasing the saturation pressure no longer reduces the 

mean bubble size produced. This indicates that the minimum acceptable pressure for 

decompression would be optimal if surfactants were present. Over the pressure range 

investigated of 20-80 psig, the mean bubble size changed from 62-50 llm without 

surfactant to 46-43 llm with surfactant. The role of surfactant iQ achieving these 

results is not discussed 
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The work of Urban (1980) demonstrates the complex nature of the process and 

highlights the importance of the earlier stages of the process which lead to bubble 

dislodgement from the nucleation site. The work, however, did not offer any possible 

design equations that could be applied in general situations. 

The subsequent investigations, as shown below, focus on the role of the cavitation 

plate and the nozzle chamber and try to link these to the bubble distributions 

produced. Takahashi (1979) considered the effects of dissolved pressure, liquid 

flowrate and nozzle configuration. He concluded that the bubbles form rapidly near 

the nozzle and then grow a little. The process is considered in terms of the free energy 

change required to establish a critical radius. However, no attempt is made to explain 

where or how these nuclei exist or to provide proof of his conclusion. This idea is 

based on the concept of de novo nucleation as discussed in section 3.2. It relates to 

the creation of nucleation sites and this has been dismissed as a possible mechanism 

by Urban (1980). 
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Figure 3.6 Details of Takahashi nozzles (after Takahahsi 1979) 
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Nozzle No. Diameter (cm) Thickness (cm) t/d 

1-1 0.02 0.2 10 

1-2 0.04 0.2 5 

1-3 0.04 0.4 10 

1-4 0.02 0.4 20 

2-1 0.025 1.25 50 

2-2 0.025 2.5 100 

2-3 0.025 3.75 150 

2-4 0.025 5.0 200 

Table 3.1 ConfiguratIOn of nozzles (after Takahashi 1979) 

The results regarding pressure and liquid flowrate are as expected. Generated bubble 

concentration increased with increasing pressure and liquid flowrate (from the 

saturator). The actual measurements are low and in certain cases considerably lower 

than the theoretical values. This occurred most pronouncedly with a nozzle designed 

with a large orifice depth, attributing the results to a slow decompression. Figure 3.6 

shows the nozzle configurations examined and table 3.3 shows the range of nozzles 

investigated. 

Each nozzle is described by a single parameter, the thickness to diameter ratio, which 

indicates the combination of the effects of orifice size and sharpness of cavitation in a 

single term although no explanation is offered. The actual diameters employed appear 

low compared to previous work. Urban suggested that small orifice sizes would have 

a detrimental effect on the air release as fewer sites would exist and that an optimum 

of about Imm was observed. Clearly this is in excess of the sizes in Takahashi's 

investigation and may explain the results. The configuration of the nozzles used 

means that the diameter of the cavitation plate and the nozzle chamber are always the 

same. This means that the nozzle chamber acts as an elongated cavitation plate, 

altering the hydrodynamics and not allowing for sufficient dissipation of the kinetic 
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energy of the injected flow. The result of this is ineffective cavitation and is the more 

likely reason for the poor results observed. 

The results are generally erratic although a trend of decreased output with increased 

nozzle length was shown. Takahashi (1979) also studied these effects in relation to 

the system parameters and showed that increasing the nozzle length increased the 

average diameter although this effect decreased with pressure and liquid throughput. 

No explanation is offered but the effect may be due to increased coalescence. His 

work concluded in a series of dimensional correlations connecting bubble number 

with concentration of air (pressure), degree of disturbance of the liquid (liquid 

throughput) and nozzle configuration: 

Nb = 0.45XI04(~)Y>( p. ~Po r QY> 

5~t/d~20 

Nb =4.5X104(~rY>( p. ~Po J Q 

50~t/d~200 

where: 

Nb = Number of bubbles (cm·3) 

t = Nozzle length (cm) 

d = Nozzle diameter (cm) 

PA = Dissolved pressure (dynecm2
) 

Po = Atmospheric pressure (dynecm·2) 

Q = Volumetric flow rate of liquid (cm3s·') 

(3.5) 

(3.6) 

Only limited support for these equations is provided and is restricted as no mention is 

given of the other pertinent variables such as nozzle materials and solution. 
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characteristics. Takahashi (1979) suggests a trend with nozzle geometry offering a cut 

off point of a t/d>50 to represent long nozzles where the sudden decrease in pressure 

no longer occurs. 

Repanas (1992) investigated bubble production and discussed the type of saturation 

system used. The model suggested was similar to Takahashi' s in that the change in 

free energy was considered without discussing the exact position at which the bubble 

first begins to grow. The idea suggests molecular fluctuations; however Urban 

(1980) showed this to be on too small a scale to be relevant here. The investigation 

examined pressure and liquid flowrate as factors. The major effect was seen with 

pressure and was described as the result of the nuclei's size being reduced. The effect 

of liquid flowrate was less influential on the bubble size, especially at the higher 

pressures as expected. In both cases increasing the variable decreased the bubble size 

and this is consistent with the work of Urban (1980) and Takashai (1979). The work 

was further developed by presenting an empirical formula to predict the bubble 

number with pressure: 

(3.7) 

where: 

Nb = Number of bubbles per cm3 

P = Pressure (psi). 

The work concluded with an examination of the uniformity of the bubble size 

distribution in terms of a uniformity index, which represented the standard deviation 

of the bubble distribution divided by its mean size. The smaller the index, the 

narrower the distribution is, and hence the desired result of any tests. This index was 

plotted against pressure and liquid flowrate and showed a decrease as both were 

increased, indicating advantages at higher operating conditions. The range of 

pressures investigated 10-60 psi (0.68-4.14 bar) should be noted as these were much 

lower pressures than before. The upper limit representing the approximate 
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conventional lower pressure threshold for operation. Below this it would be expected 

that incomplete release would result and the spread would be large, as seen. Again the 

simplification of the concept seems a little excessive and is presumably why 

calculated results differed from the actual measurements. 

De Rijk (1994) also considered nozzle properties. He described the bubble formation 

process as being probably due to the cavitation formed from the sudden pressure drop 

through the nozzle in combination with the turbulence behind it, thus delivering the 

negative pressures required but only to weak spots such as pollutants and irregularities 

in the wall. The bubbles are then suggested to grow due to uptake of air from residual 

supersaturation or by coalescence. The work then notes the need for a good nozzle 

construction to avoid inefficient release of air and excessive coalescence. He 

suggested that a minimum bubble diameter exists of about 40·50 /lm for the normal 

system arrangements. 

The experiments conducted were of a similar nature to those of Takahashi (1979) 

showing a similar trend with pressure and liquid flowrate although the effects of 

liquid flowrate become small at higher pressures (6 bar). The effects of having a tube 

after the valve were also examined; this is equivalent to the nozzle tube after the 

orifice plate. However, the work was based on a pilot plant scale test and the tubes 

were very long compared to the length of standard nozzle chambers. The overall 

effect was detrimental with larger exit tubes producing a flatter distribution, 

representing a shift to larger bubble sizes. He concluded that using a tube removed 

the usual connection between pressure, liquid flowrate and bubble concentration. 

Different valve types were tested and showed no significant difference indicating that 

orifice shape does not appear to be a pertinent variable. Although the exit pipe 

showed noticeable effects no trend was discovered and when tests were compared 

identically with a full-scale unit the laboratory rig produced larger bubbles. The full 

scale unit produced bubbles around the natural limit and thus Rijk concluded that no 

further improvements were possible. This can be seen as a problem of scale and 
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further supports the idea that empirical equations are of only limited application when 

based on laboratory experiments. He also reported an error with the experimental 

setup. As the photographic sampling tube had a small size certain larger bubbles were 

less likely to enter, influencing the results. 

Rykaart (1995)· attributed the poor correlation of design equations to a poor 

understanding of the fundamentals of the mechanisms of bubble production. He 

considered the bubble production process to involve two stages. The first was the 

bubbles growth on fixed nucleation sites and the second, their coalescence. He 

examined the effects of diverging cones and impingement plates as ways to improve 

the bubble size distributions produced, especially in terms of the fraction of macro 

bubbles that are detrimental to the process. 

He showed that tapering outlets produce significant decreases in the mean bubble size 

produced but that impingement plates offer no real advantage. He discussed his 

finding in terms of his model and was able to adequately describe the results. He 

concluded that a rational nozzle design is still required and that this can only be 

developed through a fundamental examination of the bubble production process. 

3.8 TYPES OF SATURATORS 

The amount of available air to generate bubbles is controlled by the saturation systems 

which determines the level of air saturation in the water. In designing a saturation 

system the aim is to achieve efficient dissolution of air into water at an elevated 

pressure. Complete saturation is desired so that the total bubble volume upon release 

is at a maximum. Numerous configurations are possible although three main groups 

are classified, see figure 3.7 

Vrablik (1959) describes the application of pump suction air injection systems as a 

common method of air dissolution. In this technique air is injected into the suction 

side of a centrifugal pump where the air and water is intimately mixed by the shearing 
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action of the impeller, creating a large contact area for the mass transfer operation. 

The major disadvantage of such systems is that air binding limits the possible volume 

percentage of air to be injected. Bratby (1975) has quantified this and has shown a 

range of 2-11 % by volume is possible depending upon the pressure of the system (1-

1.7 bar. 
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Packed bed saturntor 
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J , 

== Air sparger 

T """B 
Water in 

Supersaturated water out 
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J 
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Supersaturated water out· 
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Figure 3.7 Various configurations of saturation systems. 

The overall effect is that only a fraction of the maximum possible dissolution is 

achieved even with the aid of retention tanks This is shown in the work of Bratby 
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(1975) who managed only 23 % saturation with his system. The early work of 

Vrablik (1959) was far more favourable claiming upto 80 % although no details are 

presented concerning his experimental rig. The inefficiencies of such systems have 

made their application extremely limited in practical situations. 

The simplest of these is the sparged air system where either gas is bubbled through a 

reservoir of water (Bratby, 1975) or water is sprayed over a compressed air 

space(WRC, 1980). The efficiencies of such systems have been studied and it was 

found that two factors were of principal importance, namely, the air flow rate and the 

retention time in the saturator vessel. Bratby (1975) showed that the following factors 

have negligible effect: 

(1) Shape and roughness of the valve. 

(2) Degree of turbulence downstream of the valve. 

(3) Dilution of the saturator feed downstream of the valve. 

(4) Concentration of particulate matter. 

Although the findings allow considerable freedom in the design of systems, the tests 

were performed at 826 kPa and at this pressure possible effects of other variables are 

likely to be diminished. The above factors may prove to be more influential when the 

saturator pressure is lower, perhaps near its minimum permissible value, which would 

be likely in practice although no investigation seems available. The effects of both air 

flow rate and saturator retention time were examined in more depth and it was found 

that a limiting condition existed. To obtain eqUilibrium conditions a retention time of 

40 minutes was required with all air flow rates. However, under 70 IImin the 

equilibrium value was not its saturation level. Increasing the air flowrate above this 

level did not decrease retention time criteria, probably due to a limiting gas transfer 

rate in the conditions employed. Unfortunately this investigation was conducted at the 

high pressure of the previous work and the effect of lowering the pressure is not 

reported. Such action would decrease the driving force by which the process operates 

and so an increase in retention time is likely. 
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The effects of bubble size and tank geometry must also be important as they will 

effect the mass transfer operation but these were not considered. The WRC (1980) in 

their alternative layout altered the height of the distribution pipe and employed 

nozzles to observe how efficiency was affected. They found that a maximum of 60% 

saturation was possible when the distribution plate was a metre away from the 

saturated reservoir. This was found to be increased to 100% by employing nozzles to 

increase the transfer area. This change however produced a problem in that a pressure 

drop of 400 kPa was required across the nozzle making their application economically 

undesirable. In practice Bratby's system is generally the preferred one of the two as 

control of the air bubble size is seen to be easier than that of water droplet size. 

However, the process is still seen to be inefficient and costly on compressed air. The 

application of such systems is towards applications where inexpensive and 

uncomplicated saturators are required. This represents batch experimental work 

where packed bed saturators become too expensive. In such cases the scale of 

equipment is much smaller and so optimum transfer can be more easily achieved and 

operating times are not so crucial. 

In industrial situations where large continuous saturation systems are required the 

third option becomes favourable. Packed bed saturators overcome the difficulties 

encountered by sparged air systems because the packing material provides a large 

transfer area in a small volume. In such systems it is conventional not to pass the air 

counter-currently but to merely introduce the air at the top of the column. This acts to 

maintain the pressure in the saturator and to replace any air that is dissolved and has 

the benefit of increasing the maximum possible water throughput of the unit. The 

important variable is the surface loading rate not the retention time and this is closely 

linked to the packing material adopted. A large packing size is preferred for 

throughput and a small size for contact area and so a compromise is required. 

Experimentation by Rees (1980) has shown greatest efficiency is achieved with either 

25 mm Raschig or Pall rings. The need to avoid short circuiting is of great importance 

and is generally achieved by employing a good nozzle to provide a fine droplet spray. 
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Directed flow into the centre of the packing can also be effective as the flow pattern of 

the liquid tends naturally towards the walls. Bratby (1975) also presents a criterion to 

reduce such effects by suggesting that the nominal packing size: column diameter 

should be less than 1 :8. 

The effects of packing depth and surface loading rate are in some question as Bratby 

(1975) and the WRC (1980) offer differing opinions. Concerning surface loading 

rate, Bratby states that full saturation occurs above pressures of 250 kPa (36 psi) 

throughout the range of surface loading rates (1000-2500 m3/m2/d). Below 1000 

m3/m2/d saturation is not quite complete although only a slight drop is noticed. It is 

also stated that a maximum of 2500 m3/m2/d exists as above this ponding would 

occur. The W.R.C. differ on this point as they suggest 5000 m3/m2/d is the limiting 

rate. Considering the packing is of a similar type in both investigations this would 

seem strange. However, the acceptable surface loading range is similar from both 

sources and seems a useful start. The disagreement is more substantial on the height 

of packing required. Bratby (1975) suggests a minimum of 0.3 metres whereas the 

WRC (1980) suggest 0.8 metres. No explanations are provided although both produce 

evidence. In this the WRC do not make clear the conditions under which the 

experiments are undertaken and so comparison is difficult. The overall conclusions to 

be taken from the work are that saturator design and study is sufficiently advanced to 

enable effective design to occur. The work seems to suggest the following criteria 

should be embraced when designing a saturation system so that complete saturation 

can be assumed considerably likely: 

1. A packed bed saturator is employed. 

2. The saturation pressure exceeds 3 atm. 

3. The packing bed depth exceeds 0.3m and is preferably greater than O.5m. 

4. The nominal packing size: column diameter does not exceed 1 :8. 

5. The surface loading rate is within the range 300-2500 m3/m2/d. 

6. A good distribution system is employed such as a ring distributor or a series of 

nozzles depending on the saturator dimensions. 



Page 3.26 Literature review: Bubble production 

With the current position in saturator design, no further work appears to be required 

particularly although the need to reduce capital and operating costs will always exist. 

This also means that any decreased response in terms of mass of air precipitated can 

be assumed to be due to problems post saturator. Therefore the pipework between the 

saturator and the -nozzle should be designed carefully to avoid the creation of sites 

where precipitation of air might occur. 

3.9 CONCLUSIONS 

The literature reviewed within this chapter has led to the following conclusions. The 

bubble production process operates by the cavitation of a supersaturated water flow. 

The bubbles form at pre existing fixed nucleation sites in the surface roughness of the 

top edge of the orifice in the cavitation plate. These bubbles grow until the buoyancy 

force and fluid drag are sufficient to dislodge them from their nucleation sites. The 

point of dislodgement is controlled by the geometry of the sites and this remains an 

unknown to the process. It limits any model used to predict the performance of 

injection nozzles as the size of the bubble upon dislodgement into the flow can not be 

determined. 

The experimental investigations have focused on examining the effects of pressure 

and flowrate on the bubble distributions produced. Some advancements have been 

made by including nozzle configuration into the equations. All the models have failed 

to predict adequately the performance of injection nozzles, which is attributed to a 

poor understanding of the fundamental mechanisms that occur within the process. In 

particular the oversimplification of ignoring the initial dislodgement stage seems 

critical as this will control the bubble size distribution produced. 

This highlights the need for a conceptual model that can be used to understand the 

process such that design criteria can be developed on a fundamental basis. This 
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objective is clearly indicated as the main requirement in the investigation of bubble 

production at present. 

The design of saturators has been reviewed and shows that the present design 

approach is adequate with a clear set of design rules having already been established. 

The state of knowledge is considerably more advanced than for nozzle design which 

represents the area that needs to be researched the most. 



CHAPTER FOUR 
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CHAPTER FOUR 

EXPERIMENTAL METHOD: FLOTATION TESTS 

4.1 INTRODUCTION 

This chapter describes and discusses the methods employed to measure the process 

response of a batch flotation column, treating clay suspensions conditioned with 

surfactants and coagulants. Below is a brief review of the pertinent literature together 

with a description of the equipment and methodology used. 

4.2 LITERATURE REVIEW 

Experimental investigations of the fundamental mechanisms can be split into two 

sections representing the collection and attachment stages of the process. Collection 

experiments focus on the hydrodynamics in an attempt to predict the kinetic behaviour 

of the process. These involve tracking streamlines by photographic techniques (CoIlins 

and Jameson 1976, Flint and Howarth 1971, Okada 1990) or counting the number of 

particles collected on individual bubbles (Anfruns 1976, Kitchener 1981). 

Investigations into attachment mechanisms involves batch flotation tests, relating bulk 

properties such as the overall removal efficiency or the outlet turbidity to the surface 

variables such as zeta potential, surface tension and critical rupture thickness (Roberts 

1980, Malley 1988, Y ordan 1989). A limiting factor in the past has been the 

unavailability of the required analytical equipment or established techniques necessary 

to achieve these measurements. Emphasis is now being placed on these tests to improve 

the understanding of the process (Edzwald, 1995). A number of important issues 

relating to these tests will now be discussed. 

The physical limitations imposed by batch testing greatly influence the credence of the 

results and these have been examined by Stevenson (1986, 1994) and Bratby (1983). 

The major concern relates to wall effects, offering a path of lesser resistance for the flow 

(VesiIend 1965). The majority of studies into size effects has been conducted in sludge 
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thickening applications (Wood and Dick 1973, Gehr 1978, Leininger 1979) where scale 

was seen to be most important for dilute systems. This effect is counteracted by the 

need for tall vessels to maximum bubble contacting (Stevenson 1986) while minimising 

the flow rate into the column (Bratby and Marais 1977) which both require smaller 

diameter columns. Thus a comprise is required and has led to optimum sizes of around 

80mm being used (Malley 1989). 

The majority of investigations reported used a simple injection pipe to input the 

supersaturated water into the flotation columns. Zabel (1975) reports that proper 

nozzles should be used as injection tubes produce very different bubble size 

distributions. Typically, these are broader spreads thus incorporating greater numbers of 

larger bubbles that are known to be detrimental to the process (Edzwald 1995). 

4.3 EXPERIMENTAL PROCEDURES 

4.3.1 Aims and Objectives 

The specific aims and objectives of the experimentation were as follows: 

1. The characterisation of the zeta potential of the clay particles and air bubbles 

conditioned with a range of surfactants and coagulants 

2. To investigate the relationship between zeta potential and particle removal 

efficiency for the clay systems characterised in (1). 

The principal aim of the work was to investigate the mechanisms of removal within the 

dissolved air flotation process. This focused on the role of the attachment mechanism 

and involved a comparison of the zeta potential of the particles and bubbles to the 

removal efficiency obtained. Clay particles were used as the pollutant to be removed 

and their zeta potential was characterised over a wide range of conditions, prior to the 

flotation experiments. 
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The experimental procedure involved the preparation of a sample to a desired 

concentration of clay and conditioning chemicals, which was then poured into the 

flotation column. The sample was then injected with a known volume of supersaturated 

water, which produced a bubble cloud. The sample was left while the bubble cloud rose 

up through it and removed the particles. Samples were analysed before and after 

flotation to determine the removal efficiency. 

4.3.2 Materials used 

4.3.2.1 Clays 

The clay minerals used for the investigation were kaolin and montrnorillite in the form 

of Wyoming bentonite. The clay mineralogy of the samples was analysed by the Natural 

History Museum and the results can be seen in appendix I and these are discussed in 

detail in section 6.2.1. 

Clays were used in this investigation because they represent a simple simulant of natural 

waters; examples of their use in this way can be found in the literature (Roberts 1980, 

Malley 1988). Both types of clay were used to offer a range of surface properties; 

kaolin particles are relatively large and have a relatively Iow charge compared to the 

smaller, more highly charged bentonite particles. The clays were kept in sealed plastic 

containers to prevent moisture or chemical contamination which could alter their surface 

properties. 

4.3.2.2 Surfactants 

Since the clays carry an overall negative charge, the surfactants need to be cationic. 

AkIyl-trimethylanunonium bromides were selected with three different chain lengths, 

dodecyl, tetradecyl and hexadecyl. Powder forms of the surfactants were obtained from 

Sigma-AIdrich Company Ltd, Dorset, England. 



Page4.4 Experimental method: Flotation tests 

4.3.2.3 Coagulants 

The coagulants used were Alum (Aluminium sulphate) and Ferric chloride as these 

represent the two most common surfactants employed in practical situations. The 

chemistry of these chemicals is complicated as they undergo a hydrolysis reaction in 

water to form a variety of hydrolysis products; section 6.S discusses this in detail. The 

chemicals were analytical grade and were obtained from Sigma-Aldrich Company Ltd, 

Dorset, England. 

. 4.3.3 Sample preparation 

Clay suspensions were prepared by dispersing 200 mg of dry powder into 300ml of 

distilled water. The suspensions were dispersed using an ultrasonic probe, which was 

set to an output rating of 80 watts. The samples were initially hand stirred to break 

down any lumps that formed. Bulk solutions of dissolved surfactant and coagulant were 

made up with distilled water to a level 10 times that of the highest concentration used in 

the experiments. The final samples were made by mixing the relevant bulk solutions in 

the required ratios to ensure the clay concentration was always 100 mgr i
. 

4.3.4 Sample analysis 

The investigation focused on zeta potential measurements, examining the effects of 

surfactant and coagulant variations in terms of dose and in conjunction with pH. The 

procedure involved injecting a 20 ml sample into the Zetamaster ® by syringe and then 

initiating the computer controlled measurement routine. The samples were prepared as 

described above except in the case of the post process zeta potential measurements. In 

these circumstances a sample was withdrawn from the flotation column after the batch 

experiments was completed. The temperature of each sample was measured prior to 

injecting the sample. 
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The pH experiments were conducted using an automatic pH titrator connected to the 

Zetamaster ®. In these cases the clay suspension was poured into the titrator's sample 

compartment and the measurement initiated. This procedure allowed the zeta potential 

to be measured as a function of either alkaline or acid addition, which meant that to 

produce a complete series of pH measurements two cycles of the routine were required. 

Once the measurement was initiated the machine controlled the procedure, injecting a 

volume of the pH adjusted sample into the electrophoresis cell. 

A water bath was connected to the Zetamaster ® to investigate the effects of 

temperature. The bath comprised of an heating and cooling element, producing a 

temperature range of sce to 60cC. The samples were injected manually once the 

temperature had stabilised to the desired value. In conjunction to the zeta potential 

measurements the size distribution was measured as a function of temperature, by 

connecting the water bath to the Lasentec ®. 

The performance of the flotation and sedimentation experiments was analysed in terms 

of turbidity, size distribution and surface tension. The measurements were made before 

and after each experiment was conducted, except that the surface tension which was 

only measured afterwards. 

4.3.5 Flotation rig 

The flotation tests were conducted with a extended batch column consistent with the 

semi continuous rig of Bratby and Marais (1977). The flotation rig is illustrated in 

figure 4.1 and plate 4.1, consisting of a flotation column connected to an air saturator 

through a timer controlled ball valve. 

