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ABSTRACT

Frothers are commonly used in mineral flotation processes to reduce bubble size,
slow bubble rise, and stabilize froth. Frother chemistry (structure) plays an
important role in determining these functions. In this thesis, over 50 surfactants
(mainly from two frother families, alcohols and polyglycols) were investigated to
determine the structure effect on bubble rise velocity. The structural variables
were: alkyl chain length in alcohols and polyglycols, the number of propylene
oxide (PO) and ethylene oxide (EO) groups in polyglycols and location of methyl
branch and hydroxyl group in alcohols. The bubble rise velocity profile was
determined over 350 cm in a water column. The concentration to reach minimum
velocity at 300 cm (CMV) was estimated for each structure. A lower CMV means
a structure is more effective in slowing bubble rise. The relationship between
CMV and the structural variables and between CMV and HLB (hydrophile-

lipophile balance) was investigated.

Increasing alkyl chain length and number of PO or EO units decreases CMV. The
hydroxyl group(s) at the terminal position is more effective in reducing CMV than
the center position. The effect of methyl branch position is related to the position
of the hydroxyl group (OH): The farther the methyl branch from the OH, the
lower the CMV. The mechanism slowing bubble rise was related to surfactant
surface activity and packing density and the consequent effect on surface tension

gradient and surface viscosity.



Linear relationships were found between log CMV and the structural variables
and between log CMV and HLB that had a common slope for each surfactant
family. Modified HLB group numbers to account for methyl branch and OH
position in alcohols were derived in order to include the isomers in the
relationship. Noting there were common trends between CMV and the critical
coalescence concentration (CCC) linear log CCC vs. HLB relationships were
shown using literature data. The mechanism apparently linking CMV and CCC is
discussed. The CMV/HLB and CCC/HLB relationships are a step towards

predicting frother functions from the structure.
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RESUME

Les mousses sont communément utilisées en flotattaison pour réduire la taille et la
vitesse de la bulle et stabiliser la buse de flottaison. La chimie structurale de la
buse de flottaison joue un role majeur dans la détermination de ces fonctions.
Dans cette thése, plus de 50 surfactants (principallement ceux appartenant aux
familles d’alcools et de poly glycols ont été étudiés afin d’en determiner 1’effet
structural lors de la montée de la bulle. Les variables structurales considérées
¢taient: la longueur de la chaine alkilée dans les alcools et poly glycols, le nombre
de groupes d’oxyde de propylene (PO) et d’oxyde d’éthylene (EO),
I’emplacement de la branche méthylique et celui du groupe hydroxylique dans les
alcools. La vélocité de la bulle a été établie sur 350 cm dans la colonne d’eau. La
concentration correspondant a la vélocité minimale a 300 cm (CMV) était évaluée
pour chaque structure. Une valeur basse du CMV indique que la structure est
effective dans le retardement de la bulle. La relation entre le CMV et les variables
structurales et celle entre le CMV et HLB (budget hydrophile- lipophile) étaient

étudiées.

En augmentant la longueur de la chaine alkylée et le nombre de PO et EO, le
CMV diminue. Les groupes hydroxyl en position terminale sont plus effectifs
dans la réduction du CMV qu’en position central. L effet découlant de la position
du groupe methyl est en relation avec la position du groupe hydroxyl (OH): Le
CMV est d’autant plus faible que le groupe methyl est €loigné du groupe OH. Le

mécanisme traduisant la montée de la bulle était en relation avec 1’activité en
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surface du surfactant et la densité de I’empaquetage et I’effet résultant du gradient

de la tension superficielle et la viscosité de surface.

Des relations lin¢aires étaient obtenues entre le log CMV et les variables
structurales d’une part et d’autre part entre logCMV and HLB. Ces relations ont
revelé des pentes similaires pour chaque famille de surfactants. Pour tenir compte
des groupes methyl et du groupe OH dans les alcools, les coefficients des HLB
modifiés étaient calculés. Il est a noter qu’il y a des tendances similaires entre le
CMV et la concentration de coalescence critique (CCC) et (log CCC en function
de HLB). Les relations de HLB provenaient des données existant dans la literature.
L’on discute du mécanisme connectant MMV et CCC. Les relations entre
CMV/HLB et CCC/HLB sont une étape dans la prédiction des fonctions

structurales.
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Chapter 1 — Introduction

Froth flotation (or simply ‘flotation’) was first introduced into the mining industry
towards the end of the nineteenth century. It is a process widely applied to
separate valuable minerals from gangue by taking advantage of differences in
particle hydrophobicity, where hydrophobic particles attach to air bubbles and rise

to be collected while hydrophilic particles remain in the pulp (or slurry).

Flotation is a relatively low cost and highly versatile separation method used to
recover minerals from various sources ranging from coal deposits to ores of
copper, lead, molybdenum, nickel, tungsten and zinc. Flotation enables
processing of low-grade ores (Herndinz et al. 2004; Senior and Thomas 2005) and
fine-grained multi-mineral ores (Tong et al. 2008) which require fine grinding for

adequate liberation (Beas-Bustos and Crozier 1992).

Various reagents are introduced into flotation systems to effect the separation by
modifying the properties of the solid/liquid and liquid/gas interfaces. Two almost
universal reagents are collectors and frothers, which are surface-active agents
(surfactants). Collectors are used to change the properties of the solid/liquid
interface to render valuable minerals hydrophobic; frothers control the air/liquid
interfacial properties to help produce fine bubbles (Harris 1976), reduce bubble
rise velocity (Klimpel and Isherwood 1991) and stabilize the froth (Rao and Leja

2004). Linking frother functions to frother structure is the theme of my thesis.

There have been three distinct periods of frother development over the 100 years
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of flotation. The first period (prior to 1920s) was characterized by using large
amounts of frothing agent (up to 10 kg/ton of ore) of a variety of natural products,
such as pine-oil and cresylic acid. These natural products were often poorly
soluble and contained a range of chemicals, some effective as frothers others not.
The second period (1921-1950) saw chemicals developed in several other
industries (e.g., rubber, tanning, agriculture) applied to flotation. Short-chain
water-soluble organic molecules such as alcohols were introduced and
consumption dropped to < 0.5 kg/ton of ore. The third period, 1951 to present, is
characterized by development of reagents specifically for flotation, such as

polyglycols (Chander and Nagaraj 2007).

1.1 Frother classification

Several classifications of flotation frothers have been proposed, depending on
their properties and behavior in solution. Table 1.1 shows the classification of

Dudenkov et al. (Bulatovic 2007) based on application at different pH.

Table 1.1 - Classification of frothers

Frother classification Example

Acidic Phenols; Alkyl sulfates

Aliphatic  alcohols; Cyclic alcohols (alpha
terpineols); Alkoxy paraffins; Polypropylene glycol
ethers; Polyglycol ethers; Polyglycol glycerol ethers

Neutral
(nonionic surfactant)

Basic Pyridine base

The acidic frothers, which are restricted to low pH, were extensively used up to
the 1960s but applications have since diminished because of environmental
concerns. The basic frothers, represented by pyridine and homologs, are still used

in flotation for some base-metal ores. Neutral frothers are the most important and



widely used. They can be sub-divided into four groups. The first group consists of
aromatic alcohols such as a-cresol and 2, 3-xylenol. The second group is the
alkoxy types such as triethoxy butane (TEB). The third group consists of aliphatic
alcohols such as 2-ethyl hexanol, diacetone and methyl isobutyl carbinol (MIBC).
In recent years, a fourth group of synthetic frothers, loosely referred to as
‘polyglycols’ comprising PEO (polyethylene oxide), PPO (polypropylene oxide)

and PBO (polybutylene oxide) types, has been introduced (Gupta et al. 2007).

Today, the two principal frother families are alcohol-based and polyglycol-based.
Among the alcohol frothers branched or cyclic hydrocarbon chains (chain length
5 to 8 carbons), such as MIBC (Methyl Isobutyl Carbinol, or 4-methyl-2-pentanol,
a branched-chain aliphatic alcohol) are the most common. Frothers in the
polyglycol family are derivatives of polyglycol and polyglycol ether. Molecular
weights range up to 600 g/mol with the reagents remaining readily soluble in
water. Two well-known examples are Dow Froth 250 (CH;-(OC;Hg)4-OH) and

Flottec 150 (H-(OCsHg)7,-OH).

1.2 Frother structure and properties

Frothers are hetero-polar surfactants containing polar and non-polar (hydrocarbon
chain) groups. The polar groups include: hydroxyl (—OH), carbonyl (>C=0) and
ether linkages (—O—). Hydrocarbon chains may be straight or branched, saturated
or unsaturated. The general understanding is that this hetero-polar structure results
in frother molecule adsorption at the water/air interface with the polar group
oriented to the water-side and the hydrocarbon chain to the air-side. As a

consequence, interface-related properties, e.g. surface tension and surface



viscosity, are modified and lead to the three principal frother functions: to produce

small bubbles, reduce bubble rise velocity, and enhance froth stability.

Frother structure and flotation performance are related (Edwards et al. 1991;
Harvey et al. 2005). It is reported that effective flotation frothers have a branched
hydrocarbon structure and this ‘bulkier’ structure forms a loosely packed gaseous
films at the liquid/gas interface (Laskowski 1993). A bulkier structure can be
accomplished by adding a second hydrophilic group into the molecules, some
distance from the first one, or by replacing a hydrophobic group with a short,
highly branched hydrocarbon chain. In a flotation system, the bulkier structure of
branched frothers compared to straight chain frothers may not only provide the
appropriate film to give the needed degree of froth stability, but also may foster
interaction with collector adsorbed on the mineral particles, the so-called
penetration model (Rao and Leja 2004). However, the structure-function link is

not well understood: the link is the focus of this research.

1.3 Characterization properties

To attack the problem measurement of a suitable response or property is required.
Many characterization techniques have been proposed to evaluate frothers
including: surface tension, rate of bubble coalescence, flotation recovery, foam
stability, bubble size distribution, bubble motion (e.g., rise velocity), electrostatic
properties of bubbles (zeta-potential), interaction of frother with the mineral

surface (co-adsorption with collector) (Somasundaran and Wang 2006).

What is required is a property sensitive to the structure that is easy to measure.



Surface tension is not sensitive at the low concentrations of frotehr employed
(Aston et al. 1983; Sweet et al. 1997). Bubble size measurement suffers the dual
problem of sampling a bubble population and selecting a mean size to represent
the distribution. As for froth stability there is no universally measurement method,
some researchers adopting static tests (e.g., froth decay rate when gas is shut off)
and others dynamic tests (e.g., water overflow rate as a function of gas rate for a
given froth height). Measurement of equilibrium froth height may be simple
conceptually, but some researchers have found poor reproducibility (Araya et al.
2011) and others have found that the geometry of the vessel is a factor (Watkins
1973; Ross and Suzin 1985; Cunningham and Finch 2009). Bubble rise velocity

appears to offer both the required sensitivity and ease of measurement.

1.4 Single bubble rise velocity

The reduction in bubble rise velocity is given as one function of a frother
(Klimpel and Isherwood 1991). The connection to flotation is likely the impact on
gas holdup. As bubble rise velocity decreases gas holdup increases, which
increases the bubble surface area in a flotation cell for bubble capture. Combined
with reducing bubble size which also slows bubble rise frother has a pronounced
impact on gas holdup (Finch and Dobby 1991). Rise velocity, therefore, offers a
function to link with structure and measurement appears straightforward but must

recognize that velocity is time-dependent.

The local rise velocity of a bubble as a function of time (or height), defined as the
“bubble velocity profile”, was introduced by Sam et al. (1996) in the study of

frothers. They used an adjustable speed stage-mounted mobile camera system to



track a bubble generated at a capillary over a distance up to 400 cm. The bubble
velocity profile reflects the process of frother adsorption/desorption at the bubble
surface (i.e., the air/water interface). Upon initial injection the bubble surface is
essentially free of surfactant and as the bubble rises frother (or any surfactant)
accumulates at the bubble surface. Accumulation is not uniform on a rising bubble
as fluid flow over the surface transports surfactant to the bubble rear. The bubble
thus has lower surfactant concentration (adsorption density) at the front (i.e.,
upstream side) compared to the rear (i.e., downstream side). This increasing
adsorption density towards the rear creates a positive surface tension gradient
towards the bubble front which opposes the fluid flow and thus increases drag
(Clift et al. 1978; Dukhin et al. 1995).This increase in drag slows the bubble as

evident in the velocity profile.

This increase in drag is the commonly accepted mechanism explaining why the
bubble slows in the presence of surfactant. Given sufficient surfactant
concentration and/or bubble rise time dynamic equilibrium is reached and the
bubble reaches minimum or terminal velocity. Another mechanism sometimes
entertained is an increase in surface viscosity as surfactants accumulate (Nguyen

and Schulze 2004).

The adsorption/desorption process of surfactant at the bubble surface is related to
its structure. Sam et al (1996) demonstrated that the bubble velocity profile was
sensitive to frother type, i.e., frother structure. Others have shown the sensitivity
of the profile for a variety of surfactants (Krzan and Malysa 2002; Tomiyama et

al. 2002; Krzan et al. 2004; Krzan et al. 2007). Single bubble velocity profile will



be the basis to relate to frother structure in this project.

1.5 Quantifying frother structure

The thesis will use surfactants from the two main frother families, alcohols and
polyglycols. One set of structural variables will be alkyl chain length, quantified
by the number of carbons (n), and the number of propylene oxide (PO) groups
(m) in polypropylene glycols and the number of ethylene oxide (EO) groups (1) in
polyethylene glycols. Another set of structural variables will be the location of

methyl branch and hydroxyl head group in alcohols.

Correlations with the structure variables (n, m, 1) will be explored. As an
alternative measure of structure the hydrophilic-lipophilic balance (HLB) number
(Rao and Leja 2004) will be investigated. The HLB number is a measure of the
degree to which a surfactant is hydrophilic or lipophilic (hydrophobic). The
choice of HLB is based on the argument that since it is the heteropolar (i.e.,
hydrophilic-hydrophobic) character that induces frother adsorption at the air-
water interface leading to the frother functions a measure related to the
heteropolar character is required. Others have argued similarly (Fuerstenau et al.

1983; Laskowski and Woodburn 1998; Pugh 2000).

The HLB is calculated for straight chain surfactants by summing values assigned
to the different functional groups in the molecule. The calculation does not
consider the group location and type of neighboring groups in the molecule. In
consequence the HLB is the same for isomers, surfactants with the same chemical

formula but different structure. From rise velocity data for three isomers of 6-C
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alcohols (Rafiei 2009) there appears to a difference depending on the position of
the OH and —CHj; groups. This thesis will provide a comprehensive evaluation of
isomers of alcohols and explore ways to modify HLB group numbers to reflect
position in the molecule. The approach takes previous work modifying HLB

group numbers as the precedent.

1.6 Objective of the study

The study is part of the general objective to determine frother structure-property
relationships. In this thesis the property is single bubble rise velocity and structure
is varied by selecting surfactants from the two main frother families, alcohols and
polyglycols. The specific objectives of the thesis are:

1. Determine the effect on rise velocity of structural variables alkyl chain
length and position of OH and CH3 in alcohols, and alkyl chain length and
number of propylene oxide and ethylene oxide groups in polyglycols.

2. Determine the concentration to give minimum rise velocity, CMV, as a
single metric to quantify the rise velocity property, and relate to structural
variables, and to the hydrophilic-lipophilc-balance, HLB.

3. Develop a model to modify the HLB group number to include isomers.

4. Extend analysis to include literature on critical coalescence concentration,

CCC, as another property measure.

1.7 Structure of the thesis

Chapter 2: Background and literature review of dynamic and equilibrium surface

tension, mass transfer from bulk solution to bubble surface, the Marangoni effect



and the role of surfactants on bubble rise velocity;

Chapter 3: Experimental procedure used in Chapters 4, 5 and 6 and selection of

frother chemistries;

Chapters 4, 5, 6: Effect of structural parameters: alkyl chain length, the position of
hydroxyl and methyl branch and number of propylene oxide and ethylene groups
in the alcohol and polyglycol frother families, respectively. Concentration to
reach minimum velocity (CMV) is determined. Each chapter contains a

discussion section;

Chapter 7: Relationship between CMV and HLB and between CMV and CCC

based on chain length effect;

Chapter 8: Introduces the methodology to modify the HLB group numbers to

account for effect of isomers on CMV;

Chapter 9: Overall conclusions, claims to original research and suggestions for

further research.
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Chapter 2 — Literature Review

2.1 Physicochemical hydrodynamics of surfactant at interface

Surface active agents (surfactants) are compounds, which in very small quantities
(a few ppm) can significantly alter air-water interfacial properties while not
affecting other properties such as solution viscosity and density. Surfactants are
added to reduce surface tension in processes where interface formation is
required, such as detergency, creation of coatings or sprays, and formation of
foams and emulsions. Surfactants play important roles in biological and
biochemical systems (Brown et al. 1990; Valentini et al. 1991) such as
development of agricultural pesticide sprays (Knoche et al. 1991), enhanced oil
recovery (Liu et al. 2007), textile processing (Notter and Morrow 1975; Notter

and Finkelstein 1984). They also have key functions in mineral processing.

Amphiphile, which means both hydrophilic (water-loving) and hydrophobic
(water-fearing) properties exist in one molecule, is sometimes used as a
synonymous term for surfactant. This amphiphilic nature of the structure causes
surfactant molecules to adsorb at the air-water interface in a particular orientation,
the hydrophilic (polar) part on the water-side of the interface and the hydrophobic
(usually a hydrocarbon chain) part on the air-side. Accordingly, both the

hydrophilic and hydrophobic properties are satisfied simultaneously.

When an air-water interface (i.e., bubble) is freshly formed in an aqueous

surfactant solution, the surface concentration or adsorption density, I' (units:

15



mole/m?), is initially close to zero. The adsorption process then commences and
with time an equilibrium condition at the interface is established. If the interface
is stationary the equilibrium adsorption density is related to the equilibrium
surface tension by the Gibbs adsorption isotherm (de Nevers 2012; Rosen and
Kunjappu 2012). If the bubble is moving (i.e., is rising through the solution) the
fluid motion over the bubble surface transports surfactant to the rear of the bubble
(downstream side). This means the adsorption density increases towards the rear
and thus creates a gradient in the surface tension. The surface tension gradient has
a profound effect on the bubble behavior, causing the bubble to become more
spherical and slowing the bubble down. Both of these effects are usually
explained by the surface tension gradient producing a force opposing bubble
deformation and increasing drag (Dukhin et al. 1995). Equilibrium adsorption on
a rising bubble’s surface is dynamic between the adsorption process
predominantly at the front of the bubble, transport along the surface, and
desorption from the bubble rear. The velocity associated with reaching dynamic

equilibrium is the terminal velocity.

The thermodynamic driving force for adsorption is the lowering of the free energy
of the system. In the presence of surfactant it is the reduced surface tension, or
surface energy. The driving force for mass transfer is a concentration gradient.
The following argument describes how the concentration gradient arises. When a
bubble surface is freshly formed in a solution containing soluble surfactant, those
surfactant molecules close to the interface adsorb onto the interface. Thus the

concentration in the layer immediate to the bubble surface is depleted, termed the

16



subsurface. There is now a concentration gradient from the subsurface to the bulk
that drives the mass transfer of surfactant to the subsurface. Adsorption of
surfactants at the air/water interface is then treated as occurring in two

consecutive steps as depicted in Fig. 2.1:

e Surfactants are transported from the bulk to the subsurface
e Surfactants are transferred/adsorbed from the subsurface onto the interface

n > I,

Self diffusion (spreading)

I g% gg § g g § I, Interface
Desoéﬁon % \§ M:g

\ AV yption  Subsurface

J
T,

&

71,4 '711/ Diffusion Bulk solution
o T
‘41/[/ % 5‘5 Hydrophilic head

AV Hydrophobic tailing

Figure 2.1 — Accumulation of surfactants at the gas/water interface (Dukhin et al.
1995)

Three regions are thus defined: the interface, where the surfactant molecules
accumulate; the subsurface, which is adjacent to the interface and assumed to be
in equilibrium with the interface at all times; and the bulk solution which has a

uniform concentration of surfactant.

