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EXECUTIVE SUMMARY

Coal is the most abundant domestic energy source in the U.S. It's long-term
viability, however, will require appropriate measures to minimize detrimental
environmental impact. Deep cleaning of the raw coal together with modernized
combustion technologies and post-combustion treatment of effluents represent the most
practical approach to the problem. The development of practical technologies for the
deep cleaning of coal has been seriously hampered, especially by the problems of
carrying out efficient coal/mineral separations at the very fine sizes (often finer than 10
pum) needed to achieve adequate liberation of the mineral matter from the coal matrix. It
is generally recognized that surface-based separation processes such as froth flotation or
selective agglomeration offer considerable potential for such applications. Both of these
processes, however, suffer from an inability to achieve high selectivity together with an
acceptable yield of combustibles.

In froth flotation, selectivity is substantially reduced at fine sizes due, primarily,
to overloading of the froth phase which leads to excessive carryover of water and
entrained mineral matter. Oil agglomeration, on the other hand, can provide good
selectivity at low levels of oil addition but the agglomerates tend to be too fragile for
separation by the screening methods normally used. The addition of larger amounts of oil
can yield large, strong agglomerates which are easily separated but the selectivity is
reduced and reagent costs can become excessive.

In this investigation a hybrid process - Micro-agglomerate flotation - whichisa
combination of oil-agglomeration and froth flotation was studied. The basic concept is to
use small quantities of oil to promote the formation of dense micro-agglomerates with
minimal entrapment of water and mineral particles and to use froth flotation to separate
these micro-agglomerates from the water/dispersed-mineral phase.

Micro-agglomerate is a complex process which involves at least five phases: two
or more solids (coal and mineral), two liquids (oil and water) and one gas (air). Itis
demonstrated in this study that the process is very sensitive to fluctuations in operating

parameters. It is necessary to maintain precise control over the chemistry of the liquid
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phases as well as the agitation conditions in order to promote selectivity. Both kinetics as
well as thermodynamic factors play a critical role in determining overall system response.
To establish design and operation criteria for application of the process, systematic

investigations were conducted in the following general areas:

e Adsorption

e Emulsification

e Wetting

e Agglomerate Growth and Structure

e Agglomerate Flotation

Adsorption studies were conducted to evaluate the role of ethylene and propylene
oxide block co-polymers, used in this study to enhance selectivity of separation. The
adsorption behavior was complex and depended on reagent concentration, hydrophilic-
lipophilic balance (HLB), molecular weight, and configuration of the hyrophobic and
hydrophilic components in the molecule. The effects of these variables are discussed.

Since reagents are known to act as both emulsifiers and wetting control reagents
and the two processes might act in synergistic or antagonistic modes, both emulsification
and wetting studies were performed to delineate the mechanisms by which these reagents
affect coal cleaning by micro-agglomerate flotation. The kinetics of emulsification was
determined in the presence of selected reagents and the results show that the block co-
polymers affected both the dispersion and coalescence sub-processes. The size
distribution of the emulsion droplets could be normalized, on the basis of which the
emuisiﬁcation kinetics could be described by an average droplet diameter. A
phenomenological model was developed to describe the kinetics of emulsification in the
dispersion stage. In subsequent studies on agglomerate growth it was discovered that the
oil droplets are almost instantaneously covered with hydrophobic coal particles, affecting
coalescenée to a large extent. The reagents that were tested increased the dispersion rate

in most cases although the effect was reagent specific.
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The block co-polymers also affected the wetting of coals in a complex manner.
The effect was a function of reagent concentration, molecular weight and configuration of
hydrophobic and hydrophilic blocks in the molecule. All these effects make the reagent
type and concentration a very sensitive parameter in the choice of the reagent. Because
of the competition between the emulsification and wetting sub-processes, the order of
reagent addition and conditioning stages were also important. _

The agglomerate growth process is characterized by an initial period of rapid
growth to a maximum size followed by a slow decrease. We believe the growth pattern is
determined by the balance between simultaneous agglomerate growth and breakage
processes whose relative rates vary as oil is redistributed among the agglomerates.
Changes in the effects of process variables for different coal particle sizes are attributed
to differences in the oil redistribution mechanisms. Surfactant additions influence
agglomerate growth through their effects on oil emulsification and coal hydrophobicity.
Increasing hydrophobicity generally favors agglomerate growth while changes in oil
droplet size through emulsification control affects oil distribution in the agglomerates.