The flotation column was a 80mm diameter, 700mm tall cast acrylic tube, with two 

sampling taps connected 250mm and 450mm up the column. The sampling points were 

glued acrylic blocks drilled for a screw thread, into which 7mm internal diameter ball 

valves were inserted. The column was connected to the rig by placing it on a base plate 
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which protruded 5mm up the column; the join was made leak proof with an o-ring seal 

fixed into the base plate. 

A 100 mm internal diameter stainless steel sparged air saturator was used to feed the 

flotation column with bubbles. The sparger was constructed out of stainless steel with a 

sintered metal top plate to allow air flow. The sparger was centrally fed with 

compressed air through a regulator value to maintain the pressure throughout at 4 bar. 

The sparger was operated on a 2 litre batch basis, with each batch being left to 

equilibrate for 40 minutes, which is in excess of the Water Research Centre's guidelines 

for effective saturator design (Rees, 1980). 

All the pipework was constructed in stainless steel to avoid any possible problems with 

contamination. The line from the saturator to the column was set at a slight angle to 

improve drainage, avoiding any water slugs remaining in the line. The saturator pipeline 

connected to the flotation column through a nozzle in the centre of the base plate. 

4.3.6 F1occulation Bench 

A flocculation bench based on the design of the WRC (Hyde 1977) was employed for 

the flocculation of the dispersed clay particles, see plate 4.2. The bench consisted of six 

tall one litre beakers simultaneously stirred by small bladed rotors, connected to a 

communal drive shaft. The rotational speed of the stirrers was controlled by a variable 

potentiometer power source. 

The experimental procedure followed the standard jar test methods described by Ives 

(1978). The samples were coagulated in a two stage sequence of rapid mix (200 rpm, 1 

min) followed by the coagulation stage (40 rpm, 20 mins). The sequence was initiated 

just after the coagulant solution was added and was automatically controlled. Once the 

sequence was completed the sample were either left to settle for 20 minutes and then 

analysed, or transferred to the flotation column. 
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4.3.7 Analytical equipment 

4.3.7.1 Zeta Potential 

The zeta potential of the particles was measured using a Malvern Zetamaster ®, 

Malvern Instruments Ltd, England. The measurements were based on the laser doppler 

electrophoresis technique as described in Hunter (1981). The technique operates by 

measuring the interference fringes of two laser beams at the point where the beams 

cross. Any particles that enter the crossed beams will cause the interference fringes to 

shift and this can be related back to the particle's velocity and hence to the 

electrophoretic mobility. 

This technique offers several advantages over the traditional microscope methods. It 

averages it measurement over thousand of readings, generating an intensity distribution, 

greatly reducing statistical errors. Very Iow or zero zeta potentials can also be measured 

accurately by virtue of an optical modulator which causes a doppler shift in one of the 

beams. This means even very Iow charged particles will cause a shift change and so can 

be measured. 

4.3.7.2 Turbidity 

The turbidity of the samples was measured on a Hach model 16800, (CarnIab, 

Cambridge). The technique measures the light scattered at right angles to an incident 

light beam that is passed up through the sample. The measurements are calibrated 

against a universal formazine standard set in Nephelometric Turbidity Units (NTU). 

The standards are made by diluting a stable 4000 NTU bulk with distilled water. The 

lens of the light source required cleaning occasionally to remove any built up dirt. 

Removal efficiency was determined as the change in turbidity of the sample due to 

flotation divided by the influent turbidity. 
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4.3.7.3 Surface tension 

The surface tensions were measured by the DuNouy method where a known diameter 

platinum ring is puIled through the liquid until it breaks the liquid film. The force 

required at this point is measured. The ring was cleaned in alcohol and passed through a 

flame before each test to prevent contamination. To remove any particles from the 

samples, they were filtered through a cellulose nitrate Whatman filter rated at O.8J.lIIl, 

prior to measurement. 

4.3.7.4 Particle size analysis 

The size distributions were measured by scanning laser microscopy, with the Lasentec 

®, (Lasentec Inc. Redmond USA), see plate 4.5. The technique measures the back 

scattered light pulse produced when a particles passes through the beam. The particle 

size is related directly to the length of the back scattered pulse and is independent of its 

intensity. A filter blocks out any pulses with a long rise time thus ensuring that only 

particles within the focal volume are measured. 

Scanning laser microscopy has several advantages for the present situation. The analysis 

is independent of concentration and can be made insitu, avoiding any requirements for 

special preparation to be required. The Lasentec ® is ideally suited to the measurement 

of the floc encountered within this investigation as it does not break or damage the floes 

as a result of the analysis. 

The initial settings of the machine had to be altered to optimise the measurements for 

the dilute systems investigated. The most important feature was the update time which 

needed to be set to its maximum of 3s to generate a sufficient count. The measurement 

of flocs was initially complicated as the Lasentec ® was able to measure both the floes 

and the individual particles within the floc. To correct for this the focus point of the 

laser beam was set in front of the observation window, desensitising the measurement. 
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It was important to clean the observation window between readings and this was 

checked each time and continued until the count was below 300. 

4.3.7.5 Bubble Zeta Potential 

The zeta potential of air bubbles was measured using the adapted electrophoresis 

technique described by Collins (1977), which uses a modified rectangular cell with 

platinum electrodes inserted into the top and bottom of the cell, enabling the production 

of small gas bubbles by electrolysis, see figure 4.2 and plate 4.4. The technique 

measures the zeta potential in a single bubble system rather than the swarms 

encountered in the process. This has been shown by Jameson (1978) to be the 

preferential method as techniques that measure the zeta potential of bubbles within a 

swarm are affected by the interactions of the bubbles upon one another. 

The charge on the bubbles is detennined by measuring the horizontal displacement 

caused by applying an electric field across the cell as the bubble rises, in a set time 

interval. This is then converted into zeta potentials according to the Smoluchowski 

equation. A more detailed description of the process and the method of calculation can 

be found in Jameson (1978). 

The bubble's motion was recorded with a video camera and played back frame by frame 

to measure the bubble's position. A horizontal diameter was taken and the co-ordinates 

of the two end points and the centre were recorded. The velocity was calculated by 

measuring the displacement within a set time interval; this varied between 4-6 seconds 

depending on the degree of displacement measured. The time interval was limited to a 

40th of a second which represents a single frame of the video. 

A major concern with these measurements is whether the bubbles have reached 

equilibrium with the surrounding liquid. Collins (1977) analysed this situation for the 

case of a 30 Ilm bubble in a solution of CT AB in distilled water and calculated that a 
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time of 0.137 seconds was required for equilibrium. This represents only a few bubble 

diameters of movement once the bubbles have been formed. 

4.4 EXPERIMENTAL ERRORS 

The main sources of error in the experimental program has already been discussed in 

sections 4.2. An additional problem is associated with the natural variations in the clay 

properties. The reproducibility was tested in terms of zeta potential and removal 

efficiency and these were found to have error bands of ±Srn V and ±S% respectively. 

The size distributions measured using the Lasentec® all had a common problem, the 

size distribution showed a slight oversize. This was because the system analysed was 

dilute, allowing particles beyond the principal focus point to reflect light back to the 

probe. As the size is related to the time of the back pulse these particles will be 

oversized. These problems are overcome as all the size distributions measured were 

used for comparison and so only relative changes in the distribution were important 

rather than the actual size distributions measured. 

A similar situation exists with the turbidity measurements; the light source in the meter 

got progressively dirty, reducing the turbidity reading. The problem was overcome by 

regular cleaning of the lens, which occurred once the turbidity had dropped by 5 NTU. 

The effect of the reduce turbidity readings is negligible as the efficiency of the process 

was measured in terms of the comparative change between before and after flotation; 

cancelling out any errors that occurred. 
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Figure 4.2 : Modified zeta cell for bubble zeta measurements 
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Key Description 
1 Saturator 
2 Flotation column 
3 Sampling tap 
4 Header tank 
5 Pressure regulator 
6 Nozzle 

Plate 4.1: Flotation equipment 

Key Description 

1 Flocculator controls 
2 Beaker 
3 11ixer 

Plate 4.2: Flocculation Bench 
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Plate 4.3: Laser doppler electrophoresis equipment (Malvern Zetamaster ®) 

Key Description 
1 Water bath 
2 Injection point 
3 Autotitrator 
4 Electrophoresis cell 

Plate 4.4: Bubble electrophoresis measurement equipment (Rank Brothers) 
Key Description 

I Voltage supply 
2 Video recorder 
3 Light source 
4 Electrophoresis cell 
5 Camera 
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Key Description 
1 Mixer 
2 Probe 

Plate 4.5: Scanning laser microscopy equipment (Lasentec®) 
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CHAPTER FIVE 

BUBBLE SIZE MEASUREMENTS: EXPERIMENTAL METHOD 

5.1 INTRODUCTION 

This chapter describes and discusses the methods used to measure the bubble size 

distribution produced when a solution of supersaturated water is released through a 

nozzle device. The literature on the subject is discussed briefly and the equipment and 

methodology used in this work are then described. 

5.2 LITERATURE REVIEW 

5.2.1 Introduction 

The measurement of bubble size distributions has remained basically unchanged from 

the original methods employed. The work of Urban (1980) and Rykaart (1995) 

represent good examples and illustrate the simplicity of the technique. Firstly. images 

of the bubbles are recorded. usually by taking a series of photographs. The size of 

individual bubbles is then measured with reference to a known scale (graticule). 

Development of the technique has focused on improvements made in photographic 

equipment and the use of image analysis techniques to facilitate rapid collection and 

more reproducible data analysis. The major areas of variation between the techniques 

currently used are in the level of magnification and the method of analysis (Urban 

1980. Casselll974. Repanas 1992. De Rijk 1994. Takahashi 1979. Zhu 1993. etc.) 

5.2.1 Recording the bubble images 

The nature of the dissolved air flotation process means that the bubbles form in a free 

flowing highly concentrated swarm and that the bubble' s surface is not stabilised as 

found in other processes (Jameson. 1978). The result of this is that the flotation 
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column turns opaque, preventing direct photography into the column as lighting 

becomes a problem. This is solved by creating an observation cell where the 

concentration of bubbles is greatly reduced. This can achieved in one of two ways. 

The first is with a side stream that is taken off the main column so that only a small 

percentage of the total flow passes through it (de Rijk 1994, Zhu 1993, Iefferson 

1995). Alternatively, a transparent block is placed in the column near the front wall to 

produce a thinned water layer (Urban 1980, Repanas 1992, Rykaart 1995). Both 

methods have similar disadvantages as they must alter the flow path to achieve their 

goal. This will increase the chance of coalescence and offers a path of greater 

resistance than the bulk flow. This results in a partial selection of smaller bubbles as 

they are less able to deviate from the flow sreamIines and will have a greater chance 

of being carried along the fluid path (Urban, 1980) 

5.2.3 Magnification 

The problems of lighting are very closely linked to the degree of magnification used. 

The greater the magnification, the greater the light intensity required. A short 

exposure time is needed to freeze the bubbles which are in motion and this 

necessitates a further increase in light intensity. The degree of magnification used is a 

comprise between accuracy and ease. A high degree of magnification produces a 

more accurate measure of the bubble's size but reduces the number of bubbles that are 

recorded per photograph. 

The degree of magnification controls the depth of field of the image. This can be 

thought of in terms of a three dimensional volume, any object within this volume will 

appear in focus on the photograph. The depth of field represents the depth of the 

volume element. The greater the magnification, the smaller the depth of field will be 

and hence the volume element that makes up the photograph. A problem occurs when 

the depth of field is greater than one bubble diameter as the position of each bubble 

will affect the size of its image. Bubbles will appear in focus even if they are some 

distance from the central focusing point. This will lead to errors as the effects of 
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perspective are not taken into account. As the graticule is a two dimensional scale any 

bubbles that are in focus and not in the same spacial position as the graticule will be 

over or under sized depending if they are in front or behind the position of the 

graticule respectively. When possible it is preferable for the depth of field to be one 

bubble diameter deep such that any bubbles in focus will automatically be in the 

correct plane and thus sized at the right scale. 

5.2.4 Measurement of bubble size 

The second stage is to analyse the photographs such that sufficient bubbles are 

measured to represent a characteristic bubble size distribution. The British Standard 

on microscope counting suggests 625 individual readings are necessary (BS 

3406,1963). However, this has not been common practice due to the time taken to 

undertake such an approach, (Repanas 1992, Takahashi 1979) leading to questions of 

reliability on the results. 

Both focused and unfocused images of bubbles will appear on each photograph. This 

means that a selection protocol is required to ensure only focused bubbles are 

measured. Manual selection approaches are the most common and many examples 

exist within the literature (CasselI 1974, De Rijk 1994). The advent of computers has 

now allowed the introduction of involved computational methods for automatic 

selection. These are gaining greater application as they represent a more reliable and 

sensitive technique (Rykaart 1995, Zhu 1993). 

The actual measurements are made by comparing an individual bubble's image to an 

image of a known size or scale. This represents either using a wire of known diameter 

(Rykaart 1995, Repanas 1992) or a microscope graticule (Cassell 1974, Iefferson 

1996). In all these problems the magnification of the photograph is critical. This 

determines the accuracy with which the measurements can be made. The method of 

the actual measurement is determined by whether a computer is used or not. When 

the measurements are made manually they are conducted in accordance with BS 3625 
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(1963). This means that the bubbles are classified by a set of known diameter circles 

and the number that fall into each band counted. If an automatic method is employed, 

each bubble is sized individually in terms of its pixel dimensions (Area, Feret's 

diameter) and so is not limited to the size of the band widths of the manual approach. 

5.2.5 Discussion 

The fundamental approach required to make bubble size distribution measurements 

are clearly defined in the literature (Rykaart 1996). The merits of the different options 

is based upon sensitivity and complexity, which are inversely linked. The relative 

changes in the bubble size distributions that are expected to be observed require an 

accurate approach to be used. This dictates that the magnification of the photographs 

should be relatively high and the analysis be carried out using an image processing 

package. 

The use of a high level of magnification can solve an important problem usually 

associated with these measurements. When the level of magnification is low the 

depth of field of the photograph is large and the effects of perspective become 

important. The size of a bubble then becomes dependent on its relative spatial 

position when compared to the graticule. Higher levels of magnification resolve this 

by reducing the depth of field to one bubble diameter; thus any bubbles that are in 

focus will be measured at the correct scale. The problem then becomes one of 

selection of focused rather than unfocused bubbles with the contrast between focused 

and unfocused decreasing with magnification. To solve this requires clear definition 

of the rules that will need to be applied to establish whether a bubble is in focus or 

not. 
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5.3 EXPERIMENTAL PROCEDURES 

5.3.1 Aims and Objectives 

The specific aims and objectives of the experimentation were as follows 

1. To investigate the relationship between the design and operating characteristics of 

the system and the bubble size distribution of a free moving bubble cloud. 

2. To develop an automatic image processing system for the analysis of bubble 

photographs 

The principal aim of the work was to investigate the effects of various parameters on 

the bubble size distribution produced in a flotation column. The simplest method of 

changing the bubble size distribution available to the designer is to alter the nozzle's 

physical configuration. To reflect this, the experimental program concentrated on 

mechanical variations to the nozzle's configuration. This was made possible by the 

use of a modular nozzle design so that a range of nozzle configurations could be 

attached to a basic nozzle housing (see figure 5.1). In particular, the effect of 

diverging nozzle cones and impingement plates were investigated as the literature 

suggests these will produce the maximum reduction in the mean bubble size and 

number of large bubbles that are formed (Rykaart 1995). 

Chemical conditioning of the system is an uncontrolled variable in practical situations 

and results from the raw water quality and the chemical conditioning required to 

optimize the coagulation stage of the process. However, evidence suggests that 

chemical conditioners may have significant influence on the bubble size distributions 

produced (Prince 1990a and 1990b). The investigation examined the effects of 

surfactants; the concentration range was set to coincide with the flotation experiments 

conducted in Chapter 4. 
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To complement the photographic measurements a series of experiments were 

conducted in which video footage was recorded of the early stages of bubble 

formation in the column. The series of experiments covered the same range of tests as 

the still photographic measurements but concentrated more on the mechanical changes 

. as these were more likely to be noticeable on video. The video footage enabled 

measurement of the spray angle of the injected supersaturated jet from the nozzle and 

this was incorporated in the design of the diverging cone experiments. this is 

discussed in a later chapter. 

As highlighted in the literature review a sensitive measurement technique was 

required as some of the anticipated changes in the size distributions were relatively 

small. This dictated that a high level of magnification be used. Subsequent decisions 

on the experimental setup were based on optimizing the high level magnification 

approach. Principally. this represented using a side arm to reduce the fluid width 

through which the photographs were taken as this enabled less complicated designs of 

the lens and lighting systems to be used. 

Previously. a major difficulty with bubble size measurements has been in the analysis 

of the photographs. The main source of concern is encountered in the selection 

procedure adopted to identify which bubbles are in focus. This is overcome by the 

application of image processing software that can be programmed with rigid selection 

protocols. offering high levels of consistency. Two image processing solutions have 

been developed within this investigation. a semi-automatic and a totally automatic 

system. The first measures the bubbles once they have been manually selected by 

means of a light pen on the screen. The second system includes the selection of which 

bubbles are to be measured. selecting focused and rejecting unfocused. The difficulty 

in developing such a solution is in ensuring that the size of the bubble remains 

unaltered by the processing functions selected. 
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5.3.4 Experiment procedure 

The experimental procedure involved the photography of a side stream that flowed off 

the main column. Preparation for the experimentation involved the charging of the 

saturator to produce the supersaturated water that was to be injected. Once the 

saturated water was ready it was injected into the column through a nozzle device. 

The injection volume was fed through a ball valve controlled by a timer, situated in 

the injection line immediately prior to the nozzle, resulting in the deadline's volume 

being negligibly small. Once the bubble cloud reached the level of the side arm a set 

of 36 photographs was taken. A new film was loaded into the camera and the process 

repeated with a fresh injection such that approximately 70 bubble photographs were 

taken per test. The remaining photographs on the films were used to take photographs 

of the graticule and an identification label. 

5.3.5 Bubble column: 

The bubble size distribution measurements were conducted using the batch flotation 

rig as described in section 4.3.3. A process flow diagram of the system can be seen in 

figure 5.2 with a photograph of the rig shown in plate 5.1 The major difference 

between the rig used in the flotation study and present setup was in the saturator used. 

In the present case a tall packed bed saturator was used, designed in accordance with 

WRC guide lines (Rees 1980). Water is added to the column which is then 

pressurized by exposure to compressed air, from a gas cylinder. Water is recycled 

from the base of the column through a spray nozzle to trickle over the packing. The 

level of saturation was tested by the inverted cylinder technique described by Roberts 

(1980); the measurements showed it to be at its equilibrium. 

The flotation column was an 80 mm diameter, l.5m tall cast acrylic tube. A side arm 

was connected 1m up the column's height that fed a small fraction of the flow to an 

observation cell. The side arm was a 7 mm diameter acrylic tube connected to the 
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observation cell via some rubber tubing. It was found that the flowrate through the 

side arm was insufficient to produce an adequate bubble density in the flow. This was 

solved by connecting a peristaltic pump to the end of the flow arm. A photographic 

system was connected to the observation cell to record the bubble photographs 

The development of the observation cell was centered on minimizing the problems 

associated with lighting the cell and flow deviation, see figure 5.3. The initial design 

was a rectangular box constructed out of microscope slides. It was found that this 

dissipated the bubbles over the whole cell making the bubble density very low. This 

cell also had dead spots in it that influenced the flow patterns. The solution to the 

problem was to make the cell width thinner and so progressive cells were constructed 

decreasing the channel depth. Once the optimum cell width was established a final 

cell was constructed out of an acrylic block with a channel machined into it. The final 

side of the cell consisted of a microscope slide, which could easily be cleaned or 

replaced. The dimensions of the channel were 47 x 10 x 1.5 mm deep. The 

horizontal and vertical positions of the cell relative to the lens could be moved via a 

traveling vernier, allowing the point of observation in the cell to be optimized between 

experiments. The distance between the cell and the lens could be controlled by a 

screw thread along the lens system. This enabled a graticule to be measured without 

moving the lens, such that the magnification ratio was unaltered. 

5.3.6 Photographic system 

The bubble cloud was photographed through a microscope lens attached to an 

adjustable bellows, see plate 5.4. The end of the lens was aligned to the central point 

of the observation channel The magnification factor of the lens was 10 with the total 

magnification being set by the position of the bellows. The photographs were taken 

with a 35 mm Camera attached to the bellows unit through a standard mount 

connector. The camera was loaded with 200 ASA black and white film and a shutter 

speed of 11250 Th. of a second was used. 
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The level of magnification produced a depth of field of approximately 60 microns and 

an image area of 1728 x 1135 microns. This meant that focusing was very important 

and the optimal focus point had to be determined by trial and error, this was found to 

be when the microscope lens was 5 mm from the end of observation cell. This 

represented a starting point for each set of tests. Fine focusing was made by 

adjustment after bubbles had been injected into the cell to ensure sufficient numbers 

were likely to be included in an individual photograph. 

The graticule was photographed during each test by clamping it to the front of the 

observation cell and then moving the whole cell unit backwards until the graticule was 

in focus. This meant that the lens system was not moved and ensured that the degree 

of magnification was the same as in the bubble photographs. 

A standard flash gun was used as the lighting source set at its automatic rating. The 

position of the flash was set so the camera, cell and light source were all in central 

alignment. A condenser lens was place in front of the observation cell to focus the 

light onto the cell. This produced excessive illumination so two neutral density filters 

rated at a total of 0.8, were placed behind the cell, preventing overexposure. 

5.3.7 Nozzle 

To enable the investigation of a series of different nozzle assemblies, a modular 

nozzle unit was designed, see figure 5.1.a-f and plate 5.2. The nozzle assembly 

comprised of a communal housing unit into which various configurations of cavitation 

plate and nozzle chamber could be attached. The unit was constructed out of brass 

and connected to the flotation column via a screw thread on the floatation base plate. 

The design of the nozzle was scaled down from the patents of Guinness (Ash 

1958,1959) and the w.R.e. (Hyde 1976). It was designed to resemble the basic 

structure of actual nozzles used in industry. To this end the ratio of the orifice to 

nozzle chamber diameter was kept within the range shown in the patents. Although 
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the basic structure of the nozzle resembled actual units in operation a simplified 

nozzle was required to allow investigation of the effects of the individual components. 

Table 5.1 shows the list of modular components available and the range over which 

they were tested, see figure 5.l.al-7.: 

Nozzle component Range 

Orifice plate: size of hole (mm) 0.5, 1,2,3,4, 5 

Nozzle chamber: diameter and length (mm) 0-0, 1-10, 5-5, 5-10, 5-20 

Nozzle chamber: diverging cone angle(O) 30,45,60 

Impingement plate : distance between plate 0.5-20 

and exit of nozzle chamber (mm) 

Table 5.1: DescriptIOn of nozzle component ranges. 

5.3.5: Image analysis 

Once the photographs had been taken, the negatives were processed and printed. This 

was carried out externally by a Kodak Ltd. As previously discussed, image analysis 

software was used to make the size measurements. The bubble size was based on a 

mean Feret's diameter which was found to be the most consistent measure. Feret's 

diameter is a measure of the disiance between two parallel vertical lines that enclose 

an image. Area measurements are suggested in the literature as the most robust but 

cannot be used here as focused bubbles appear doughnut in shape and so are 

undersized. The major difficulty with the measurement of the bubbles was the 

selection procedure that needed to ensure that only focused ones were measured. Two 

approaches to this problem were developed, semi-automatic and fully-automatic 

solution. 
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5.3.5.1 Fully automatic solution 

A fully automatic image processing routine was developed to enable the selection and 

sizing of a set of photographs without the need for human input. The routine was 

developed using Visilog, the image processing software distributed through Data Cell 

Ltd., Maidenhead. The approach was based on eliminating un focused bubbles rather 

than selecting focused ones and is made possible by the unique qualities of focused 

bubbles. Plate 5.3 is representative of the photographs developed. In terms of the 

image, focused bubbles are sharper, darker and more circular in nature than unfocused 

bubbles. This means that the bubble's edge is more clearly identifiable. However, 

standard thresholding techniques are not subtle enough to enable selection. Similar 

problems were encountered with standard image processing functions such as edge 

detection and image sharpening. This means that standard analysis methods are 

unable to process the image successfully. 