The impact of a surfactant on surface tension depends on the (bulk) concentration
and surface activity. Surface activity, a synonym of tensioactivity, can be thought

of as the extent to which surface tension is reduced per molecule adsorbed.

17



Surface activity is controlled by the surfactant structure (Holmberg et al. 2003).
For example, a structure that allows one surfactant to pack more closely on the
surface than another will produce a lower surface tension at equal bulk
concentration, i.e., will have a higher surface activity. The rate of surfactant
transport to the surface by diffusion, is also controlled by structure. The kinetics

of adsorption is described by different models as discussed below.

2.1.1 Models of adsorption Kinetics at the air/water interface
Adsorption is a kinetic process resulting from the balance between the adsorptive
flux (Joq) to an interface and desorptive flux (J4es) from the interface where the rate

of change in surface coverage dI'/dt is given by:

dar
E:]ad — Jdes 2.1

For single component systems with low surface coverage and non-interacting
molecules which form a gaseous-type monolayer, a simple linear model is that

due to Henry (Erbil 2009):

dar (t)
dt = kadC(O, t) - kdes[' 2.2

where the surface concentration is given by Henry’s adsorption isotherm:
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A measure of the surface activity is the equilibrium adsorption constant Ky (=
Kad/kdes). It provides an important reference scale for the so-called dynamic

subsurface adsorption layer.

Assuming no interaction between solute and solvent molecules, Langmuir derived
the following model (Dukhin et al. 1995), the most commonly used to describe

surfactant adsorption kinetics:

dr (t) r r
dt = kadC(O, t) (1 - a) - kdes a 24

where the surface concentration is given by the Langmuir adsorption isotherm:

o KL

1+K,C
In Langmuir’s model, the adsorption rate depends on subsurface concentration,
and the fraction of uncovered surface (1- I'/T';). There is a theoretical upper limit
I'v, of surface concentration. At low concentration or when K;C << 1, the
Langmuir model (Eq. 2.3) can be approximated by the Henry model, where Ky =

I K.

In practice, it is the surface tension not the adsorption density that is measured
experimentally; an equation relating surface tension and adsorption density is
required. When equilibrium is reached, the Gibbs adsorption isotherm relates the
surfactant surface concentration to the surface tension, which for a non-ionic

surfactant is Eq. 2.6:
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1 aY
RT dlnc

2.6

From a plot of surface tension (y) against natural logarithm of the concentration
(In C) the slope at any point (i.e., the tangent) is proportional to I', the equilibrium
surface concentration. Substituting the Gibbs adsorption isotherm into the

Langmuir kinetic model, the Frumkin kinetic model (Frumkin 1925) is derived:

ar(t) _
ac

kgdc(o,t) (1- é) — kdes [ exp(ay (I'/ L) 2.7

where the Frumkin adsorption isotherm is:

C = Kipr:—r exp(—ag (L)) 2.8

I'm

where @ is a parameter representing the intermolecular force between surfactant
molecules in the interface. Frumkin introduced the additional interaction force to
account for non-ideal conditions. When «, is positive, there is attraction between
the molecules; when ¢ is negative, there is repulsion; and when « equals to zero,
the surface is ideal, and the Frumkin kinetic model reduces to the Langmuir

kinetic model (Gibbs 1906).

Based on Langmuir’s kinetic model, Chang and Franses (1992) proposed a
modification (Eq. 2.9) by introducing an empirical parameter [, which is
compatible with an activation energy barrier. A linear extra term in exponential,

exp (-p0), form was chosen:

ar(e) _

D = kgac(0,6) (1 — ) exp(—B8) — ke exp(—p6) 29
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In this model the same P parameter is used in both the adsorption and desorption
rate terms. Equation 2.9 better describes the efficiency of the interfacial
monolayer at capturing additional molecules than the prior models. It can describe
either an activation energy barrier for adsorption and desorption, or cooperative
adsorption caused by attractive interaction between the monolayer and the
molecules in the bulk. In this equation, k2% and p are empirical and depend on the

bulk concentration.

Intermolecular force in the interface has been considered by many researchers
trying to explain variance between theory and experiment. Miller and
Lunkenheimer (1986) tried to explain the adsorption of n-alkanols and n-alkanoic
acids by considering surface concentration dependent activation energy for
adsorption in the Frumkin model. The continued disagreement between theory

and experiment was assumed to be due to neglecting cohesive forces.

In order to account for intermolecular cohesive forces among the adsorbed
surfactant molecules, Lin et al. (1991) considered cooperative adsorption due to

enhanced intermolecular attractions and derived:

L 2.10

Too aexp(kx™)+c

where k = (Va-vq) T'o'/RT and a = (a/B) exp [(EaO—EdO)/RT]. This model well
described adsorption for surfactant molecule structures with long, slender
hydrocarbon chains and small polar groups. This success was ascribed to strong,
attractive van der Waals forces when surface crowding causes inter-chain contact.

The presence of a cohesive intermolecular force which increases with surface
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coverage and decreases the desorption rate (relative to that of adsorption)

corresponds to k<0 (Lin et al. 1991).

Different chemical structures give different surface activities. The adsorption
kinetics of highly surface-active compounds (usually at low concentration) is rate
limiting (e.g. diffusion controlled in non-turbulent systems), the transfer from the
subsurface to the interface being much faster than from the bulk to the subsurface
and can be considered ‘instantaneous’. Under this circumstance, local equilibrium
between the subsurface and the interface is established in the time range of the
diffusion process. However, for less tensioactive molecule structures, the bulk
concentration has to be high to achieve an appreciable surface tension reduction.
In this case, due to the high concentration gradient, the diffusion process is fast,
and the transfer from the subsurface to the interface becomes the rate controlling
step. For surfactant molecules with intermediate tensioactivity both diffusion and
subsurface-interface mass transfer have to be included in a mixed model (Bleys
and Joos 1985). For many surfactants similar to commercial frothers, the mixed

model applies (Chang and Franses 1995).

The adsorption rate constant depends on chain length. Among alcohols, 1-
propanol, 1-butanol, and 1-pentanol show transfer-controlled kinetics, while 1-
hexanol and 1-heptanol show mixed kinetics, i.e., both diffusion-controlled and
transfer-controlled kinetics, and 1-octanol shows diffusion controlled kinetics

(Joos and Serrien 1989).
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2.1.2 Surface tension and structure relationship

2.1.2.1 Equilibrium surface tension

Surfactant adsorption to a fresh interface is a time-dependent process. As there is

no easy direct way of measuring air/water interface surface concentration, surface

tension data are used in studying the effect of surfactant adsorption. Many

methods for measuring surface tension are available. They mainly fall into the

following four categories:

1.

Force methods: e.g. Du Noiiy ring (Boucher et al. 1967; Mankowich 1967;
Lofgren et al. 1984) and Wilhelmy plate (Padday and Russell 1960; Pike
and Bonnet 1970; Furlong and Hartland 1979)

Shape methods: pendant and sessile drops or bubbles (Girault et al. 1984)
and spinning drop or bubble (Coltharp and Franses 1996; Viades-Trejo
and Gracia-Fadrique 2007; Martin and Velankar 2008)

Pressure methods - small bubble surfactometer (Horozov et al. 1996;
Lenghor et al. 2005); oscillating jet method (Defay and Hommelen 1958;
Hansen et al. 1958; Hansen and Wallace 1959)

Other methods: capillary rise (Lane 1973), inclined plate (Van Den
Bogaert and Joos 1979), drop volume (Harkins and Brown 1919; Tornberg

1978), and growing bubble method (MacLeod and Radke 1993)

Usually, for single-component surfactants, the equilibrium tension decreases

monotonically with the increase of surfactant concentration, and stays

approximately constant above the critical micelle concentration (CMC). Figs. 2.2
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and 2.3 show the surface tension (mN/m) vs. concentration for n-alkanoic acids (n
= 5 — 12) (Danov et al. 2006) and octacthylene glycol n-alkyl ethers
[CuH2n+1(EO)sOH] with alkyl (hydrocarbon) chain length n =9 — 15 (Ueno et al.
1981), respectively. It can be seen the rate of decrease in surface tension with
concentration increases with increasing hydrocarbon chain length. That is, surface
activity increases with the number of carbons in the molecule structure. In a
homologous series of surfactants, the bulk concentration to achieve a given
surface coverage decreases by about three times for every additional -CH,- group
in the hydrocarbon chain (Traube rule) (Traube 1891). Alcohols with branched
radicals are less surface-active than the corresponding straight chain alcohols
(Addison 1945). For surfactant concentrations below the CMC, the surface
concentration I" may be estimated from the slope of a y-Inc plot at constant
temperature, based on the Gibbs adsorption equation with the ideal dilute solution

assumption.

In conclusion, surface activity is a function of surfactant chemical structure,

especially the hydrocarbon chain length.
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n-alkyl ethers (Ueno et al. 1981)
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2.1.2.2 Dynamic surface tension (DST)

The time-dependent interfacial surfactant accumulation (adsorption) results in a
time-dependent or dynamic surface tension (DST). A typical surface tension-time
curve (Rosen and Hua 1990) can be divided into four stages: induction, fast
decrease, meso-equilibrium, and equilibrium. In general, the time to reach
equilibrium 1is dependent on the surfactant type (surfactant structure) and
concentration. Fig 2.4 shows DST for straight chain alcohols with n = 6 to 8; the

equilibrium adsorption time of shorter chain alcohols would be less (Leja 1982).

70
L]

61

o (dynes/cm)

10
Age of surface (10 second)

Figure 2.4 — Dynamic surface tension of some alcohol solutions: A, B and C at
3.44 x10 ® mole/liter; D: at 2.43 x10 ~ mole/liter (Defay et al. 1966)
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2.1.2.3 Temperature effect on adsorption:

The surface tension of liquids generally decreases with increasing temperature
(Legros 1986). The surface tension of aqueous alcohol solutions with chain
lengths longer than 4 carbons presents a minimum value with temperature. For a
particular alcohol, the value of the surface tension minimum at the temperature is
a monotonic decreasing function of the concentration. This phenomenon was
observed with both normal and branched alcohols (Vochten and Petre 1973).
Vochten and Petre (1973) used a series of 1-alcohols (n = 4 - 10) to study the
effect of chain length, the effect of position of the hydroxyl group in a nine carbon
straight chain alcohol and the effect of branch (CHs3) position. The temperature
corresponding to the minimum surface tension decreases with the increasing
length of the hydrocarbon chain (Fig. 2.5). In the 9-carbon alcohol, the
temperature at which the minimum surface tension was achieved increased with
shift of the OH-group from the C-1 to C-5 position. The effect of temperature,

therefore, depends on surfactant structure.
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Figure 2.5 — Surface tension for l-alcohol aqueous solutions as a function of
temperature (Vochten and Petre 1973)

2.2 Physico-chemical hydrodynamics of a rising bubble

In the absence of extensive agitation, once a bubble forms it will move under the
prevailing buoyancy and drag forces. In clean water (more specifically for this
discussion water without surfactant), the bubble surface (air-water interface) is
freely mobile. However, the presence of even small quantities of surfactant
(frother) will lead to the adsorption and accumulation of surfactant on the rising

bubble which hinders its surface mobility (Clift et al. 1978).
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2.2.1 Distribution of surfactant molecules on bubble surface—Marangoni
effect
The flow of liquid over the surface of a moving bubble results in an uneven
distribution of the adsorbed surfactant molecules, as illustrated in Fig. 2.6. As a
consequence the adsorbed surfactants on a rising bubble are ‘pushed’ to the rear
of the bubble. As shown in the figure, the leading part of the bubble surface is
considered to remain mobile, is stretched and the adsorption coverage is lower
than the equilibrium, while the lower part of the bubble is compressed, immobile
and the adsorption coverage is higher than the equilibrium. The non-uniformity of
surfactant distribution on the surface induces a tangential gradient of surface
tension, which in turn causes a tangential stress opposing the flow shear stress
(Scriven 1960). The surface tension gradient leads to the associated phenomena of

Gibbs elasticity and the Marangoni effect (Frumkin and Levich 1947).

The constantly created fresh sections of the leading surface receive adsorbing
surfactant, while from the compressed part of the bubble surface surfactant is
desorbing. These desorption/adsorption processes occur everywhere on the bubble
surface but adsorption is focused on the leading side and desorption at the rear. A
stagnant cap is formed if the interfacial convection is faster than the interfacial
and bulk diffusion. This induced surface tension gradient generates a tangential
shear stress which retards the surface velocity and increases the drag coefficient.
Experimentally, Warszynski et al. (1996) demonstrated a non-uniform surfactant
distribution over the surface changes with the life of the bubble, i.e. after rising

different distances.
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Figure 2.6 — A cross-section meridional-plane view of an air bubble rising
through a surfactant solution and the interfacial surfactant transport
processes (Nguyen and Schulze 2004)

2.2.2 Physico-chemical hydrodynamics

2.2.2.1 Hydrogen bonding

In an aqueous solution of surfactant, the extent of interaction between surfactant
molecules at interface depends on the nature and relative strength of the solute-
solute, solute-solvent and solvent-solvent molecular interactions (Israelachvili

2010). One interaction is hydrogen bonding.

Water molecules interact with neighboring water molecules through hydrogen
bounding. A popular depiction of the water structure is shown in Fig. 2.7a. The

intra-molecular O-H is a covalent bond with a distance of 0.1 nm. The inter-
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molecular O""H bond has a distance of 0.176 nm, i.e., longer than the 0.1 nm
intra-molecular bond but less than 0.26 nm which is sum of the van der Waals
radii of oxygen and hydrogen (Israelachvili 2010). This indicates that the inter-
molecular O"H bond possesses some weak covalent or quasi-covalent character.
Hydrogen bonds play a prominent role in defining water properties since each
oxygen atom with its two hydrogen atoms can participate in four such linkages

with other water molecules (Fig 2.7 b).

(b) &
: H-bonds

..-""‘ 72 e,
+ 2 LI
d 3 5

o+
Popularized water molecule

Figure 2.7— A water molecule structure (a) and H-bonding between water
molecules (b)

Hydrogen bonds are special in that they only involve hydrogen atoms, which have
a tendency to become positively polarized and coupled with their small size can
interact strongly with nearby electronegative atoms (e.g., O, N, F, Cl). A
hydrogen bond is formed with three atoms: one hydrogen atom and two other
electronegative atoms. The hydrogen atom is covalently bonded to one of the
electronegative atoms, called the hydrogen bond donor. The other electronegative
atom is named the hydrogen bond acceptor. The two electronegative atoms may

take up some electron density from the hydrogen atom. As a result, each
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electronegative atom carries partial negative charge and the hydrogen atom carries

partial positive charge to form predominantly an electrostatic attraction.

Hydrogen bonds are not strong but are somewhat directional which can result in
weak three-dimensional short range “structure” (Fig. 2.7b). The strength of the
hydrogen bond depends on the donor and acceptor as well as their
environment. The strength of most hydrogen bonds lies between 10 to 40 kJ/mole,
which makes them stronger than a typical van der Waals ‘bond’ (~ 1kJ/mole) but
still much weaker than covalent or ionic bonds (~500 kJ/mole) (Maréchal 2007).
Hydrogen bonding also occurs between surfactant molecules and water molecules.
The amphiphilic nature of the surfactant structure causes surfactant molecules to
orient with the polar part on water side and the hydrocarbon chain in air side of
the air-water interface. The oxygen atom(s) in the polar part(s) of the surfactant
molecule interacts with neighboring water molecules through hydrogen bonding.
The specific inter-molecular interactions between the hydrophilic surfactant head
and the closest surrounding water molecules may be the critical factor
determining the overall behavior of the adsorption layer at the air/water interface
(Ivanova et al. 2005) and is likely to play a decisive role in determining the
physical behavior of the system (Chanda and Bandyopadhyay 2006). The
formation and breaking of hydrogen bonds in liquid water is responsible for many
of its exotic structural and dynamical properties (Chanda and Bandyopadhyay
2006). The dynamics of breaking and forming hydrogen bonds in the air/water
interface is faster than in the bulk water (Liu et al. 2005). The surface viscosity

reflects this phenomenon. Studies showed that the surface viscosity of long chain
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polyethylene glycol alkyl ethers (CH3(CH,),-OCH,CH,OH, n = 16, 18, 20, 22)
increased with the increasing n (Katti et al. 1966; Katti and Patil 1968). The

increase of surface viscosity increases drag (Nguyen and Schukze 2004).

The regular hydrogen bond network in water alone becomes disrupted in aqueous
solutions containing hydrogen bonding solutes. From a thermodynamic point of
view the surfactant molecules cause an increase in entropy and enthalpy, which is
balanced by the decrease in entropy and enthalpy created by the more oriented

structure at the interface than in the solution.

2.2.3 Mass transfer

Mass transfer is the movement of any identifiable species from one spatial
location to another. Mass transfer occurs when a concentration gradient/difference
exists within a phase. Velocities of single rise bubble are affected by mass transfer

to the bubble surface (Leonard and Houghton 1963).

In a surfactant solution when a bubble is formed and released from an orifice, the
fresh surface of bubble is essentially free of surfactant. As the bubble rises,
surfactant molecules transport to, adsorb and accumulate on the bubble surface,
the surface becomes less mobile and the drag force increases. Apart from
adsorption/desorption two other rate processes control the surfactant distribution
on a rising bubble:

e Diffusion in the continuous phase induced by bulk motion of fluid with

different concentrations
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e Surface diffusion induced by concentration differences on the bubble
interface

(1) Diffusion in the continuous phase induced by bulk motion of fluid

As a bubble rises, surfactant molecules transfer from bulk solution to the bubble
surface and gradually accumulate and redistribute on the surface. Molecular

diffusion can be described by Fick’s First Law:

dc
where Dy;er 1s the diffusion coefficient of the solute in the solvent (water in the
current case). It is defined as the proportionality constant of the diffusive flux and
the negative of the composition gradient (0C/0x). Therefore, the diffusive flux
depends on the diffusion coefficient (Dgifr) and the gradient of concentration with

distance.

Since diffusion in liquids involves one molecule in close contact with other
molecules, Einstein developed a relationship based on Stokes’ law of frictional

drag known as the Einstein-Strokes relationship, expressed as (Frenkel 1955):

kgT
3mpdsoer

Ddiff = 212

Highly viscous solvents (like molasses or glycerin) will have a lower diffusivity
than low viscosity solvents (like water) all other factors being equal. In general,
large molecules (with large equivalent diameter) will have lower diffusion

coefficient than small molecules (Gulliver 2007).
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Othmer and Thakar (1953) determined diffusivities of dissolved substances in

water and found the following correlation:

1.4 x107*
Daigr = “aayoe 2.13
Wilke and Chang (1955) developed an empirical relationship based on the
temperature and viscosity parameters of the Einstein-Strokes relationship. It
incorporates the size of solvent molecules and a parameter for polarized solvents.
The relationship is as follows:

1/2
Ddiff =74 X 10‘8%% "

where V,, is the molar volume of the solute at the boiling point. If the molar

VC1.O4-8 or Vb

volume is unknown, one of two relationships can be used, V, = 0.285
= 0.9 V', where V, is the critical volume, i.e., Vy at critical temperature and
pressure. The critical volume is given for a number of compounds by Reid et al.

(1977). The V'y is the “LeBas volume” and can be computed using the additive

volume increments from the chemical structure (Le Bas 1915).

Hayduk and Laudie (1974) developed a relationship specifically for water as
solvent. Based on diffusivities of some 87 different substances in dilute aqueous
solutions, they revised the Wilkie-Chang equation and eliminated some of the

solvent-specific parameters:

1.326 x10™4
Ddiff = 114y 0589 2.15
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Taylor dispersion is a commonly used method to measure mutual diffusion

coefficients in binary liquid systems (Van de Ven-Lucassen et al. 1995).

Diffusion coefficients at infinite dilution in water as a function of temperature are

listed in Table 2.1 and Table 2.2 (Yaws 1995). The correlation for diffusion

coefficient at infinite dilution in water as a function of temperature is given by the

equation:

log,o D) = A+ B/T

2.16

where A and B are regression coefficients specific to a chemical compound.