Agglomeration is the critical stage of the separation process investigated in this
project. The efficiency of separation, that is the ability to clean coal depends on
preferential agglomeration of coal during the growth period. Although some degree of
emulsification is essential to promote selective formation of agglomerates, too much
emulsification, that is formation of very small droplets, could be detrimental. Although
the issue of phase inversion was not specifically investigated in this study, sufficient
evidence exists to suggest that the phase inversion from oil/water to watef/oil emulsion,
which is favored by the presence of hydrophobic coal particles at the interface, promotes
rejection of mineral matter and enhances the overall flotation separation. If conditions
exist that favor the formation of large and strong agglomerates, the entrapped mineral

matter cannot be rejected by continued agitation. Such a condition is analogous to

flotation of partially liberated particles and the selectivity is generally poor.




Chapter 1
INTRODUCTION

The development of practical technologies for the deep cleaning of coal has been
seriously hampered by the problems of carrying out efficient coal/mineral separafions at
the very fine sizes (often finer than 10 pm) needed to achieve adequate liberation of thé
‘mineral matter from the coal matrix. It is generally recognized that surface-based
separation processes such as froth flotation or selective agglomeration offer considerable
potential for such applications but many problems in obtaining the required selectivity
with acceptable recovery of combustible remain. In froth flotation, selectivity is
substantially reduced at fine sizes due, primarily, to overloading of the froth phase which
leads to excessive carryover of water and entrained mineral matter. Oil agglomeration,
on the other hand, can provide good selectivity at low levels of oil addition but the
agglomerates tend to be too fragile for separation by the screening methods normally
used. The addition of larger amounts of oil can yield large, strong agglomerates which
- are easily separated but the selectivity is reduced and reagent costs can become excessive.
' In this investigation a hybrid process - Micro-agglomerate flotation - which is a
combination of oil-agglomeration and froth flotation was studied. The basic concept is to
use small quantities of oil to promote the formation of dense micro-agglomerates with
minimal entrapment of water and mineral particles and to use froth flotation to separate
these micro-agglomerates from the water/dispersed-mineral phase. Since the floating
units will be relatively large agglomerates (30-50 um in size) rather than fine coal
particles (1-10 pm) the problems of froth overload and water/mineral carryover should be
significantly alleviated. ’ |

Micro-agglomerate flotation has considerable potential for the practical deep
cleaning of coal on a commercial scale. We believe it should be possible to achieve both
high selectivity and high yield at reasonable cost. The process requires only
conventional, off-the-shelf equipment and reagent usage (oil, surfactants, etc.) should be

small. There are, however, complications. The process involves at least five phases: two




or more vsolids (coal and mineral), two liquids (oil and water) and one gas (air). It is
demonstrated in this study that the process is very sensitive to fluctuations in operating
parameters. It is necessary to maintain precise control over the chemistry of the liquid
phases as well as the agitation conditions in order to promote selectivity. Both kinetics as
well as thermodynamic factors play a critical role in determining overall system response.

1.1. The Problems of Deep Cleaning Fine Coal

Of the many possible approaches to the deep cleaning of coal, surface-based
processes (particularly selective agglomeration and froth flotation) appear to offer the
greatest potential. Both of these processes, however, suffer from an inability to achieve

high selectivity together with an acceptable yield of combustible matter.

'1.2. Selective Agglomeration

Spherical or oil agglomeration has been‘used commercially to clean coal for many
years. The so-called Trent process was used at several commercial installations in the
early decades of this century, and was found to work better than flotation for -300 mesh
coal (Ralston, 1922). However, its use had to be discontinued due to high process costs
(Mehrotra et al., 1983). A reduction in the oil consumption from about 30% (oil:coal) in
the Trent process was achieved in the Convertol process which used only ~3 to FIO% oil
(Lemke, 1954; Brisse and McMorris, 1958). Further developments in oil agglomeration
occurred in the early 1960's at the National Research Council of Canada where the
emphasis was on the use of a combination of agitator cells for the production of compact,
spherical pellets (Capes and Darcovich, 1984). A similar pelletizing separator which
combines the effect of several agitating vessels into a single unit was developed by Shell
(Zuiderweg, et al., 1968). Relatively high ash and moisture contents of the pellets
together with high oil requirements have prevented this process from becoming a success.
Conventional applications of oil agglomeration have generally been based on the
separation, by size, of agglomerated coal from dispersed mineral particles. This approach
requires large, strong agglomerates which infers high oil usage and consequent loss of

selectivity and high reagent costs. An additional problem is that the agglomerates tend to




have high moisture content and, because of their integrity, are not amenable to simple,
mechanical dewatering. Agglomera-tion at low levels of oil addition can give excellent
selectivity but the agglomerates tend to be small and not strong enough to withstand

separation by size.