The actual processing routine that was used was based on the shape of the focused 

bubbles as they appeared doughnut shaped on the photographs. Each bubble had a 

white slit in its center produced by the flash gun and was unique to bubbles that were 

in focus. Figure 5.4 illustrates the flowchart of the processing routine required to 

manipulate this property to allow selection. Figure 5.5 shows a typical photograph 

through each stage of the process listing its name and describing its effect on the 

image. 

The key function in the routine is the skeleton function. This reduces the thickness of 

the image down to its minimum size while still keeping the structure of the object 

intact. This makes the focused bubbles appear as circles and all unfocused bubbles 

are dendritic lines. All non circle shapes can then be removed relatively easily leaving 

only focused bubbles. The images that remain act as marker points for comparison 

with the original. Any image on the original that corresponds to a marker point is 

retained and the rest removed. This means that the focused bubbles are selected but at 

their original size such that the processing does not affect the final measurement of 



PageS. 12 Experimental methods: Bubble size measurements 

each bubble's size. The rest of the routine is involved in cleaning up the image to 

make the running time of the process quicker. Once this process is complete the 

image can be straightforwardly analysed using standard functions in order to 

determine the diameter of each individual focused bubble. 

The running time of the routine is approximately two hours per photograph, 

generating on average eight bubble measurements. In view of the quantity of data 

required this was too time consuming so an alternative procedure was developed on a 

semi-automatic basis. 

5.3.5.2 Semi-automatic 

A semiautomatic image processing routine was developed which measured the size of 

individual bubbles once they had been selected manually. This was developed on the 

image processing system 'Magiscan' manufactured by Joyce-Loebl. The initial step 

was to digitize the image using a video camera connected to a grabber board on the 

computer. Individual bubbles could then be sized by selecting them with a light pen 

connected to the monitor. 

The measurements were made on a Feret's diameter basis as before. The graticule 

was analysed by measuring the distance between individual lines on the scale such 

that a microns per pixel scale factor could be determined. Once the data had been 

measured the distribution was calculated and analysed in terms of standard statistical 

variables (mean, mode, standard deviation). 

5.5 EXPERIMENTAL ERRORS 

The main errors with the photographic measurement of bubble size distributions are 

associated with the selection of which bubbles should be measured. To achieve the 

level of sensitivity necessary for investigation in this field of research a high level of 

magnification is required. The result of this is to reduce the depth of field to 
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approximately one bubble diameter. This has the benefit of removing the problems of 

perspective but increasing the difficulty with which focused bubbles are selected. The 

problem is solved by choosing strict selection protocols that will eliminate all 

unfocused bubbles. 

The major source of experimental difficulty was in photographing the graticule. The 

high levels of magnification employed meant that focusing the graticule was very 

sensitive such that a slight knock of the lens system meant that the image was out of 

focus. 
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CHAPTER SIX 

RESULTS: ZETA POTENTIAL MEASUREMENTS 

6.1 INTRODUCTION 

This chapter discusses the results obtained from the zeta potential characterisation 

measurements, the methodologies of which have been described in chapter 4. To aid 

clarity of the discussion the bulk of the results are contained within appendices A and 

D, although certain results have been highlighted within this chapter (see figure 6.1 to 

6.25). 

The discussion focuses on the evaluation of zeta potential measurements as a tool to 

describe the electrical response of clay particles. In accordance with Hunter (1981) 

detailed theoretical examination of the data will not be conducted as present theory 

poorly describes clay systems. Clay particles carry a high surface charge but a 

relatively low corresponding zeta potential. James (1982) attributed this to the porous 

nature of clays and corroborated Hunter's (1987) belief that both zeta potential and 

ion titration measurements were necessary for a complete description of the electrical 

nature of a clay particle. In this investigation the potential that is involved in the 

interaction of a bubble and a particle is the most important. This is best represented 

by the zeta potential as it is a measure of the potential closest to the diffuse double 

layer where the interactions will occur. 

The following sections will discuss the response of the clays to a range of surface 

conditioning variables. In each case a simple model will be developed to describe 

how the zeta potential changes. The models have been tested extensively to assess the 

viability of zeta potential to act as a marker of the surface properties of the clay. 



Page6.2 Results: Zeta potential measurements 

6.2 EV ALUA TION OF THE ZETA POTENTIAL OF CLAY PARTICLES 

6.2.1 Clay composition 

Before the discussion on zeta potential of clay particles can begin it is necessary to 

examine the clay composition. Clays are aluminosilicates made up of flat sheets of 

silicates (tetrahedral) and aluminium oxide (octahedral) layers. The individual layers 

bond together to form the basic units that make up each clay type. 

Figure 6.1 is a schematic diagram of a basic kaolin particle in which a tetrahedral and 

an octahedral layer are bonded together, such particles are referred to as 1: 1 layer 

silicates. These units stack together forming a hydrogen bond between individual 

units and combine to up to 100 layers in an individual particle. Figure 6.2 shows a 

simplified view of a kaolin particle, the particle carryies a net negative charge caused 

by isomorphous substitution of AIuminium ions (AI3+) for Silicon ions (Si") in the 

tetrahedral sheet and Iron ions (Fe'+) for Aluminium ions (AI'+) in the octahedral 

sheet. This gives the face of the particle a large negative charge, which is said to be 

fixed (James 1982) as it is unaffected by changes in pH. The charge is partially 

counteracted by broken bonds on the particle's edges together with hydroxyls which 

undergo dissociation reactions and so are pH dependant. 

'"' 

• Aluminums 

10 Solicono 
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:f + 
T')---:-------;------r + + + 

Figure 6.2 : Sketch of a typical kaolin crystal 

A sample of the kaolin used in these experiments was analysed by the Natural History 

Museum and the results can be seen in Appendix I. These show the sample to be very 

pure (90% kaolin) with a cation exchange capacity (CEC) of 12.5 meq/lOOg which is 

relatively high when compared to the quoted figures (Jefferson 1993). This would 

suggest that a greater relative percentage of the total charge is derived from fixed site 

substitution. The morphology of kaolin is a flat hexagonal platelet crystal, but the 

high CEC suggests large amounts of substitution which tend to result in smaller less 

regular crystal shapes. 

The other type of clay particle investigated was Wyoming bentonite which is a 2: 1 

layer silicate, see figure 6.3. In this arrangement an octahedral sheet is sandwiched 

between two tetrahedral sheets with successive layers being bonded by van der Waals 

forces only. This makes the particle smaller with typically only 2-5 layers stacked 

together in a single particle. Water molecules can associate between the triple layers 

expanding the clay. This increases the surface area making the clay more active. 

Extensive substitution occurs principally in the octahedral sheets that causes the CEC 

to be considerably higher than for kaolin. A sample of the bentonite used was found 

to be very pure (93%) with a CEC of 63.1 meqllOOg. This is low when compared to 

quoted values (Jefferson 1993) indicating a low level of substitution which may cause 

the bentonite to be more active to changes in pH. The total charge of the particle is 

typically split as 80% to substitution and 20% to edge effects indicating that 

dissociation reactions are considerably less important for Wyoming bentonite 

particles. The high specific surface area of the particles means the double layer is 
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small with most of the counterbalancing charge being situated in the Stern layer of the 

particles. The morphology of the particles are equidimensional flakes that appear as 

plate. 

Plate 6.1 shows scanning electron micrographs of a kaolin and a Wyoming bentonite 

particle, demonstrating the fundamental differences in their morphologies. The kaolin 

particles tend to be large stacks which offer a much smaller specific surface area than 

the smaller more porous Wyoming bentonite particles. The comparison of the clay's 

CECs indicate that the Wyoming bentonite is likely to have a greater proportion of 

fixed site charge and hence will be more stable to changes in pH. 

~ni •• bl. cations 
nH10 

e_\">"._ 

Figure 6.3 : Diagrammatic sketch of a Wyoming bentonite's structure 
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Kaolin Wyoming Bentonite 

Plate 6.1 : SEM of a typical kaolin and Wyoming bentonite particle 

6.1.2 Theoretical predictions 

Theoretical prediction of the electrical double layer of clay particles has been 

described by James (1980) in his site-dissociation-site-binding-model. The model is 

based on the surface of the clay containing a fixed number of dissociation sites, some 

of which become neutralised by specific adsorption. The result is a function relating 

potential at the Stern layer with pH and electrolyte concentration. To solve this the 

number of dissociation sites and the dissociation constants need to be determined. 

This is a complex procedure which has not been proved to work effectively for clays 

such that James (1982) admits that this model is best suited to qualitative description. 

The subsequent discussion in this chapter will be based on the ideas of J ames (1982) 

and in accordance with Hunter (1981) no attempt will be made to compare 

experimental data with theoretical predictions. 

6.2.2 Reproducibility 

The measurement of zeta potentials by the laser Doppler technique, described in 

section 4.3.7.1, produces a mobility distribution rather than a single value allowing an 

accurate determination of the individual error of each measurement. A typical 

distribution is shown in figure 6.4 and is described in terms of a mean zeta potential 
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and a standard deviation. The measurement of zeta potential also has variations due 

to the complex nature of the clays and the possible impurities coated on them. Figure 

6.5 shows the reproducibility of the measurement on a dispersed sample of kaolin 

particles without any conditioners being used. It is likely that this variation will 

represent the maximum that will be encountered as any conditioning should buffer the 

zeta potential measurement. The plot indicates that changes of ±5 m V should be 

attributed to natural variations in the clay. A similar result was found for the 

Wyoming bentonite particles. This represents a limit on the sensitivity of the 

measurements such that only variations in zeta potential greater than ±5 m V should be 

considered as significant. 
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Figure 6.4 : Zeta Potential frequency plot for dispersed kaolin particles 

Other factors that have been considered as possibly contributing to these effects were 

the method of dispersion and length of time the Wyoming bentonite particles had been 

dispersed. Investigation into both factors failed to show any appreciable change in the 

zeta potential so that any change was within the 5 m V error band of the 
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measurements. In particular, the difference between using the sonic probe and 

mechanically stirring the sample was very small, -21.59 m V and -22.34 m V 

respectively. The problem associated with dispersion became less complicated with 

Wyoming bentonite as it is very difficult to disperse and the sonic probe was required 

to achieve effective dispersion. The small difference in the dispersion techniques is 

due to the low concentrations tested within this investigation. 
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Figure 6.5 : Reproducibility of zeta potential measurement for dispersed kaolin 

particles 

6.3 pH EFFECTS 

6.3.1 Kaolin 

The effect of pH on the zeta potential of dispersed kaolin particles in both distilled 

and tap water can be seen in figure 6.6. The distilled water result is in agreement with 

previous studies (Ferris 1975, Packham 1965, Williams 1978) in that there appears to 

be a gradual decrease in zeta potential with pH. This change is due to the presence of 
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ionizable surface groups on the edge of the particles. These sites are amphoteric such 

that they become either positively or negatively charged depending on the pH: 

M - OH + W --7 MOH; 

(6.1) 

M-OH+OH- --7 MO- +H,G 
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Figure 6.6 : Zeta Potential vs pH for dispersed kaolin particles in tap and distilled 

water 

James (1982) states that the degree of charge due to the edge dissociation reactions is 

of a similar magnitude to that of the fixed sites. This accounts for the shape of the 

graph with the value at the neutral pH being approximately the mid point in the zeta 

potential curve. The zeta potential remained negative for all pHs and this is 

contradicts the results ofPackham (1965) who showed the zeta potential to be positive 

below pHs of 3. The difference seen in this investigation is due to the relatively high 

CEC of the kaolin sample used. This suggests the clay has a relatively large amount 
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of fixed negative charge which in turn requires a greater degree of proton accepted 

dissociation on the edges to counteract it. 

The measurements made using tap water agree with the results of Roberts (1980) in 

that they show no appreciable change when the pH is greater than 4, which is due to 

the increased ionic concentration in the tap water compressing the double layer and 

acting as a buffer. This compression can be seen in the change in the double layer 

thickness, which according to Hughes (1981) changes from 900 to 40nm for distilled 

and tap water respectively. The range of pH that is of practical interest is from pH 

greater than 4 and so the results show that kaolin is stable in high ionic sol utions over 

the range of interest. 

6.2.2 Wyoming bentonite 

The equivalent result for Wyoming bentonite can be seen in figure 6.7. The most 

important feature of this data is the plateau response to a wide range of the pH scale 

for both tap and distilled water. This is in agreement with the site-dissociation-site

binding model as Wyoming bentonite has a much greater percentage of fixed site 

charge, buffering any changes due to dissociation. 

The data is made up of results from a series of tests conducted on freshly dispersed 

and samples left for a day. No difference between the two can be seen over acidic 

regions but the general trend is surprising. The magnitude of the zeta potential 

increases once the pH is lower than pH 3. The explanation of this is that the strong 

acidic conditions are breaking down the structure of the clay. Iefferson (1993) reports 

that silicon ions dissolve at extreme pH's increasing the charge deficit on the 

particles' faces. 

The overall trend of the zeta potential becoming more negative with increasing pH in 

alkaline conditions is seen in both sets of tap water data. However, the one day 

sample has a lower initial value and changes at a greater rate with pH such that the 
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two samples converge at the very high pHs. This is explained in terms of Wyoming 

bentonite's known tendency to destabilise. The one day sample is likely to have 

agglomerated into card house structures as discussed by van OIphen (1987) such that 

negative edges would contact positive faces reducing the overall charge. This would 

also tend to increase the relative amount of edges exposed thus increasing its pH 

sensitivity and thUs the increased slope of the curve. 
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Figure 6.7 : Zeta Potential vs pH for dispersed Wyoming bentonite particles in tap and 

distilled water. 

When the test is run with tap water a similar result to that obtained with kaolin is 

observed. The increased ionic concentration of the sample buffers the particles. This 

makes the particles very stable to changes in pH and over the particular range of 

interest the zeta potential remains unchanged. 
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6.4 SURFACTANT EFFECTS 

6.4.1 Kaolin 

The effect of concentration of the surfactants n-alkyldecyltrimethylarnrnonium 

bromide on the zeta potential of dispersed kaolin particles is shown in figure 6.8. The 

general shape of the curves is consistent with the belief of Roberts (1980) and Rosen 

(1989) that cationic surfactants adsorbing onto charged surfaces follow a S type 

adsorption isotherm. 
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Figure 6.8 : Zeta potential vs concentration of n-alkytrimethylarnrnonium bromide for 

dispersed kaolin particles, at natural pH 

The most important feature is the efficiency of adsorption which is defined by Rosen 

(1989) as rate of change of zeta potential with surfactant concentration. The results 

show that an increase in hydrocarbon chain length improves the efficiency of 

adsorption as less surfactant is required to achieve a point of zero potential. The rate 

increases dramatically with increasing chain length and this is seen with a total change 
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A more quantitative analysis was performed following the calculations detailed in 

Hunter (1981). The first of these calculates the free energy of adsorption (9') per CH2 

group on a hydrophilic surface, relative to that for micelle formation in the bulk. A 

value of 1.331kT was obtained which is higher than the value for micelle formation, 

quoted by Hunter (1981) of l.lkT, agreeing with the result obtained by Lin (1971). 

The other calculation determines the specific free energy of adsorption (t.Go ads), a 

value of 0.98kT was calculated which is close to the value of lkT that represents 

complete removal of a CH2 group from water. This support the idea of hemi-micelle 

formation and thus perpendicular adsorption. 

The evidence presented above indicates that the adsorption of surfactant onto kaolin 

particles occurs in a perpendicular orientation with the formation of surfactant 

clusters. This is in agreement with the work of Roberts (1980) and Smith (1993). The 

role of surfactants in this case can be reasonably well described even if quantitative 

predictions are not possible. One possible calculation is that of adsorption density 

which was found to be 6.07xl06 molecules/m2. 

A specific area of interest in terms of the dissolved air flotation investigation is the 

point at which surfactant concentration no longer affects the zeta potential. This 

would represent a point of surface saturation such that the remaining surfactant would 

be free to adsorb onto the surface of the bubbles in the process. Table 6.1 shows the 

concentration at which saturation begins for each of the surfactants. 

Surfactant Concentration at saturation (ppm) 

HTAB 4 

TTAB 40 

DTAB 80 

Table 6.1 : ConcentratIon reqUIred to obtam surface saturatIon for each surfactant 



Page6.14 Results: Zeta potential measurements 

6.4.2 Kaolin and pH changes 

The effect of pH on the adsorption process can be seen in the series of graphs, figure 

6.9a-c. These show the zeta potential with changing pH at set surfactant 

concentrations for each of the three surfactants investigated. The results agree well 

with the study of Smith (1993) with the majority showing no change in zeta potential 

with acid and a gradual decrease with addition of base. Rosen (1989) states that 

quaternary ammonium cationic surfactants are unaffected by pH; this means that any 

alteration in the zeta potentials of the kaolin particles is a result of changes to the 

surface of the particles. This notion is demonstrated by the approximate parallel 

nature of the curves for the different concentrations and the different chain lengths. 

The natural pH of the samples was between pH 4.5-5 which corresponds to the 

position where pH starts to show an affect. This means that addition of acid has no 

effect on the zeta potential and addition of alkaline does. The slope of the curves with 

increasing pH is similar to the case of surfactant free kaolin, this means that the 

adsorption is taking place on faces of the clay, not interfering with the pH reactive 

edges 
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Figure 6.9 : Zeta potential vs pH for various surfactant concentrations with: (a)Do; 

(b)Tetra; (c)Hexa alkyltrimethylammoniumbromide on dispersed kaolin particles 

The reason for the stable response to addition of acid is less clear. It is likely that it is 

due to competition between the acid and the surfactant at the clay's edges. This 

reduces the amount of surfactant adsorbed as the pH decreases, reducing the zeta 
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potential and this is counteracted by the normal dissociation reaction that occurs with 

pH, producing no net effect. 

The curves for DT AB at 25 ppm and HT AB at 50 ppm deviate from the general trend 

showing a continued change with pH into the acidic region. These represent the upper 

and lower limits of the investigation and result from a change in the adsorption of the 

surfactant, presumably at the edges. The DTAB case is due to the Iow concentration 

which often relates to a Iow level of adsorption but this will not be true in the case of 

HT AB. The implications in terms of the investigated presented here are negligible as 

the anomalous behaviour occurs outside the range of interest to the flotation 

experiments discussed in chapter 8. 

6.4.3 Wyoming bentonite 

Figure 6.10 shows the results of Wyoming bentonite conditioned with the three 

surfactants. The shape of the curves are similar to those of kaolin which suggests the 

mechanism of adsorption is the same. This is confirmed by quantitative analysis of 

the adsorption, which reveals values for the change in the specific free energy of 

0.92kT. This value is lower than for kaolin (0.98kT) and is in agreement with Hunter 

(1981) who attributes it to Wyoming bentonite's lower hydrophobicity. 

The major difference between the two sets of curves is in the concentration range. 

The Wyoming bentonite particles require approximately double the amount of 

surfactant to bring the zeta potential to an equivalent value. This is consistent with 

the ratio of the specific surface areas of the two clays, if we assume that the surfactant 

only adsorbs onto the outer surface of the Wyoming bentonite particles. 
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Figure 6.10 : Zeta potential vs concentration of n-alkytrimethylammonium bromide 

for dispersed Wyoming bentonite particles 

The concentration that gives surface saturation is shown in table 6.2. The results are 

compared to those of kaolin to show the much greater concentrations required. A 

similar trend in scale is seen with the surface saturation concentration with values 

being approximately double the concentrations needed for kaolin. 

Surfactant Wyoming bentonite (ppm) kaolin (ppm) 

HTAB 12 5 

TTAB 80 40 

DTAB 160 80 

Table 6.2 : Concentration reqUired to obtam surface saturatIOn for each surfactant 
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6.4.4 Wyoming bentonite and pH changes 

The effect of changes in pH at a range of set surfactant concentrations can be seen in 

figure 6.11 a-c. The most striking feature of the curves is that they are essentially flat 

showing little change with pH. This is expected as the charge on Wyoming bentonite 

particles is made up almost entirely of fixed site substitution, which is unaffected by 

pH. The high degree of charge on the faces on the particles will mean that virtually all 

the adsorption will occur on the faces, restricting competitive adsorption on the edges 

as seen with the kaolin particles. The high degree of scatter which is observed is 

similar to those found when no surfactant was present, see figure 6.7. It is possible 

that a small pH effect can be seen but the level of change is small and occurs at the 

extreme values of pH which represent the areas of least interest. 
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Figure 6.11 : Zeta potential vs pH for various surfactant concentrations with: (a)Do; 

(b)Tetra; (c)Hexa alklytrimethylammoniumbromide on dispersed Wyoming bentonite 

particles 
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6.5 COAGULANT EFFECTS 

The discussion below looks at the effect of coagulant dose on the zeta potential of the 

two clays investigated. The situation is more complicated than with surfactants due to 

the fact that the coagulant undergoes hydrolysis reactions in water. This process 

represents a hydroxy I group replacing a water molecule that has associated with the 

metal ion. The process is shown by equation 6.2 and results in a range of hydrolysis 

products being formed, ranging from monomeric to polymeric ions and precipitated 

hydroxide. 

(6.2) 

The exact proportion of each species is dependant on the coagulant dose and the pH of 

the system. Johnson (1983) shows these changes on stability diagrams and examples 

for the coagulants used in this investigation are presented in figures 6.12 and 6.13 
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Figure 6.12: Stability diagram for Al(III) coagulation (after Johnson 1983) 
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Figure 6.13 : Stability diagram for Fe(m) coagulation (after 10hnson 1983) 

The complications that this generates are common to both types of clay and so a 

simplified view of the situation will be presented here and then applied to both clays. 

When the stability diagrams are examined two predominant hydrolysis species 

become apparent. In acidic conditions positive ions are formed and come in either 

monomeric (Ae",) or polymeric (AIs(OH)zo"l forms. As the pH is raised the metal 

ion precipitates out in a hydroxide form which then coats the particles. As the 

concentration is raised the hydroxide species become the dominant form over a wider 

range of pH. 

The two species will affect the clay's zeta potential in different ways. The charged 

ionic species will act as potential determining ions adsorbing onto the clay's surface. 

Whereas, the hydroxide precipitate will coat the surface of the clay, which will then 

dominate the zeta potential properties of the surface. The results presented below will 

be examined in terms of this two species model. 

6.5.1 Kaolin 

The effect of the two coagulants on the zeta potential of kaolin particles can be seen in 

figure 6.14. The data is taken from the jar tests presented in appendix D, which 

measures the post settlement zeta potential. The graph shows that the two coagulants 
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behave very differently. The Alum curve shows a progressively reducing slope of zeta 

potential with concentration such that the final zeta potential is reached 

asymptotically. Whereas, the Ferric chloride shows an almost linear change with 

concentration. 
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Figure 6.14 : Zeta Potential vs coagulant dose for dispersed kaolin Particles 

The shape of the Alum curve is consistent with electrolytes that do not specifically 

adsorb onto the surface of the particles; Hunter (1981) refers to these as indifferent 

electrolytes. Clearly, Alum does not act as an indifferent electrolyte with the reversal 

of the charge giving a clear indication that specific adsorption is occurring. The 

situation under which the experiments were performed was an uncontrolled pH 

environment. Amirtharajah (1982) pointed out that addition of Alum would decrease 

the pH as a result of the progressive hydrolysis of the aquometal ion, shown in 

equation 6.2. 

The initial pH was 5.5 and decreased to 4.5 over the concentrations tested; the 

stability diagram shows that metal ions are the predominate hydrolysis species. Rubin 
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(1979) confirmed this and showed that they consisted of two monomeric and one 

polymeric species. Initially, the monomeric ions are the predominate species and 

these are able to adsorb specifically, changing the sign of the zeta potential of the 

particles. As the pH drops the equilibrium will shift towards the polymeric species. 