Table 2.1 - Diffusion coefficient of 1-alcolhols and 1, n-diols in water with increasing

chain length”
Logio DA'=A+B/T (DA’ cm?/s; T: K)
Name Formula Dy’
-A -B
25 100

1-propanol C;H3O 1.7742 | 959.211 1.02E-05 | 4.52E-05
1-butanol C4H,00 1.6250 | 1006.263 1.00E-05 | 4.77E-05
1-pentanol CsH ;0 1.5090 | 1060.968 8.56E-06 | 4.44E-05
1-hexanol CeH140 1.5385 | 1064.866 7.76E-06 | 4.05E-05
1-heptanol C7H,60 1.5665 | 1068.571 7.07E-06 | 3.71E-05
1-octanol CsHis0 1.5906 | 1071.754 6.53E-06 | 3.45E-05
1-nonanol CoH»O 1.6095 | 1074.256 6.13E-06 | 3.25E-05
1,4-butanediol C4H100, | 1.4922 | 1058.754 9.05E-06 | 4.68E-05
1,5-pentanediol [ CsH;,0, 1.5252 | 1063.116 8.11E-06 | 4.22E-05
1,6-hexanediol CeH140, | 1.5531 | 1066.792 7.39E-06 | 3.87E-05

” All the data adopted from literature: (Yaws 1995)
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Table 2.2 - Diffusion coefficient of alcohols in water with changing OH position

Logio D.'=A+B/T (DAO: cmz/s; T: K)
Name Formula Dy’
A B
25°C 100°C
1-butanol CH O 1.6250 | 1006.263 1.00E-05 | 4.77E-05
2-butanol A0 1.473 | 1056.220 9.65E-06 | 4.97E-05
1-pentanol CaHO 1.5090 | 1060.968 8.56E-06 | 4.44E-05
2-pentanol > 1.5109 | 1061.218 8.51E-06 | 4.42E-05
1-hexanol CH.O 1.5385 | 1064.866 7.76E-06 | 4.05E-05
2-hexanol 61 1.5392 | 1064.959 7.74E-06 | 4.04E-05
1-heptanol CHO 1.5665 | 1068.571 7.07E-06 | 3.71E-05
2-heptanol 7o 1.5661 | 1068.514 7.08E-06 | 3.72E-05
1-octanol CH-O 1.5906 | 1071.754 6.53E-06 | 3.45E-05
2-octanol SIS 1.5896 | 1071.625 6.55E-06 | 3.46E-05
1-nonanol CoHarO 1.6095 | 1074.256 6.13E-06 | 3.25E-05
2-nonanol 70 1.6142 | 1074.868 6.04E-06 | 3.20E-05

" All the data from literature (Yaws 1995)

Table 2.1 and Table 2.2 show diffusion coefficients for alcohols and 1, n-diols as
a function of chain length and position of the hydroxyl group. The trend is that as
hydrocarbon chain length increases the diffusion coefficient decreases whether at
25 °C or 100 °C (Table 2.1). The effect of hydroxyl position on the diffusion
coefficient is minor (Table 2.2). Funazukuri and Nishio (1999) studied binary
diffusion coefficients of five-carbon isomers in dilute water solution and found

that diffusion coefficient of isomers increase with the boiling point.

(2) Diffusion at the interface

The rate of adsorption is controlled by the rates of diffusion of solute through the
surface films of gas and liquid at the gas-liquid boundary. The volumetric mass
transfer coefficient (Ky,) is a parameter to describe the film on the gas side of an
air-water interface. At ambient temperature and pressure, gas-phase diffusion

coefficients are of the order of 10° ~ 10 m?/s (Rousseau 1987).
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The non-uniform surfactant distribution on the surface resulting from the motion
of liquid over the surface means mass transfer is maximal at the front of a moving

bubble and decreases along the bubble surface toward the rear.

An important factor determining surface mobility is bubble size. Gas bubbles of
diameter smaller than 0.3 mm in water behave as rigid spheres regardless of
presence of surfactant and above this diameter a toroidal circulation sets in, which
persists throughout the rise (Garner and Hammerton 1954). For the liquid-side
mass transfer coefficient for a rigid bubble surface (bubble diameter < 0.3 mm),
two correlations are considered, one proposed by Frossling (Frossling 1938) and

the other by Calderbank and Moo-Young (1961).

- 11
Frossling equation: K9 =2 (2 +0.6R /25 /3 2.17
g L ds e “c

P -2
Calderbank Moo-Young equation: KL”gld = 0.31(g,uL/pL)1/3 S, /2 2.18

There are empirical and theoretical correlations for determining K for
bubble diameters greater than 3.5 mm with mobile bubble surface. The
correlations of Higbie (1935) and Calderbank and Moo-Young (1961) are

probably the most often employed.

Higbie equation: k, =2 /% 2.19
_ -1
Calderbank and Moo-Young :  k; = 0.42(“’;}%)1/ 35, /2 2.20
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Gas-liquid mass transfer between a bubble and surrounding liquid depends upon
overall surface mobility, which is affected by surfactants. For the stagnant cap
model, it is assumed that a moving bubble surface consists of two parts: a totally
mobile upper part and a rigid lower part. The upper value of mass transfer

coefficient of an air bubble with a totally mobile surface is expressed as:

Kmobile = 2 /i = 1.13 \/le/z 221
tte d

The value of mass transfer coefficient for a totally rigid bubble surface may be
predicted using an equation proposed by Frossling using laminar boundary layer

theory with C = 0.6:
K" = ¢ \/gpz/sv‘l/s 222

If a bubble of relatively constant diameter is introduced in a liquid medium with a
finite surface-active contamination concentration, the mass transfer coefficient

should decrease with time as surfactant is adsorbed from the liquid bulk.

Based on aliphatic alcohols, Raymond and Zieminski (1971) have shown that the
concentration, molecule size and structure have a pronounced effect on mass
transfer as well as the drag coefficient of the rising bubble. The overall mass
transfer coefficients are defined as follows for both straight chain alcohols and

their isomers:

k; = —0.126C; + 0.1120 (straight chain length alcohols)  2.23
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k;, = —0.089C; + 0.0903 (alcohol isomers) 2.24

There is a small but significant difference between these relationships that
suggests the relationship is not independent of molecule structure. As noted by
Laskowski (1993), frother mass transfer rates are related to structure. Factors such
as the length of the hydrophobic chain or introducing a branch changes the mass
transfer rate and alters packing of the surfactant molecules at the interface. As a
note, bubble size needs to be accounted for when measuring mass transfer as
small bubbles spend a longer time in the experimental apparatus than large
bubbles due to lower rise velocity, and thus are subject to larger contamination

periods.

2.3 Bubble rise velocity

2.3.1 Bubble size and bubble shape

For a single bubble generated at a submerged capillary at sufficiently low gas rate,
the size of the released bubble can be estimated by the force balance between
upward buoyancy and surface tension, known as Tate’s law, which is applied for

spherical bubbles:

3racose) 1/3

d=2( 2hpg

2.25

It is usually assumed that the capillary material is well wetted and 0 is zero (i.e.

cos0=1).
In reality, bubbles have variable shapes (e.g., from spherical to ellipsoidal),
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depending on the size of the orifice, conditions of generation and the presence of
surfactant (or other solutes such as high concentrations of inorganic salts). Small
bubbles (diameter < 1.5 mm) tend to be spherical. In the case of non-spherical
bubbles, a bubble volume equivalent spherical diameter (deq) is usually calculated,
assuming axial symmetry over the direction of movement (Raymond and
Zieminski 1971; Sam et al. 1996; Hernandez-Aguilar et al. 2004; Alves et al.
2005; Kracht and Finch 2010):

deq = [2a X (2b)?]1/3 2.26

where a and b are minor and major radii of the ellipsoidal bubble, respectively.

The shape of ellipsoidal bubbles can be characterized by the aspect ratio (AR), the
ratio of major to minor axis (or the ratio of minor to major axis) obtained from an

image. The closer the AR to 1, the more spherical is the bubble.

2.3.2 Single bubble rise velocity
Two velocities are needed to describe the rising bubble: local velocity and
terminal velocity.

2.3.2.1 Local velocity

Local velocity is determined as a function of distance/time from the point of
bubble formation. The plot of local velocity vs. distance (or time) is the velocity
profile or ‘time-history’. Sam (1995), using a video camera mounted an adjustable
speed platform, was the first to study single bubble velocity profile in frother
solutions. The general pattern of the velocity profile was found to display three
regions (Fig. 2.8) (Sam 1995): an initial rapid increase in velocity (acceleration)

to reach a maximum followed by the rise velocity slowing (deceleration) as
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surfactant accumulates and increases drag, and, given sufficient distance (time),
the third region is reached where velocity becomes constant, i.e., terminal velocity
is reached. The velocity profile reflects the surfactant adsorption density

distribution on the rising bubble surface and how it changes with time.

A
<—— Maximum velocity

Second stage

Velocity, cm/s Third stage: Terminal velocity

¢ First stage

_/ Time of bubble release
>

Time, s

Figure 2.8 — Single bubble velocity profile (Sam 1995)

Sam et al. (1996) noted that there was a strong dependence of the profile on
surfactant type and concentration but found that terminal velocity (provide it was
reached) was independent of concentration and only weakly dependent on frother

type. Rafiei et al. (2009) confirmed these observations.

2.3.2.2 Terminal velocity
Single bubble terminal velocity is of fundamental importance in gas/liquid phase
flow theory. It is associated with the constant velocity region in the velocity

profile. Many equations to predict bubble terminal velocity have been proposed.
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For a small bubble (<Imm, Re<<1) with immobile surface rising in a viscous
liquid, Stokes’ law applies:

ZR%Apg

U., =
st on

2.27

The velocity of a rising bubble with a mobile surface was investigated by
Hadamard and Rybczynski (as discussed by Aybers and Tapucu, 1969). They
considered that the tangential stress induces vorticity within the sphere, resulting
in the dissipation of energy in the dispersed medium as well as in the continuous
phase. Under these conditions the terminal velocity is expressed as:

2R2A +u'
Uy_p = b_pg“_“’ 2.8
3u 2u+3u

where ' is the internal viscosity of the bubble and p the viscosity of the liquid
medium. When the internal viscosity is insignificant (i.e., u'<< p) the mobile
surface should be incapable of supporting any tangential stress, in which case Eq
2.28 becomes:

_ RjApg _ 3
UH—R —_ 3[1. —_ E st 229

It can be seen in the Hadamard—Rybczynski theory, due to the fluidity of the
bubble interface and internal circulation within the bubble, that the velocity is 50%
higher than predicted by Strokes’ law for a rigid sphere of the same dimensions
and fluid properties.

If a high viscosity thin liquid layer is considered to exist near the fluid-liquid
interface, the terminal velocity is predicted by Boussinesq’s equation where the
Boussinesq number (Bou) is a dimensionless group that represents the ratio of

interfacial to bulk viscous forces:
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U= 2RZApg 3+2Byy 730
91 2+42Byy ’

There are also many semi-empirical and empirical equations proposed to predict
bubble rise velocity. In general, there is no single equation that can describe the
bubble rise velocity for the entire range of Reynolds number. It is common for
Re<130 to take Cq4corresponding to that given by the “standard drag curve” (Clift
et al., 1978). For Re>130 the C4 = 0.95 approximation can be used (Karamanev,
1996). A general model, modified by Sawi for surfactant-contaminated solutions,

is used by Karamanev (1996):

Up = [*920de 2.31
3pCq

By substituting C4 = 0.95 one of the simplest models is achieved:

Ur = 37.1,/deq 2.32
From this equation it can be seen that in the Re > 130 region, terminal velocity is
dependent only on bubble size. A good fit between the predicted terminal velocity

using Eq. 2.32 and experiment was observed by Zhang et al (2003).

The mass transfer from bulk solution to the bubble surface depends on bubble
Reynolds number (Re) and the state of the bubble surface. Clift et al. (1978)
reviewed work on mass transfer for mobile bubbles and rigid spheres. At high Re,
the thin concentration boundary layer approximation is valid and the mass transfer
from bulk solution to a spherical surface has been solved numerically from

boundary layer theory.
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Figure 2.9 — Terminal velocity of air bubbles at 20 °C (Clift et al. 1978)

2.3.3 Relation of bubble shape and rise velocity

A qualitative correlation of bubble shape and motion as a function of bubble size

or Reynolds number was put forward by Ayber and Tapucu (1969), as shown in

Table 2.3.

Table 2.3 - Bubble size and motion in various Reynolds number region (Aybers
and Tapucu 1969)

deq (cm) Re Bubble shape and motion
<0.04 Re<70 spherical bubbles, rectilinear
0.04<dq<0.062 70<Re<400 spherical bubbles, rectilinear
0.062<d¢q<0.077 | 400<Re<500 | oblate spheroid, rectilinear
0.077<deq<0.24 [ 500<Re<1100 | oblate spheroid, helical
0.24<deq<0.35 | 1100<Re<1600 | Irregular oblate spheroid; almost rectilinear
0.35<deq<0.88 | 1600<Re<5000 | transition from oblate spheroid to spherical
caps; almost rectilinear
0.88 < deq Re>5000 spherical caps, rectilinear

Sam et al. (1996) noted that bubble shape changed in the presence of frother as

the bubble rose and slowed down. Tomiyama et al. (2002) concluded that bubble

shape and velocity are related based on experiments in clean (distilled) water and
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water with surfactants. A corollary is that velocity is sensitive to the initial shape
generated. Wu and Gharib (2002) noted this shape-velocity dependence, finding
that spherical bubbles move significantly slower than ellipsoidal ones of
equivalent volume with or without surfactants. Krzan et al. (2004) noted the
presence of surfactant made the bubble more spherical and decreased the rise
velocity compared to clean water. Kracht and Finch (2010) reported a relationship
between single bubble velocity and bubble shape (AR, ratio of major and minor
diameters) for a variety of frothers (and salt, NaCl). The relationship for two
alcohols and two commercial polyglycols is shown in Fig. 2.10. The figure
confirms a strong relationship between shape and bubble rise velocity. the more
spherical the bubble, the slower it rises in agreement with the work of Wu and
Gharib (2002). Maldonado et al. (2013) showed a unique relationship between
bubble shape (in this case ratio of minor to major diameters) and rise velocity,
which is independent of solute type or concentration (Fig. 2.11). The shape-
velocity relationship represents a possible property for the study of the frother

structure-property link.
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Chapter 3 — Experimental Part

3.1 Equipment

3.1.1 Single bubble column setup

The setup used to determine the velocity as a function of distance, i.e., velocity
profile, is shown in Fig. 3.1. It comprises a circular Plexiglas column 6.35 cm
diameter by 350 cm high (20 liter capacity) surrounded by a square Plexiglas
water jacket (8x8x350 cm). The water jacket maintains a uniform temperature (at
23+1°C) and, being square, eliminates the optical distortion associated with
curved surfaces. An overflow outlet was positioned at the 350 cm level to give
reproducible water height (i.e., hydrostatic pressure) above the bubble generating
capillary. A measuring tape was placed along the central axis of the column to
locate the position of the bubble. A glass capillary with nominal internal diameter
51 um was used to generate bubbles using dry air delivered from a compressor.
Two measurements of bubble size made at right angles near the capillary were
corrected to conditions at the 350 cm level (top of water column) giving a mean
value 1.45 = 0.061 mm diameter (standard deviation based on 30 measurements).
A 1.45 mm size bubble is in a range sensitive to surfactant addition (Clift et al.
1978) and is relevant to the size of bubbles in flotation systems (0.5~2.5 mm)
(Finch and Dobby 1990). The 20-liter test solution was prepared with Montréal

tap water (Remillard et al. 2009).
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Air was provided from the McGill compressed air system with flow rate adjusted
by an online monitoring system. A minimum input gas rate to just generate a
bubble was applied, which respected the bubble frequency of < 80 bubbles per

minute recommended by Sam et al. (1996).

3.1.2 Camera moving device

A digital video camera (CCD Canon GL2, 30 frames/s) mounted on a stage on a
chain controlled by a variable speed motor was driven manually to track a single
bubble during its rise. Limit speed sensors were placed at the bottom and the top

track to arrest the movement.

Signal receiver
W///////////‘////W %k W B

b= Water =
overflow

Water jacket —>|

Measuring tape — ]

350 cm column
~

Water temperature
Control

| — Bubble generator

@ Air Control |

Signal sender

Figure 3.1 — The experimental setup for single bubble rise velocity
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3.2 Procedure

The experiment was initiated by activating the camera at the moment a bubble
released from the capillary and the experimenter adjusted speed to maintain the
bubble in the field of view. The images were continuously displayed on the
monitor (Sony PVM-1340) through a signal sender and receiver set (Radio Shack
15-2572). After recording, the images were processed offline to give position and
from sequential images, the local velocity. All results were entered into a database

developed using Microsoft Excel to calculated the local rise velocity profile.

3.3 Reagents

Reagents from two prime families, alcohols (Table 3.1) and polyglycols (Table
3.2) were used. Table 3.1 lists the 1-alcohols and 1, 2-diols (two hydroxyl groups
at one end, i.e., the 1, 2 positions) in the effect of alkyl chain length study. Table
3.2 lists the polyglycols used for both the alkyl chain and PO/EO unit chain length
studies. Table 3.3 gives the five-carbon and six-carbon alcohols and diols isomers
used for the methyl branch and hydroxyl position studies. The surfactants
represent those that are readily available (n = 2 PPGAE is not, for example), and

can be safely disposed.
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Table 3.1 - Alcohols for chain length study

Frother family

Chemical structure

Alcohols

Alkyl group
f_Aﬂ

CnH2n+1 OH
—
Hydroxyl group

1,2- diols

Alkyl group

CyoHoy 3CHOHCH,OH
Y
Hydroxyl group

3~6

Table 3.2 - Polyglycols for chain length of alkyl chain and EO/PO unit study

Frother family Chemical structure n m 1
Propylene Oxide group
Polypropylene Glycols o
(PPG) H [()CZH“,((_H;)]m OH - 1"‘3 -
Hydroxyl group
Propylene Oxide group
Polypropylene Glycol
Alkyl Ethers (PPGAE) (oo IO 01, 13,413 ~
Alkyl group Hydroxyl group
Ethylene Oxide group
Polyethylene Glycols ! ‘
P56) HIOCH1 0K SRS
Hydroxyl group
Ethylene Oxide group 2,3,4 -- 1
Polyethyl lycol
0 ye y che G yCO C11H211<] [OCZH4)] IOH 1~4, 6 - 2
Alkyl Ethers (PEGAE) -
Alkyl group Hydroxyl group 1.2.4 | ~ 3
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Table 3.3 - Alcohols tested for methyl branch and hydroxyl position

Frother family

n

Name

Position

—CH;

o
=

Alcohols

1-pentanol

2-pentanol

3-pentanol

2-methyl-1-butanol

2-methyl-2-butanol

3-methyl-1-butanol

3-methyl-2-butanol

1-hexanol

2-hexanol

3-hexanol

2-methyl-1-pentanol

2-methyl-2-pentanol

2-methyl-3-pentanol

3-methyl-1-pentanol

3-methyl-2-pentanol

3-methyl-3-pentanol

4-methyl-1-pentanol

4-methyl-2-pentanol

PO [WIN| = WIN = [WIN = DN = (DI =W DN

Diols

1,2-pentanediol

1,4-pentanediol

1,5-pentanediol

1,2-hexanediol

1,5-hexanediol

1,6-hexanediol

[©)NAV, N1 \OJ LV, N ENY] \S]

— [ | | = [ = | —

3.3 Validation:

As bubble rise velocity is sensitive to the presence of contaminants (Sam et al.

1996; Krzan and Malysa 2002; Krzan et al. 2004; Parkinson et al. 2008), system

cleanliness had to be verified prior to each test.