1.3. Flotation of Ultrafine Coal

Froth flotation is commercially practiced to clean approximately - 28 mesh coal
using fuel oil as the collector. The quantity of oil usually increases as the rank decreéses;
ranging from about 1 Ib/ton for high rank coals to about 5-35 1b/ton for sub-bituminous
coals (Aplan et al., 1986). Grinding to fine sizes is needed to achieve thé desired
liberation for deep cleaning of coal, but the efficiency of flotation separation decreases as
the particle size becomes small, especially for particles < 10 um. In the past, different
approaches have been used to float fine particles. Yoon and Luttrell (1986), employed
fine bubbles to increase the rate of flotation of fine particles. Although the recoveryis
higher when fine bubbles are used, the grade is often poor because of the large amount of
water carryover into the froth phase. This is the reason for the necéssity to use wash
water in column flotation cells. An alternative approach to increase the rate of flotation is
to agéregate the fine particle as was discussed by Fuerstenau, Chander and Abouzeid
(1979).

1.4. Wetting Phenomena

The basis for coal cleaning by flotation of micro-aggregates is controlied wetting
of particle surfaces by air or oil. It is often considered that oil should spontaneously
displace water at the coal surface while water displaces oil at the surfaces of mineral
particles. In this study it is shown that while the latter is essential for selectivity, only
spontaneous adhesion of oil to coal is necessary for agglomerate formations. Complete
spreading may, in fact, be detrimental to the process by serving primarily to increase oil
usage. That is, complete spreading might not directly contribute to agglomerate growth,

even though it will have some benefit through increased hydrophobicity.




Wetting is the process of displacement of one fluid by another at a solid surface.
In the context of micro-agglomeration the fluids are both liquids: oil and water. Two
kinds of wetting need to be considered here:
. adhesional wetting which is the formation of a stable three-phase (solid-
oil-water) contact and
. spreading wetting which refers to the displacement of one liquid by the
other (water by oil at a coal .;surface, oil by water at a mineral surface).
Thermodynamically, the processes can be described by free energy changes expressed in
terms of interfacial tensions. Thus, for adhesion of a solid particle to an oil droplet,
AG, = Y50 - Ysw - Yow 1.1
where ¥,, Yso» Yow are, respectively the solid/oil, solid-water and oil-water interfacial

tensions. For selective agglomeration, AG, should be positive for the mineral particles

but negative for coal particles.

For the displacement of water by oil at a solid surface

AGs = Y50 - Ysw - Yow 1.2

Spontaneous displacement of water by oil at a solid surface will occur if AGq is negative.
If AG, is negative but AGg is positive, oil will adhere to the surface, in the form of drops,
but will not spread spontaneously over the surface. There is reason to believe that this
may represent an optimum condition for selective aggregation of coal particles through
oil bridging.

The wetting criteria expressed by Equations 1.1 and 1.2 are of limited value as
written since the solid/fluid interfacial tensions, ys0, Ysw are not known and are not
generally amenable to measurement. By introducing Young's equation (Adamson, 1990),
these relationships can be expressed in terms of contact angles, i.e. \

AG, = Yyc0sqy, - YoC0Sqo - Yow 1.3
and

AGg = 1y£05qy, - Yo€0540 * Yow 1.4
where y,, and v, are the surface tensions of water and oil, respectively and 6, and 6, are

the contact angles for water and oil on the solid.




~ Equations 1.3 and 1.4 can be used in the selection of the hydrocarbon phase for
selective agglomeration of coal. Thus, to minimize the inclusion of mineral particles in
the agglomerates:

Yw €088, = Yo €08 B0 - Yow > 0 1.5
where 6,,, and 6, are the respective contact angles (against air) of oil and water on the
mineral surface. Similarly, to ensure adhesion of the oil to the coal particies,

Yw €080y = Yo €08 O - Yow <0 ‘ 1.6
To minimize the spreading of oil on the coal surface, thereby leaving it in the form of
adhering droplets, appropriate for bridging-type aggregation,

Yw €0SOcy - Yo €08 0o + Yow > 0 1.7

The use of Young's equation is strictly valid only for finite (i.e. non-zero) contact
angles and, of course, this constraint is often vioiated, especially at mineral surfaces
where both 8, and 8, are often zero. Under such conditions, Inequalities 1.5, 1.6 and
1.7, represent sufficient but not necessary conditions; systems which appear to violate one
or other of the conditions may, nevertheless, be appropriate.