The size of these ions together with the high levels of water that associates to them 

will prevent specific adsorption, such that they act as indifferent electrolytes. This has 

the effect of compressing the double layer which, Hunter (1983), showed makes the 

curve tend asymptotically. 

The effect of Ferric chloride dosing is very different. The slope of the curve is almost 

linear with charge reversal resulting in the zeta potential changing from -22m V to 

+24m V. The broadness of the stability diagram for Ferric chloride will mean that the 

predominant hydrolysis species will be the metal hydroxide. James (1982) showed 

the zeta potential of hydroxides to be very pH dependant and this is seen in the curve 

which shows the effects of the dissociation reaction of the hydroxide in the acidic 

conditions. This makes the zeta potential of the hydroxide coating progressively more 

positive. Increasing the dose has two effects, the solution becomes more acidic and 

more hydroxide precipitates out of solution. The combination of these effects will 

make the zeta potential progressively more positive. 

6.5.2 Kaolin, coagulant and pH effects 

Figure 6.15 shows the effect of pH for specific concentrations of Alum. The general 

shape is consistent with the work of Packham (1965) and Mangravite (1975). The 

stability diagram for Alum shows that over the concentration ranges investigated here, 

the equilibrium will shift from hydroxide precipitate to negative metal ion complexes, 

as the pH becomes progressively more acidic .. The steep decrease in zeta potential for 

kaolin when Alum is included shows that precipitate coating is strongly influencing 

the surface properties. This confirms the predictions of greater dissociation constants 

for hydroxides compared to clays made by James (1982). 
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Figure 6.15: Zeta potential vs pH for dispersed kaolin particles in set solutions of 

Alum 

The effect of acid addition is anomalous with the most interesting feature being the 

decrease in zeta potential as the pH drops from 6 to 4. The equilibrium of the 

hydrolysis products shifts towards polymeric species and these cannot adsorb onto the 

surface. As the total concentration of Alum is fixed this means that less ions are able 

to adsorb. reducing the value of the zeta potential. The curves then flattens at a stable 

zeta potential representing the counteracting effects of dissociation to the decreased 

adsorption that occurs. However. a difference between the plateau regions would be 

expected and is not seen. 

Changes in pH with Ferric chloride can be seen in Figure 6.16. The results are similar 

in shape to those encountered with surfactants. The curves decrease steadily as the pH 

is raised. with the different doses tending to converge at higher pHs. Increasing the 

dose shifts the curves up increasing the pH at the isoelectric point. The shift in the 

curves with dose indicates some degree of specific adsorption is occurring along with 

the precipitate coating. The fact that the curves are almost linear suggests dissociation 

is the key reaction and so the surface properties are controlled by the precipitate. 
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Figure 6.16 : Zeta potential vs pH for dispersed kaolin particles in set solutions of 

Ferric chloride 

6.5.3 Wyoming bentonite 

A similar investigation was performed with Wyoming bentonite and the results of 

altering the coagulant dose can be seen in Figure 6.17. These are similar to those for 

kaolin except for one important point. In the case of Alum, the curve does not cross 

the isoelectric point, suggesting that little or no specific adsorption is taking place. 

This can be explained in terms of the mono and polymeric ions as in the case for 

kaolin. The greater concentration range shifts the equilibrium of the hydrolysis 

products towards polymeric species, which do not specifically adsorb and so no 

charge reversal is possible. 
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Figure 6.17 : Zeta Potential vs coagulant dose for dispersed Wyoming bentonite 

Particles 

The Ferric chloride curve is similar in shape to the kaolin results; the major difference 

is in the range of dose required. The same is true of Alum and is due to the increased 

surface area generated with Wyoming bentonite particles. A similar result was seen 

for the surfactant investigation but on a smaller scale. The maximum difference is 

seen with the Ferric Chloride experiments were the concentration ranged from 2 ppm 

for kaolin to 90 ppm for Wyoming bentonite. The difference in surface area for the 

two particles is at first glance not sufficient to explain the differences. However, the 

Wyoming bentonite particles are expanded by the coagulant ions penetrating into the 

triple layers, forcing them apart, vastly increasing their surface area. lefferson (1993) 

reports that specific surface area ranges from 40-120 m2g.1 externally to 800 rn2g'l 

total. This means that when expanded the specific area of the Wyoming bentonite 

particles can be up to 80 times that of kaolin. This would be sufficient a change to 

explain the differences in scale between the two. 



Page6.27 Results: Zeta potential measurements 

6.5.4 Wyoming bentonite, coagulant and pH effects 

The effects of pH in conjunction with coagulant can be seen in figures 6.18 and 6.19. 

The response of the Wyoming bentonite is different from that of kaolin, this is due to 

the unreactive nature of Wyoming bentonite particles to changes in pH. Any changes 

that occur here are solely due to changes in the hydrolysis products. The curves for 

Alum compare well with the work of Rubin (1979); both zeta potential curves 

showing peaks around pH 5, which then converge at a pH of 9 to a value of -34 mY. 

Only at the highest dose does the pH curve cross the isoelectric point. 
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Figure 6.18 : Zeta potential vs pH for dispersed Wyoming bentonite particles in set 

solutions of Alum 

As the dose is increased the proportion of hydroxide precipitate increases and this can 

be seen in the increased slope of the zeta potential curve with increasing dose. The 

convergence represents a point where coagulant dose does not affect the zeta potential 
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of the clay. This means that the clay's surface is saturated and is likely to represent 

the limit of the negative hydrolysis products adsorbing on the edges of the clay. 

The results with Ferric chloride can be seen in figure 6.19. The curves converge at 

around pH 9 showing the same point of saturation as above. The concentration of the 

curves are all at the lower end of the stability diagram. This demonstrates the effects 

of small changes in concentration at the onset of the coagulation regimes. The curves 

changed from a relatively flat line at 2 ppm to a more linear decrease at 8 ppm. 
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Figure 6.19 : Zeta potential vs pH for dispersed Wyoming bentonite particles in set 

solutions of Ferric Chloride 

6.6 TEMPERATURE EFFECTS 

The effect of temperature was investigated over the range 4 to 60°C and the results 

can be seen in figure 6.20. The two clays responded very differently with kaolin 

showing no significant change throughout the range, remaining constant at -29 mY. 

The degree of scatter did increase with temperature but always remained within the 

limits of accuracy set in section 6.2.2. 
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The magnitude of zeta potential of the Wyoming bentonite particles decreased in an 

approximately linear fashion with temperature. The values were found to range from -

38 mV to -15 mV over the temperatures investigated. The data was extrapolated to 

find the temperature that would be required to reach the isoelectric point. This was 

found to occur ata temperature of 85°C. 
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Figure 6.20 : Zeta potential vs temperature for dispersed kaolin and Wyoming 

bentonite particles. 

Theoretical analysis of the effects of temperature confirm the kaolin result but offer no 

explanation for the Wyoming bentonite. Classical double theory as described in 

section 2.3.2.1 shows only viscosity and dielectric constant are affected by 

temperature. The effect of each of these variables opposes the other and so the net 

result is negligible. To explain the Wyoming bentonite data two different mechanisms 

of charge reduction are postulated. 
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6.6.1 Agglomeration 

The first possible mechanism is based on the principle that temperature driven particle 

coagulation occurs. This coagulation would result from positive edges combining 

with negative faces, reducing the potential of the overall agglomerate. The linear 

reduction in the zeta potential with temperature means that the coagulation process 

would need to follow a similar trend. The type of coagulation encountered here is 

diffusion controlled and so a strong link to temperature would be expected. The floc 

produced would be of the card house structure as described by van Olphen (1963) and 

so is likely to be weak and easily dispersed. 
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Figure 6.21 : Zeta potential vs temperature for dispersed Wyoming bentonite 

particles. 

The mechanism was tested by measuring the size distribution with temperature and 

the results can be seen in figure 6.21. The size distribution of the suspension remains 

constant up to a temperature of about 35°C. After 35 °C the mean size of the 

distribution significantly changed showing a maximum at about 50°C. The sizing 

equipment had a stirrer attached that rotated at a speed of 150 rpm. It is possible that 



Page6.31 Results: Zeta potential measurements 

the speed of the impeller was breaking up the agglomerate and affecting the results. 

This was tested by repeating the experiment without the stirrer. A similar result was 

obtained with the onset of coagulation starting marginally early at 30°C. 

The result suggests that this mechanism is not causing the reduction in zeta potential. 

The shape of the curves indicates that coagulation is occurring when the zeta potential 

has been sufficiently reduced. This would mean that agglomeration is the result of the 

zeta potential reduction rather than the cause of it. 

6.6.2 Shear plane 

The alternative mechanism is based on the position at which the zeta potential is 

measured. This position is called the plane of shear and has been described in section 

2.3.2.1.. It represents a position equivalent to the point at which the diffuse region of 

the double layer begins. In this mechanism it is postulated that the position of the 

shear plane is shifting down the potential decay curve, see figure 6.22. 

Shear plane 

o L __ IG~~~~::====T~l ________ _ 
Distance from surface of particle 

Figure 6.22 : Diagram of a potential decay curve 

To test this mechanism the position of the plane of shear would need to be measured 

as a function of temperature. This is not possible so as an alternative the viscosity was 

measured and the results can be seen in figure 6.23. Although the viscosity is not a 
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measure of the plane of shear it is in nature similar and so should react in an 

equivalent way to temperature. The comparison shows good agreement at 

temperatures above 20°C. This suggests that a similar effect is occurring and so 

supports the idea of this mechanism. 
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Figure 6.23 : Comparison of normalised viscosity and zeta potential against 

temperature for dispersed Wyoming bentonite particles in distilled water 

Further support can be seen in figure 6.24 which shows the effect of increasing then 

decreasing the temperature. The curves show a hysteresis effect that is due to the 

particles having agglomerated. However, the overall trend is for the zeta potential to 

decrease again as the temperature is reduced. The effects of the temperature in this 

case is postulated to reduce the hydrated radius of the ions in the system. This would 

allow them to pack more closely into the Stern layer and so reduce the potential by a 

greater amount, see figure 6.22. 
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Figure 6.24 : Zeta potential vs temperature for Wyoming bentonite 

The above discussion is valid for all particle systems and so does not explain the 

difference between the kaolin and the Wyoming bentonite. This is explained by the 

relative influence that the double layer has on the two particles. Wyoming bentonite 

is smaller with a higher CEC and so is relatively more electrically active than kaolin. 

Iefferson (1993) shows that kaolin has a more pronounced double layer and so can 

buffer any changes that occur, whereas small changes in the double layer of Wyoming 

bentonite can have a much greater influence on the properties of the clay. 

6.7 BUBBLE ZETA POTENTIAL 

Figure 6.25 shows the effect of surfactant dose on the zeta potential of gas bubbles. In 

these experiments the bubbles were formed by electrolysis and as such the gas in the 

bubbles was oxygen rather than air. The shapes of the curves are all similar showing a 

relatively stable region over low surfactant concentrations followed by a period of 

more rapid change. The effect of decreasing the chain length has a similar effect as 

before. This is seen in the rate of change of zeta potential with surfactant 
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concentration which is greatest for HTAB and least for DTAB. The three curves 

converge together but do not show a stable region. 

The procedure of measuring bubble zeta potentials is difficult and prone to greater 

errors than in the case of particles. This can be seen in the scatter of the data which is 

most pronounced for TTAB. No curves have been drawn with the data for this reason 

although a clear indication of the shape can be seen. The data compares wen with the 

study of Kubota (1993) which represents the most detailed investigation into bubble 

zeta potentials prior to the work presented here. However, the size of the bubble 

measured in the case of Kubota was 4 1Jm which is not representative of the process. 

This problem was overcome in the present investigation with the bubbles sizes being 

in the range of 20 to 40 Ilm. 
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Figure 6.25 : Zeta Potential vs concentration of n

aklydecyltrimethylammoniumbromide on air bubbles 

The shapes of the curves show that the zeta potential constantly increases with 

surfactant concentration. This means that the surface never becomes saturated with 
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surfactant. The adsorption isotherm encountered here is of the s-type as encountered 

with the clays. Hemimicelle formation is likely to be very important in these cases 

and this can be seen by the value for the free energy of adsorption of a CH2 group. 

This was calculated as in the case of the clays and was found to be 1.25kT. Once 

again this agrees with the notion of cluster formation and indicates a perpendicular 

adsorption pattem. 

The data above gives a relationship between surfactant concentration and zeta 

potential for a single bubble. This data needs to be scaled up to use in the flotation 

analysis. Only the low concentration regions of the graph are likely to be important. 

The differences between the surfactants greatest over the early regions with DTAB 

showing very little change 

6.8 CONCLUSIONS 

The analysis of the two clays' composition has generated a simple model where the 

structure is considered as a crystal. On the faces of the crystal ion substitution 

generates a large negative charge which is unaffected by changes in pH. On the edges 

of the crystal, the charge is generated by broken bonds and hydroxyls which undergo 

dissociation reactions and can be controlled by pH. 

The zeta potential of kaolin particles is more sensitive to pH changes than is the zeta 

potential of Wyoming bentonite particles. Buffering the particles with tap water 

stabilises the charge on the clay's surface, causing the zeta potential to be constant 

over a wide range of pH values. Alkaline conditions produce more scattered results 

than acidic conditions, due to the increased radius of the hydroxyl groups that are 

adsorbing. 

The zeta potential of the clay particles can be controlled by the addition of surfactant. 

The adsorption mechanism follows a simple model which describes the results 

qualitatively. The kaolin particles can be controlled by the combination of surfactant 
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dose and pH to offer a wide range of zeta potentials to be used in subsequent 

investigations. Surfactants represent an ideal conditioner to control the zeta potential 

of particles for the investigation of the effects of zeta potential on any process. 

Coagulants are less effective at controlling the zeta potential of clay particles than 

surfactants. This is because the coagulants undergo a hydrolysis reaction in water 

which produces a range of hydrolysis products. The proportion of each type of 

hydrolysis product is dependent on the dose and pH of the system. A model based on 

the effects of the two main species of hydrolysis products that form describes the 

results adequately. The results indicate that coagulant use is an ineffective method for 

manipulating the zeta potential of particles However, coagulants are used to 

flocculate the raw waters encountered in industrial applications and so offer an 

important test of the use of zeta potential. 

The effect of temperature was seen to be significant for Wyoming bentonite particles 

but not for kaolin particles. The Wyoming bentonite particles showed a constant 

decrease in zeta potential as the temperature rose. This was attributed to a reduction 

in the hydrated radius of the ions of the systems, allowing them to pack more closely 

in the Stern layer. The difference between the two clays was attributed to the relative 

importance that the double layer has on each system. Wyoming bentonite particles are 

much smaller than kaolin particles and so are more affected by changes in the double 

layer. This would be true of any particle system and so this may play an important 

role in any process that is controlled by zeta potential. 



CHAPTER SEVEN 
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CHAPTER SEVEN 

RESULTS: FLOTATION TESTS 

7.1 INTRODUCTION 

This chapter discusses the results obtained from the investigation into the effects of 

zeta potential on the dissolved air flotation process, the methodologies of which have 

been discussed in chapter 4. To improve the clarity of the discussion the bulk of the 

results are contained within appendices B-F. Certain results will be presented within 

this chapter to highlight specific points in the discussion, see figures 7.1 to 7.24. 

The discussion focuses on the role of zeta potential on the dissolved air flotation 

process, examining the link between zeta potential and removal efficiency. The 

investigation concentrates on the difference between discrete particle and floc 

flotation together with changes in the recycle ratio. The investigation concludes with 

an examination of flotability criteria and modelling for the system. 

7.2 DISCRETE PARTICLE FLOTATION 

In the experiments conducted on Kaolin particles conditioned with surfactant the 

particles did not coagulate and so remained discrete. This is seen in figure 7.1 which 

shows the mean particle size as a function of surfactant dose for all the surfactants 

used. The concentration is plotted as a normalised value relative to the maximum 

concentration tested, which allows all three surfactants to be more easily compared. 

The important aspect of the graphs is that they remain essentially flat showing no 

change in size. The DT AB data does show a marginal change and this corresponds to 

the doses that bring the zeta potential close to zero. In these cases some coagulation 

appears to have occurred but the majority of particles still remain discrete. 
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Figure 7.1 : Mean kaolin particle size against surfactant dose. 

7.2.1 Flotation response 

A typical flotation response can be seen in figure 7.2 which shows the change in post 

flotation zeta potential and removal efficiency with HT AB dose. The post flotation 

zeta potential graph showed two distinctive regions. An early period of rapid change 

followed by a plateau where increasing the concentration had no effect on the zeta 

potential value. The period of rapid rise corresponds to the region of hemi-micelle 

adsorption, as described in section 6.4. This will mean that the surface of the particles 

is becoming saturated with surfactant molecules, which will then determine the 

surface properties of the particles. The start of the plateau region indicates the point 

where the particle's surface is saturated with surfactant and as no more can be 

adsorbed the remainder of the surfactant is free in the system. 

The removal efficiency rises sharply as the zeta potential reverses sign and then drops 

to a stable low value when the zeta potential reaches a constant high value. The peak 

of the efficiency curve corresponds to a point close to the isoelectric point but not 

exactly at it. This shows the need for charge neutralisation which is one of the two 
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requirements for successful flotation according to Edzwald (1995). The shape of the 

curves match one another demonstrating a strong link between the magnitude of zeta 

potential and efficiency. 
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Figure 7.2 : Typical flotation response for discrete particle flotation conditioned with 

HTAB 

A similar response is seen with all three surfactants and over all the different air 

injection ratios tested. The changes in the recycle ratio and surfactant type will alter 

the shape of the efficiency peak and this aspect will be discussed in detail later. The 

curves show a clear trend with high removal efficiencies corresponding to low zeta 

potentials and low efficiencies to high zeta potentials. 

A fuller indication of the relationship between zeta potential and removal efficiency is 

shown in figure 7.3. The graph shown is for Kaolin particles conditioned with HTAB 

and shows the individual values for each recycle ratio. The efficiency results have 

been normalised to take into account the different degree of dilution that occurs with 

changing recycle ratio. The line represents the best fit relationship based on a 4th 

order polynomial fit and excludes the 5% data which does not follow the same trend. 

The reasons for this will be discussed below. 
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The peak of the efficiency curve occurs at a value close to the isoelectric point of the 

system. The region around this point would represent a situation where the repulsive 

energy barrier to attachment would be a minimum close to zero, which is due to the 

electrical double layer component of the total interaction energy being reduced. At 

this condition any contact between particles and bubbles would result in capture with 

the process having an attachment efficiency of 1. The flotation efficiency would then 

become dependent on other factors such as the collision efficiency. 

In this way the process can be split into two regions, each of which is governed by a 

different removal mechanism. The difference between the two regions is controlled 

by the total interaction energy as a bubble approaches a particle and this is shown in 

equation 7.1 

Etotal = Eelecrical - Edispersion - E structural (7.1) 

When the magnitude of the zeta potentials is large, a large repulsive force results and 

thus an energy barrier to film rupture. Over this region the attachment efficiency will 

control the process by limiting the amount of successful collisions. However, when 

the zeta potential is Iow no barrier will exist as explained above and the removal will 

be controlled by the amount of collisions that occur. 

The region of high removal efficiency is independent of zeta potential once the energy 

barrier has be eliminated. This is seen in the data with the efficiency between -4m V 

and +16mV showing no change. The majority of the data lies within the 5% error 

bands for the best fit line although some data does extend outside these limits The 

suggestion is that the zeta potential can act as a guide to good flotation, not to 

completely describe the mechanisms that operate and the data supports this notion. 
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Figure 7.3 : Normalised removal efficiency against post flotation zeta potential for 

discrete Kaolin particles conditioned with Hexadecyltrimethylammoniumbromide, 

with changing recycle ratio. 

7.2.2 Comparison of flotation and sedimentation. 

Figure 7.4 shows the comparison between flotation and sedimentation of discrete 

particles. The results for the sedimentation are shown with triangles and those for 

flotation with spheres. The post process zeta potential is similar for both processes 

but the efficiency curves are very different. The sedimentation efficiency is very low 

which is to be expected as the particles are small and would settle at a very slow rate 

according to Stoke's law, which calculates a terminal settling velocity of 1.57xlO-s 

ms· l
. The sedimentation tests showed no efficiency peak; this can be expected to 

occur at a similar concentration to that found in the flotation experiments. 
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Figure 7.4: Comparison of Flotation and Sedimentation response for discrete particles 

conditioned with HTAB. 
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Figure 7.5: Comparison of Flotation and Sedimentation response for discrete particles 

conditioned with TT AB 
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Better results are shown in comparable experiments with TIAB, where some of the 

surfactant concentrations correspond to low zeta potentials at which point the 

efficiency rises. The efficiencies for both processes peak when the zeta potential is 

close to zero, reaching approximately the same maximum removal efficiency. 

However, the efficiency peak for the flotation process is much wider than the 

sedimentation equivalent resulting in high removal efficiency over a wider range of 

zeta potentials. The post process zeta potentials' curves were very similar for both 

processes and indicate that the bubbles do not strip any surfactant off the particles, 

which means that changes in recycle ratio will only affect the bubble side of the 

process. 

7.2.3 Effect of recycle ratio 

The recycle ratio is the main control variable in industrial operations and the effect it 

has on the efficiency curves can be seen in figure 7.6. Increasing the recycle ratio and 

hence the bubble number concentration improves the removal efficiency. The shape 

of the curves remains constant with the height of the peak progressively increasing as 

the ratio rises from 5% to 20%. The 10, 15 and 20% curves all converge at the higher 

positive zeta potentials and follow the same curve once the zeta potential has 

exceeded 12 mY. 

The curves show a number of anomalous features which lead to some interesting 

observations. The most important of these is that the change in peak efficiency does 

not show a regular trend with recycle ratio. This is shown in figure 7.7 which relates 

peak removal efficiency to recycle ratio and shows the corresponding effect on the 

bu bble number concentration. The difference between the peak efficiencies for the 

recycle ratios 10, 15 and 25 % is marginal showing only slight benefit in injecting 

more air. As pointed out by Jefferson (1995) 50% of the operating costs are derived 

from the air injection system. The implication of this is that the minimum air 

injection that achieves this stable efficiency should be used. 
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Figure 7.6 : Best fit efficiency curves for set recycle ratios. 
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The results in figure 7.6 show that in this case the optimum recycle ratio lies between 

5 and 10%. The 5% curve shows a reduced peak efficiency although the same trend 

with zeta potential is shown. This confirms the point that once there are enough 

bubbles present to carry the particles, the efficiency is determined by other factors 

7.2.4 Hydrophobic effects 

The effect of changing the hydrophobicity of the particles can be seen in figure 7.8. 

The imposed hydrophobicity due to adsorbed surfactant will increase with chain 

length such that the hydrophobicity varies as HTAB>TTAB>DTAB. The peak 

efficiency obtained is the same with all three surfactants. However, the HT AB curve 

shows a slower decline in efficiency with zeta potential with the sharpest decline 

being seen with DTAB. The point were the peak efficiency occurs shifts from a low 

negative zeta potential for DTAB to a low positive zeta potential for HTAB. 

The results agree with the suggestions ofIsraelachvili (1982, 1984) in his work on the 

hydrophobic interaction, see section 2.3.2.2. The force is generated by the 

hydrophobic surface of a particle inhibiting the formation of structured units in the 

surrounding liquid. This increases the free energy of the water near the particle's 

surface relative to that in the bulk and creates a driving force for water to migrate to 

the bulk, resulting in a force of attraction between hydrophobic surfaces. 

The wider spread of the HT AB results when compared to those for the other 

surfactants are due to the increased hydrophobicity created. This will generate a larger 

hydrophobic interaction force which will be able to neutralise a greater repulsive 

force, see equation 7.1. Thus the zeta potential has a reduced effect as the 

hydrophobicity of the particles is increased. 