3.3.1 Replication: profile in tap water

To achieve acceptable replication the system required extensive washing. Before
a test the system was flushed repeatedly with tap water till the known velocity
profile in tap water was obtained (Fig. 3.2). This could sometimes take 25 times
the volume of the column. Reagent testing only commenced once the standard

velocity profile in water alone was achieved. This precaution plus the use of
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minimum gas rate to just release a bubble gave the replication needed for the

study (Tan et al. 2013).
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Figure 3.2 — Bubble velocity profiles in tap water at different times showing
acceptable cleanliness to commence a test

3.3.2 Replication: frother solutions

Two full repeats tests (i.e., including solution preparation) were conducted with 1-
pentanol and 1-hexanol at different times of the year. With the precautions

described in 3.3.1 good repeatability was achieved (Fig. 3.3).
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Figure 3.3 — Demonstration or replication: bubble velocity profiles in 0.4 mmol/I
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Chapter 4 — Effect of alkyl chain length in alcohols
and polyglycol alkyl ethers

4.1 Introduction

Surface-active agents known as frothers play a critical role in many mineral
flotation systems helping to control bubble size, reduce bubble rise velocity, and
stabilize froth. The frother molecule has two parts: a hydrophobic (nonpolar)
hydrocarbon (alkyl) chain and a hydrophilic (polar) part. The general
understanding is that the frother molecule adsorbs at the water/air interface with
the polar group oriented to the water-side and the hydrocarbon chain to the air-
side. As a consequence, interface-related properties are modified that result in the
frother functions. The ability of surfactants to change the properties of interfaces
is known to be dependent on their chemical structure (Rosen and Dahanayake

2000).

Water/air interfacial properties are related to the hydrocarbon chain length of the
surfactant, which is recognized in processes such as flotation, flocculation, foam
separation and phenomena such as surface tension, adsorption and micelle
formation (Lin et al. 1974; Briggs et al. 1995). Fuerstenau (1976), testing a
homologous series of alkyl amine surfactants, showed that the concentration at
equal flotation recovery of quartz decreased as hydrocarbon chain length
increased. For a homologous series of linear single-chain surfactants the critical
micelle concentration (CMC) decreases logarithmically with increasing carbon

number (Klevens 1953). Keitel and Onken (1982) studied aqueous solutions of n-
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alcohols (C;-Cg) and diols (C,-Cs) and showed that with increasing alkyl chain

length bubble size reduced and gas holdup increased.

Understanding the relationship between frother structure and properties can help
to characterize frothers, explain their action and aid selection for a given duty.
The objective of this chapter is to determine the impact on single bubble velocity

of hydrocarbon chain length for the two main frother families, alcohols and

polyglycols.

4.2 Reagents
4.2.1 Alcohols
Table 4.1 lists the 1-alcohols and 1, 2- diols used to study the effect of alkyl chain
length. The 1-alcohols were from Fisher Scientific Company (Canada Ltd) and
1,2-diols were from Sigma-Aldrich Corporation (Canada). All reagents were

purchased with the highest purity available from 98% to 99.8%.

Table 4.1 - Alcohols tested for alkyl chain length

Family Name Chemical formula | n | Molecule weight (g/mol)

1-butanol C4HyOH 4 74.12

1-pentanol CsH,,OH 5 88.15

I-aleohols 177} anol CoH;0H 6 102.17
1-heptanol C,H,s0H 7 116.2
1,2-propanediol | CH;CHOHCH,OH | 3 76.09

. 1,2-butanediol | C;HsCHOHCH,OH | 4 90.12
12-diols 17 5 ntanediol | C;H,CHOHCH,OH | 5 104.15
1,2-hexanediol | C;H)CHOHCH,OH | 6 118.17

4.2.2 Polyglycol ethers
Table 4.2 lists the 20 polyglycol ethers studied, which fall into two sub-families,
polypropylene glycol alkyl ether (PPGAE: C,H1(OCsHe)mOH) and

polyethylene glycol alkyl ether (PEGAE: C,Hj,+1(OC,;Hy),OH). The polyglycol
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ethers are further divided based on the number of propylene oxide (PO) groups (m

=1, 2, 3) or ethylene oxide (EO) groups (1 = 1, 2, 3). All were from Sigma-

Aldrich Corporation (Canada) with a purity of 98.5% to 99.5%. All the reagents

were used as received.

Table 4.2 - Polyglycol ethers for alkyl chain length study
Family Name n | I/m | Molecule weight (g/mol)
Propylene glycol methyl ether 1 90.12
Propylene glycol propyl ether 311 118.17
Propylene glycol butyl ether 4 132.20
Dipropylene glycol methyl ether | 1 148.2
PPGAE | Dipropylene glycol propyl ether |3 | 2 176.25
Dipropylene glycol butyl ether 4 190.28
Tripropylene glycol methyl ether | 1 206.28
Tripropylene glycol propyl ether | 3 | 3 234.33
Tripropylene glycol butyl ether | 4 248.36
Ethylene glycol ethyl ether 2 90.12
Ethylene glycol propyl ether 31 1 104.15
Ethylene glycol butyl ether 4 118.17
Diethylene glycol methyl ether 1 120.15
Diethylene glycol ethyl ether 2 134.17
PEGAE Diethylene glycol propyl ether 31 2 148.20
Diethylene glycol butyl ether 4 162.23
Diethylene glycol hexyl ether 6 190.28
Triethylene glycol methyl ether 1 164.20
Triethylene glycol ethyl ether 21 3 178.23
Triethylene glycol butyl ether 4 206.28
4.3 Results

4.3.1 Bubble rise velocity profile

Examples of bubble local velocity profiles in surfactants from the alcohol and

polyglycol families are shown in Figs 4.1 and 4.2, respectively.

4.3.1.1 Alcohols

72



Fig. 4.1 gives velocity profiles of 1, 2- butanediol at selected concentrations. At 1
mmol/L, the bubble rise velocity is close to that in water only. At § mmol/L, the
profile shows a continuous decrease from ca. 34 cm/s to 19 cm/s at 350 cm, which
indicates progressive adsorption of the surfactant onto the bubble surface. At 30
mmol/L and 60 mmol/L the profile reaches the minimum velocity of ca. 15-16
cm/s within about 150 and 50 cm from the launch position, respectively. This
indicates that these concentrations are sufficient for adsorption to slow the bubble
to its minimum velocity within the distance available (350 cm). The minimum

velocity is equated with terminal velocity.
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Figure 4.1 — Bubble velocity profile in presence of 1, 2- butanediol at selected
concentrations
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4.3.1.2 Polyglycol ethers

Fig. 4.2 shows examples of bubble velocity profiles at 0.05 mmol/L for three
dipropylene glycol ethers with alkyl chain length n = 1, 3 and 4. For the shortest
alkyl chain length (n = 1, methyl) the profile gradually decreases from ca. 34 cm/s
to 25 cm/s at 350 cm while for the longest chain length (n = 4, butyl) the
minimum velocity, ca. 15 cm/s, is reached within about 25 cm of the launch point.
The continuous decrease (deceleration) for the methyl and propyl cases again

indicates progressive surfactant adsorption onto the moving bubble.

From the profiles in both alcohols and polyglycols, the bubble rise velocity is
evidentially a function of alkyl chain length (i.e., structure), surfactant

concentration and the distance travelled.
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Figure 4.2 — Bubble velocity profile in presence of three dipropylene glycol ethers
(0.05 mmol/L)
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4.3.2 Velocity at 300 cm

Rather than using the full profile to compare structure, a single metric was
selected, namely the velocity at 300 cm. The choice of 300 c¢m is arbitrary but is
partly based on the assumption that any variations in bubble motion, for example
due to launch conditions, would be ‘damped’ at this distance. The use of velocity

at 300 cm was introduced by Tan et al. (2013).

4.3.2.1 Alcohols

Fig. 4.3 shows the velocity at 300 cm as a function of concentration for 1-alcohols
(n=4-7) and 1, 2-diols (n = 3 - 6). A similar trend is seen in both cases: with
increase in concentration the velocity decreased until the minimum velocity, ca.
15 cm/s, is reached. The experimental plan called to increase concentration till the
minimum velocity was reached; however, in one case, 1, 2-proponediol, the
velocity at 300 cm only reached 24 cm/s with concentration as high as 1.4 mol/L;

i.e., the minimum velocity was not achieved.
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Figure 4.3 — Velocity at 300 cm for alcohols as a function of concentration: (a) 1-
alcohols; (b) 1, 2-diols
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4.3.2.2 Polyglycol ethers
The results for the two polyglycol sub-families, polypropylene glycol alkyl ethers

and polyethylene glycol alkyl ethers, are shown in Figs. 4.4 and 4.5, respectively.

4.3.2.2.1 Polypropylene glycol alkyl ethers (PPGAE)

Fig. 4.4 shows the nine polypropylene glycol alkyl ethers of the three subgroups,
m = 1, 2, 3 with increasing hydrocarbon chain length, n = 1, 3, 4. The trends are
similar to those seen for alcohols. For each m subgroup, with increase in n the
concentration required to reach the minimum velocity decreased. Comparing
subgroups, the concentration range decreases by about one order of magnitude for
each additional m (note the concentration scales on the figures). This PO number

(effectively the PO chain length) effect will be discussed further in Chapter 6.

The minimum concentration was reached with one exception: for propylene
glycol methyl ether (m = 1; n = 1) the velocity at 300 cm reached only ca. 27 cm/s
at a concentration up to 0.55 mol/L. As with 1, 2-proponediol, it was deemed too

expensive to go to higher concentrations.
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Figure 4.4 — Velocity at 300 cm for PPGAE as a function of concentration and
alkyl chain length: (a) m=1; (b)m=2; (c) m =3

4.3.2.2.2 Polyethylene glycol alkyl ethers (PEGAE)

Fig. 4.5 shows the three subgroups of the eleven polyethylene glycol alkyl ethers
(1=1, 2, 3) as a function of concentration for different n values. The trend is
similar to that for PPGAE but the effect of increasing the EO number (i.e.,
increasing 1) is less significant in reducing the concentration to reach minimum

velocity compared to m in the PPGAE structure.
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Figure 4.5 — Velocity at 300 cm for PEGAE as a function of concentration and
alkyl chain length: (a) I=1; (b)1=2;(c)1=3
4.3.3 Concentration to reach minimum velocity (CMYV)
The concentration to reach minimum velocity is a further way to reduce the data

to correlate against structure.

4.3.3.1 Determination of CMV

The trend in velocity at 300 cm vs. concentration was similar in all cases: with
increase in concentration, the velocity at 300 cm decreased to a minimum (and
constant) ca. 15 cm/s at a given concentration referred to as ‘concentration to
reach minimum velocity’, CMV. The CMV is estimated graphically from the plot
of velocity at 300 cm vs. concentration taking the intersection of the two linear
trends imposed on the data as illustrated in Fig. 4.6. Regression analysis was used

to estimate the intersection (CMV) and the 95% confidence interval on CMV.
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Figure 4.6 — Method to determine concentration to reach minimum velocity (CMV)

The CMV will be used to correlate against structural properties. An example is
Fig. 4.7 where log CMV vs. n shows a linear trend. The Figure also includes

results when selecting 150 cm as the distance rather than 300 cm.

4.3.3.2 Effect of distance chosen: 150 ¢cm and 300 cm

It is necessary to establish that correlations using CMV defined on 300 cm were
independent of the distance chosen. To investigate, for five diethylene glycol
alkyl ethers velocity at 150 cm was estimated using the same graphical method as
in Fig. 4.6. The results (Fig. 4.7) show the same trend against number of carbons
with a slightly higher CMV at 150 cm compared to 300 cm (Table 4.3). For the
remainder of the thesis the CMV will refer to the distance of 300 cm.

Table 4.3 - CMV for diethylene glycol alkyl ethers at 150 cm and 300 cm

Carbon number
CMV(mmol/L) 1 2 3 4 6
300 cm 25 10 1.8 04 0.025
150 cm 30 20 4 0.5 0.04
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Figure 4.7 — Log CMV for diethylene glycol alkyl ethers at 150cm and 300cm as
a function of carbon number

4.3.3.3 Reliability of estimation of CMV value
A confidence interval (CI) is usually used to indicate the reliability of
estimation of a population parameter. Probably the most common is the the 95%
confidence interval (Zar 1999). The reliability of CMV estimation was
investigated on nine surfactants selected from both alcohol and polyglycol
families with a range in structure. Regression models were established using
simple regression analysis and the 95% CI interval calculated to give the 95%
Cl on CMV (as in Fig 4.6). The relative 95% CI was calculated (95% CI on
CMV/CMV) and the average taken over the nine examples to represent the

relative 95% CI for all cases which is the ‘error’ bar on subsequent figures.
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4.3.4 Effect of alkyl chain length on CMV

4.3.4.1 Alcohols

Table 4.4 summarizes the CMV values for the alcohol family (recalling no CMV
was achieved with 1, 2-propanediol) along with a rough estimate of the percent
decrease in CMV for every additional carbon (or —CH,—). Fig. 4.8 shows log

CMV for the two sub-groups of alcohols appears to be a linear function of alkyl

chain length (n).
Table 4.4 - CMV: alcohols
Alcohol CMV % A CMV
sub-group Name n (mmol/L) per CH,
1-butanol 4 20 29
1-pentanol 5 2.3 28
1-alcohol I-hexanol 6 0.27 .
1-heptanol 7 0.06
1,2-ropanediol 3 -—-
1,2-diol 1,2-butanediol 4 20 91
1,2-pentanediol 5 1.8 90
1,2-hexanediol 6 0.18
-1 i
~
5 NN y=-100x+238
= N U REZ0.9998
g S N
= vy
= N LY n\
Q3 SRS
> N N
g y =-0.85+1.64 f N
= R?=0.993 . T
e 4 <
- ~
-6-- 1-alcohols -g+- 1,2-diols
-5 L I
2 3 4 5 6 7

Carbon number (n)

Figure 4.8 — Log CMV of 1-alcohols and 1, 2-diols as a function of carbon
number n
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4.3.4.2 Polyglycol ethers

Table 4.5 lists the CMV for the 20 polyglycol ethers in the two sub-families

(again recalling no CMV was achieved for propylene glycol methyl ether) along

with an estimate of the percent decrease in CMV for every additional —CH,—. The

log CMYV as a function of number of carbons in the alkyl chain (n) for polyglycol

alkyl ethers is shown in Fig. 4.9. Similar to the alcohols, log CMV decreases

linearly with increasing n in a series of parallel lines dependent on the m or |

number.

Table 4.5 - CMV: Polyglycol ethers at a given m/I

Frother family

m
orl

=

CMV
(mmol/L)

% A CMV

per CH,

Propylene glycol ether

1

3

0.5

83

Dipropylene glycol ether
PPGAE

3.5

0.14

0.024

83

Tripropylene glycol ether

0.2

0.01

0.0014
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Ethylene glycol ether

20

6.5

68
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1.1

PEGAE | Diethylene glycol ether

25

10
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4.4 Discussion

Predicting a frother’s functions according to its structure is of interest to flotation
chemical suppliers, modelers and plant operators. The approach here was to
determine the effect of hydrocarbon (alkyl) chain length on the bubble rise
velocity profile for a series of surfactants from two frother families, alcohols and
polyglycols. Previous work had established that the bubble velocity profile was a

reliable measure sensitive to surfactant type (Sam et al. 1996).

As the bubble velocity profile is a function of surfactant concentration and
distance travelled as well as surfactant structure reducing the profile to single
metric greatly aided the analysis. The choice was the concentration to reach
minimum velocity at 300 cm, CMV. The choice of 300 cm was based partly on
the expectation that factors contributing to bubble velocity had been ‘damped’
over the distance. It was ascertained that substituting 150 cm as the distance
choice would alter the absolute values but not the trends with structural features

which is the ambition here.

The graphical method used to estimate CMV is similar to that in determining
other physiochemical characteristics of a surfactant, e.g., critical micelle
concentration (CMC) from surface tension vs. concentration (Varadaraj et al.
1991; Castro et al. 2001; Holmberg et al. 2003; Adkins et al. 2010), and critical
coalescence concentration (CCC) from bubble size vs. frother concentration (Cho

and Laskowski 2002; Laskowski 2004; Melo and Laskowski 2006). The
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difference here is that reliability of the CMV estimation was quantified by the 95%

confidence interval.

The effect of alkyl chain length on CMV was significant: for every additional n
(i.e., “CH,— group) CMYV decreases by ca. 90% for alcohols (Table 4.4) and ca.
70% for polyglycols (Table 4.5). The trend was that log CMV decreased linearly
with increase in n for both the alcohols and polyglycols. Leaving the form of the
relationship aside for now let’s consider why the increase in n causes CMV to
decrease. To do this we must return to the effect of surfactant on bubble rise

velocity.

The packing of surfactant molecules at the interface plays a pronounced role in
surface properties (Cosgrove 2005), including the tendency to slow bubble rise.
At the moment a bubble is released, the initially clean surface is progressively
‘contaminated’ with surfactant as the bubble rises. Fluid shear over the bubble
surface transports surfactant to the rear of the bubble. This increase in packing
towards the bubble rear gives a gradient in surface tension which increases in the
opposite direction (i.e., towards the front of the bubble) and is credited with
increasing drag and thus slowing bubble rise (Dukhin et al. 1995). At dynamic
equilibrium the adsorption rate of surfactant (primarily at the bubble front) equals
the desorption rate (primarily from the rear) and the bubble attains minimum
(equilibrium or terminal) velocity, which in the case of the 1.45 mm here is ca. 15

cm/s.
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Armed with this understanding that the slowing of bubble rise is related to surface
tension gradients controlled by the distribution of the adsorbed surfactant
molecules, an interpretation of the observed effect of alkyl chain length on CMV

can be offered.

It is known that increasing alkyl chain length increases surface activity (e.g., the
surface tension decreases more per mole as n increases) (Narayanan 2008) which
means larger surface tension gradients are generated on the bubble surface as n
increases. This is one factor that would slow the bubble more as n increases. In
addition, the longer chains can interact (Narayanan 2008), creating a geometry for
strong van der Waals intermolecular attraction between the hydrocarbon chains
which may increase the packing density. Since there are more molecules towards
the bubble rear this interaction mechanism will further increase the packing at the
rear adding to the surface tension gradients slowing the bubble rise. The more the
bubble is slowed by these phenomena associated with increasing alkyl chain
length the lower the concentration of surfactant required to slow the bubble to the

minimum velocity, i.e., the lower the CMV.

This argument based on increased surface activity and packing as n increases
qualitatively expresses the observation the CMV decreases as n increases. It does
not a priori suggest the linear relationship between log CMV and n. This
relationship is represented by the following equation:

log [CMV] =-axn + constant 4.1
where a is constant related to the frother family (ca.0.9 in 1-alcohol; ca.0.74 in

PPGAE and ca. 0.63 in PEGAE).
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This form of correlation is shown for another surfactant property, the critical
micelle concentration (CMC), namely that log CMC trends linearly with
increasing n (Klevens 1953; Lin et al 1974). Zhang et al. (2012) recently
determined the critical coalescence concentration (CCC') for some of the same
surfactants used in the present study. They showed an exponential trend between
CCC and n which can be re-arranged as in Fig. 4.10 to show the same log CCC vs.

n trend as observed here for CMV.

This similarity between the relationship with n of CMV and CCC suggests some
mechanistic connection between the two. In the case of the CMC trend with n the
mechanism is related to a decrease in energy to transfer the surfactant molecule
from the bulk solution to the micelle (essentially transfer from aqueous to organic
phase) per unit increase in n (i.e., per additional —CH,—) representing an increase
in hydrophobicity. In the case of CMV and CCC surfactant transfer is from bulk
to the air-water interface but the dependence on n might again reflect a decrease

in energy to transfer as n increases and the molecule becomes more hydrophobic.

Zhang et al. (2012) went on to assess the CCC' data against the hydrophilic-
lipophilic balance (HLB) (Davis 1957). Following that lead, in Chapter 7 a

similar analysis connecting CMV and HLB is attempted.

" Note: The CCC and CCC95 data were shown to be similar. The term CCC will be substituted for CCC95 for
discussion purposes (see Zhang et al. 2012).
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4.5 Summary

The effect of the number of carbons in the hydrocarbon chain (n) in alcohols and
polyglycol alkyl ethers on the single bubble rise velocity profile was determined.
The concentration to reach minimum velocity at 300 cm (CMV) was used to
correlate against n. The increase in n significantly decreased the CMV: For every
additional —CH,— group CMV decreases by ca. 90% for alcohols and ca. 70% for
polyglycols. The results are interpreted based on the concept of surfactant packing
and the resulting surface tension gradient produced. Plotting log CMV vs. n gave
a series of linear trends, similar to that reported for other surfactant properties.
The findings are a step towards modeling the frother structure-property

relationship of potential use in frother selection in flotation systems.
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Chapter S — Effect of methyl branch and hydroxyl
positions in alcohols

5.1 Introduction

Many surface related properties find their basis in the structural characteristics of
a surfactant, such as hydrocarbon chain length, position and type of alkyl chain
branch and location of hydroxyl group. In flotation systems, frothers with
branched chains (side chains), e.g., MIBC (methyl isobutyl carbinol) and TEB
(triethoxybutane), are sometimes considered to possess desirable frothing
properties (Somasundaran and Wang 2006). In the previous chapter, the effect of
hydrocarbon alkyl chain length (straight-chain) was investigated. In this chapter,
the influence of the position of the methyl branch (i.e., branched-chain) and the

hydroxyl group is determined.

As a structural parameter, a branched hydrocarbon chain has significant influence
on many surfactant interfacial properties (Lin et al. 1974; Varadaraj et al. 1992;
Gibbs and Pomonis 1995; Frank et al. 2007; Adkins et al. 2010). Varadaraj et al.
(1992) showed that surfactants with branched chain exhibited higher CMC than
their straight chain counterparts due to steric effects. The effect of methyl branch
on melting temperature depended upon the location of the methyl branch along
the molecule (Gibbs and Pomonis 1995). By adding an alkyl branch, the
hydrophobic character, e.g., the solubility of the surfactant is modified (Rosen
2004). Replacement of a single straight hydrocarbon chain by a branched chain

containing the same number of carbons decreased the extent of surface tension
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reduction (Rosen 2004). Not only chain branching but also branch position affects
surface properties. Surfactants with two methyl groups on different carbon atoms
are more effective in lowering surface tension than two methyl groups on the
same carbon atom (Ezrahi et al. 2005). Positioning a methyl group further away
from the hydroxyl group enhanced oil recovery at lower alcohol levels (Backlund
et al. 1995). Determining the effect of position of the methyl branch in alcohols is

a focus of this chapter.

In addition to methyl branch position, the location of the OH also affects
surfactant properties. Studies showed that the chemical reactivity of primary
alcohols (i.e., hydroxyl group at 1C position) is greater than the reactivity of
secondary alcohols (hydroxyl group at 2C position) (Clayden 2001). Along the
same line, surfactants with a hydroxyl group at 1C position are more surface
active than surfactants with the OH at a central position (Frank et al. 2007;
Cosgrove 2005). The closer the OH is to the center of the chain, the higher the
critical micelle concentration (CMC) (Lin et al. 1973). As the hydroxyl position
plays an important role in surfactant properties, the hydroxyl position is another

focus in this chapter.

To understand the structure-property relation in alcohols, knowledge of the effect
of the position of the methyl branch and hydroxyl group is essential. The
objective of this chapter is to determine the impact of OH and —CHj position in
alcohols using single bubble rise velocity and the concentration to reach minimum
velocity (CMV). Diols, which resemble alcohols but with two OH groups, were

also tested. One reason to include is that diols with the two OH at terminal
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positions are structurally similar to polyglycols, the other major frother family
being investigated. This study of diols, therefore, might give some insight into the

polyglycol case.

5.2 Reagents

The alcohols comprise seven five-carbon (CsH;,0; molecule weight: 88.15 g/mol)
and eleven six-carbon (C¢H;4O, 102.17g/mol) alcohols, listed in Table 5.1 and
Table 5.2, respectively. The structural isomers were used to isolate the effect of
methyl branch and hydroxyl position from alkyl chain length.

Table 5.1 - Five-carbon alcohol isomers tested

Structural Branch position

Name Structural formula
diagram —CH; OH

2-methyl-1-butanol | CH;CH, CHCH;CH,OH

3-methyl-1-butanol CH,;CHCH,CH,CH,0OH

3-methyl-2-butanol CH;CHCH;CHOHCH,

2-methyl-2-butanol CH;CH,CH;COHCH;,4 0—%‘ 2 2

I-pentanol CH;CH,CH,CH,CH,0ll | ¢—t—t—o—e—()| - 1
2-pentanol CH;CH,CH,CHOHCH; ._._._I_O . 2
3-pentanol CH;CH,CHOHCH,CH;,4 I c - 3

e Red circle represents hydroxyl group and each black sphere represents a carbon atom
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Table 5.2 - Six-carbon alcohol isomers tested

Structural Position

Name Structural formula diagram —CH; | OH

2-methyl-1-pentanol | CH;(CH,),CHCH;CH,OH 2 1

3-methyl-1-pentanol CH;CH,CHCH;(CH,),OH

4-methyl-1-pentanol CH; CHCH;(CH,);0H

2-methyl-2-pentanol CH;CH,CHCH;COHCH;

3-methyl-2-pentanol CH;CH,CHCH;CHOHCH;

4-methyl-2-pentanol CH;CHCH;CH,CHOHCH;

2-methyl-3-pentanol CH;CH,CHOHCH;CHCH;

3-methyl-3-pentanol CH;CH,COHCH;CH,CH;

1-hexanol CH3(CH,)sOH - 1
2-hexanol CH;(CH,)4;OHCH;,4 - 2
3 'heXanol CH3(CH2)5CH()HCH2CH3 - 3

LRk T

The diols are listed in Table 5.3 and include five-carbon and six-carbon members
selected with one OH at the terminal position and the second OH position

changing from 2C to the other terminal position. All reagents were from Sigma-
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Aldrich Corporation (Canada) with the highest purity available (> 98%) and were

tested as-received.

Table 5.3 - Diols tested for hydroxyl position study

. Second OH
Name Structural formula Structural diagram | ition
1,2-pentanediol | CH,CH,CH,CHOHCH,OH | o 1
1,4-pentanediol | CH;CHOHCH,CH,CH,OH | O 4
1,5-pentanediol | pocH,CH,CH,CH,CH,0H O—e—t—s—o——0 5
1,2-hexanediol | CH,CH,CH,CH,CHOHCH,OH | —0 1
1,5-hexanediol | CH,CHOHCH,CH,CH,CH,0H ‘i‘—‘—‘—hO 5
1,6-hexanediol | HOCH,CH,CH,CH,CH,CH,0H |Q—o—t—t—t—t—e—) 6

5.3 Results

5.3.1 Hydroxyl position

Fig 5.1 shows velocity at 300 cm as a function of concentration for three five-

carbon (a) and three six-carbon (b) alcohols with OH situated at 1C, 2C, and 3C

positions. Noting that the concentration range is about 1 order of magnitude

higher for the five-carbon alcohols compared to the six-carbon alcohols otherwise

both alcohols show the same trend: the further the OH from the terminal position

the less effective the slowing down of the bubble (i.e., the concentration required

to reach the same velocity increases).
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Figure 5.1 — Effect on velocity at 300 cm of hydroxyl position in alcohols: (a)
five-carbon; (b) six-carbon

The alcohols with a methyl branch (Fig. 5.2) also showed that moving the OH

from the terminal position to 2C, 3C reduced the effectiveness to slow bubble rise
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but the impact of OH position was more pronounced than for the straight chain

case.
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Figure 5.2 — Effect on velocity at 300 cm of hydroxyl position in branched (3-
methyl-) alcohols: (a) five-carbon; (b) six-carbon
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Fig. 5.3 shows velocity at 300 cm as a function of concentration for three five-
carbon diols (Fig. 5.3a) and three six-carbon diols (Fig. 5.3b) with the second OH
moving from the 2C position to the far terminal position. Both sets of results
show the same significant effect of OH position: that the ability to slow down the
bubble rise decreases markedly as the second OH position moves from the 2C

position to the other terminus.

The general finding is that there is an impact of the OH position on bubble rise
velocity which is more pronounced in the branched alcohols and diols than in the

straight chain counterparts.
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Figure 5.3 — Effect on velocity at 300 cm of position of the second hydroxyl in
diols: (a) five-carbon; (b) six-carbon

5.3.2 Methyl branch position

Fig. 5.4a and Fig. 5.4b show the results for the effect of methyl branch position in
selected five-carbon and six-carbon alcohols, respectively. They show that the
position of methyl branch has a promounced impact: the further the methyl branch
moves away from hydroxyl head group, the more effective the surfactant in

slowing down the bubble.
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Figure 5.4 — Effect on velocity at 300 cm of the methyl branch position in

alcohols: (a) five-carbon; (b) six-carbon

5.3.3 Concentration to reach minimum velocity at 300 cm, CMV

Following the established data reduction scheme, the CMVs were estimated and

are summarized in Table 5.4 (alcohols) and Table 5.5 (diols). The further the

methyl branch moves away from the hydroxyl head group, the lower the CMV.
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Table 5.4 - CMVs for five- and six-carbon alcohols

Name Position CMV Name Position | CMV
(Six carbon) -CH; | OH | (mmol/L) (Five carbon) -CH; | OH | (mmol/L)
2-methyl-1-pentanol 2 1 0.23 2-methyl-1-butanol 2 1 1.95
2-methyl-2-pentanol 2 2 04 2-methyl-2-butanol 2 2 3.5
2-methyl-3-pentanol 2 3 0.65 3-methyl-1-butanol 3 1 1.25
3-methyl-1-pentanol 3 1 0.14 3-methyl-2-butanol 3 2 3.2
3-methyl-2-pentanol 3 2 037 1-pentanol - 1 23
3-methyl-3-pentanol 3 3 0.6 2-pentanol - 2 2.65
4-methyl-1-pentanol 4 1 0.11 3-pentanol - 3 3.05
4-methyl-2-pentanol 4 2 0.33
1-hexanol - 1 027
2-hexanol - 2 03
3-hexanol - 3 0.36
Table 5.5 - CMVs for five- and six-carbon diols
Name Position | CMV Name Position | CMV
(Six carbon) OH | OH | (mmol/L) (Five carbon) OH | OH | (mmol/L)
1,2 - hexanediol 2 1 0.18 1,2 - pentanediol | 2 1 1.8
1,5 - hexanediol 5 1 04 1,4 - pentanediol | 4 1 -—-
1,6 - hexanediol 6 1 2.5 1,5 - pentanediol | 5 1 200

* -—-: CMV not reached

5.4 Discussion

The effect of hydroxyl position in alcohols and diols and the effect of methyl

branch in alcohols on bubble rise velocity and CMV were determined in this

chapter. The data complement Chapter 4 where the chain length effect was

determined.

A similar trend of hydroxyl position on bubble rise velocity was shown in both

alcohols and diols: as the OH was closer to the terminal position the more the rise

velocity decreased (for the same surfactant concentration), i.e., the more efficient

the surfactant became in slowing the bubble down. The effect of the position of
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the second hydroxyl group in diols is more pronounced than OH position effect in

alcohols.

The methyl branch position effect was relative to the position of the OH group:
with the methyl branch moving away from the OH the surfactant’s ability to slow

bubble rise increased.

The impact of the different structures is most likely related to the arrangement
(packing) of molecules at the air/water interface (bubble surface). Two factors are
at play: molecule orientation and the packing density, and hydrocarbon chain
interaction effects. Surfactant orientation and packing density are closely related.
Interfacial properties are strongly influenced by the surfactant molecular
orientation at the interface (van Duynhoven et al. 2005). The orientation at the
interface will depend on the structure, in particular the location of the

hydrophobic and hydrophilic (OH in the case here) entities.

The effect of OH position on orientation with diols is illustrated for the six-carbon
case in Fig. 5.5a. The two OHs in the terminal positions (1, 6-hexanediol) cause
the molecule to orient close to horizontally at the air/water interface. When the
second OH moves gradually to the 2C position the orientation of the molecule
tilts with respect to the interface to approach vertical. It does not fully attain the
vertical as both OH groups need to be accommodated on the water side of the
interface. A similar series of orientations can be envisaged for the alcohols: the

OH in the terminal position likely induces vertical orientation while the molecule

106



with OH in the middle of the molecule gives close to horizontal arrangement (Fig

5.5b).

e
el
SRES

13

(a) Diols (b) Alcohols

Figure 5.5 — Illustration of effect of hydroxyl position on packing density

The more vertical the arrangement the lower the area occupied per molecule
which allows more surfactant molecules to be accommodated, and results in
higher packing density. The higher the packing density the greater the surface
tension gradients that are produced and thus the more effective the surfactant in
slowing the bubble rise. This effect of orientation is seen in the velocity data and
in the CMV data, where the greater effectiveness shows up as a lower CMV as
OH migrates to the terminus (1 position in alcohols and the second OH at the 2

position in diols).

Another feature may further increase packing density. In both alcohols and diols

as the OH migrates to the terminus the free length of hydrocarbon chain increases
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which could result in chain-chain interaction. Székely et al. (2007) using small-
angle neutron scattering in their study on five-carbon and six-carbon diols found
that 1,2-diols exhibited strong chain-chain interaction compared to 1,5-
pentanediol and 1,6-hexanediol. These chain interactions associated with the
more vertical molecule orientations could result in a further increase in packing
with its consequent effect on enhancing surface tension gradients and slowing

bubble rise.

The location of methyl branch has a significant effect on slowing the bubble and
thus on the CMV value. As the methyl group moves farther from the OH the
surfactant is more effective in slowing down the bubble: e.g., 4-methyl-2-
pentanol > 3-methyl-2-pentanol > 2-methyl-2-pentanol. The effect of methyl
branch position on orientation and packing at the bubble surface is illustrated for
two alcohols in Fig 5.6. The impact of methyl position on molecule orientation
and packing density can be used to explain the ability to slow the bubble rise

velocity.

Lower Higher
d

I

Figure 5.6 — Illustration of effect of methyl position on packing density

>

Two factors could control packing density with regard to methyl branch position.

One is steric hindrance (Wheland 1960; Howarth 1998). The methyl branch on
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the hydrocarbon chain restricts the molecule’s rotational freedom which reduces
the accommodation of the chains in optimal positions (Gradzielski 1998). This
steric effect is probably greater the closer the methyl group to the OH which

would increase the distance between adsorbed molecules (Fig 5.6).

A second factor is that the methyl group has an inductive effect on the hydroxyl
group tending to repel electrons towards the O atom (Singh and Yadav 2010).
This electron repulsion effect of alkyl groups is inversely proportional to the
distance the alkyl group is from the O atom (Taft 1953; Kim et al. 2007). Moving
the methyl group closer to the OH would intensify this electron repulsion and
would tend to enlarge the electron cloud around the OH (Streitwieser et al. 1992;
Catalan 1996). A consequence is that the distance between two hydroxyl groups
of neighboring molecules increases (d;, Fig. 5.6) causing a reduction in the
packing density. Other studies have shown that a methyl group near the hydroxyl
group gave lower surfactant efficiency (Backlund et al. 1995; Ezrahi et al. 2005).
Thus both the increased steric hindrance and electron repulsion effects associated
with the methyl group approaching the OH group result in less effective slowing

of the bubble, i.e., increased CMV as observed.

5.5 Summary

The effect of hydroxyl position in alcohols and diols and methyl branch position
in alcohols was investigated in this chapter. The tests were conducted on 18
aliphatic alcohols (7 five-carbon alcohol isomers and 11 six-carbon alcohol

isomers) and 6 alkyl diols (three five-carbon and three six-carbon alkyl diol
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isomers). The results show that OH at one terminal is the most effective in
reducing bubble rise velocity and reducing the concentration to reach minimum
velocity (at 300 cm) or CMV. The location of the second OH in diols and OH in
branched alcohols has a more pronounced effect than the position of the single
OH in the alcohols. When the methyl branch is further away from the OH, the
efficiency in slowing bubble velocity increases, i.e., a lower CMV is obtained.
The effect of position of the OH and methyl groups is qualitatively explained by

the impact on packing of the molecules on the bubble surface.
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Chapter 6 — Effect of number of PO and EO units
in polyglycols

6.1 Introduction

The physical/chemical properties of polyglycols are largely dependent on the
specific and relative length of their hydrophobic and hydrophilic components (Wu
et al. 2010; Rulison 2012). Varying the relative length of the hydrophobic to
hydrophilic in the groups allows tailoring a molecule with a designed HLB,
molecule weight (Laskowski and Woodburn 1998) and solubility (Pugh 2000).
This chapter complements Chapter 4 where the effect of alkyl chain length (i.e.,
number of carbons, n) in polyglycols was determined. The chapter focuses on
polypropylene glycols (PPG) and their alkyl ethers (PPGAE), and polyethylene
glycols (PEG) and their alkyl ethers (PEGAE). The aim is to determine the effect
of the number of propylene oxide (PO) units (m) and the number of ethylene

oxide (EO) units (1) in their corresponding polyglycol.

The number of PO and EO units is closely related to the resulting properties of
aqueous solutions of polyglycols. Giiveli et al. (1983) observed that the critical
micelle concentration (CMC) of a series of PEGAE (n = 16, 1 = 10, 18, 30, 60)
surfactants decreased as the EO chain length increased. With increasing number
of EO units in PEGAE the adsorption free energy decreases (Giiveli et al. 1983).
Kronberg et al. (1984) also found that with the increasing EO number, the

adsorption free energy decreased and the cross-sectional molecular area increased.
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A linear decrease of log CMC vs. the number of PO units (m) in PPGAE was

reported by Kucharski and Chlebicki (1974).

Studies have shown that the chemical structure of polyglycol frothers affects
flotation performance. Pugh (2000) studied commercial polypropylene glycol
methyl ethers (i.e., n = 1) and showed that the longer the PO chain the higher the
flotation yield at a fixed dosage (60 g/tonne). Tan et al. (2005) studied commercial
PPGs (n =0; m = 3, 6.5, 12.8, 16.5, 34) and found that foamability increased as
the PO number increased. Laskowski et al. (2003) studied a range of
polypropylene glycol methyl ethers (n=1; m =1, 2, 3, 4, 6.3) and found that with
an increase in number of PO units the critical coalescence concentration (CCC)
decreased. Zhang et al. (2012a) investigated a series of polyglycols from m = 1 to
17 and found that the CCC had an exponential relationship with the number of
carbons in the alkyl chain (n) and with the number of PO units. They modeled
CCC as an exponential function against HLB. Zhang et al. took the position that
to understand commercial frothers a wide range of structures from the same
family needed to be tested. This same argument is applied here. The objective of
this chapter, therefore, is to determine the effect of the number of PO and EO
units in their respective polyglycols on bubble rise velocity and the concentration

to reach minimum velocity, CMV.

6.2 Reagents

The reagents in the study are listed in Table 6.1 and 6.2. In the polypropylene

glycol family (C,H2,+1-(OC3Hg)-OH) m=1,2,3andn=0, 1, 3,4 (n =2 is not
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available)

WwWCEre

tested (Table 6.1), and in the polyethylene glycol family

(CoHont1-(OCyHy)-OH) 1=1,2,3 and n =0, 1, 2, 3, 4 were tested (Table 6.2). All

the surfactants were purchased from Aldrich-Sigma with the highest purity (98%

to 99.5%) available and were used as supplied.

Table 6.1 - Polypropylene glycol surfactants tested in this study

Frother Name Chemical structure Mole
family Formula n | m | weight
Propylene glycol H(OC;Hgs)OH 1| 76.09
PPG Dipropylene glycol H(OC;Hg),OH o 2| 13418
Tripropylene glycol H(OCsHg);OH 3 | 192.26
Propylene glycol methyl ether CH;3(OCsHq)OH 1| 90.12
Dipropylene glycol methyl ether | CH3(OC5Hs),OH | | | 2 | 148.20
Tripropylene glycol methyl ether | CH3(OCsH¢);OH 3 | 206.28
Propylene glycol propyl ether C;H5(OC5Hg)OH 1 | 118.18
PPGAE Dipropylene glycol propyl ether | C3H;(OC;H¢)>OH | 3 | 2 | 176.25
Tripropylene glycol propyl ether | C3H,(OCsH4);OH 3 | 23433
Propylene glycol butyl ether C4Hy(OC;H)OH 1 | 132.20
Dipropylene glycol butyl ether C4Ho(OC3Hg),OH | 4 | 2 | 190.28
Tripropylene glycol butyl ether | C4Ho(OC;H4);OH 3 | 248.36
Table 6.2 - Polyethylene glycol surfactants tested in this study
Frother Name Chemical structure Mole
family Formula n | 1 | weight
PEG Triethylene glycol H(OC,H4);OH 03| 150.17
Diethylene glycol methyl ether | CH3(OC,H4),OH 2| 120.15
Triethylene glycol methyl ether | CH3(OC,H,);OH | 1 | 3| 164.20
Ethylene glycol ethyl ether C,H5(0OC,H4)OH 1 90.12
Diethylene glycol ethyl ether CoHs(OC,H4),0OH | 2 | 2| 134.17
PEGAE | Triethylene glycol ethyl ether C,Hs(0C,H4);:0H 3| 178.23
Ethylene glycol propyl ether C;H5(OC,H4)OH 1| 104.15
Diethylene glycol propyl ether | CsH7(OC,H4),OH 3 2| 148.20
Ethylene glycol butyl ether C4Ho(OC,H4)OH 1] 118.17
Diethylene glycol butyl ether | C4Ho(OC,H,),OH | 4 | 2| 163.23
Triethylene glycol butyl ether C4Ho(OC,H4);:0H 31 206.28
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6.3 Results
6.3.1 Velocity at 300 cm and CMV
6.3.1.1 Polypropylene glycols (PPG) and their alkyl ethers (PPGAE)

Fig. 6.1 shows the velocity at 300 cm as a function of concentration for the
polypropylene glycol family with m = 1, 2, 3 at four values of n, n =0 (a), 1 (b), 3
(c), 4 (d). Fig. 6.1a shows the ability of PPG (i.e., n = 0) to slow the bubble
depends strongly on m: for m = 1 and m = 2 the minimum velocity was not
reached within the concentration range tested (up to 1.4 mol/L and 0.7 mol/L,

respectively).