The understanding of this force is still relatively incomplete so that it is not yet 

possible to calculate the force for the complex systems under investigation here. It 
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should also be noted that, as the range of the force is up to 20 nm, zeta potentials will 

still play an important role as their influence extends over a greater range. 
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Figure 7.8 : Efficiency against zeta potential for dispersed Kaolin particles 

conditioned with aklydecyltrimethylammoniumbromides. 

7.3 FLOC FLOTATION 

A similar investigation to the one reported in section 7.2 was performed with 

Wyoming Bentonite. Figure 7.9 shows the change in mean particle size with 

increasing surfactant dose during the sedimentation experiments. The curves show 

that the mean particle size remained unchanged with low doses of HTAB and TTAB. 

The shape of the three curves are very different but in each case the change in size 

occurred when the zeta potential had become positive. The zeta potential remained at 

a lower value throughout the experiment compared to Kaolin. This has been 

explained in terms of the relative surface areas of the two particles in section 6.4.3. 
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The overall observation is that the addition of surfactant to suspensions of Wyoming 

Bentonite produces flocculated particles. This enables the effects discussed in section 

7.2 to be examined for flocs rather than discrete particles. 
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Figure 7.9: Mean particle size against surfactant dose for Wyoming Bentonite 

particles 

7.3.1 Flotation response 

A typical flotation response can be seen in figure 7.10 which shows the removal 

efficiency and post flotation zeta potential of Wyoming Bentonite particles 

conditioned with HTAB and DTAB. The HTAB curves show that once again the 

removal efficiency is good when the zeta potential is Iow and poor when the zeta 

potential is high. The removal efficiency at high zeta potentials is the same as the 

effects due to dilution thus showing that no flotation is occurring. The DT AB data are 

plotted with the broken lines and shows a constant high efficiency once the zeta 

potential has decreased to a Iow value. The zeta potential curve remained close to the 

isoelectric point even with increasing dose and so agrees well with the other findings. 
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The investigation above agrees welI with the studies of Roberts (1980), who showed a 

relationship between zeta potential and flotation efficiency, although the link is more 

vague than seen here and does not involve a direct analysis of efficiency and zeta 

potential. Another aspect that is seldom examined in dissolved air flotation is the idea 

of grade efficiency curves. In the industrial process a range of floc sizes are expected 

but are seldom measured due to the extensive difficulties involved. The Lasentec 

particle counter offers an opportunity to examine these effects as its operation does 

not destroy or damage the flocs. 
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Figure 7.10 : Typical flotation response for Wyoming Bentonite conditioned with 

HTAB and DTAB. 

The floc size distributions measured were very scattered as the particle counts were 

very Iow in certain size ranges. To reduce the sensitivity of the measurements only 

size ranges that had at least 50 particles in the initial sample were analysed. Figure 

7.11 shows a characteristic set of curves for Wyoming Bentonite conditioned with 

HT AB. It appears that separation efficiency is not related strongly to floc size. This 

is seen in figure 7.11 and these plots are referred to as grade efficiency curves. 
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A major limitation of the concept of grade efficiency curves is because irregular 

shaped flocs are being measured, rather than discrete particles which have a 

homogeneous surface. The measurements do not take into account the shape or 

structure of the flocs which will be important. Flocculated particles will provide a 

very inhomogeneous surface to the bubble. This allows the flotation process to 

proceed on patches of the floc and this is independent of size and so negates grade 

efficiency concepts. 
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Figure 7.11 : Grade efficiency curves for the flotation of Wyoming Bentonite particles 

conditioned with HTAB. 

Although grade efficiency curves do not show much of an effect of size they do allow 

a more detailed look into the process and so can yield interesting information. Figure 

7.11 shows three such curves each covering a specific region of zeta potential. As 

expected the curve for a low zeta potential shows very good flotation over the whole 

size range. The middle curve shows the case for a high positive zeta potential 

generated by a high surfactant dose. This shows that increasing the zeta potential 

decreases the removal at all floc sizes. The results also show a much better response 
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than for the high negative which shows no removal at all. This is due to the increased 

hydrophobicity that the higher dose creates. As explained in the previous section, this 

generates a larger hydrophobic force which can counteract the repulsive force that the 

zeta potential generates. 

7.3.2 Comparison of floc and particle flotation 

Figure 7.12 shows a comparison of the relationship between zeta potential and 

removal efficiency for discrete particles and flocs. The two curves show the same 

response, demonstrating the need for charge neutralisation for effective flotation. The 

flocculated particles show a much higher peak efficiency compared to the discrete 

particles, with the value being almost twice as much. This can be explained in terms 

of the open floc structures that are formed. These will result in a much higher 

collision efficiency as the projected area of the floc will be very large. Kitchener 

(1981) also suggests that these should increase the attachment efficiency. He 

postulates that once bubbles collide with a floc they can roll over the underside of the 

floc's surface until they find an acceptable site to attach. This patchwork idea of 

flotation is likely as discussed above; however, the hydrodynamic forces of the 

process would seem sufficiently great as to prevent much bubble roIling and so this 

seems unlikely. 

The shape of the curve for the flocs has a narrower base line than for the discrete 

particles. This means that at the higher values of zeta potential the flotation efficiency 

is better for discrete particles. However, at these higher values the particles are less 

flocculated, especially at the high negative values which correspond to either very Iow 

doses or none at all. This would mean that the Wyoming Bentonite particles remain 

discrete, especially at the negative end where the surfactant dose is Iow or non 

existent. Wyoming Bentonite particles are smaller than Kaolin particles and so would 

have a much lower collision efficiency. At higher zeta potentials the collision 

efficiency will dominate and so results in lower overall removal efficiency. 
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Figure 7.12: comparison between particle and floc flotation 

7.3.3 Effect of recycle ratio 

Figure 7.13 shows the effect of recycle ratio on the flotation efficiency of flocculated 

particles. The two curves show the extremes of the recycle ratio previously tested. 

The 25% curve shows more effective flotation over negative zeta potentials but no 

difference over positive region. The peak efficiency is shown to be 10% better for the 

higher recycle ratio. The difference between the two curves over negative values of 

zeta potential is seen when the efficiency is measured at both -10 and + 10m V. At 

+10mV no difference is seen but at -1OmV an increase of 11% can be seen as the 

recycle ratio is increased from 5% to 25%. 

A more detailed picture is provided by examining the grade efficiency curves. Once 

again the data is very scattered but a trend can be seen. Figure 7: 14 shows the grade 

efficiency curve for a set dose of surfactant at both recycle ratios. Increasing the 

recycle ratio flattens out the grade efficiency curve such that the process becomes 

more robust to size. This is seen particularly at the smaller sizes as would be expected 

as these are the most difficult to float. This explains the differences between the two 
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recycle ratios above as the negative zeta potential region corresponds to smaller flocs 

sizes and a greater proportion of particles that remain discrete. 
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Figure 7.13 : Effect of recycle ratio on the efficiency against zeta potential curve for 

Wyoming Bentonite floes. 
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Figure 7.14 : Grade efficiency curves for Wyoming Bentonite conditioned with HT AB 

at different recycle ratios. 
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7.3.4 Effect of Hydrophobicity 

The effect of changing the hydrophobicity of the flocs is shown in figure 7.15. The 

curves all show similar behaviour over negative zeta potentials but show a large 

difference over the positive values. This is to be expected as the greatest effect is seen 

when the doses are at their highest levels and hence the hydrophobicity. However, the 

trend is surprising with HT AB showing the least effect. This is the opposite of that 

seen with discrete particles where HT AB showed the widest response. The difference 

between the peak efficiencies is also greater with flocs. The change occurs over a zeta 

potential range of IOmV and results in an improvement in efficiency of 8% when the 

surfactant is changed from HT AB to DT AB. 

The degree of hydrophobicity does not significantly alter the peak efficiency that can 

be achieved but affects the range over which the attachment efficiency will be high. 

The reason why the shortest chain length produces the widest response cannot be 

explained in terms of the indirect effect of the surfactant. Figure 7.16 shows the pre 

flotation size distributions for each surfactant when the zeta potential is slightly 

positive. This should offer the clearest indication of the effects of hydrophobicity on 

the size distributions produced. Examining the size distributions shows that the 

DT AB produces the most open floc structure. This would result in the improved 

response seen even though the hydrophobicity is decreased. 
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Figure 7.15 : Effect of surfactant type on the efficiency against zeta potential curves 

for Wyoming Bentonite floes. 
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Figure 7.16: Floc size distribution for Wyoming Bentonite conditioned with 

surfactant 
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7.4 COAGULANT FLOTATION 

A detailed investigation into the effects of coagulants on the surface properties of clay 

particles has been discussed in chapter 6. The results demonstrated the complex way 

in which the coagulants worked due the numerous hydrolysis products that are 

formed. The experiments reported here were all conducted in the acidic pH range and 

so the coagulation would primarily result from ion adsorption onto the surface of the 

clay particles. 

The effect of each type of coagulant on the floc size produced can be seen in figure 

7.17. The black lines show the data for Wyoming Bentonite and the grey lines for 

kaolin. The Wyoming Bentonite curves show a much greater proportions of large 

flocs than do the kaolin curves. This is consistent with the work of Bennett (1973) 

who examined the flocculation of clay particles. He showed that Wyoming Bentonite 

particles form gel networks which are open and porous, compared to tighter structures 

for kaolin particles. 
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Figure 7.17: Floc size distribution generated using coagulants with dispersed clay 

particles 



Page7.20 Results: Flotation tests 

All the curves converge at a size of 30 /lI11 which according to Edzwalds (1995) is the 

optimum size for the flotation of raw waters. The larger Ferric Chloride flocs allow 

investigation into a greater size range than before. However, the size of these flocs is 

more suited to a sedimentation process and so some settlement to the bottom of the 

flotation column is likely. 

7.4.1 Flotation response 

The flotation response of the clays conditioned with coagulant showed no effective 

difference between the type of coagulant. The result for Wyoming Bentonite particles 

showed high removal efficiency with both Alum and Ferric Chloride. The major 

difference was seen between the type of clay used and this can be seen in figure 7.18 

which shows the removal efficiency against zeta potential curves for both clays 

conditioned with both coagulants. The Wyoming Bentonite curve shows high 

removal efficiency once the post flotation zeta potential has extended past the 

isoelectric point and remains high for all positive zeta potentials. The kaolin curve 

shows low removal efficiency over the entire test range with the curve peaking at an 

efficiency of 40% when the zeta potential is +14mV. Once the zeta potential reached 

+22mV the curve shows a vertical decline which extends down to zero efficiency. 

The curves show some interesting anomalies which require further discussion. The 

Wyoming Bentonite curve contradicts the results seen with surfactants in that high 

removal efficiencies are obtained even with high zeta potentials. The reason for this is 

that a significant portion of the flocs settled to the bottom of the column as previously 

predicted. Visual observation showed that approximately 20% of the total floc 

volume settled to the bottom of the column. This means that the efficiency shown in 

figure 7.18 is not solely due to flotation. Further analysis reveals that the high zeta 

potential data points all referred to Ferric chloride and the larger floc sizes. 
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Figure 7.18: Removal efficiency against zeta potential for Wyoming Bentonite and 

Kaolin particles conditioned with Alum and Ferric chloride 

The poor response measured for Kaolin flocs was due to floc breakage. Visual 

observation showed that the flocs broke up when the sample was transferred into the 

flotation column and during sampling. This was most apparent with the kaolin Alum 

experiments and these relate to the worst flotation efficiencies. The relative weakness 

of kaolin flocs has been discussed by Iefferson (1994) in which he compared the 

electrical and mechanical forces that operate on each type of clay. He showed that the 

smaller Wyoming Bentonite particles are strengthened by the electrical forces that 

interact between them, whereas, the larger kaolin particles are more affected by 

mechanical forces which makes them more prone to breakage. 

A more detailed investigation into floc flotation is seen by examining the grade 

efficiency curves in appendix C. The majority of the graphs are essentially horizontal 

lines offering no change in efficiency with size. This is a similar result to the one 

found for surfactants and is due to the inhomogenity of the floc's surface, which 

allows patch flotation mechanisms to operates as described in section 7.3.1. 
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7.4.2 Comparison between flotation and sedimentation 

The sedimentation experiments all showed good removal efficiency as would be 

expected with flocculated particles. Figure 7.19 shows the comparison between the 

removal efficiency against zeta potential curves for Kaolin particles under both 

processes. Only one of the Wyoming Bentonite curves is shown as the response was 

similar under both processes with a high removal efficiency of about 95%. 
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Figure 7.19 : Removal efficiency against zeta potential for sedimentation and flotation 

of clay particles conditioned with coagulants. 

The curves for the Kaolin particles show better removal efficiencies for sedimentation 

than for flotation. The peak of the efficiency curve corresponds to the isoelectric 

point agreeing with the results from the previous sections. The peak removal 

efficiency is shown to be 10% lower than for Wyoming Bentonite flocs and is because 

of the relative size of the Kaolin floes being smaller and thus settling more slowly. 
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The discussion above raises an interesting question concerning the need for 

hydrophobicity in flotation. The simplest form of hydrophobicity is generated by 

reducing the charge on the surface of the particle, which means that water can bond 

with the particle only by van der Waals forces. This produces an unfavourable free 

energy situation; so the water tends to self associate and thus the surface is 

hydrophobic. A problem exists in the present case as explained by Edzwald (1995) as 

the adsorbing coagulant ions will have associated water connected to them thus 

making them hydrophilic. The answer to this problem is again related to the idea of 

the inhomogenity of the floc's surface. The clay particles are naturally hydrophobic 

and this can be seen in their reluctance to disperse. Areas of the floc will be made up 

of clay without adsorbed coagulant and these will offer the necessary contact points 

for the bubble to adhere to the floc. Evidence for this can be seen in the flotation 

response curves which show a slight decrease in removal efficiency with increasing 

dose. This will relate to the floc becoming coated progressively with more coagulant 

and thus becoming less hydrophobic. 

7.5 THEORETICAL ANALYSIS OF THE CAPTURE PROCESS 

The capture of small particles by small bubbles may be modelled theoretically by 

calculating the single collision collector efficiency for a bubble. The model described 

calculates the trajectories of small particles in a hydrodynamic field as they approach a 

bUbble. The trajectory equations and the forces acting on the particles are first 

described. The effect of particle inertia, as quantified by the Stokes number, the 

particle size relative to that of the bubble (interception parameter), the gravity force 

and the air to liquid ratio in the system are included in the description of target 

efficiency. Close range forces including hydrodynamic, electric double layer and Van 

der Waal adhesion forces are taken into account in determining the probability of 

particle retention. These forces are included in the trajectory equations and the 

behaviour of particles as they approach the bubble is shown. 
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7.5.1 Target Efficiency 

The trajectory equation for particle motion in the Stokes regime is as follows and is 

shown schematically by figure 7.21. 

where 

Upy = particle velocity component in y direction (ms· l
) 

Uy = fluid velocity component in y direction (ms· l
) 

Upx = particle velocity component in x direction (ms· l
) 

Ux = fluid velocity component in y direction (ms· l
) 

d = Particle size (m) 

pp = Particle density (kgm'3) 

p = Fluid density (kgm'3) 

(7.2) 

The density term on the L.H.S. of7.2 is in dispute. Derjaguin (1959) used (pp-p), the 

density of the particle less that of the fluid; however, Flint and Howarth (1970) 

claimed that this was wrong and that the density of the particle only should be used. 

Since the densities of the particle and the fluid are close this term is highly significant 

and the argument is worthy of further consideration. In appendix I it is shown that in 

the present case, which is a Iow inertia system, the term used by Derj aguin is correct. 
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Figure 7.21 : co-ordinate system to analysis particle trajectory 

The trajectory equations above can be expressed in dimensionless form as follows: 

d 2 ,/ d' 
2Stk-J-+..L- u' =0 

d't 2 d't Y 

d 2x' dx' 
2Stk--+--u' -G=O 

d't 2 d't x 

where, 

, 2x 
x=-

db 

, 2y 
y=-

db 

(7.3) 
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Results: Flotation tests 

In this case the Stokes number has been used to describe the level of particle inertia. 

This is a convention adopted in aerosol science. The fluid density in that case is 

negligible and the Stokes number reduces to the particle stop distance divided by the 

target radius. 

Equation 7.2 can be expanded to include the short range forces which apply close to 

the bubble and these will be described later. For the present purposes equation 7.2 is 

expressed in finite difference form so the trajectories can be computed. The predicted 

point on the trajectory is computed using equation 7.4 and the two preceding points: 

Y2= I {2u'y-C2+Yo(-C-4Stk)+8YtStk} 
(4Stk +"t) 

I {2(u' x +G)"t2 + x' 0 (-c - 4Stk) + 8x' t Stk} 
(4Stk +"t) 

(7.4) 

The dimensionless velocity was determined using the Kuwabara flow field. This is a 

cellular model in which the equation of creeping motion is solved for the fluid in an 

envelope surrounding the bubble. It is a simplified case of the Navier-Stokes equation 

in which the fluid inertial terms are ignored. This is valid as the particle Reynolds 

number does not exceed 0.2, which is the limit of the approximation. This allows the 

effects of neighbouring bubbles to be taken into account. 

(7.5) 
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The thickness of the envelope is determined by the concentration of bubbles. The 

ratio of the bubble volume to that of the cell is the same as the volume concentration 

of air in the system. The boundary condition at the inner surface of the envelope i.e. 

at the bubble surface, is taken as zero velocity and that at the outer surface is taken as 

zero velocity. The Happel (1958) model which is physically the same differs in that 

the outer boundary condition is taken as zero shear stress. The fields produced by the 

two models are very similar but experimental evidence suggests that the Kuwabara 

(1959) model is a closer representation of reality. 

The stream function for the field is given by: 

'I' =(~+Br+Cr'+Dr4)sin'e 

where 

A=- ~ ~. a 3(1_ ~;:) 
B=~ U. a 

4 k 

(all) is the ratio of the bubble radius to cell radius 

The fluid velocity resolutes are computed from 

u = , 
I d'l' 

r'sine de 

(7.6) 

(7.7) 
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Results: Flotation tests 

(7.8) 

where u, and Us are the velocity resolutes in cylindrical polar co-ordinates. These 

velocities were rendered dimension/ess, transformed to cartesian co-ordinates and re-

entered into 7.2. It should be noted that 7.7 is for the case of a rigid sphere moving 

across the cell at velocity Uo, so some manipulation is necessary to convert to the case 

of a stationary rigid sphere. The rigid sphere assumption is valid as the bubble 

diameter is about 40 J.lm and Jameson (1978) showed that bubble diameters exceeding 

100 J.lID were required for internal circulation to become important. In these cases the 

drag term in 7.2 would need to be reduced by 2/3. 

7.5.2 Inclusion of short range forces 

The discussion in the present chapter has focused on the need for charge neutralisation 

to achieve affective flotation. To incorporate this effect into the model the short range 

forces that are experienced when a particle approaches a bubble are included; the 

details of these forces can be found in section 2.3.2.2. The forces presented below 

were expressed in dimensionless form for addition to the trajectory equation by 

dividing by: 

to yield 
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f(H) = 3.23-2.91S+1.56S2 
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(7.9) 

(7.10) 

(7.11) 

The same method as described before has been used to calculate the trajectories when 

the short range forces are included. It should be noted that very small steps in the 

trajectory calculations are required close to the bubble surface .. 

7.6.3 Results 

Appendix I shows a typical trajectory plot together with a listing of the programme 

which was run to calculate the trajectories. The results show that particles which 

approach the surface of the bubble are held at a very short equilibrium distance and 

travel round radially to the tail of the bubble. Clearly although the particles may not 

touch the bubbles neither may they be dislodged from this equilibrium position. If the 

repulsion force is great enough the particles will not approach closely enough for this 

to occur and will be swept past the bubble. 

An analysis of this shows that the important force balance to calculate occurs when 

the particle is downstream of the bubble. The particle on the critical trajectory will 



Page7.30 Results: Flotation tests 

enter the downstream section of the flow at an equilibrium distance from the bubble 

and escape when the drag force. coupled with gravity. is sufficient to remove the 

particle from the bubble' s influence. In this respect the force balance described by 

Okada (1990) was wrong in that they carried out a balance on the upstream side of the 

bubble. He acknowledged this in this later paper (1992) in which he reverted to a 

balance at the back end of the bubble. 

Figure 7.21 shows the effect of bubble volume fraction on the process. The results 

exclude short range forces and show that bubble volume fraction does have an effect 

but is small when compared with the influence of the other parameters which is in 

contradiction to the beliefs of Flint and Howarth (1971). The curves also show a 

significant effect with particle size. This would mean that grade efficiency curve 

would be expected and this is not seen. This discrepancy is due to the differences 

between flocs and particles as discussed in section 7.1.3. 
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Figure 7.21 : Single collector efficiency against particle size for different bubble 

volume fractions. 
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The effect of particle inertia in the system is negligible. For a 15 J.lITl diameter particle 

of density 2000 kgm·3 approaching a 40 llm diameter bubble the Stokes number is 

0.0003. The deviation from a trajectory caused by this level of inertia was totally 

insignificant in this case. The most important parameter is gravitation which agrees 

well with the study of Okada (1990). The effects of this can be seen in figure 7.22 

which plots the single collector efficiency over a range of particle densities. 
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Figure 7.22 Single collector efficiency against particle size for different particle 

densities. 

7.6.4 Flotability criteria 

The critical stage of the process has been shown within this investigation to be the 

attachment process. This is further analysed in terms of an heterocoagulation process 

between a particle and a bubble. The total energy of interaction between a bubble and 

a particle can be expressed from double layer theory, explained in section 2.3.2.2, as: 
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(7.12) 

The point when the force barrier to attachment disappears occurs when: 

FT=O 

dFT =0 
dh 

(7.13) 

(7.14) 

This enables the critical attachment parameter to be determined as the point when the 

energy barrier to attachment just disappears. In this case: 

(7.15) 

This approach has been developed by a number of authors, most notably Deryagin 

(1960). The resulting expression is always ofthe form shown in 7.15 with the product 

of the zeta potentials on the numerator and the Hamaker constant on the denominator. 

The expressions have been expanded to include more complicated forms of the double 

layer expressions and a term to represent the hydrophobic interaction force, see 

Yordan (1989). However the same basic expression is always achieved. The 

inclusion of the hydrophobic interaction should prove a major improvement to the 

analysis but its application is limited as the constants involved in the equation are only 

known for very pure materials. For this reason the term is usually left out as in this 

case but should always act to improve the situation such that any prediction from the 

analysis above will be pessimistic. 

The results from this analysis can be seen in figure 7.23. The flotability criterion has 

been calculated as the product of the zeta potentials alone. This eliminates any 

problems associated with the reliability of Hamaker constants for clays. The bubble 

zeta potentials were calculated from the data in figure 6.25 and scaled up on a number 
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basis. The original intention was to use the surface tension data for both 

sedimentation and flotation tests to monitor the residual surfactant concentration. 

However, the measurements did not prove sensitive enough to detect the changes. A 

range of alternative methods were tried including carbon analysis but none prove able 

to provide adequate information. 
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Figure 7.23 : Removal efficiency against the product of particle and bubble zeta 

potentials. 

The results show that the removal efficiency is a clear function of zeta potential and 

that both zeta potentials need to be taken into account. The overall efficiency is Iow 

as is expected for discrete particle systems The efficiency drops by 50% when the 

zeta potential is an equivalent lOmV for both particles and bubbles. The comparison 

between discrete particle and floc flotation is seen in figure 7.24. The graph shows a 

much greater decline in floc flotation showing that zeta potential is more important in 

flocculated systems. The two curves cross over at the equivalent 10 m V point as 

discussed above. This is a critical point which marks the onset of effective flotation. 
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Figure 7.24 : Comparison of the flotability criteria between discrete particle and floc 

flotation 

7.3.4 CONCLUSION 

The discussion into the flotation of discrete particles showed that particles are 

removed most effectively when the zeta potential is low. The peak of the efficiency 

occurs when the zeta potential is ±4m V around the isoelectric point. This reduces the 

energy barrier to capture due to the electrical double layer repulsion between a bubble 

and a particle. Examining the process in terms of the bubble concentration and the 

degree of hydrophobicity produced two important results; which were increasing the 

recycle ratio above a certain optimum value produces only marginal improvements 

while increasing the operating costs significantly. The hydrophobicity of the particles 

has been shown to increase the robustness with which the process can float particles 

that are charged. However, it does not affect the peak efficiency that is obtainable. 