For PPGAE the ability to slow the bubble is governed by both alkyl chain length
(n) and number of PO units (m). With increased n, the ability to reduce bubble
rise velocity increases (i.e., the concentration required decreases, as concluded in
Chapter 4). For the combination of lowest n ( = 1) and lowest m ( = 1) the
minimum velocity was not reached up to the concentration 0.55 mol/L tested (Fig.
6.1b). With m = 2 the minimum velocity (15 cm/s) was reached at 3.5 mmol/l. For
n = 3 and 4 the minimum velocity was reached for all three m values. The CMVs

for PPG and PPGAE are summarized in Table 6.3.
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Figure 6.1 — Velocity at 300 cm as a function of concentration for polypropylene
glycols and their alkyl ethers: (a) n=0 (i.e., PPG); (b) n=1;(c) n
=3;(d) n=4

6.3.1.2 Polyethylene glycols (PEG) and their alkyl ethers (PEGAE)
Fig. 6.2 shows the velocity at 300 cm as a function of concentration for the

polyethylene glycol family with 1 = 1, 2, 3 at four values of n, n =0 (a) (i.e., PEG),
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1 (b), 2 (¢), 3 (d) and 4 (e). For triethylene glycol (n = 0; 1 = 3) minimum velocity

was not achieved up to 0.48 mol/L (Fig 6.2a) so shorter EO chains (n=0;1=1, 2)

were not tested. The CMV values for the polyethylene glycols are summarized in

Table 6.3.
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Figure 6.2 — Velocity at 300 cm as a function of concentration for polyethylene
glycols and their alkyl ethers: (a) n=0 (i.e., PEG); (b) n=1;(c) n

=2;(d) n=3;(e) n=4

Table 6.3 - CMV for polyglycol ethers as function of PO/EO number

Frother m (PO) or CMV
family Name " U 1EO) | (mmol)
Propylene glycol 1 -
PPG Dipropylene glycol 0 2 -
Tripropylene glycol 3 4
Propylene glycol methyl ether 1 -—-
Dipolypropylene glycol methyl ether 1 2 3.5
Tripolypropylene glycol methyl ether 3 0.2
Propylene glycol propyl ether 1 3
PPGAE | Dipolypropylene glycol propyl ether 3 2 0.14
Tripolypropylene glycol propyl ether 3 0.01
Propylene glycol butyl ether 1 0.5
Dipolypropylene glycol butyl ether 4 2 0.024
Tripolypropylene glycol butyl ether 3 0.0014
PEG Triethylene glycol 0 3 -—-
Diethylene glycol mono-methyl ether | 2 25
Triethylene glycol mono-methyl ether 3 7
Ethylene glycol mono-ethyl ether 1 20
Diethylene glycol mono-ethyl ether 2 2 10
PEGAE | Triethylene glycol mono-ethyl ether 3 1.4
Ethylene glycol mono-propyl ether 1 6.5
Diethylene glycol mono-propyl ether 3 2 1.8
Ethylene glycol mono-butyl ether 1 1.1
Diethylene glycol mono-butyl ether 4 2 0.4
Triethylene glycol mono-butyl ether 3 0.08
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6.3.2 Effect of PO (m) number and EO (1) number on CMV

The log CMV as a function of PO (m) number and EO (1) number at a given alkyl

carbon (n) number is shown in Fig. 6.3. The pattern for both PPGAE and PEGAE

is that log CMV decreased as m/l increased in a series of self-similar linear plots

shifting to lower CMV as n increased. These patterns are new findings.
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Figure 6.3 — Log CMV as a function of: (a) PO (m) number; (b) EO (1) number
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6.4 Discussion

Bubble rise velocity in surfactant solution is dictated by the nature, amount and
packing of surfactant accumulating on the bubble surface. The velocity profile, in
particular the deceleration stage, is an indicator of this adsorption process (Sam et
al. 1996). The surfactant adsorption density on the bubble surface depends on
packing density which is related to the chemical structure, i.e., the nonpolar
hydrophobic hydrocarbon chain and the polar hydrophilic head(s), in this case OH
and —O— linkages in the PO/EO units. Chapter 4 covered the effect of
hydrocarbon chain length (n, number of carbons). In this chapter, the number of
PO groups (m) and the number of EO groups (1), i.e., the PO and EO unit (or

chain) length, were studied.

From the velocity profile the velocity at 300 cm was determined. The velocity at
300 cm was plotted as a function of concentration and m (PO number) in the
polypropylene glycol alkyl ether family and as a function of 1 (EO number) in the
polyethylene glycol alkyl ether family (as only one PPG, tripropylene glycol,
reached CMV, PPG is not included in the plot). From the velocity at 300 cm vs.
concentration plots the CMV were determined. With increasing m/l, the CMV

decreases.

The number of propylene oxide (PO) and ethylene oxide (EO) units evidently
plays an important role in slowing bubble rise and decreasing CMV. The
mechanism is related to the structure and its impact on adsorption. At the

air/water interface the polar —O— linkages along the PO/EO unit chain length
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cause the molecule to orientate horizontally (Schick 1962). This orientation gives
multiple sites along the bubble surface for hydrogen bonding with neighboring
water molecules. The rising motion of the bubble means constant breaking and
forming of these H-bonds which can be considered to increase surface viscosity.
Increasing the PO/EO unit number would increase the number of H-bonds
increasing surface viscosity, and thus increasing drag and slowing bubble rise

(Nguyen and Schulze 2004).

A linear relationship of log CMV as a function of m/l was found for both PPGAE
and PEGAE families. The polyglycol surfactants share a common trait regardless
of n (Fig. 6.3), namely a slope of ca. -1.25 against m in PPGAE family, and a
slope of ca. -0.57 against 1 in the PEGAE family. Chapter 4 showed a linear
relationship of log CMV against n in the PPGAE family with a slope of ca. -0.74
independent of m, and for the PEGAE family a slope of ca. -0.63 independent of 1.
Considering both the hydrocarbon chain effect (Chapter 4) and the PO/EO unit

effect (this chapter) empirical equations can be proposed:

For PPGAE: log [CMV]=-a xn-bxm + constant 1 6.1

For PEGAE: log [CMV]=-axn-b x1+ constant 2 6.2

where a and b and are constants and are listed in Table 6.4

Table 6.4 - Constants in Eq. 6.1 and 6.2
No. Family a b constant
1 PPGAE 0.74 1.25 0.862
2 PEGAE 0.63 0.57 0.212
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These findings bear a similarity to those of a previous study relating critical
coalescence concentration to carbon n number and m in PPGs (Zhang et al. 2012a)
(see Chapter 4, Fig. 4.10). Zhang et al. (2012a; 2012b) determined the critical
coalescence concentration (CCC) for some of the same surfactants used in the
present study. They showed an exponential relationship between CCC and m and
n, which can be re-arranged as in Fig. 6.4 to show the same log CCC vs. m or |

trend as observed here for CMV.

Zhang et al. (2012a) went on to assess the CCC data against the hydrophilic-
lipophilic balance (HLB) (Davis 1957). Following that lead, in Chapter 7 a

similar analysis connecting CMV and HLB is attempted.
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6.5 Summary

The aim of this chapter on polyglycols was to establish the impact of the number
of propylene oxide (PO) m units and the number of ethylene oxide (EO) 1 units on
bubble rise velocity and CMV. Twelve polypropylene glycol and their alkyl
ethers with m = 1, 2, 3 and twelve polyethylene glycol and their alkyl ethers with

1=1, 2, 3 were investigated. The most significant findings were:

1. At a given alkyl group chain length and concentration bubble rise velocity

decreases with the increase of m/I.

2. The decrease in velocity is argued to be due to role of the —O— linkages causing
the molecule to orient horizontally at the bubble surface and increase surface

viscosity because of H-bonding with neighboring water molecules.
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3. At a given alkyl group chain length the log CMV decreases with the increase

of m/L.

4. At given alkyl group chain length a series of self-similar linear plots of log

CMYV as a function of m/l was found.

5. Empirical relationships were established relating CMV to n (number of carbons
in the alkyl chain) and m/I.
6. Using literature critical coalescence concentration (CCC) data a linear log CCC

vs. m was shown, i.e., the same form as the log CMV vs. m relationship.
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Chapter 7 — Relationship between CMYV and HLB

7.1 Introduction

In this chapter, the relationship between concentration to reach minimum velocity
(CMV) and the hydrophilic-lipopgilic balance (HLB) is determined and the
relationship between critical coalescence concentration (CCC) and HLB of Zhang

et al. (2012) revisited. As background, HLB and CCC are briefly reviewed.

7.1.1 Hydrophilic-Lipophilic Balance (HLB)

A common method of characterizing surfactants is based on their hydrophile-
lipophile balance (HLB) (Graciaa et al. 1982). The HLB concept was first
proposed by Clayton in a series of patents in 1933 (Kunieda and Shinoda 1985).
He pointed out that: “In a given homologous series of surfactants, there is a point
of range in which the hydrophilic and lipophilic properties is balanced and an
optimum efficiency is reached for the particular applications.” The concept is that
since the surfactant molecule contains both hydrophilic and lipophilic
(hydrophobic) groups the ratio of these two groups should determine its

physiochemical behavior.

Subsequently, many methods have been proposed to calculate the HLB number
(Griffin 1954; Davies 1957; Davies and Rideal 1961; Schick and Beyer 1963;
Heusch 1970; Lo et al. 1972; Marszall and Lin 1978; Graciaa et al. 1989). Two
commonly used methods are the Griffin method and the Davies method. Griffin
(1954) proposed a semi-empirical HLB scale based on determination of the

stability of emulsions for non-ionic surfactants. Davies (1957) introduced a
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structural definition of HLB which tries to account for the effects of all the
hydrophilic and lipophilic functional groups of a molecule. Davies assumed that
HLB was an additive and constitutive indicator with hydrophilic and lipophilic
(hydrophobic) group numbers assigned to various structural components. In the
Davies method, both the structural layout of the molecule and the chemical
formula are taken into consideration. The Davies equation (Eq. 7.1) allows us to

calculate the HLB number of a surfactant as a sum of structural factors:

HLB = 7 + X (hydrophilic group numbers) + X (hydrophobic group numbers) 7.1

The HLB value represents the relative tendency of a surfactant molecule to
transfer from an aqueous to a hydrocarbon environment and vice versa (Marszall
and Lin 1978). The commonly used HLB group numbers in Davies method

relevant to the frother family studied here are listed in Table 7.1.

Table 7.1 - Selected group number HLB value used in Davies method

Functional group Group HLB value
Hydrophilic -OH 1.9
-O- 1.3
Lipophilic (Hydrophobic) | >CH-; -CH,-; -CHj; -0.475

All the HLB numbers calculated in this study are based on the Davies equation.
Examples of calculation are given for MIBC (4-methyl-2-pentanol) (Eq. 7.2),
where we have one OH group and 6 C in the alkyl group (i.e. C¢H;3), and
tripropylene glycol butyl ether (Eq. 7.3) (C4Hyo(OC3Hg);OH), where we have 13 C

in the alkyl chain, three O atoms and one OH groups.

HLB (MIBC) = 7+1.9 — (6x0.475) = 6.05 7.2
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HLB (Tripropylene glycol butyl ether) = 7 + 1.9 + (1.3x3) — (13x0.475)

=6.625 7.3

The range of HLB numbers for nonionic surfactants is from 1-20, while for ionic
surfactants (e.g., sodium dodecyl sulphate) it may be as high as 40 (Kruglyakov
2000). The HLB number for flotation frothers varies from 4 to 10 (Waldhoff and
Spilker 2005). Surfactants with HLB numbers >10 have an affinity for water
(hydrophilic, or lipid insoluble) and those with HLB numbers < 10 have an
affinity for organic environments (lipophilic, or water insoluble). As an aide-
memoire, as the HLB number decreases this means that the surfactant molecule is

becoming more hydrophobic (lipophilic) and less water-soluble.

The relationship between HLB and various properties of surfactants has been the
subject of many studies (Ross et al. 1959; Schott 1969; Boyd et al. 1972; Lin
1972; Lin and Marszall 1976; Morgen et al. 1977; Little 1978; Salager et al. 1980;
Kunieda and Shinoda 1985; Rabaron et al. 1993; Verdinelli et al. 2008). Harris
and Jia (2000) showed that the HLB number of a frother can be related to
flotation recovery. They noted two important structural features of a frother: a
hydrophobic group to lower the HLB number and to increase surface activity, and
the arrangement of oxygen atoms and alkyl groups in the molecular chain.
Laskowski [2003] and Pugh [2000] discussed a link between frother functions and
HLB. Successful frothers appear to have HLB values close to 6 (Laskowski 1993;
Laskowski 2004). Zhang et al. (2012a) related the critical coalescence

concentration (CCC) to HLB for a series of surfactants from two frother families,
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alcohols and polypropylene glycols. They modeled the relationship in a series of
exponential equations dependent on the family and showed that the CCC for

commercial frothers could be predicted from the model.

7.1.2 Critical Coalescence Concentration (CCC)

The commonly used tool to characterize frothers is to plot the Sauter mean bubble
size (Ds;) as a function of concentration (Cho and Laksowski 2002). The Sauter
mean diameter (size), developed by Sauter in the late 1920s (Sauter 1928), is
defined as the diameter of a sphere that has the same volume/surface area ratio as
the bubble size distribution. The Sauter mean bubble size decreases exponentially
as a function of frother concentration to reach a minimum size at a certain
concentration (Aveyard 1991). The ability of frother to reduce bubble size is

usually ascribed to reduced bubble coalescence (Harris 1976).

Cho and Laskowski (2002) introduced the term ‘critical coalescence
concentration (CCC)’ to refer to the minimum concentration required to produce
the minimum size bubble, arguing it corresponded to the concentration that
completely prevented bubble coalescence. They used a graphical method to
estimate CCC. The CCC has been shown to decrease with increasing frother
molecular weight and is claimed to be a material constant independent of machine
type and geometry (Grau et al. 2005). Laskowski (2003) showed that frothers with
low CCC values had low HLB numbers, but no general correlation emerged based

on the few commercial frothers tested.
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Recognizing the difficulty of identifying the end point of an exponential function,
Nesset et al. (2007) adopted a three-parameter model to fit the Sauter mean
bubble size-concentration relationship and extracted a CCC95, the concentration
giving 95% bubble size reduction compared to water only. Zhang et al. (2012a)
developed relationships between CCC95 and HLB by using virtually all the
available surfactants from two frother families, alcohols and polyglycols
(polypropylene glycols and their ethers). Empirical models were developed for
the polyglycols and 1-alcohols showing that each family exhibits a unique
CCC95-HLB relationship dependent on frother structure variables, e.g., alkyl
chain length (n, number of carbons) and number of propylene oxide groups (m).
They did question the unique numbers assigned to all OH and CH groups
regardless of location in the molecule, a factor that made it impossible to include

isomers in the CCC95-HLB relationships.

7.2 HLB, CMYV and CCC values

Tables 7.2 and 7.3 give the HLB number (from the Davies equation), the CMV
values (Chapters 4 and 6), and the CCC95 values (Zhang et al. 2012a; Zhang et al.
2012b) for the alcohol and polyglycol families, respectively. The CCC and
CCC95 data were shown to be similar, and often the term CCC will be substituted

for CCC95 for discussion purposes. The structure variables are the hydrocarbon n

number and the PO/EO (m/1) number.
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Table 7.2 - Aliphatic alcohols: HLB, CMV and CCC

Alcohols Name n : HLB CMV CCCIs™

Davies method (mmol/L) (mmol/L)
1-butanol 4 7.00 20 0.85
Alcohols | 1-pentanol 5 6.53 2.3 0.29
1-hexanol 6 6.05 0.27 0.11

1-heptanol 7 5.58 0.06 0.072
1,2-propanediol 3 9.38 -——- -—
i 1,2-butanediol 4 8.90 20 -—
Diols 1,2-pentancdiol | 5 8.43 1.8
1,2-hexanediol 6 7.95 0.18 —

Table 7.3 - Polypropylene and polyethylene alkyl glycol ethers: HLB, CMV and

CCC
Frother N m HLB CMV | CCC95™
family ame n /1 | Davies method (mmol/L) (mmol/L)
1 8.30 - 0.48
Propylene glycol ether 311 7.35 3 0.25
4 6.88 0.5 0.16
1 8.18 3.5 0.18
PPGAE | Dipropylene glycol ether | 3 | 2 7.23 0.14 0.094
4 6.75 0.024 0.066
1 8.05 0.2 0.073
Tripropylene glycol ether | 3 | 3 7.10 0.01 0.045
4 6.63 0.0014 0.029
2 8.3 20 0.38
Ethylene glycol ether 311 7.83 6.5 0.22
4 7.35 1.1 0.12
1 9.13 25 0.7
2 8.65 10 0.36
PEGAE | Diethylene glycol ether 312 875 1.8 021
4 7.70 0.4 0.11
6 6.75 0.025 0.068
1 9.48 7 0.68
Triethylene glycol ether 213 9.00 1.4 0.34
4 8.05 0.08 0.11

*: CCCIS5 from literature (1: Zhang 2012; 2: Zhang, et al., 2012a and 3: Zhang, et al. 2012b)
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7.3 CCC vs. HLB

Zhang et al. (2012a) showed that the CCC—HLB relationship depended on the n
(number of carbons in alkyl chain) and m (number of propylene oxide groups).
They used an exponential equation to fit the data but that also suggests a log-
based relationship could be substituted. Based on their results, Figs 7.1 and 7.2
show the log CCC versus the HLB for PPGAE as a function of n and m and
PEGAE as a function of n and 1, respectively. Each member of the family shares a

similar trend (slope), i.e., the trends are self-similar.
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Figure 7.1 — Log CCC vs. HLB for PPGAE family as a function of: (a) carbon (n);
(b) PO (m) number (dashed lines are least squares best fit)
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Figure 7.2 — Log CCC vs. HLB for PEGAE family as a function of: (a) carbon
(n); (b) EO (1) number (dashed lines are least squares best fit)

7.4 CMV vs. HLB

7.4.1 Effect of alkyl chain length (n)

Fig. 7.3 shows log CMV versus HLB as a function of n, the number of carbons in
the alkyl group for the four surfactant types tested: aliphatic and diols (Fig. 7.3a),
PPGAE (Fig. 7.3b) and PEGAE (Fig. 7.3¢). A linear relationship is observed, log
CMV increasing as n decreases, i.e. the as the molecule becomes more
hydrophilic. Each member of the family share a similar trend (slope), i.e., the

trends are self-similar.
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Figure 7.3 — Log CMV versus HLB as a function of n: (a) 1-alcohols and 1, 2
diols; (b) PPGAE; (c) PEGAE (dashed lines are least squares best
fit)

7.4.2 Effect of PO/EO group (m/l) number

Fig. 7.4 shows log CMV versus HLB as a function of the number of PO/EO units
for PPGAE (Fig. 7.4a) and PEGAE (Fig. 7.4b). The results are a series of self-
similar linear log CMV—HLB trends dependent on m (number of PO groups) in
the polypropylene glycol ethers or the 1 (number of EO groups) in polyethylene
glycol ethers. The direction of the trend switches from PPGAE to PEGAE as
increasing m in the former decreases HLB (surfactant becomes more hydrophobic)

while increasing | in the latter increases HLB (the EO group is hydrophilic).
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7.4 Relationship between CMYV and CCC

Since both log CCC and log CMV show linearly dependence on HLB this implies
there is a relationship between CMV and log CCC. Fig. 7.5 shows log CMV
versus log CCC95 as a function of n for the aliphatic alcohols (Fig. 7.5 a),
polypropylene glycol alkyl ethers (Fig. 7.5b) and polyethylene glycol alkyl ethers
(Fig.7.5¢). Fig. 7.6 shows log CMV versus log CCC95 as a function of m/I for
PPGAE (Fig. 7.6a) and PEGAE (Fig. 7.6b). As expected, a linear relationship was

observed in each case.
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7.5 Discussion

In flotation systems, two frother functions are to decrease bubble size and reduce
bubble rise velocity. The former function can be characterized by the CCC value,
and the latter, as introduced in this thesis, can be characterized by the CMV. The
ambition of this chapter is to link these two frother functions to a measure of

frother structure, the HLB number.

As a structural indicator, HLB expresses a balance between the hydrophilic and
hydrophobic parts of a molecule. Using the Davies equation, HLB decreases as
the number of carbons in the alkyl group increases and as the number of PO (m)
groups in PPGAE but increases as the number of EO groups (1) in PEGAE
increase. Nevertheless, as 1 increases in PEGAE both CMV and CCC decrease as
is the case when m increases in PPGAE, although less sharply. This means the
direction of the trend switches between PPGAE and PEGAE such that there is no
general outcome, for example that increasing frother hydrophobicity decreases

CCC or CMV.

The CMV—-HLB trends follow those discussed in previous chapters: log CMV
was linearly related with carbon n number (Chapter 4), and m/l number (Chapter
6). As adding unit n, m or | alters HLB in constant proportion the linear trends

with HLB are expected.

Zhang et al. (2012a) modeled the CCC95—HLB relationship for polyglycols and
I-alcohols, showing that each family exhibited a unique exponential function

dependent on frother structure variables, e.g., alkyl chain length (n) and number
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of propylene oxide groups (m). The form of their relationships implied the log
CCC vs. HLB demonstrated here for their data. Linear models arguably more
readily reveal the common family traits discussed by Zhang et al. Once log CCC
vs. HLB was established it follows that log CMYV is linearly related to log CCC.
This relationship between CMV and CCC held for all three examples, the alcohol,

PPGAE, and PEGAE cases.

The relationship between CMV and CCC suggests a common mechanism, i.e., the
mechanism causing bubble size reduction when produced in a swarm is related to
the mechanism causing the individual bubbles to slow down. Identifying the
connection is aided by expressing both functions in terms of surfactant
concentration. The common mechanism may be the surface tension gradients
produced at the air-water interface in the presence of surfactants. The role of these
gradients on slowing bubble rise is well established (Dukhkin et al. 1998), if still
the subject of debate (Tomiyama 2002). Finch et al. (2008) pointed out that these
same gradients can be at play in promoting bubble size reduction by causing
bubble breakup. Regardless of establishing the common mechanism, this is the
first time evidence has been presented that bubble size reduction and bubble rise
velocity share something in common. The mechanism(s) deserves to be identified
as it appears to be the basis for the frother functions in the pulp zone of flotation

machines.
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7.6 Summary

A structure-function approach to characterizing frothers is explored using the
hydrophile-lipophile balance (HLB) to represent the structure and the
concentration to reach minimum velocity (CMV) to represent the bubble rise
velocity function. All the surfactants showed log CMV was linearly related to
HLB. This relationship was also shown for a second frother function, bubble size
reduction represented by the critical coalescence concentration (CCC). The CMV
and CCC are shown to be correlated which argues for a common mechanism

controlling bubble rise velocity and bubble size reduction.
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Chapter 8 —- CMYV vs. HLB modified to include
isomers

8.1 Introduction

One disadvantage of the Davies method is that the hydrophile-lipophile balance
(HLB) is calculated to be the same for isomers whereas it is evident that the
concentration to reach minimum velocity (CMV) does vary with isomers in the
alcohol data, as does the critical coalescence concentration (CCC) for alcohols
(Zhang 2012) and the critical micelle concentration (CMC) for ionic surfactants
(Lin et al. 1973; Lin et al. 1974). In effect the HLB can be considered to apply to
straight-chain hydrocarbon surfactants (e.g., 1-alcohols) with no branching (e.g.,
of OH or —CH3; groups). Wu et al. (2005) have shown that position isomerism
may strongly affect the HLB number of a surfactant. What is needed is a way to

modify the HLB number to include isomers.

A few attempts have been made to modify the HLB group numbers to allow for
position isomerism. Lin et al. (1973; 1974) tried to relate HLB to CMC by
introducing an effective number (n.s) for -CH,— groups for branched surfactants

in a modification of the Davies equation:
HLB = 7 + X (hydrophilic group numbers) + X (—0.475 X ngss) 8.1

where -0.475 is the HLB group number for the hydrocarbon (—CH,—) group. The
effect of branching is analogous to reduction in ner of 1-1.5 —CH,— units

associated with a decrease in hydrophobic character (Lin et al. 1973).
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In Chapter 5, the effect on CMV of the position of hydroxyl group and methyl
branch in eighteen five- and six-carbon alcohol isomers was determined. The
purpose of this chapter is to modify the Davies HLB by adding a position
coefficient for the OH group and the —CHj branch to extend the relationship

between CMV and HLB to include isomers.

8.2 Relationship between CMYV and HLB in alcohol isomers
8.2.1 Effect of hydroxyl group position

Fig. 8.1 shows log CMV as a function hydroxyl position in five- and six-carbon

alcohols. A similar linear relationship is shown for both with a slope ca. 0.06.
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Figure 8.1 — Log CMV as a function of hydroxyl position in five/six alcohols (x
indicates the position of hydroxyl group)

8.2.2 Effect of methyl branch position
The effect of methyl branch position is related to the position of the hydroxyl

group. Fig. 8.2 shows log CMV as a function of methyl branch position in five-
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/six-carbon alcohols with OH located at 1C (Fig. 8.2a), 2C (Fig. 8.2b) and 3C
(Fig. 8.2c). In Fig. 8.2a with OH in the 1C position, the three isomers of the 5-
carbon alcohol and the three isomers of the 6-carbon alcohols are seen to
comprise parallel (self-similar) linear relationships with slope ca. 0.164. (Note, to
maintain a consistent numbering system for the methyl position, the convention
adopted is to start with, for example 1-methyl-1-pentanol for the six-carbon case,
rather than the alternative nomenclature 2-hexanol (Ezrahi et al. 2005). Although
there are fewer isomers based with OH in the 2 and 3 positions the linear

relationship between log CMV and position of the —CH3 group is consistent.
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3C position (x indicates the methyl branch position)
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8.3 HLLB modification in isomers

To modify HLB the effect of the position of the hydroxyl group and the methyl
branch in the alcohol isomers needs to be accounted for. The method of Lin et al.
(1973, 1974) was to consider the isomer as a straight chain of an equivalent (or
effective) number of carbons, n.y, based on Davies equation. In the method
developed here the HLB modification focuses on the type of group (OH or —CH3)

and the position, for the rest of the molecule the calculation of HLB is not altered.

8.3.1 Hydroxyl position

Based on the argument that the Davies HLB applies to the straight chain isomer
HLBop = 1.9 can be taken to apply to the hydroxyl group being at one end of the
hydrocarbon chain. Fig. 8.1 showed log CMV was a linear function of OH
position with a slope of ca. 0.06 for both the five- and six-carbon alcohol isomers.
Taking this position effect into consideration, a modification coefficient for

position of the OH group is introduced as:

CX—OH = 1 + (é - 1) X (1 + l;{OH) 82

where a is the position of the hydroxyl group and koy is the slope from the
experimental log CMV vs. hydroxyl position, i.e., 0.06. For example, the

modified hydroxyl HLB group number for OH located at the 2C position is:

HLB, oy = 1.9 X Coog = 1.9 X [1 + (2—1) X (1+ 0.06)] = 201 83

and for the 3C position:

HLB3_0H = 19 X C3—0H = 19 X [1 + (3_ 1) X (1+ 006)]
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= 2.13 8.4

8.3.2 Methyl branch position

The results in Chapter 5 showed that the methyl branch position effect in alcohols
is related to hydroxyl position. Fig. 8.2 shows the change of methyl position with
OH at 1C (Fig.8.2a) had a slope ca. 0.164, with OH at 2C (Fig.8.2b) a slope ca.
0.04, and at 3C (Fig.8.2c) a slope ca. 0.035. Taking the methyl position effect into

consideration, the modification coefficient for the methyl branch position is:

Cx—cu, = 1 +(d—1) X (1+Kk_cu,/0n) 8.5

where b is the position of methyl branch and k_cy,/on is the slope of the
experimental log CMV vs. methyl position where K_cy, /on = 0.164, 0.04, 0.035

for hydroxyl group at 1C, 2C, 3C positions, respectively. For example, for OH at
2C position for 3-methyl-2-pentanol, the modification coefficient for the HLB

group number for the methyl branch is:

Ca_cn, =1+ (3—1) x0.04 8.6

Taking both the hydroxyl position and methyl branch position modification
coefficients into account two example calculations of the modified HLB number

for a molecule are given:

3-methyl-1-pentanol (OH at 1C position and a methyl branch at 3C position):

HLB = 7-5 x 0.475- [1+ (3—1) x 0.164] x 0.475 + 1.9

= 5.89 8.7
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3-methyl-2-pentanol (OH at 2C position and a methyl branch at 3C position):

HLB =7 -5 x 0.475-[1 + (3 — 1) X 0.04] X 0.475 + 1.9 X [1 + (2 — 1) X 0.06]

=6.13 8.8
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Figure 8.3 — Log CMV as a function of modified HLB (dashed line is best fit for
1-alcohols)

Using the proposed modification coefficients, log CMV vs. modified HLB is

plotted in Fig 8.3. The dash line shows the best fit-in trend for 1-alcohols. From

the figure, it is observed that after the modification, x-pentanol and x-hexanol (x

here stands for 2 and 3) are still not in the same trend line as the 1-alcohols. The

location of the OH in the 2 and 3 positions can be considered to divide the

molecule into a straight chain section and a branch (Backlund et al. 1995; Ezrahi

et al. 2005). For example, for 2-hexanol the six-carbon chain can be separated

into one five-carbon chain and a methyl branch. The now ‘“branched”

hydrocarbon chain the HLB can be modified by adding the branch modification
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coefficient into the calculation. The modified HLB number for 2-hexanol is then

calculated as:

HLB = 7-5 X 0.475- 0.475 x [1+ 0.164] + 1.9 (1 + 0.06) = 6.09 8.9

and the modified HLB number for 3-hexanol is calculated as:

HLB = 7-5 x0.475- 0475 X [14+2X0.164] +1.9 x (1+ 2 x 0.06)
= 6.12 8.10

The relationship of log CMV as a function of re-modified HLB number for five-
and six-carbon alcohol isomers is re-plotted in Fig 8.4, where a single trend is

observed for all the alcohols.

The final modification coefficients are listed in Table 8.1 with the modified HLB

numbers for the alcohol isomers listed in Table 8.2.

Table 8.1 - Hydroxyl group and methyl branch position modification coefficient

. .. Modification coefficient
Structure variable Position OH CHL
1 1 -
OH 2 1+ (2-1) + 0.06 1+ 0.164
3 1+ (3-1) « 0.06 (1+2.0.164)
4 1+ (4-1)+ 0.164
OH at C-1 3 1 1+ (3-1). 0.164
2 1+ (2-1)+ 0.164
4 1+ (4-1) 0.04
-CH; OH at C-2 3 1+ (2-1) « 0.06 1+ (3-1)« 0.04
2 1+ (2-1) « 0.04
3 1+ (3-1)« 0.035
OH at C-3 3 1+ (3-1) < 0.06 1+22_1§*0.035
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Table 8.2 - Modified HLB in five-/six-carbon alcohol isomers

) CMV Position HLB
Family Name (mmol/L) | -CH, | OH | Davies | Modified
3-M-1-butanol 1.25 3 1 6.37
3-M-2-butanol 3.2 3 2 6.60
' 2-M-1-butanol 1.95 2 1 6.45
Five 5 M-2-butanol 3.5 2 2 6.62
carbon 1-pentanol 2.3 - 1 6.53 6.53
2-pentanol 2.65 - 2 6.56
3-pentanol 3.05 - 3 6.59
4-M-1-pentanol 0.11 4 1 5.82
4-M-2-pentanol 0.33 4 2 6.11
3-M-1-pentanol 0.14 3 1 5.89
3-M-2-pentanol 0.37 3 2 6.13
Six | 3-M-3-pentanol 0.6 3 3 6.24
carbon  [_M-1-pentanol 0.23 2 1 5.97
2-M-2-pentanol 0.4 2 2 6.05 6.15
2-M-3-pentanol 0.65 2 3 6.26
1-hexanol 0.27 - 1 6.05
2-hexanol 0.3 - 2 6.09
3-hexanol 0.36 - 3 6.12
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Figure 8.4 — Log CMV as a function of modified HLB including x-hexanol/x-

pentanol as branch chained (x stands for 2 or 3)
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8.4 Discussion

The structural alcohol isomer system was studied to try to generate a universal
CMYV vs. HLB trend, i.e., one that held for all the isomers. The idea was to
modify the OH and methyl branch HLB group number to account for position in
such a manner that the resulting modified HLB number would lie on the same
linear log CMV vs. HLB trend observed for the straight chain alcohols (1-
alcohols). The starting point was the observation that log CMV vs. position of OH
and methyl branch was linear and exhibited a common slope. This permitted a
modification coefficient to be designed to modify the HLB group number to

account for position of the hydroxyl and methyl branch.

For 2-alcohols and 3-alcohols, initially the modified HLB did not fully fit the
trend. Some studies have shown that 2-alcohols and 3-alcohols could be
considered as branched alcohols (Backlund et al. 1995; Ezrahi et al 2005). The
HLB group modification for the methyl branch was then added. Fig 8.4 showed
the re-modified HLB number now did fall on the common alcohol log CMV vs.
HLB linear trend line. Since no such further modification was needed for alcohols
with OH in the 2 or 3 position with a methyl branch implies there is no additional

“branching” due to the OH position effect.

The argument for separation into two parts for the 2- and 3-alcohol cases is that
the electron cloud of the hydroxyl could cause a bending in the chain. However,
for 2 or 3-alcohols with a methyl branch, e. g., 3-methyl-2-pentanol, the steric
hindrance from methyl branch could induce an opposing effect and the main

hydrocarbon chain remains straight.
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Lin and co-workers (Lin et al. 1973; Lin and Marszall 1976) modified HLB by
introducing neg to allow for the effect of the position of the head group in ionic
surfactants. To illustrate, when the polar head in 14-carbon alkyl sulfates was
located at 1C, the effective carbon number was taken as 14 in the Davies
equation; however, when the polar group was at 7C the effective carbon number
was 11.9 (Lin and Marszall 1976). This shows the alkyl sulphonate with the polar
group at 7C was effectively less hydrophobic than when the polar group was at
IC. A similar approach to estimate an nes could be adopted here. Instead of
altering the group numbers they could be fixed and then the number of carbons
adjusted to derive the neg that makes HLB for isomers fit the log CMV vs. HLB
trend found for the 1-alcohols. Alternatively given the approach here, the nes that
gives the same modified HLB number in Table 8.2 could be calculated. The result
would be that for modified HLB values greater than the n-carbon 1-alcohol base
case HLB then n.s < n, and the molecule is less hydrophobic the base case, and
for HLB values less than the base case then n.s > n and the molecule is more
hydrophobic. While ng could be estimated it does not seem to have physical
meaning (other than showing whether a molecule is more or less hydrophobic
compared to the straight chain case). A modification that changes the HLB group
number to account for position of the group in isomers seems the more direct

route.

As discussed in Chapter 7, log CCC is linearly related to HLB (and consequently
log CMV is linearly related to log CCC). As Zhang et al. (2012) noted a

relationship to HLB could not be extended to include 2- and 3-alcohols because
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HLB did not alter to reflect the effect of OH position. That is, they had the same
problem as here. The natural question is whether the OH group HLB number
modified for position derived here also fits the CCC data. Fig. 8.5 explores this
showing the approximately linear trend for log CCC vs. 1-alcohols with 4 to 7
carbons and including the data for 2- and 3-alcohol isomers with 5 and 6 carbons
taking the modified HLB from Table 8.2. The isomers show the increased HLB
from the base 1-alcohol case trends with increasing CCC, just as the CMV also
trended. The five-carbon case, however, showed the isomers had a more marked
effect on increasing the CCC compared to the six-carbon case. This suggests that
the modified HLB group number for the OH position effect derived here is not
entirely universal. The CCC database for alcohol isomers is limited and more
need to be tested. It may be that correlating any parameter to HLB to include
isomers may have to derive the modification appropriate to the parameter. The
approach here for the CMV parameter may be applicable but a general solution to

determine HLB for isomers is still to be designed.
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literature: Zhang 2012)

8.5 Summary

An approach to modify the hydroxyl group and methyl branch HLB number was
explored in seven five-carbon and eleven six-carbon alcohols. Empirical
modification coefficients were developed for both OH and —CHj3 branch positions
based on the observed linear log CMV vs. group position. All the alcohol isomer
data fell on the same log CMV vs. modified HLB number. Extension to CCC data

for alcohol i1somers to fit to log CCC vs. modified HLB was partially successful.
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Chapter 9 — Conclusions, claims to original
research and suggestions for future work

9.1 Conclusions

Frothers are used in mineral flotation to control bubble size, slow bubble rise
velocity and stabilize the froth phase. The aim of this thesis is to determine the
structure effect on bubble rise velocity. The tests were conducted in a 350 cm
column with over 50 surfactants of the alcohol, diol, polypropylene glycol and
alkyl ether, polyethylene glycol and alkyl ether families. A 1.45 mm size bubble
was employed in all the measurements. The velocity at 300 cm was determined
and concentration to reach minimum velocity at 300 cm (CMV) was estimated

graphically. The following conclusions can be drawn from this study:

9.1.1 Experimental setup

The experimental procedures to obtain the necessary replication were established.

e Minimum gas injection rate was used to minimize launch effects on
bubble rise velocity.
e The cleanliness of the system was verified by verifying the bubble rise

velocity profile in tap water prior to every test.

9.1.2 Structural effect

9.1.2.1 Position effect of hydroxyl group and methyl branch in alcohols
e The hydroxyl group at the 1C position gives the most efficient structure to

reduce bubble rise velocity and thus the lowest CMV.
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The closer the hydroxyl locates to the center the less effective the structure
in slowing bubble rise and the higher the CMV.

The position of the second OH in diols has a pronounced impact: the
closer the two OHs to the terminal position the lower the CMV.

The effect of OH position is associated with orientation and packing of
molecule on the bubble surface: the OH in the terminal position allows
more vertical orientation and denser packing resulting in larger surface
tension gradients that increase drag and slow the bubble rise.

The effect of the methyl branch position depends on the location of the
OH: as the methyl moves further from the OH, the more effective the
structure in slowing bubble and the lower the CMV. Again, orientation
and packing are considered the mechanism.

Log CMV shows a linear relationship with the hydroxyl and methyl

branch position.

9.1.2.2 Chain length effect in alcohols and polyglycols

In alcohols and polyglycols, increase in hydrocarbon (alkyl) chain length
(n, number of carbons) decreases CMV.

The effect of increasing alkyl chain length was attributed to increase in
surface activity that increase surface tension gradients coupled with
increased chain-chain interaction that increases packing that further
increase surface tension gradients.