Comparison between the flotation of discrete particles and floes shows that floes are 

more effectively removed than particles by flotation, but the process is governed by 
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the same flotation criteria as for discrete particles. The concept of grade efficiency 

curves has be shown not to be particular relevant to the flotation of flocs and this is 

due to the inhomogenity of their surface. Increasing the recycle rate has less effect 

with floc flotation although an improvement is seen and this is due to the smaller flocs 

being more effectively removed at the higher recycle ratios. The hydrophobicity of 

the flocs has be shown not to effect the peak efficiency obtained. However. reducing 

the hydrophobicity has been shown to improve the flotation response and this is 

explained in terms of the more open floc structure that corresponds to it. 

A theoretical analysis of the process has shown that the effects of bubble volume 

fraction and particle inertia are not important to the capture of particles by rising 

bubbles compared with other factors. Particles approach a bubble to an equilibrium 

distance and then are swept round the surface of the bubble until they reach the 

underside at which point they are either captured or released. This depends on 

whether the forces of gravity and hydrodynamics are sufficient to overcome the 

influence of the bubble. The dependence of flotation on the zeta potential of both 

particles and bubbles has been demonstrated and shows the need for an equivalent 

zeta potential of lOm V on both particle and bubble for effective flotation. 



CHAPTER EIGHT 
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CHAPTER EIGHT 

RESULTS: BUBBLE SIZE MEASUREMENTS 

8.1 INTRODUCTION 

This chapter discusses the results obtained from the bubble size characterisation 

experiments, the methodologies of which have been discussed in chapter 5. To 

improve the clarity of the discussion the bulk of the results are contained within 

appendices F and G. Certain results will be presented within this chapter to highlight 

specific points in the discussion, see figures 8.1 to 8.12 

The physical configuration of the nozzles was altered systematically and the bubble 

size distribution measured at each change. In this way the overall effect of nozzle 

design parameters was established. The effects of pressure used as a comparison 

between this investigation and those previously reported. The results are discussed in 

terms of a simple three stage model of bubble production. The chapter concludes with 

a guide towards optimising nozzle design and its implications with respect to 

dissolved air flotation. 

8.2 MODEL OF BUBBLE PRODUCTION 

The most important characteristic of the air supplied to the dissolved air flotation 

process is determined by the size of the bubbles produced. This is independent of the 

method of saturation used and so that will not be discussed here. The size and size 

distribution of the bubbles will be controlled by the geometrical design and operating 

conditions of the injection nozzle. This bubble production process is visualised in 

terms of a three stage model which is diagrammatically represented by figure 8.1. The 

model splits up the processes of bubble creation, bubble growth and bubble stability in 

the bulk flow; these are referred to as birth, adolescence and maturity respectively. 
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Figure 8.1 : Diagrammatic sketch of the 3 stage bubble production model. 

Stage one of the process refers to the point at which the bubbles are first created. It is 

important to note that this does not involve the creation of a vapour space in the liquid 

and hence is not what is generally thought of as cavitation. In thls case the nucleation 

sites already exist and Urban (1980) provided conclusive proof that these sites exist 

within the surface roughness of the cavitation plate. The sites are fed with gas until 

the combination of the buoyancy force and the drag created by the flowing liquid is 

sufficient to dislodge them. The gas that feeds the nucleation sites is produced when 

the supersaturated liquid is forced through a tiny orifice, whlch causes the liquid to 

cavitate rapidly, precipitating out all the excess gas from solution. 

The nucleation sites are crevices around the edge of the orifice whlch are shaped 

geometrically so that a stable equilibrium forms between gas in the crevices and the 

surrounding liquid phase. Figures 8.2 (a) and (b) are scanning electron micrographs 

of the profiles of two cavitation plates, showing the surface roughness that produces 

the crevices for the nucleation sites. The size and geometry of the sites will control 

the size of the bubbles that are produced by determining the size at whlch the bubbles 

dislodge and hence enter the later stages of bubble growth. It is at thls stage that the 

initial size and number of the bubbles is determined. 
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(a) 0.5 mm orifice 

(b) 1.5 mm orifice 

Figure S.2 : Scanning electron micrograph of side elevation of the inner orifice of two 

cavitation plates of different diameters. 

The second stage of the model involves the continued growth of the bubbles due to 

the transfer of precipitated air. This stage is distinct from stage one as it involves the 

growth of free moving bubbles within the flow. The rate of growth is controlled by 

the diffusion of air to the bubble's surface without any coalescence occurring. This 

part of the process operates over the volume of the nozzle chamber and a small 

volume just beyond. Past this point no further excess air will exist and so no bubble 

growth will occur. This stage of the process is typified by the size of the bubbles 

increasing while the total number remains constant. The controlling variable is the 

residence time of the bubbles in the nozzle chamber. 

The final stage of bubble growth is due to coalescence and occurs when the bubbles 

have left the nozzle chamber. Coalescence is related to the degree of turbulence in the 

system and so the most important area is the boundary between the injected flow and 

the bulk phase. This occurs at the nozzle exit when the injected jet pushes the bulk 
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water out and so creates a recirculation flow around the nozzle exit, which will 

increase the number of bubble collisions and hence the amount of coalescence. The 
I 

ultimate amount of coalescence is dependant on the surface chemistry of the bubbles 

and can be viewed in terms of a coagulation mechanism as discussed in section 7.6.4. 

Figure 8.3 illustrates bubble coalescence in this stage and shows a video still of a 

bubble stream being injected into the column. The larger coalesced bubbles are seen 

as brighter white spots in the light grey injection cloud. This stage of the process is 

controlled by the degree of localised turbulence at the nozzle exit and is typified by an 

increase in bubble size with a reduction in total bubble numbers. 

Figure 8.3 Video still of an injected bubble flow. 

The model above represents a qualitative assessment of the bubble production 

process. The problems of quantifying the model all concern stage one of the process. 

The later stages have been studied in detail and proven models are available. 
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However, stage one of the process is poorly understood. It seems that the exact 

relationship between crevice configuration and the bubble size upon dislodgement is 

not known. This sets the starting point from which the latter stages develop and so 

without such a relationship no fundamental model can be evolved, which is why 

previous attempts have presented poor predictions. Constants are set in the equations 

which would represent stage one of the process and can be true only for the specific 

nozzle that was tested. Prediction of the performance of another nozzle would require 

its specific constant to be known rather. 

The model presented here examines all parts of the process and so can be used as a 

tool to aid the understanding of the bubble production process operates and how 

individual variables affect the process. This will lead to useful indications towards a 

more systematic approach to nozzle design. The model is summarised in table 8.1 

which shows the critical variables of each stage and how that stage should effect the 

bubble size distribution 

Critical variables Effect on distribution 

Stage 1 Crevice configuration Determines number and size of 

Flow rate of injected phase bubbles that enter stage 2 

Stage 2 Time within nozzle chamber Bubble size increases 

Amount of excess air Bubble number remains constant 

Stage 3 Degree of turbulence Bubble size increases 

Surface chemistry of bubbles Bubble number decreases 

Table 8.1 : Summary of bubble productIOn model 
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8.3 RESULTS 

The results of the bubble size measurements can be found in appendix G and figure 

8.4 shows a typical bubble size distribution. The distributions shows two main 

features, the bulk of the bubbles are between 20 and 60 J.lIIl in diameter and a small 

fraction of large bubbles greater than 100 /lm are sometimes seen. The discussion of 

the effects of the investigated variables will focus on changes in the mean bubble size 

as this represents a convenient description of the distribution. 
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Figure 8.4 : Typical bubble size distribution. 

8.3.1 Effect of saturator pressure 

The effect of increasing the saturator pressure can be seen in figure 8.5. The graph 

shows a slight decline in mean bubble size with increasing pressure. The overall trend 

agrees with the majority of published results except the that overall change in mean 

size is less here. Examining the individual size distributions shows that the fraction of 

10 and 20 /lm bubbles increases slightly as the pressure is increased. 
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Figure S.5 : Effect of saturator pressure on the mean bubble size 

The pressure will affect all three stages of the bubble production process but in 

differing ways. The effect of stage one will be to increase the flow velocity of the 

liquid passing through the orifice. This will increase the drag force on the bubbles as 

they grow on the nucleation sites, dislodging them at a smaller size. The result of this 

is to reduce the size of the bubbles as they enter into stage two. In this stage the 

increased flowrate will reduce the time the bubbles remain in the nozzle chamber and 

hence the time available to grow by diffusion, which will also decrease the size of the 

bubbles as they exit stage two. The decrease in both stages due to the increased 

pressure will be counteracted at least partly by the increased amount of precipitated air 

the increased pressure generates. This will affect stage two more pronouncedly as it 

will produce a greater driving force and so the rate of diffusion will increase. The 

final stage will be adversely affected as a greater relative velocity will result and this 

will increase the degree of turbulence and hence the amount of coalescence. 
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I 
Thus there is a situation of counterbalancing effects which result in only a minor 

overall change. Tte effect of reducing the bubble size upon dislodgement from the 

nucleation sites is the most important and this can be seen in the fact that the overall 
I 

change is a decrease and that the proportion of very small bubbles increases. The 

overall change in jnean size is sufficiently large to be physically significant. The 

decrease in mean ~ize would result in an increase of over 30% in the number of 

bubbles produced based on a monosized bubble at the mean size. The increase in 

bubble numbers although of process benefit would be uneconomic and so this result 
I 

suggests that saturators should be operated at around 4 bar. All following experiments 

were conducted at 1 bar. 

8.3.2 Effect of orifice size 

The effect of orifice diameter can be seen in figure 8.6 with the diameter being 

increased by a faclor of four. The results show that the mean size significantly 

increases as the orifice diameter is increased. Examining the size distributions shows 

that this is due to the greater production of bubbles that are 70 Ilm and above. 
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Figure 8.6 : Effect of orifice diameter on the mean bubble size 
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Enlarging the orifice diameter principally effects the first stage of the process because 

the total number of nucleation sites increases as the circumference of the orifice 

expands. However, this will be accompanied by a decrease in the velocity through the 

orifice, reducing the drag force on the bubbles allowing them to increase more in size 

before they are dislodged. This notion is supported by the fact the bubble numbers 

decreased with diameter with the 2mm, orifice barely providing enough bubbles to be 

measured with two rolls of film. The overall flowrate increases as the diameter 

widens as less resistance is given to the flow. This will affect the process by greatly 

reducing the time that the bubbles spend in the nozzle chamber and increasing the 

relative velocity between injected flow and the bulk. Both of these will increase the 

size of the bubble and in particular the greater coalescence in stage three will produce 

more macro bubbles as seen in the distributions. Thus all three stages of the process 

are adversely affected by an increase in the orifice diameter. 

8.3.3 Effect of nozzle length. 

The effect of increasing the nozzle length can be seen in figure S.7. The mean size of 

the bubbles initially increased up to nozzle lengths of 10 mm then decreased with a 20 

mm nozzle. The individual size distributions, presented in appendix G, show a 

marked rise in the amount of larger bubbles when the 5 and 10 mm nozzles are used. 

A peak in the mean size is seen with a nozzle length of 11 mm. 

Changing the nozzle length will only affect stage two of the process with the time the 

bubbles are in the nozzle chamber increasing with nozzle length. This will allow the 

bubble to grow more by the time it reaches the bulk flow, thus increasing its size. 

This is seen in the rise in mean size up to 10 mm. The performance is improved with 

the 20 mm nozzle, showing the best performance of all with a mean size of 14 J.1ffi 

below the maximum. 
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Figure S.7 : Effect of nozzle length on the mean bubble size 
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Figure S.8 : Typical bubble photographs for different nozzle chamber lengths 
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The other important aspect concerned with nozzle chambers is the effective use of the 

available air. Any air that has not been consumed by the bubble growth in stage 2 will 

remain dissolved in the bulk water when it enters stage 3 and hence wasted. The 

shorter nozzle will offer less time for the consumption of the excess air and this 

results in the total bubble number decreasing. This can be seen in figure 8.8 which 

shows a typical photograph taken during the experiments with the different nozzle 

lengths. The photographs clearly show that the bubble number concentration 

increases with nozzle length. This means that long nozzle chambers are necessary for 

maximum utilisation of the dissolved air. 

8.3.4 Effect of impingement plates 

One of the most common methods of trying to control the bubble size distribution is 

by using an impingement plate with which the bubble stream collides thus breaking up 

the bubbles. This will have a greater effect on the larger bubbles as the surface 

tension will have a smaller effect on stabilising the bubble's surface. The use of such 

devices has been seen especially in the beer industry where they are supposed to 

homogenise the bubble size distribution. The results obtained in this investigation can 

be seen in figure 8.10 and show that the mean size is only affected when the 

impingement plate is between 1 and 5 mm away from the nozzle exit. The change in 

size is seen in the distributions by a reduction in the number of bubbles whose size is 

greater than 70 j.lIll. and this supports the notion of bubble break-up. The plate will 

also produce two counterbalancing effects on the degree of coalescence. The 

impingement will slow down the flow velocity and thus reduce the degree of 

turbulence but will create a large deviation in the flow. The results show that the peak 

effect occurs when the plate is very close to the nozzle exit and this will be because 

the flow velocity will be at its highest thus generating the greatest force which may be 

used to break up smaller bubbles. 



Page8.12 Discussion: Bubble production 

60 

-E 50. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ........ . 
..:!. 
~ 
'iii 
Gl :c .c 
::l .c 
c 
III 
Gl 
:lE 

40 ..... 

30 

20+-__ ~ __ +-__ -+ __ ~ ________ +-~ ________ ~ 

o 5 10 15 
Distance between exit of nozzle and impingment plate (mm) 

Figure 8.9 : effect of impingement plate on the mean bubble size 

8.3.5 Effect of diverging cones 

Another way to effect stage three of the process is to reduce the degree of turbulence 

that occurs where the injected flow meets the bulk without creating a large flow 

deviation. This can be achieved chemically but has undesirable effects on the rest of 

the flotation process. However, it can also be achieved mechanically by making the 

nozzle chamber a diverging cone at the natural angle of the expanding jet. 

Measurements from the video footage taken showed that the diverging flow spread 

outwards at an angle of approximately 45°. To test this three nozzle where made with 

cone angles of 30,45 and 60°. The results of this can be seen in figure 8.11. The 

diverging cones show an improvement in mean size providing the cone angle is less 

than the natural angle of the expanding jet. The peak reduction in size occurs with the 

45 ° cone which produced the least number of bubbles over 70 /lm which supports the 

notion of turbulence reduction as this angle should not affect the flow path unlike the 

other two. 
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Figure 8.10 : effect of diverging nozzle cone on the mean bubble size. 

The graph also shows the effect of adding an impingement plate after the diverging 

nozzle. In each case the plate was 5 mm from the end of the cone. The results shows 

that the combination of cone and impingement plate increases the mean bubble size. 

This difference is highlighted with the 45° cone which shows an increase in mean size 

of 12!lm when an impingement plate is used as well. Comparing the 45° cone with 

the impingement plate alone showed the effects to be very similar with both producing 

a mean size of around 38 !lm. 

8.3.6 Effect of surfactant 

The effect of increasing the surfactant concentration can be seen in figure 8.12. The 

results show a significant decrease in the mean size as the concentration is increased. 

The size distributions show that the number of bubbles whose size is greater than 70 

!lm decreases with increasing concentration. The effect of surfactant addition is 
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spread tbroughout the process. It is common to assume the decrease is purely the 

result of steric forces stabilising the bubble's surface thus reducing the degree of 

coalescence. However, the surfactant will also have a pronounced effect on stage one 

of the process by reducing the surface tension of the nucleation sites. This will make 

the dislodgement process easier and so will reduce the bubble size when they enter 

stage two. The effect of surfactant addition will improve the bubble size at each of the 

critical steps in the process, generating a large decrease overall. 
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Figure S.ll : Effect of surfactant concentration on the mean bubble size. 

8.4 NOZZLE DESIGN 

The aim of effective nozzle design is to produce a bubble size distribution that has a 

narrow spread of sizes with a mean between 40 and 50/lID. Larger bubbles are 

particularly undesirable as they are a less effective use of the available air and create 

high shear rates which can break up the floes. However, it is also undesirable to have 

too many very small bubbles, say less than 20 Ilm, as these are less effective at 

removing particles as the density difference produced is smalL 
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The complexities of the process as highlighted in this chapter preclude any useful 

quantitative nozzle design equations from being developed. However, the model 

presented here can be used to generate a number of generalised rules for effective 

nozzle design. The cavitation plate should have as small an orifice as possible 

although this will decrease the flowrate and so will have a limiting condition set by 

the required recycle ratio. The nozzle chamber connected to this should be 

sufficiently long to allow all the excess air to be used. Maximum benefit is obtained 

w hen either an impingement plate or a diverging nozzle cone is used. Although the 

results are very similar the impingement plates offer the more complete option as it 

has the added benefit of reducing the velocity of the injected bubbles, increasing the 

bubble's residence time in the flotation column. The plate should be connected with a 

gap no greater than one nozzle diameter from the nozzle exit as beyond this no effects 

are produced. The configurational changes suggested here enable the mean bubble 

size to be decreased by upto 6 !J.Ill which will improve the bubble numbers produced 

by upto 20%. This change can also be achieved with an increase in pressure but this 

corresponds to an increase in operating costs which obviates its application. 

8.5 CONCLUSIONS 

Measurement of bubble size distributions and bubble numbers have been made for a 

series of nozzles with different configurations. The results of these experiments have 

led to the development of a simple qualitative model which describes the bubble 

production process It is shown above that the model can describe the process 

adequately in terms of three separate stages and the model highlights the complexity 

of the process where a multitude of different effects act in unison. However, it clearly 

shows the key steps in the process are the dislodgement of bubbles from their 

nucleation sites and the degree of localised turbulence at the nozzle exit. 
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Examining the results of the experimental investigation in terms of this model shows a 

number of important criteria that need to be included in nozzle design in order to 

maximise its effect. In particular small cavitation orifices and long nozzle chambers 

have been shown to improve the size distribution generated. To achieve maximum 

benefit an impingement plate should be connected close to the nozzle exit to break up 

any large bllbbles and reduce the flowrate of the injected jet. This enables a decrease 

in mean size of upto 6 !1IIl which increases the bubble number concentration by upto 

20%. 
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CHAPTER NINE 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

9.1 CONCLUSIONS 

The investigation into the mechanisms of dissolved air flotation showed that the surface 

chemistry of the particles to be removed and the air bubbles that are generated are 

critical to the effective operation of the process. Simple qualitative models can 

effectively describe the surface chemical systems for engineering applications to yield a 

much improved understanding of how the process operates. 

A detailed surface characterisation of two clay minerals was performed in terms of their 

zeta potential. This showed that small changes in the system's conditions could have 

large effects on the zeta potential of the particles. This was most evident with the use of 

sUIfactants, where charge reversal occurred with very low surfactant concentrations. 

The surfactant adsorbed onto the clay particles in a perpendicular orientation, following 

a simple model of adsorption. This showed surfactants to be a very effective way of 

controlling the zeta potential of particles. Coagulants are less effective as they undergo 

hydrolysis reactions in water producing a range of aquometal products; the proportion 

of each type depends on the pH and dose of the system. In acidic environments positive 

aquometal complexes are predominant; this equilibrium shifts towards hydroxide 

precipitates when the condition becomes alkaline or the high concentrations are used. 

The model of how these two species interact with the particles and the resulting effect 

on the zeta potential adequately describes the systems, showing how sensitive the zeta 

potential is to changes in dose or pH when they are used. An anomalous result was 

found with the effects of temperature; the magnitude of the zeta potential of Wyoming 

bentonite particles decreased with increasing temperature. The mechanism for this 

potential reduction was a decrease in the hydrated radius of the adsorbing ions. This 

resulted in more ions being adsorbed into the Stem layer and caused the particles to 

coagulate as the temperature exceeded 35°C. 
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The mechanisms of flotation were investigated for both discrete and flocculated particles 

and showed that charge neutralisation and hydrophobicity are necessary for effective 

flotation. The peak efficiency occurred when the zeta potentials of the particles or flocs 

was ±4m V, with the decrease in the efficiency being much steeper for the flotation of 

flocs as the magnitude of their zeta potential was increased. No strong relationship 

could be found between removal efficiency and particle size, negating the concepts of 

grade efficiency which are often discussed. This is attributed to the fact that the bubbles 

contact the flocs on patches where the hydrophobicity is high, due to trace organic 

adsorption. The degree of hydrophobicity has been shown to increase the robustness 

with which the process can float particles that are charged without affecting the peak 

efficiency that is obtained. Increasing the recycle ratio above a certain optimum is 

shown to have little effect on the peak efficiency that is obtained; except in the flotation 

of poorly coagulated particles which are small or have remained discrete. A theoretical 

analysis of the process has shown that particles approach a bubble to an equilibrium 

distance and then are swept round the surface of the bubble until they reach the 

underside at which point they are either captured or released, depending upon whether 

the forces of gravity and hydrodynamics are sufficient to overcome the influence of the 

bubble. The dependence of flotation on the zeta potential of both particles and bubbles 

has been shown to require an equivalent zeta potential of !Om V on both surfaces for 

effective flotation. 

The mechanisms of bubble production within the process have been described in terms 

of a three stage model. This showed that the important stages in the process are: the 

dislodgement of the bubbles from their nucleation sites and the degree of localised 

turbulence at the nozzle exit. A number of important features have been highlighted to 

ensure an optimised nozzle design. In particular, small cavitation orifices followed by 

long nozzle chambers are required. Maximum benefit is gained by the inclusion of a 

45° diverging nozzle cone or an impingement plate close to the nozzle's exit, both of 

which reduce the mean bubble size by 6!1Jl1. Similar effects are produced by increasing 

the pressure or adding surfactants but both are undesirable due to the implications on the 

rest of the flotation process. 
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9.2 SUGGESTIONS FOR FUTURE WORK 

The following are suggestions for future work aiming either to improve the current 

experimental techniques or to develop further the understanding of the mechanisms that 

operate. 

The effect of floc structure is poorly understood and the concepts of grade efficiency 

need to be extended to include a parameter for shape as well as size. This is most 

effectively achieved by the measurement of the flocs fractal dimension and this should 

yield much greater information than size measurements alone. 

The need for hydrophobicity is clearly defined and the current models should be refined 

to include these effects. This can be effectively achieved by including a term for the 

hydrophobic interaction force into the balance of the short ranged forces. The model can 

be verified by experimenting with combinations of coagulants and surfactants to 

produce manufactured flocs with known hydrophobic spots. 

The requirement for charge neutralisation is clear but the investigation needs to extend 

to the characterisation of the bubble's zeta potential as this represents a limiting stage in 

the current analysis of the process. In particular the effect of the coagulants need 

detailed investigation as their effects are likely to be very complex due to the range of 

hydrolysis products that can form. This can then be extended to see if the zeta potential 

of both particles and bubbles can be manipulated by simple changes in the pH which 

then could control the flotation process. 

The model of bubble production clearly shows the importance of the detachment of 

bubbles from their nucleation sites. However, the actual detachment process is poorly 

understood and this represents a fundamental limitation preventing any model from 

adequately describing the process. The detachment process is clearly linked to the 

surface roughness and the crevice geometry that it creates and this needs quantifying. 

One possible method of achieving this is to measure the profile of the crevices in terms 
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of a shape factor such as the fractal dimension. This can then be experimentally verified 

by recording video footage of bubble production through a high magnification lens using 

a glass nozzle. Alternatively, the surface roughness can be controlled by electroplating 

the orifice plate and subsequent etching to generate pre-detennined degrees of 

roughness. 