At a given alkyl chain length, the CMV decreases as propoxy (PO) or

ethoxy (EO) chain length increases in the corresponding polyglycol.
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e The effect of increasing PO and EO is attributed to increased H-bonding
with water molecules via the —O— linkage that increases surface viscosity.

e Linear relationships between log CMV and the number of carbons in the
alkyl group (n) and number of PO groups (m) and EO groups (1) in the
corresponding polyglycol was found.

e FEach family was characterized by a series of self-similar trends in log

CMYV vs. n or m/l number.

9.1.2.3 Relationship of CMV with HLB, CCC95 with HLB, and CMV with

CCC95

e Excluding isomers, log CMV has a linear relationship with HLB.
¢ Excluding isomers, log CCC95 has a linear relationship with HLB.

e Thus log CMV has a linear relationship with log CCC95.

9.1.2.4 Modified HLB
e Using modification coefficients modified HLB group numbers to accounts
for position of OH and methyl groups in isomers of alcohols were derived.
e Log CMV has a linear relationship with modified HLB that includes

1somers.

9.2 Claims for original research

e Refined measurement techniques in the study of single bubble velocity

have provided the necessary reproducibility.
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Provided an extensive (over 50 surfactants), reliable experimental
database for frother structure-function relationship studies.

The first to use the concentration to reach minimum velocity (CMV) as a
frother characteristic and derive relationships between CMV and aspects
of frother structure, e.g. number of carbons in alkyl group in alcohols and
polyglycols, and number of propoxy (PO) and ethoxy (EO) groups in
polyglycols.

The first to demonstrate the position effect of methyl branch and hydroxyl
group in alcohols on bubble rise velocity.

The first to show that CMV is related to hydrophile-lipophile balance
(HLB) and that CMV is related to critical coalescence concentration
(CCO).

Empirical models developed system to modify HLB for alcohol isomers.

9.3 Recommendations for future work

Determining bubble rise velocity profile requires a lot of time. A
technique is needed to determine the bubble velocity profile automatically.
Investigate polyglycols with various methyl branches in polypropylene
glycol alkyl ethers and polyethylene glycol alkyl ethers to accomplish the
position effect of methyl group in polyglycols.

Model velocity profiles to determine the physical parameters of dynamic

surfactant adsorption and desorption on a rising bubble surface.
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Investigate surfactant types containing different functional groups (e.g.

ethyl groups) to extend the modification of HLB group values.

176



Appendix

177



Table A — 1. Velocity profiles at 0.4 mmol/L
1-pentanol 1-hexanol
June-2011 May-2011 Dec-2011 Oct-2011
Distance | Velocity | Distance | Velocity | Distance | Velocity | Distance | Velocity

(cm) (cm/s) (cm) (cm/s) (cm) (cm/s) (cm) (cm/s)
0.72 21.56 0.22 6.71 0.85 25.43 0.94 28.34
3.00 39.88 1.48 30.88 2.29 17.86 2.55 19.92
5.14 37.44 3.62 33.35 3.49 18.00 3.86 19.34
6.82 32.81 5.84 33.18 4.70 18.29 5.13 18.64
9.00 32.63 8.05 33.35 5.91 18.29 6.31 16.98
11.18 32.63 10.28 33.53 7.12 18.00 7.47 17.74
12.80 32.43 17.00 34.24 8.31 17.71 8.64 17.30
14.48 3231 20.29 33.18 9.49 17.57 9.78 16.98
16.70 32.25 26.89 33.00 10.67 17.86 10.93 17.49
18.81 32.13 29.11 33.53 11.83 16.86 12.09 17.23
20.94 32.63 46.55 32.66 12.93 16.14 13.22 16.79
23.14 32.38 78.96 32.15 13.98 15.43 14.37 17.62
25.28 31.94 110.89 31.72 15.06 16.86 15.52 16.98
27.38 31.88 140.41 31.51 16.17 16.43 16.66 17.04
29.50 31.88 161.38 31.36 17.24 15.71 17.78 16.60
46.29 31.46 179.15 31.38 25.81 16.10 26.75 16.84
77.59 31.13 205.11 31.00 41.95 16.18 43.37 16.39
108.54 30.79 235.95 30.68 58.10 16.12 59.67 16.20
138.26 30.70 266.23 29.87 74.07 15.82 75.99 16.45
168.99 30.75 295.82 29.31 89.91 15.87 92.30 16.17
200.53 30.28 324.77 28.60 105.85 16.01 108.50 16.22
230.45 29.58 340.96 28.32 121.65 15.58 124.40 15.59
259.76 29.04 137.15 15.42 140.10 15.80
288.61 28.68 156.53 15.92 157.94 15.70
318.01 28.24 172.34 15.48 173.70 15.88
338.67 27.97 184.41 15.89 187.41 15.77
200.19 15.67 203.20 15.81

215.92 15.81 219.05 15.89

231.72 15.78 234.85 15.71

247.41 15.60 250.64 15.86

263.04 15.66 266.54 15.95

278.75 15.77 282.48 15.92

294.56 15.84 298.34 15.80

310.38 15.81 318.92 15.85

325.97 15.37 334.82 15.82

337.25 15.39 341.02 15.87
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Table A—2. Bubble velocity profiles in water at different times

Aug-10 Dec-10 Mar-11 Jun-11
Distance | Velocity | Distance | Velocity | Distance | Velocity | Distance | Velocity

(cm) (cm/s) (cm) (cm/s) (cm) (cm/s) (cm) (cm/s)
0.65 19.41 0.53 15.75 0.78 23.49 0.39 11.82
2.40 33.18 2.16 33.30 2.71 34.29 1.88 32.82
4.64 33.88 4.39 33.45 5.02 35.06 4.12 34.24
6.88 33.53 6.63 33.90 7.37 35.49 6.41 34.41
9.14 34.24 8.89 33.75 9.73 35.31 8.71 34.77
11.42 34.06 11.14 33.75 12.09 35.49 11.02 34.41
12.77 34.22 13.40 34.20 13.86 35.40 13.31 3441
15.04 34.05 15.68 34.20 16.20 35.50 15.60 34.24
18.22 34.06 17.95 33.75 19.15 35.66 17.90 34.77
19.92 33.89 20.21 34.05 20.92 35.20 20.22 34.94
21.61 33.88 22.48 34.05 22.66 34.89 22.52 34.06
24.54 33.64 24.74 33.90 25.58 34.80 24.81 34.59
26.80 33.21 27.01 34.05 27.93 34.70 27.11 34.24
28.41 34.06 29.28 34.05 29.69 35.49 29.41 34.77
30.66 33.53 31.54 33.90 32.04 34.89 31.71 34.41
48.52 33.48 49.53 33.72 50.75 35.11 49.94 34.15
81.84 33.15 83.08 33.38 85.63 34.65 83.99 33.95
114.94 33.05 116.27 33.00 120.18 34.46 117.92 33.92
150.16 33.01 150.35 32.96 154.49 34.17 151.69 33.62
183.22 33.12 183.29 32.90 188.57 33.98 185.39 33.78
214.16 33.18 214.92 32.55 222.26 33.41 219.07 33.58
247.52 33.54 247.47 32.56 255.47 33.00 252.66 33.60
280.65 33.71 279.85 32.20 288.23 32.53 286.15 33.39
315.09 33.92 315.06 31.85 320.34 31.68 319.38 33.07
337.76 33.41 338.39 31.65 339.28 31.06 340.19 33.03
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Table A—3. Bubble velocity profiles in

resence of 1, 2-butaniol

water 1 mM 8§ mM 30mM 60 mM
Dist. Vel. Dist. Vel. Dist. Vel. Dist. Vel. Dist. Vel.
(cm) | (cm/s) | (cm) | (cm/s) | (cm) | (em/s) [ (cm) | (cm/s) | (cm) | (cm/s)
039 | 11.64 | 0.73 | 2191 | 0.14 4.31 038 | 11.31 | 0.66 | 19.76
1.86 | 32.64 | 2.59 | 33.82 | 1.28 | 29.81 1.73 | 2931 | 2.14 | 24.53
4.09 | 3427 | 4.85 | 34.09 | 3.38 | 33.19 | 3.68 | 29.06 | 3.72 | 22.94
638 | 3436 7.15 | 3491 | 558 | 3263 | 558 | 28.11 | 521 | 21.88
8.68 | 3445 | 946 | 3427 7.76 | 3281 | 745 | 27.86 | 6.66 | 21.53
1098 | 3473 | 11.77 | 35.09 [ 9.95 | 33.00 | 9.29 | 27.51 [ 8.08 | 21.18
12.72 | 3485 | 13.52 | 3497 | 11.59 | 32.31 | 10.67 | 27.63 | 9.11 | 21.53
15.03 | 3491 | 1582 | 3451 | 13.78 | 32.13 | 12.44 | 27.69 | 10.33 | 21.18
17.93 | 3491 | 18.70 | 3445 | 16.50 | 32.63 | 14.60 | 25.03 | 11.85 | 20.35
19.66 | 34.50 | 20.42 | 34.27 | 18.13 | 32.13 | 15.84 | 24.17 | 12.75 | 19.65
21.37 | 3456 | 22.15 | 3436 | 19.68 | 31.96 | 17.02 | 23.14 [ 13.62 | 19.65
2424 | 3443 | 25.00 | 34.18 | 22.34 | 31.71 | 18.89 | 2247 | 15.09 | 18.29
26.55 | 3445 | 27.27 | 3430 | 24.51 | 31.75 | 20.37 | 21.97 | 16.25 | 17.65
28.28 | 34.64 | 28.99 | 3425 | 26.09 | 31.69 | 21.44 | 21.17 | 17.13 | 17.65
30.59 | 34.55 | 31.26 | 33.73 | 28.20 | 31.50 | 22.82 | 20.31 | 18.28 | 16.76
48.92 | 3435 | 49.22 | 33.66 | 44.55 | 30.60 | 33.33 | 19.66 | 26.96 | 16.25
83.21 | 34.34 | 82.71 | 33.33 | 74.52 | 29.34 | 52.28 | 18.26 | 43.12 | 16.08

116.96 | 33.27 | 116.01 | 33.26 | 102.98 | 27.59 | 70.12 | 17.41 | 59.14 | 15.95
151.34 | 33.26 | 151.32 | 32.97 | 129.87 | 26.19 | 87.23 | 16.82 | 74.99 | 15.74
184.59 | 33.24 | 184.14 | 32.62 | 156.09 | 24.61 [ 104.11 | 16.92 | 90.62 | 15.52
216.72 | 33.22 | 214.72 | 32.89 | 180.19 | 23.53 [ 120.89 | 16.66 | 106.21 | 15.67
249.83 | 33.01 | 247.43 | 32.53 [ 202.55 | 22.75 | 137.31 | 16.17 [ 122.06 | 16.02
282.95 | 33.22 |1 279.85 | 32.32 [ 224.99 | 22.14 | 156.92 | 1647 [ 137.76 | 15.38
317.09 | 32.87 | 315.11 | 31.83 | 246.83 | 21.54 | 173.39 | 16.48 | 157.24 | 15.38
338.86 | 32.75 | 338.41 | 31.45 | 268.08 | 20.96 | 186.54 | 16.42 | 172.64 | 15.48
288.90 | 20.68 [ 202.88 | 16.25 [ 184.01 | 15.52

306.71 | 20.37 | 218.98 | 15.97 | 199.54 | 15.55

326.89 | 20.08 | 234.97 | 16.01 | 215.02 | 15.41

342.27 | 19.92 | 250.98 | 16.01 | 230.49 | 15.52

267.05 | 16.13 | 246.00 | 15.51

283.05 | 15.87 [ 261.37 | 15.24

298.92 | 15.86 [ 276.88 | 15.79

320.12 | 15.93 | 292.51 | 15.47

336.10 | 16.20 | 307.44 | 15.40

342.00 | 16.00 | 324.12 | 15.82

339.79 | 15.44
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Table A—4. Bubble velocity profiles in presence of 0.5 mmol/L dipropylene

glycol ether
Methyl ether Propyl ether Butyl ether
Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) | Vel.(cm/s)
0 0 0 0 0 0

0.64 19.20 0.38 11.55 0.01 0.45
2.39 33.20 1.73 28.80 0.63 17.85
4.65 34.80 3.65 28.65 1.75 15.75
6.96 34.40 5.52 27.45 2.78 15.30
9.27 34.80 7.36 27.75 3.81 15.45
11.59 35.00 9.19 27.30 4.83 15.30
13.35 34.60 10.56 26.65 5.60 15.80
15.69 34.60 12.36 26.35 6.62 15.80
18.59 34.40 14.57 26.10 7.89 15.30
20.31 34.20 15.87 25.75 8.66 15.65
22.03 34.60 17.14 25.50 9.42 15.30
2491 34.80 19.27 25.25 10.70 15.10
27.21 34.20 20.86 25.45 11.72 15.35
28.93 34.40 22.12 25.50 12.49 15.75
31.21 34.00 23.91 25.20 13.52 15.15
49.32 33.95 37.41 25.32 21.67 15.30
83.12 33.65 62.43 24.72 37.06 15.47
116.48 33.07 87.23 24.88 52.47 15.36
151.47 32.58 112.17 25.00 67.85 15.39
183.83 32.06 137.11 24.87 83.24 15.39
213.23 31.01 161.94 24.80 98.55 15.24
243.65 29.84 186.54 24.40 113.73 15.11
272.86 28.57 210.72 23.96 128.93 15.29
299.89 27.31 234.60 23.79 144.19 15.23
326.43 25.86 258.28 23.57 160.44 15.25
342.73 25.00 281.72 23.31 175.73 15.35
313.24 22.93 190.06 15.35
336.14 22.73 205.41 15.36
342.19 22.65 220.84 15.50
236.28 15.37
251.60 15.28
266.87 15.25
282.13 15.28
297.54 15.54
319.31 15.56
334.86 15.50
341.16 15.82
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Table A—5. Effect of velocity at 300 cm of OH position in alcohols

Five-carbon

1-pentanol 2-pentanol 3-pentanol
Con.(mmol/L) | Vel.(cr/s) Con.(mmol/L) | Vel.(cm/s) [ Con.(mmol/L) | Vel.(cm/s)
0.08 31.76 0.5 31.00 0.3 32.56
0.40 29.33 1.0 26.51 0.5 32.04
0.57 28.22 1.4 23.16 1.0 29.26
1.20 22.20 1.8 21.32 1.4 26.74
1.25 21.75 2.2 17.81 1.8 22.26
1.40 20.59 2.6 16.19 2.2 20.71
1.70 19.39 2.8 15.43 2.6 18.69
1.80 18.37 3.0 15.71 2.8 17.38
2.20 16.83 3.2 15.06 3.0 16.89
2.27 15.62 3.6 15.59 3.2 17.39
2.60 15.02 4.0 15.49 3.6 16.61
2.84 15.69 5.0 15.39 3.8 16.55
3.69 15.23 6.0 15.19 4.0 16.23
3.97 15.23 7.0 15.29 4.8 15.66
4.00 15.13 5.0 15.68
4.25 15.29 6.0 15.52
4.54 15.33 8.0 15.22
6.81 14.90 10.0 15.21
13.61 15.03
Six-carbon
1-hexanol 2-hexanol 3-hexanol
Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) | Vel.(cm/s)

0.05 32.86 0.05 32.65 0.05 33.35
0.075 29.58 0.075 30.43 0.075 31.35
0.10 26.40 0.10 28.50 0.10 29.44
0.15 23.46 0.15 24.68 0.15 26.30
0.20 20.13 0.20 21.86 0.20 24.64
0.25 17.65 0.25 19.06 0.25 19.69
0.3 16.58 0.3 17.35 0.3 18.35
04 15.35 04 16.35 0.4 17.34
0.5 15.35 0.6 15.79 0.6 16.35
0.6 15.52 0.8 15.25 0.8 15.55
0.8 15.16
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Table A—6. Velocity at 300 cm vs. concentration for five-carbon isomers

3-methyl-1-butanol | 3-methyl-2-butanol | 2-methyl-1-butanol | 2-methyl-2-butanol

Con. Vel. Con. Vel. Con. Vel. Con. Vel.
(mmol/L) | (cm/s) | (mmol/L) | (cm/s) [ (mmol/L) | (cm/s) | (mmol/L) | (cm/s)

0.1 31.41 0.1 33.00 0.1 33.00 0.1 33.90

0.3 28.93 0.5 30.00 0.5 30.00 0.5 32.29

0.5 25.86 1.0 26.25 1.0 26.25 1.0 28.74

1.0 18.41 1.4 24.09 1.4 24.09 1.8 26.11

1.2 16.42 1.8 21.03 1.8 21.03 2.2 23.72

1.4 15.66 2.2 20.19 2.2 20.19 2.6 20.20

1.8 15.10 2.6 16.74 2.6 16.74 3.0 18.71

2.2 15.02 2.8 15.05 2.8 15.05 3.6 15.96

2.6 15.63 3.0 15.34 3.0 15.34 4.0 16.07

2.8 15.20 34 15.14 34 15.14 4.8 15.36

3.0 15.33 52 15.45
3.2 15.06 5.6 15.25
3.6 15.00 6.0 15.14
3.8 15.40 8.0 15.04

Table A—7. Velocity at 300 cm vs. concentration for six-carbon isomers

3-methyl-1-pentanol 3-methyl-2-pentanol 3-methyl-3-pentanol
Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) | Vel.(cm/s)

0.01 19.64 0.05 30.29 0.05 30.52
0.05 17.64 0.10 29.03 0.10 29.60
0.10 15.84 0.15 25.43 0.15 28.12
0.15 15.47 0.20 23.23 0.20 27.21
0.2 15.32 0.25 20.81 0.25 25.02
0.3 15.32 0.3 19.04 0.3 23.80
0.4 15.43 0.4 16.41 0.4 21.33
0.5 15.73 0.45 15.83 0.5 17.97
0.5 15.81 0.6 16.40

0.6 15.41 0.7 15.64

0.8 15.31 0.8 15.04

2-methyl-1-pentanol 2-methyl-2-pentanol 2-methyl-3-pentanol

Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) | Vel.(cm/s)

0.05 26.04 0.05 30.74 0.075 32.41
0.10 23.15 0.10 30.01 0.15 30.98
0.15 19.58 0.15 26.78 0.20 28.52
0.20 16.85 0.20 25.16 0.25 26.81
0.25 16.01 0.25 21.81 0.30 25.16
0.30 15.62 0.30 20.05 0.40 22.37
0.40 15.23 0.40 17.22 0.50 20.24
0.50 14.75 0.50 16.24 0.60 17.19
0.60 14.65 0.60 15.35 0.70 16.49
0.70 15.15 0.80 16.19
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Table A—8. Effect of velocity at 300 cm of position of second OH in diols

Five-carbon

1, 2-pentanediol

1, 4-pentanediol

1,5-pentanediol

Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) Vel.(cm/s) Con.(mmol/L) | Vel.(cm/s)
0.05 31.72 0.05 32.66 0.1 32.88
0.1 30.41 0.5 31.56 2 32.95
0.2 26.66 1.0 29.82 6 32.22
0.3 24.71 1.4 28.07 10 29.69
0.4 21.98 1.9 23.74 15 24.58
0.5 19.76 5.0 21.26 50 20.85
0.6 19.36 10 16.56 100 19.00
0.7 18.01 20 15.56 150 15.51
0.8 17.39 40 15.26 200 16.31
0.9 17.04 250 16.22
1.0 16.73
1.2 16.58
1.4 16.03
1.6 15.78
1.8 15.04
2.0 14.89
2.5 15.04
5.0 15.39

Six-carbon
1, 2-hexanediol 1, 5-hexanediol 1, 6-hexanediol

Con.(mmol/L) | Vel.(cm/s) | Con.(mmol/L) Vel.(cm/s) Con.(mmol/L) | Vel.(cm/s)
0.01 32.36 0.075 30.15 0.05 31.44
0.03 28.88 0.10 28.48 0.1 31.13
0.05 20.31 0.15 23.29 0.2 30.31
0.08 17.64 0.20 22.38 0.3 29.55
0.10 16.70 0.30 17.48 0.4 28.65
0.15 16.51 0.40 16.80 0.5 27.41
0.20 15.35 0.60 15.71 0.6 25.58
0.60 15.35 0.80 15.72 0.8 21.74

1.0 15.43 1.2 18.88
1.2 15.39 1.6 17.38
1.9 16.39
2.2 15.95
2.5 15.73
2.8 15.80
3.0 15.70
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