The need for computer controlled image analysis has been shown and a solution has 

been developed to analyse an individual photograph automatically. This needs to be 

extended to enable a series of photographs to be analysed before the technique will 

become feasible. This requires alteration to the core programme which is written in the 

computer language visual C+ and represents a complex task. 

Improvements in the design of nozzles has been shown to increase dramatically the 

efficiency with which the supplied air is utilised. The development of nozzle design is 

still in its relatively early stages and much still needs to be done. In particular the 

application of diverging nozzle chambers requires a detailed investigation as these offer 

the best option for the future. This should then be extended to include the combination 

of diverging cones and impingement plates, which when resolved should offer the 

optimum design. 
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Figure AI: Zeta Potential vs pH for dispersed Kaolin particles in distilled water 
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Figure A2: Zeta Potential vs pH for dispersed Kaolin particles in tap water 
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Figure A.3: Zeta potential vs pH for dispersed Wyoming Bentonite particles in 
distilled water 

o 

-10 

-20 

E -30 -
-40 

, I , , , I , • , , 

- - ~ - - - T - - - ; - • - ; - • - ~ - - • " • - - " - - - " - • - " - - - " • - • • 

-50 
, I • , , , , , I , 

· - ~ . - - : . - . ; - - - ; . - - ~ . - - " - - . " . - - " - - - " - - - " - - - -

-60L-~--~--~~--~~~~--~~~~~ 

1 2 3 4 5 6 7 
pH 

8 9 10 11 12 

Figure AA: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in tap 
water 
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Figure A.5: Zeta potentia! vs pH for dispersed Latex particles in distilled water 
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Figure A..6: Zeta Potential vs concentration of Dodecyltrimethylammoniumbromide 

on dispersed Kaolin particles in distilled water 
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Figure A7: Zeta Potential vs concentration of Tetradecyltrimethylammoniumbromide 
on dispersed Kaolin particles in distilled water 
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Figure A8: Zeta Potential vs concentration of Hexadecyltrimethylammoniumbromide 
on dispersed Kaolin particles in distilled water 
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Figure A_II: Zeta Potential vs pH for dispersed Kaolin particles in 75 mgL-1 solution 
of Dodecyltrimethylammoniumbromide 
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Figure AI2: Zeta Potential vs pH for dispersed Kaolin particles in 100 mgL-1 solution 
of Dodecyltrimethy lammoniumbromide 
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Figure A_13: Zeta Potential vs pH for dispersed Kaolin particles in 150 mgL-' solution 
of Dodecyltrimethylammoniumbromide 
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Figure A.14: Zeta Potential vs pH for dispersed Kaolin particles in 200 mgL-' solution 
of Dodecyltrimethylammoniumbromide 
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Figure A.15: Zeta Potential vs pH for dispersed Kaolin particles in 5 mgL-' solution of 
Tetradecyltrimethylammoniumbromide 
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Figure A.16: Zeta Potential vs pH for dispersed Kaolin particles in 10 mgL-' solution 
of Tetradecyltrimethylammoniumbromide 
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Figure A.17: Zeta Potential vs pH for dispersed Kaolin particles in 20 mgL-1 solution 
of Tetradecyltrimethy lammoniumbromide 
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Figure A.18: Zeta Potential vs pH for dispersed Kaolin particles in 50 mgL-1 solution 
of Tetradecyltrimethylammoniumbromide 
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Figure A.19: Zeta Potential vs pH for dispersed Kaolin particles in 50 mgL-1 solution 
of Tetradecyltrimethylammoniumbromide 
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Figure A.20: Zeta Potential vs pH for dispersed Kaolin particles in 2 mgL-1 solution of 
Hexadecyltrimethylammoniumbromide 
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Figure A21: Zeta Potential vs pH for dispersed Kaolin particles in 4 mgL·1 solution of 
Hexadecyltrimethylammoniumbromide 
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Figure A22: Zeta Potential vs pH for dispersed Kaolin particles in 10 mgL·1 solution 
of Hexadecyltrimethylammoniumbromide 
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Figure A.23: Zeta Potential vs pH for dispersed Kaolin particles in 20 mgL-! solution 
of Hexadecyltrimethylammoniumbromide 
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Figure A.24: Zeta Potential vs pH for dispersed Kaolin particles in 50 mgL-! solution 
of Hexadecyltrimethylammoniumbromide 
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Figure A.25: Zeta Potential vs pH for dispersed Kaolin particles in 100 mgL-1 solution 

of Hexadecyltrimethylammoniumbromide 
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Figure A.26: Zeta Potential vs concentration of Dodecyltrimethylammoniumbromide 
on dispersed Wyoming Bentonite particles in distilled water 
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Figure A.27:Zeta Potential vs concentration of Tetradecyltrimethylammoniumbromide 
on dispersed Wyoming Bentonite particles in distilled water 
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Figure A.28:Zeta Potential vs concentration of Hexadecyltrimethylammoniumbromide 
on dispersed Wyoming Bentonite particles in distilled water 
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Figure A.29: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
5 mgL-1 solution of Tetradecyltrimethylammoniumbrornide 
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Figure A.30: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
10 mgL-1 solution of Tetradecyltrimethylammoniumbrornide 
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Figure A.31: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
20 mgL-1 solution of Tetradecyltrimethylammoniumbromide 
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Figure A.32: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
50 mgL-1 solution of Tetradecyltrimethylammoniumbromide 
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Figure A.33: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
lOO mgL·1 solution of Tetradecyltrimethylammoniumbromide 
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Figure A.34: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
25 mgL·1 solution of Dodecyltrimethylammoniumbromide 
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Figure A35: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
50 mgL-1 solution of Dodecyltrimethylamrnoniumbromide 
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Figure A36: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
75 mgL-1 solution of DodecyItrimethylammoniumbromide 
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Figure A_37: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
100 mgL-1 solution of Dodecyltrimethylammoniumbromide 
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Figure A.38: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
150 mgL-1 solution of Dodecyltrimethylammoniumbromide 
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Figure A.39: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
200 mgL-1 solution of Dodecyltrimethylammoniumbromide 
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Figure A.40: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
2 mgL-1 solution of Hexadecyltrimethylammoniumbromide 
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Figure A.41: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
4 mgL-1 solution of Hexadecyltrimethylammoniumbromide 
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Figure A.42: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
10 mgL-1 solution of Hexadecyltrimethylammoniumbromide 
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Figure A43: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
20 mgL·1 solution of Hexadecyltrimethylammoniumbromide 
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Figure A44: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
50 mgL·1 solution of Hexadecyltrimethylammoniumbromide 
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Figure AA5: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
100 mgL-1 solution of Hexadecyltrimethylammoniumbromide 
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Figure A46: Zeta Potential vs pH for dispersed Kaolin particles in 4 mgL-1 solution of 
Alum 
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Figure AA7: Zeta Potential vs pH for dispersed Kaolin particles in 8 mgL-1 solution of 
Alum 
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Figure A48: Zeta Potential vs pH for dispersed Kaolin particles in 16 mgL- 1 solution 
of Alum 
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Figure A.49: Zeta Potential vs pH for dispersed Kaolin particles in 20 mgL·1 solution 
of Alum 
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Figure A50: Zeta Potential vs pH for dispersed Kaolin particles in 40 mgL·1 solution 
of Alum 
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Figure A.5!: Zeta Potential vs pH for dispersed Kaolin particles in 0_02 mgL-1 

solution of Ferric Chloride 
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Figure A_52: Zeta Potential vs pH for dispersed Kaolin particles in 0_06 mgL-1 

solution of Ferric Chloride 
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Figure A.53: Zeta Potential vs pH for dispersed Kaolin particles in 0.1 mgL·1 solution 
of Ferric Chloride 
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Figure A.54: Zeta Potential vs pH for dispersed Kaolin particles in 0.14 mgL·1 

solution of Ferric Chloride 

11 



20 

O~------~--~r-------------------------

() 

~ -20 - - - - - - - - - - - - - - - - - - - - - - - ~- - - - ~- - - - - - - - - - - - - - -
'-' 
>J' 

() () 

-40 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-60~~~~~~~~~~~~~~~~~~~~~~ 

2 3 4 5 6 7 8 9 10 11 

pH 

Figure A55: Zeta Potential vs pH for dispersed Kaolin particles in 0_2 mgL-1 solution 
of Ferric Chloride 

20 

10 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0+------------------------------------------
>-
E -10 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-20 

() () 
() 

- - - -() - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
() () () () 

-30 

() 

2 3 4 5 6 7 8 9 10 

pH 

Figure A56: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
4 mgL-1 solution of Alum 

11 



20 

10 

0 

>' 
E -10 
'-' 
>.J> 

-20 - - - -g- - - -~ - - - Qg - - - - - - - - - - - - - - - - - - - - - - - - - - - -
g 

-30 - - - - - - - - - - - - - - - - - - Q - - - - - -g -----------------
g 

-40 
2 3 4 5 6 7 8 9 10 11 

pH 

Figure A.57: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
8 mgL-1 solution of Alum 

20 

10 - - - - - - - - - - - - - - - - g- - - - - - - - - - - - - - - - - - - - - - - - - - -

o~-----------------------------------------
>' 

- - - - - - - - -g- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -g (fjJ E -10 

-20 - - - - - - - - - - - - - - - - - - _Q - - - - - - - - - - - - - - - - - - - - - - - -

g 
-30 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - i;) - - - - - - - - - - - - -

g g 
-40 U-~~~~~~~~~~~~~~~~~~~~~ 

2 3 4 5 6 7 8 9 10 

pH 

Figure A.S8: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
16 mgL-1 solution of Alum 

11 



20 

10 - - - ---- -- - -." --.- -- .. , - - .. - --.- - .. _. --. - -- _. 

0 

>-
E -10 
'-' 

g g 
. . . . g' . . . . . .g. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

l.J' 

-20 . . . . . . . . . . . . . . . . . . g. . . . . . . . . . . . . . . . . . . . . . . . . 

g 

-30 
g 

_ ... _ ... - - .. - --- - -_.- -- -_. -- - ... _. -- -. - -. -'-

-40 , I 

2 3 4 5 6 7 8 9 10 11 

pH 

Figure A.59: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
20 mgL·1 solution of Alum 

20 

10 ........................................... . 

0+-------------------------------------------
>-
E -10 

-20 .......................... .. g............... 

-30 ........................................... . 

-40 L' ~~~~~~I~,~~~~~~~~~~~~~~~~~~w 

2 3 4 5 6 7 8 9 10 

pH 

Figure A.60: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
40 mgL"1 solution of Alum 

11 



-20 

-30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... g' . . . . . . . . 

s;- Q Q Q 

E -40 . . . . . . . . . . . . . . . . Q. . . . . . . . . . . . . . . . . . . . . . . . . . . 
Q 

-50 ........................................... . 

-60 ~~~~~~~~~I~,~~~~~~~~~~~I~,~~~~,~,~, 

2 3 4 5 6 7 8 9 10 11 

pH 

Figure A.61: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
0.02 mgL·1 solution of Ferric Chloride 

-20 

-30 ...........................................-

s;- Q Q Q 
- ----- --- -------- -- - - - - -- - - - -- ------- - - ---.-

Q 
E -40 

-50 ... - - - - . - - - - - - . . - - . - . - - - - - . - - - . - - - - - - - - . - . - . 

-60 ~~~~~~~~~~~~~~~~-w~~~~~ 
2 3 4 5 6 7 8 9 10 

pH 

Figure A.62: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
0.06 mgL- 1 solution of Ferric Chloride 
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Figure A.63: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
0.1 mgL-1 solution of Ferric Chloride 
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Figure A.64: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
0.14 mgL- 1 solution of Ferric Chloride 

11 



-20 

-30 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

:;- g g 
E -40 - - - - - - - - - - - - - - -g-g - - - - - - - - - - - - - - - - - - - - - - - - - -

g 

-50 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-60 ~~~I~.~~.~I~.~~I~.~~. ~I~.~~.~I~~~.~I~~~~~~~~ 

2 3 4 5 6 7 8 9 10 

pH 

Figure A.65: Zeta Potential vs pH for dispersed Wyoming Bentonite particles in 
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APPENDIXF 



KEY 

CODE DESCRIPTION OF FOAM 

VC Very Coarse 

C Coarse 

CIF CoarselFine 

F/C Fine/Coarse 

F Fine 

VF Very Fine 



Test Concentration Injection Ratio Foam Height Structure Mobility of Surface Temperature 
(mgl-I ) (%) (mm) Foam Tension (DC) 

Kaolin/Hexa 0 5 0 - Poor 71.2 22 
Kaolin/Hexa I 5 0 - Poor 71.1 20 
Kaolin/Hexa 2 5 
Kaolin/Hexa 3 5 0 - Poor 71.1 19.5 
Kaolin/Hexa 4 5 1 C Poor 19.5 
Kaolin/Hexa 5 5 2 C Poor 66 20.5 
Kaolin/Hexa 6 5 
Kaolin/Hexa 8 5 I C Poor 62.1 21 
Kaolin/Hexa 12 5 2 CIF Poor 58.8 21 
Kaolin/Hexa 16 5 2 F Poor 56.5 21 
Kaolin/Hexa 20 5 2 F Good 55 21.5 
Kaolin/Hexa 30 5 2 F Good 52.8 21.5 
KaolinlHexa 40 5 2 F Good 52 21.5 
Kaolin/Hexa 0 10 0 - Poor 71.2 20.5 
KaolinlHexa I 10 2 C Poor 65.4 19 
Kaolin/Hexa 2 10 3 CIF Poor 64.7 20.5 
Kaolin/Hexa 3 10 2 C Poor 63 19.5 
Kaolin/Hexa 4 10 3 CIF Poor 61 21 
Kaolin/Hexa 5 10 2 CIF Poor 59.6 18.5 
Kaolin/Hexa 6 10 3 CIF Poor 20.3 
Kaolin/Hexa 8 10 3 F/C Good 54 21 
Kaolin/Hexa 12 10 3 F Good 51.9 21 

,-_~~<!.!~~I:!~~ __ 16 10 5 F Good 49.1 21 L... __________ 
L... __________ ~ 

1..- __________ ----------- ___________ L... __________ L... ___________ 



r---------- r---------- ---------- ,---------- y----------- ,---------- -r----------- ----------
Kaolin/Hexa 20 IQ 6 F Good 44.9 21 
Kaolin/Hexa 30 IQ 6 VF Good 44.3 21 
Kaolin/Hexa 40 IQ 7 VF Good 39.5 18.5 
Kaolin/Hexa 0 15 0 - Poor 71.2 17.5 
KaolinlHexa 1 15 3 C Poor 62.1 18 
Kaolin/Hexa 2 15 5 C Poor 63.3 16.5 
Kaolin/Hexa 3 15 2 VC Poor 60.9 18 
Kaolin/Hexa 4 15 6 C Poor 17 
Kaolin/Hexa 5 15 3 VC Poor 59.2 18 
Kaolin/Hexa 6 15 6 F/C OK 51.7 17.5 
Kaolin/Hexa 8 15 6.5 F/C Good 52 17.5 
Kaolin/Hexa 12 15 7 F Good 51.56 17 
Kaolin/Hexa 16 15 7 VF Good 45.54 18 
Kaolin/Hexa 20 15 7 VF Good 51.7 17.5 
Kaolin/Hexa 30 15 7 VF Good 52.2 18 
Kaolin/Hexa 40 15 8 VF Good 53.36 17.5 
KaoJinIHexa 0 20 0 - Poor 71.2 17 
Kaolin/Hexa 1 20 3 VC Poor 70.6 18 
Kaolin/Hexa 2 20 5 VC Poor 65.5 16 
Kaolin/Hexa 3 20 2 VC Poor 71.5 19 
Kaolin/Hexa 4 20 5 VC Poor 56.8 16 
Kaolin/Hexa 5 20 3 VC Poor 59.5 19 
Kaolin/Hexa 6 20 3 F/C OK 57.5 18 
Kao1in/Hexa 8 20 6 C Good 59.3 17.5 
KaolinlHexa 12 20 5 F Good 52.9 18.5 
KaolinIHexa 16 20 7 F Good 61.4 18.5 1- ___________ .1.- __________ L.. __________ '------------ 1- __________ .L... __________ L __________ ----------



r---------------------------------- r---------- r---------- ---------- ----------- r----------
Kaolin/Hexa 20 20 7 VF Good 65 18.5 
Kaolin/Hexa 30 20 7 VF Good 53.4 18 
Kaolin/Hexa 40 20 7 VF Good 52.3 18 
Kaolin/Hexa 0 25 71.2 
KaolinlHexa 1 25 3 VC Poor 69.6 19 
Kaolin/Hexa 2 25 66.7 
Kaolin/Hexa 3 25 2 VC Poor 60.5 19 
Kaolin/Hexa 4 25 5 C Poor 55.8 18 . 

Kaolin/Hexa 5 25 4 C Poor 57.3 19 
Kaolin/Hexa 6 25 Poor 56.2 
Kaolin/Hexa 8 25 6 CIF OK 58.4 18 
Kaolin/Hexa 12 25 6 F Good 51.5 20 
Kaolin/Hexa 16 25 6 F Good 50.3 20.5 
Kaolin/Hexa 20 25 7 VF Good 50.2 20.5 
Kaolin/Hexa 30 25 7 VF Good 49.7 20 
KaolinlHexa 40 25 7 VF Good 48.6 20 

Appendix Ft: Foam characterisation table for dispersed Kaolin particles conditioned with Hexadecyltrimethylammoniumbromide 



Test Concentration Injection Ratio Foam Height Structure Mobility of Surface Temperature 
(mgl·') (%) (mm) Foam Tension eC) 

Kaolinrretra 0 5 0 - Poor 71 21 
Kaolinrretra 8 5 1 F Poor 70.9 21 
Kaolinrretra 16 5 1 F Poor 63 21 
Kaolinrretra 24 5 0 - Poor 55 21 
Kaolinrretra 32 5 0 - Poor 57 22.5 
Kaolinrretra 40 5 0 - Poor 58 21.5 
Kaolinrretra 0 10 0 - Poor 71.2 22 
Kaolinrretra 8 10 2 C Poor 71 22.5 
Kaolinrretra 16 10 3 C Poor 65.1 21.5 
Kaolinrretra 24 10 2 C Poor 60.7 21 
Kaolinrretra 32 10 2 C Poor 58.2 20.5 
Kaolinrretra 40 10 1 C Poor 58 21 
Kaolinrretra 0 15 0 - Poor 71.4 23 
Kaolinrretra 8 15 4 C Poor 72.1 21.5 
Kaolinrretra 16 15 5 C Poor 69.3 21 
Kaolinrretra 24 15 4 C Poor 58.7 21 
Kaolinrretra 32 15 5 CIF Poor 56.3 21 
Kaolinrretra 40 15 3 VC Poor 59.2 21 
Kaolinrretra 0 20 0 - Poor 71.2 21.5 
Kaolinrretra 8 20 3 C Poor 69.7 21.5 
Kaolinrretra 16 20 2 C Poor 68.3 22 
Kaolinrretra 24 20 4 CIF Poor 57 21.5 
Kaolinrretra 32 20 5 F Good 57.5 22 
Kaolinrretra 40 20 4 F Good 58.3 22 ---------- ~----------

_____________________ L- __________ L... __________ ---------- ----------



r-----------r-----------;-----------~ ------------r---------- ------------r-----------r----------
Kaolinrretra 0 25 0 Poor 71.2 23.5 
Kaolinrretra 8 25 5 C Poor 71.2 23.5 
Kaolinrretra 16 25 4 C Poor 60.3 23 
Kaolinrretra 24 25 5 CIF Poor 57.3 23.5 
Kaolinrretra 32 25 5 CIF Poor 58.2 25 
Kaolinrretra 40 25 5 VC Poor 57.2 21 

Appendix F2: Foam characterisation table for dispersed Kaolin particles conditioned with TetradecyItrimethylammoniumbromide 



Test Concentration Injection Ratio Foam Height Structure Mobility of Surface Temperature 
(mg!"') (%) (mm) Foam Tension eC) 

KaolinlDodec 0 5 0 - Poor 71 24.5 
KaolinlDodec 12.5 5 0 - Poor 69 24.5 
KaolinlDodec 25 5 0 - Poor 24 
Kaolin/Dodec 37.5 5 1 CIF Poor 43.9 24 
Kaolin/Dodec 50 5 0 - Poor 42.3 21 
Kaolin/Dodec 62.5 5 0.5 F Poor 48.6 21 
KaolinlDodec 75 5 0 - Poor 62.2 21 
KaolinlDodec 100 5 0 - Poor 22 
Kaolin/Dodcc 125 5 0 - Poor 22 
KaolinIDodec 150 5 0 - Poor 22 
KaolinIDodec 200 5 0 - Poor 22 
KaolinlDodec 0 10 0 - Poor 71 22 
Kaolin/Dodec 12.5 10 2 C Poor 71 22 
KaolinlDodec 50 10 4 CIF Poor 54.6 21 
KaolinlDodec 75 10 4 F/C Poor 64.4 21 
Kaolin/Dodec 100 10 3 F/C Poor 51.1 21 
Kaolin/Dodec 125 10 3 F/C Poor 47.1 20 
Kaolin/Dodec 150 10 3 F/C Poor 56.4 20 
KaolinIDodec 175 10 3 F/C Poor 46.3 20 
Kaolin/Dodec 200 10 3 F/C Poor 59.1 20 
KaolinlDodec 250 10 3 F/C Poor 20 
KaolinIDodec 0 15 0 - Poor 71 22 
Kaolin/Dodec 50 15 4 CIF Poor 52.3 22 

L.l<~<!.ll~<!.c!.e~ _ 100 1- ___________ 15 1- ___________ 4 '------------ CIF 1--------- Poor 40.86 22 1------------------------------------



-----------r----------- r----------- r----------- r-------- ----------- r-----------------------
Kaolin/Dodec 125 15 5 CIF Poor 33.73 22 
KaolinlDodec 150 15 4 CIF Poor 31.86 18 
KaolinlDodec 175 15 5 CIF Poor 33.73 18 
Kaolin/Dodec 200 15 3 C Poor 30.97 18 
KaolinlDodec 250 15 4 C Poor 33.8 18 
KaolinlDodec 0 20 0 - Poor 71 20.5 
Kaolin/Dodec 50 20 4 C Poor 49.3 20.5 
KaolinlDodec 100 20 5 CIF Poor 40.3 20.5 
KaolinlDodec 125 20 6 CIF Poor 37.1 21.5 
KaolinlDodec 150 20 5 CIF Poor 39.1 21.5 
KaolinlDodec 175 20 5 CIF Poor 36.1 21.5 
Kaolin/Dodec 200 20 5 CIF Poor 40.3 21 
KaolinlDodec 250 20 5 CIF Poor 39.7 21 
KaolinlDodec 0 25 0 - Poor 71.2 21.5 
Kaolin/Dodec 50 25 5 C Poor 63.9 21.5 
KaolinlDodec lOO 25 5 C Poor 63.1 23.5 
KaolinlDodec 125 25 5 C Poor 59.9 23.5 
KaolinlDodec 150 25 6 CIF Poor 54.6 23 
Kaolin/Dodec 175 25 6 CIF Poor 48.8 23 
Kaolin/Dodec 200 25 6 F/C Poor 44.5 23 
Kaolin/Dodec 250 25 7 F/C Poor 41.3 23 

Appendix F3: Foam characterisation table for dispersed Kaolin particles conditioned with DodecyItrimethylammoniumbromide 



Test Concentration Injection Ratio Foam Height Structure Mobility of Surface Temperature 
(m!!I·') (%) (mm) Foam Tension (0C) 

WB/Hexa 0 5 0 - Poor 72 19 
WB/Hexa 10 5 0 - Poor 61.5 19 
WB/Hexa 15 5 0 - Poor 72.5 19 
WB/Hexa 20 5 3 F/C Poor 72.4 19 
WB/Hexa 25 5 4 CIF Poor 72.4 19 
WB/Hexa 30 5 0 - Poor 72 19 
WB/Hexa 40 5 0 - Poor 51.86 19 
WB/Hexa 50 5 0 - Poor 48.3 19 
WBlHexa 0 25 0 - Poor 72 19 
WB/Hexa 10 25 6 CIF Poor 71.9 19 
WB/Hexa 15 25 5 CIF Poor 71.5 18 
WB/Hexa 20 25 6 C Poor 73 19 
WB/Hexa 25 25 7 F Good 71.9 18 
WB/Hexa 30 25 3 CIF Good 72 19 
WB/Hexa 40 25 6 F Good 63.8 19 
WB/Hexa 50 25 6 F Good 47.7 19 

WBlTetra 0 5 0 - Poor 71.5 19 
WBlTetra 10 5 0 - Poor 70 19 
WBlTetra 20 5 4 F/C Poor 70.5 19.5 
WBlTetra 30 5 4 F/C Poor 44.4 19 
WBlTetra 40 5 4 F Good 47.8 19 
WBlTetra 50 5 4 F Good 45 19 
WBlTetra 0 25 0 - Poor 71.5 20 
WBlTetra 10 25 6 F OK 72 20 ---------- ----------- ------------ ~-----------

1... _______ 1... ___________ L.... ___________ L... ___________ 



----------
WBffetra 
WBffetra 
WBffetra 
WBffetra 

WBlDodec 
WBlDodec 
WBlDodec 
WBlDodec 
WBlDodec 
WBlDodec 
WBlDodec 
WBlDodec 

,.------------ ----------- ----------- --------------------- ------------r-----------
20 25 4 F OK 70.5 20 
30 25 4 C Ok 48.1 20 
40 25 8 F/C Good 48 19 
50 25 7 C Good 59.33 19 

0 5 0 - Poor 70.5 25.5 
50 5 5 C Poor 45.4 24 
lOO 5 5 C Poor 46.7 224 
150 5 4 C Poor 34.1 22 
200 5 4 C Poor 44.86 22.5 
300 5 5 CIF Good 50.3 25 
400 5 7 F/C Good 42.06 24 
500 5 6 F/C Good 48.7 24 

Appendix F4: Foam characterisation table for dispersed Wyoming Bentonite particles conditioned with 
Akyldecyltrimethylammoniumbromide 



Test Concentration Injection Ratio Foam Height. Structure Mobility of Surface Temperature 
(m21") (%) (mm) Foam Tension ("C) 

Kaolin/Alum 0 5 0 - Poor 60.9 20 
Kaolin/Alum 4 5 0 - Poor 71.7 20 
Kaolin! Alum 8 5 0 - Poor 65.8 20 
Kaolin/Alum 12 5 0 - Poor 71.5 21 
Kaolin/Alum 16 5 0 - Poor 71.6 21 
Kaolin/Alum 20 5 0 - Poor 71.4 21 

KaolinlFerric 0 5 0 - Poor 22 
KaolinIFerric 4 5 2 C Poor 22 
KaolinlFerric 8 5 2 C Poor 22 
KaolinlFerric 12 5 4 C Poor 22 
KaolinlFerric 16 5 5 C Poor 22 
KaolinIFerric 20 5 4 C Poor 22 

Appendix F5: Foam characterisation table for Dispersed kaolin particles conditioned with Coagulant 



Test Concentration Injection Ratio Foam Height Structure Mobility of Surface Temperature 
(mgl-') (% ) (mm) Foam Tension COC) 

WB/Alum 0 5 0 - Poor 20 
WB/Alum 40 5 IO F Good 20 
WB/Alum 50 5 IO F/C Good 20 
WB/Alum 60 5 IO F Good 20 
WB/Alum 70 5 10 F Good 20 
WB/Alum 80 5 IO F Good 20 

WBlFerric 0 5 0 - Poor 22 
WBlFerric 20 5 5 F Good 22 
WB/Ferric 40 5 8 F Good 22 
WBlFerric 60 5 12 F Good 22 
WBlFerric 70 5 8 F Good 22 
WBlFerric 80 5 8 F Good 22 
WBlFerric 90 5 8 F Good 22 

Appendix F6: Foam characterisation table for Dispersed Wyoming Bentonite particles conditioned with Coagulant 



APPENDIXG 



KEY 

CODE DESCRIPTION UNITS 

A Orifice diameter mm 

B Nozzle diameter mm 

C Nozzle length mm 

D Pressure in saturator bar 

E Cone angle of diverging nozzle 0 

F Distance of impingement plate from nozzle exit mm 

G Surfactant concentration mgr l 

H Electrolyte concentration mgr' 
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Figure G2 : Bubble size distribution. pressure = 5 bar 
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Figure G3 : Bubble size distribution, pressure = 6 bar 

CONDITIONS 

\-------1:1----------1 A=1 8=5 C=20 0=7 
0.25 E=O F=O G=O H=O 

-... 
Cl) 0.2 1----. 
.c 
E 
:l s::: 0.15 1------, 
Cl) 
> 
1ii 0.1 
Cii 
a: 

0.05 1---

o L...-....LJll1IIIII.L 

o 10 20 30 40 50 60 70 80 90 100 110 120 130 

Bubble size (f.lm) 

Figure G4 : Bubble size distribution, pressure = 7 bar 



0.35 

0.3 f-----

CONDITIONS 

1------------1 A=1 8=5 C=20 D=8 
E=O F=O G=O H=O 

~ 111l-----------~~~~~~~~ ':' 0.25 f-----I; 
Q) 
.c 
E 0.2 f----
:l 
C 

~ 0.15 1-------

~ 
(jj 0.1 
a: 

0.05 I--~.~t-

0.25 

0.2 -I -... 
Q) 
.c 0.15 E 
:l 
C 
Q) 
> :;::: 0.1 
ca 
(jj 
a: 

0.05 

o 10 20 30 40 50 60 70 80 90 100 110 120 130 

Bubble size <flm) 
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0.35 
CONDITIONS 

0.3 1-------;;:=---------1 A=1 8=5 C=20 0=4 
E=O F=3 G=O H=O 

";:' 0.25 1-------
Cl) 
.c 
E 0.2 1------
:::J 
C 

~ 0.15 

~ 
(j) 0.1 
a: 

0.051----

o L...---l..:.O 

o 10 20 30 40 50 60 70 80 90 100 110 120 130 

Bubble size (Jlm) 

Figure G8 : Bubble size distribution, impingment plate 3rnm from nozzle exit 



-I -"-
Cl) 
.c 
E 
:l 
s::: 
Cl) 

> 
~ 
al 
Cii 
Cl: 

-I -"-
Cl) 
.c 
E 
:l 
s::: 
Cl) 

> 
~ 
al 
Cl) 

Cl: 

0.25 

0.2 

0.15 

0.1 

0.05 

CONDITIONS 

A=1 8=5 C=20D=4 
E=O F=5 G=O H=O 

o 10 20 30 40 50 60 70 80 90 100 110 120 

Bubble size (J.Lm) 

Figure G9 : Bubble size distribution, impingment plate 5mm from nozzle exit 
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Figure G 11 : Bubble size distribution, impingment plate 15mm from nozzle exit 

-I -loo 
Cl) 
..c 
E 
:l 
C 
Cl) 
> :;:::; 
CU 

Q) 
0:: 

0.25 

0.2 

0.15 

0.1 

0.05 

CONDITIONS 

A=1 8=5 C=20D=4 
E=30 F=O G=O H=O 

o 10 20 30 40 50 60 70 80 90 100 110 120 130 

Bubble size <Ilm) 

Figure G12: Bubble size distribution, 30° diverginging nozzle cone 
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Figure G 14: Bubble size distribution, 60° diverging nozzle cone 
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Figure G 15 : Bubble size distribution, 30° diverging nozzle cone with an impingment 
plate 5mm from nozzle exit 

0.25 

- 0.2 
I -... 

Cl) 
.a 0.15 E 
::l 
C 
Cl) 

> 0.1 
~ ca 
Cl) 

a: 
0.05 

o 

CONDITIONS 

A=1 8=5 C=20D=4 
E=45 F=5 G=O H=O 

o 10 20 30 40 50 60 70 80 90 100 110 120 130 

Bubble size <Ilm) 

Figure G 16: Bubble size distribution, 45° diverging nozzle cone with an impingment 
plate 5mm from nozzle exit 
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Figure G 17 : Bubble size distribution, 60° diverging nozzle cone with an impingment 
plate 5mm from nozzle exit 
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Figure G18 : Bubble size distribution, HTAB concentration = 10 ppm 
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Figure G19 : Bubble size distribution, HTAB concentration = 20 ppm 
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Figure G20 : Bubble size distribution, HT AB concentration = 30 ppm 
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Figure G22 : Bubble size distribution, 0.5 mm orifice plate 
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Figure G23 : Bubble size distribution, 1.5 mm orifice plate 
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Figure G24 : Bubble size distribution, 2 mm orifice plate 



-I -... 
Q) 
.c 
E 
::s 
c: 
Q) 
> ;: 
ctI 
Q) 

a: 

-I -... 
Q) 
.c 
E 
::s 
c: 
Q) 
> ;: 
ctI 
a; 
a: 

0.25 
CONDITIONS 

A=1 8=5 C=O D=4 

0.2 E=O F=O G=O H=O 

0.15 

0.1 

0.05 

o '------'" 

0.25 

0.2 

0.15 

0.1 

0.05 

o 10 20 30 40 50 60 70 80 90 100 110 120 130 

Bubble size (flm) 

Figure G25 : Bubble size distribution, no nozzle chamber 
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Figure G26 : Bubble size distribution, 5 mm nozzle chamber 
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Figure G27: Bubble size distribution, 10 mm nozzle chamber 

CONDITIONS 

A=l 8=5 C=10D=4 
E=O F=O G=O H=O 

o '---'-_ ............ _L!..< 
o 10 20 30 40 50 60 70 80 90 100 110 120 130 

Bubble size (Ilm) 

Figure G28: Bubble size distribution, extended cavitation plate 



APPENDIXH 



Figure HI: Picture board of bubble formation from a nozzle 



Figure H2: Picture board of bubble formation from a nozzle with an impingment plate 



Figure H3: Picture Board of bubble formation from a nozzle with an impingment plate 



Figure H4: Picture board of bubble formation from a nozzle with an impingment plate 



Figure H5: Picture board of bubble formation from a nozzle with an impingment plate 



Figure H6: Picture board of bubble formation from a nozzle with an impingment nozzle 



Figure H7: Picture board of bubble formation from a nozzle with no nozzle chamber 



Figure H8: Picture board of bubble formation from a nozzle with a reduceu nozzle chamber 
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APPENDIXi 



A 

DIM crt(40) 
for j=1 to 1 
dp=j*IE-6 
hit=O 
miss=O 
crt(l)=1 
crt(2)=0.000001 
for i=2 to 5 

yO#=crt(i) 
yl#=yO# 

'particle size' 

/ 

alpha=.lO 'density of bubbles 
rl#=(alpha)A(-1I3) 
xl #=-sqr(rl #*rl #-Y 1 #*y 1 #) 
dt#=.OOOI ' 
xO#=xl#-dt# _ 

r , 

'to stop display type" goto 50" 
screen 12 
window ( .2,2.4)-(3.2,-2.4) 
circle (0 ),1,4 

50 co nt=O 
10x =xl# 
GO 

gosub forces 
30 xl#=xl# 
gosubtraj . 

pset (xl#,yl#) 
60 count=counH 1 

'to stop display type" goto 60" 

if count>600000 then 210 
ifxl#>1 then 210 
if hrd#> 0 then 20 
if hrd#<O. then 3000 
210 miss=miss+ 1 
hit=O 
crt(i+ 1 )=( crt(i)+crt(i-miss ))/2 
goto 3010 
3000 hit=hiH 1 
miss=O 
crt(i+ 1 )=( crt(i)+crt(i-hit))l2 



3010 test=sqr( (crt(i )-crt(i -1»*( crt(i)-crt(i -1») 
iftest<O.OOI then 3110 

next i 
3110 print using "########.#### ";(dp*IE+6),crt(i),feldd,fvdwdd 
nextj 
3100 end 

Datar: \ 
epi=78.5*8.85E-12 \ 
ka=1.04E+6 
zetap=-O.OlO 
zetab=-O.OlO 
visc=.OOI 
All=2.0E-19 
A22=2.0E-19 
A33=4.0E-21 
A=(sqr(Al1)-sqr(A33»*(sqr(A22)-sqr(A33» 
A=3E-20 
db=40E-6 
dp=dp 
denp=2600 
denf=1000 
denb=1.25 
uO=9.81 *( denp*dp*dp+denb*db*db-2*denf( dp*dp+db*db »)I( 18 *visc) 
feldd=2*ka*epi*zetap*zetab/(3*visc*uO) 'elecric parameter . 

fvdwdd=N(9*3.142*visc*uO*dp*dp) 

G=( denp-denf)*dp*dp*9. 811( 18 *visc *uO) 
stk=(denp-denf)*dp*dp*uO/(18*visc*db) 

RETURN 

flow: 
r#=sqr(xl#*xl#+yl #*yl #) 
p=( alpha)"( 113) 

wd= 1-5*p/9+p*p*p-.2*pA( 6) 
A=-(1-0.4*p*p*p )I(4*wd) 
B=3/(4*wd) 
C=-(1 +0.5 *p*p*p )1(2 *wd) 

'Van der Waal parameter 

'gravity parameter 
'Stokes number 



D=0.15*p*p*p/wd 
utheta#=-(-Al(r#*r#*r#)+B/r#+2*C+4*D*r#*r#)*yl#/r# 
ur#=2 *x 1 #* (Alr#+ B *r#+C*r#*r#+ D*r#*r#*r#*r#)I(r#*r#*r#) 

4005 ux 1 #=utheta#*y 1 #/r#-ur#*x 1 #Ir# 
uyl #=-utheta#*xl #/r#-ur#*y 1 #/r# 

4010 xl#=xl# 
RETURN \ /.., I ... \t '\ ,,,t,V ; 

. (e\\1. forces' _., , 

..,)' rr#=s~r(xl#*xl#+yl#*yl#)*dbl2 - <! "" ·r~$1 [\' 
,,~.. rtr#=(dp+db)l2- ""'" 
'; ----tJr#=rr#-rtr# -

I 

hrd#=hr#*2/dp , .) \1\/\ .. 
hrds#=hrd#*hrd# .....--_..... V' . J , -

;/ if hr#> lE-9 then 5050 , 
hr#=IE-9 
5050 fdielr=-feldd*exp(-ka*hr#)/(1 +exp(-ka*hr#» ~ 

, 

vx#=hr#*2/( db+dp) 
nr=dp/db 

Ifhrds#=O. THEN 5040 
.. fvdwr=fvdwddlhrds#.... ---"')~ ... -... ~--

GOT0501O /' 
5040 fvdwr=O. ---
5010 s=hr#*2/dp 
vrd#=ur#-(uxl #*x 1 #/r#+uy 1 #*y 1 #/r#) 
IF s<O. OR s> 1. THEN 5020 

fdihr=-3*nr*nr*(s+ 1)*(s+ 1 )/((1 +s*nr+nr)*(1 +s*nr+nr»*ur#*(3.23-2.91 *s+ 1.56*s*s) 
goto 5030 
5020 fdihr=O. 
5030 s=s 
RETURN 

traj: 

fr#=fdihr+fdielr+fvdwr 

fx#=-fr#*x 1#1r# 
fy#=-fr#*yl#/r# 

7010 uyl#=uyl#+fy# 
uxl #=uxl #+fx#+G 
x2#=(2 *ux 1 #*dt#*dt#+xO#* (dt#-4 * stk)+8 *x 1 #* stk)/( 4* stk +dt#) 



y2#=(2 *uy 1 #*dt#*dt#+yO#* (dt#-4 *stk)+8 *y 1 #*stk)l( 4 *stk +dt#) 
xO#=xl# 
xl#=x2# 
yO#=yl# 
yl#=y2# 
RETURN 
• 

B User level listing of visilog routine to select focussed bubbles 

skell () 
{ 

deleteaIl( 
1* Delete All images in Memory: *1 1 
); 
read( 
1* Input file *1 1111 

1* Output image *1 ,"In" 
1* Type *1 ,0 
); 
UpdateLut(NORMAL); 
UpdateLut(NORMALF); 
Threshold( 
1* Input image *1 "In" 
1* *1 , { 
o 

120 
} 
1* Output binary image *1 
); 
UpdateLut(NORMALF); 
bordeckill( 
1* Input binary image *1 
1* Output binary image *1 
); 
showaoi( 
1* Input image *1 "Bord" 
); 
opening( 
1* Input image *1 "Bord" 

,"Bi" 

"Bi" 
,"Bord" 

1* Number of iterations *1 ,4 
1* Output image *1 ,"open" 
); 
UpdateLut(NORMALF); 
skeleton( 
1* Input binary image *1 "open" 



} 

1* Output binary image *1 ,"skel" 
); 
prune( 
1* Input image *1 "skel" 
1* Output image *1 ,"prune" 
); 
reconstruet( 
1* Input image 1 *1 "Bi" 
1* Input markers image *1 ,"prune" 
1* Output image *1 ,"ree" 
); 

. UpdateLut(NORMALF); 
label( 
1* Input binary image *1 "ree" 
1* Output label image *1 ,"label" 
); 
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Our ref Your ref Date Direct fine 

Or B J efferson 

Department of Chemical Engineering 

Loughborough University of Technology 

Loughborough 

Leicestershire LE 1I 3TU 

Dear Bruce, 

10th January 1996 01719389274 
FaCSimile 071-9389268 

I have finally completed the mineralogical and chemical analyses of the two clay 

samples (A and B) which you sent to the Museum last year. The rapid quantitative X-ray-

diffraction method used is outlined in Cressey and Schofield (1995). The method relies on a 

1200 curved Enraf-Gufi position sensitive detector and associated peak stripping software. 

Both samples were relatively pure examples of clay minerals however this method can be also 

used in the quantification of more complex mixed assemblage mudrocks typically used as 

landfill liners. 

I have forwat<kdla copy of the results and some background information on relevant , , 
reference material to lan at Nottingham University. The invoice for the analyses is to be 

forwarded next week (our Finance Officer is away); the analysis of each sample will be -

£115, including tax (unfortunately its the same cost for simple or complex mixtures). Please 

do not hesitate to contact me if you need more information. 

Yours sincerely 

::~1LC 
The Natural HiStory Museum Cromwell Road London SW7 5BD Telephone 071-938 9123 



Ref. JeffAB Min. Dept. 

NHM 

London SW7 SBD 

Tel; 01719389274 

MINERALOGICAL and CHEMICAL ANALYSES of SAMPLES A and B 

The X-ray diffraction patterns were collected over 3 - 100 28 for 10 minuits with Cu Ka 

radiation at 45 kV and 45 rnA. The calculated volumes are corrected from the measured 

volumes to allow for the difference in absorption coefficients and are based on 3 analyses of 

each sample to ensure random orientation of the powder. Figures I and 2 are the 'peak

stripping' profiles for samples A and B respectively; in each case the impurity is removed and 

the residual pattern is that of the pure mineral (strongest reflections labelled). The measured, 

and absorption coefficient corrected, mineral proportions are given in Table I. 

sample mineral measured denSity (gem- i; ahsorption ca/cuiated 
volume (%) eoe .: ~ ; vO/llme (%) 

A (white) kaolinite 90 - 2.6 139 93 
illite to -2.8 7 

B (beige) montmorillonite 93 - 2.8 121 91 
quartz 6 2.65 97 8 

cristobalite <I 2.33 85 <I 
Table 1; Mineral proportions (as volume %) in Samples A and B 

The chemical compositions of the samples, obtained by lithium metaborate fusions and ICPI 

AES analyses, are presented in Table 2. The cation exchange capacity of the samples were 

assessed by the ammonium replacement method described in Thomas, 1982 ". 

Sample A is typical of naturally occurring white, kaolinitic clays. The narrow peaks on the 

XRD trace indicate that the kaolinite is well crystalline as with increasing structural disorder 

the non-basal reflections become broader. In highly disordered kaolinites the closely spaced 

reflections between 20· and 30· 8 and the group of reflections around 38° 28 are not clearly 

resolved. There is approximately 7 % near-illite, which may be partially interlayered with the 

kaolinite. 



Sample B is a bentontite-type montmorillonite with a small impurity of quartz (- 8 %) and 

cristobaIite « 1 %). The clay mineral is highly expandable and, on glycolation, produces a 

17.5 A peak. The XRD patterns of expandable clay minerals vruy with exchangeable cation, 

humidity, temperature and degree of interstratification of illitic layers in the mineral. The 

degree of clystallinity of the bentonite is low, based on the peak width. 

chemical SAMPLEA SAMPLEB 
SiO, 47.4 55.7 
Ti02 0.03 0.12 
AbO, 403 16.9 
Fe,O, (tot) 0.52 5.25 
MnO 0.01 0.09 
MgO 0.19 2.28 
CaO 0.06 2.14 
Na20 0.10 1.77 
K,O 1.42 0.60 
P,O, 0.09 0.06 
H,O lQ H..l 
TOTAL 98.4 99.01 

Linear absorption coefficient (~l) 53.5 43.2 
Mass absorption coefficient (~p) 139 121 
Density (p) gmc" 2.6 2.8 

12.5 63.1 

Table 2; Chemical and physical properties of Samples A and B 

• Cressey G and Schofield P F, 1995. Powder Diffraction (December 1995 issue) . 

.. Thomas G W, 1982. Exchangeable cations. In Methods of Soil Analysis, Part 2, Chemical 

and Microbial Properties, Second Edition, Agronomy, 9, (2), Soil Science Society of America. 



FIC,Ut(.c I 
SAMPLE A; kaolinite with minor illite 

1. whole sample 

2. lllite (counts x 0.10) 
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3. residual pattern (1-2) 
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SAMPLE 8; montmorillonite with minor quartz 
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1. whole sample 

2. quartz (coun1s x 0.06) 
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Determination of correct density term In particle trajectory analysis 

Hinze (1959) describes the equation for the motion of a particle in a fluid by: 

(AI) 

The first term on the right hand side is the normal steady state drag -Stokes drags, 

The second term is caused by the acceleration of the fluid by the particle which causes 

a pressure gradient on the particle. 

The third term is the force required to accelerate the apparent mass of the particle from 

the fluid to the particle condition. 

( 1). 3. f3( ) :. p +-p u --pu-- u-u 
p 2 -p 2 - V - -p 

(A.2) 

Consider the normal force balance used in a trajectory calculation in which stokes 

number is applied: 

. f3 ( ) u -- u-u P,,-p V - -p (A.3) 

Here PSI is the density term used in the stokes number which is under dispute: 

let 

(A.4) 

where l1. is the difference between the acceleration of the particle and the fluid 

then 



[(p I' - p)!!+(p, + ~ p)~] - e (H-Hp) 

- P,,!!, 

where ps, density to be used in the stokes number 

U 1 ~ 
:.p" -(pp-p)-;=-+(Pp+-p)-. 

Hp 2 up 

consider two extreme cases:-

case A: Low inertia systems 

(A.S) 

(A.6) 

When a particle moves around an object it does not deviate from the streamline, i.e. 

substituting ~=O into the equation above yields 

p,,-pp-p (A.7) 

case B High inertia systems 

When a particle is shot into a stagnant fluid or a fluid moving with a steady linear 

motion, then it does not stop instantly, then!! =0 and!! p = ~ 

1 
:. p" - (pp +-p) 

2 
(A.S) 

Hence before p st can be defined the conditions must first be specified. Generally, p" 

is given by equation A.7. In the extreme cases of low and high inertia (stokes 

number)we have: 



(a) high Stk. 

(b) low Stk. Psi -p,-p 

In the present case under consideration, the Stokes number is low or A is very small, 

hence 

p" -p,-p 

Thus the model put forward by DeIjaguin is correct in the present case and not that of 

Flint and Howarth. 