Each of the quantities in Inequalities 1.5, 1.6 and 1.7 can be measured
experimentally, and an extensive body of such data is already available in the literature
for reagent free systems. The addition of surfactants leads to changes (generally
reduction) in interfacial tensions. In principle, appropriate surfactant additions could be
used to satisfy the wetting criteria defined above. However, the results of surfactant
addition can be complex and very difficult to predict. Measurement of interfacial
tensions and contact angles will be required if surfactants are used to control the wetting
properties. The net effect of a surfactant addition will also depend on its distribution
between the bulk liquid phases, which is a function of the relative solubility,and on
subsequent adsorption at the various interfaces which, in turn, depends on the bulk
concentrations. The thermodynamic criteria defined by Inequalities 1.5, 1.6 and 1.7 were

useful in selection of appropriate surfactants.




1.5. Emulsion Phenomena

In emulsion flotation, the quantity of oil used is intermediate between froth
flotation (say 1-35 Ib/ton) and selective agglomeration (160-400 Ib/ton). The
effectiveness of this process has been demonstrated in previous studies in our laboratories
(Olson and Aplan, 1987; Bonner and Aplan, 1993), who observed that for high rank coals
emulsion inversion occurs using only a few Ib/ton of oil. In this case the continuous
emulsion phase in the flotation cell is water and the continuous phase in the froth is oil
and air. The nature of the froth is totally different from the loose, watery froths typically
of froth flotation. Under emulsion flotation conditions, when the air is turned on during
flotation, the highly hydrophobic coa!l instantly agglomerates and floats to the top of the
~cell as a slug. This is perhaps the reason for high entrainment of mineral matter in the
froth product which decreases process efficiency. Further work has shown that, under
proper conditions, careful control of the amount of oil and time of flotation can lead to a
substantial rejection of pyritic sulfur and ash (Olson and Aplan, 1987; Bonner and Aplan,
1993) but the physico-chemical phenomena involving the oil remain to be fully
understood.

Emulsification of oil depends on
. The concentration and type of surfactant
. the hydrophobicity of particles
. hydrodynamics
The type of emulsion produced in the presence of a surfactant can be readily predicted
based on a knowledge of the hydrophilic-hydrophobic balance (HLB) number. Similarly,
the type of emulsion can be related to the hydrophobicity of fine particles. But, for both
the cases the droplet size distribution is much more difficult to predict. Furthermore,
when both surfactants and particles are present, properties of emulsions cannot be
adequately predicted. Investigations were carried out to determine the size distribution of
emulsions in presence of surfactants.

Although the importance of phase inversion was recognized in the Convertol

process with the incorporation of a phase inversion mill, the significance of phase




inversion in oil-based coal cleaning process is not fully recognized. Only recently, Aplan
and his associates (Bonner and Aplan, 1993; Olson and Aplan, 1987) observed a decrease
in the recovery and flotation rate constant for ash and "liberated pyritic sulfur" when the
addition of fuel oil was above a certain critical value. The rejection of ash and pyrite was
suggested to occur as a result of changes in the flotation mechanism possibly
accompanied by phase inversion.

The incipient conditions of phase inversion also gave maximum rejection of ash-
forming minerals in the liquid-liquid separation of ultrafine coal (-10 pum) (Hsu and
Chander, 1988). Our recent studies at the Pennsylvania State University show that the
conditions of phase-inversion depend strongly on the hydrophobicity of the coal used.
Since particles stabilize oil-in-water or water-in-oil emulsions, depending upon their
hydrophobicity, the process of liquid-liquid separation involves transfer of coal from
aqueous to an emulsion phase at the oil/water boundary. Liquid-liquid separation has
been shown to be especially effective for recovery of particles in the ultrafine sizes
(Mellegren and Shergold, 1966; Lai and Fuerstenau, 1968; Raghavan and Fuerstenau,
1975, Zambrana et al., 1974). The so-called Otisca-T and LICARDO processes are also
based on partitioning of hydrophobic coal particles between two immiscible liquids. Ina
.study at the Pennsylvania State University, Hsu and Chander (1988) carried out a detailed
investigation of the mechanisms involved in liquid-liquid separation of ultrafine coal (-10
pm). In the initial stages of mixing, an oil-in-water emulsion forms, which captures both
weakly and strongly hydrophobic particles. This results in a poor selectivity for the
process during its initial stages. The oil-in-water emulsion inverts to water-in-oil
emulsion in the presence of strongly hydrophobic particles. The rejection of pyrite and
mineral matter was observed to be maximum under incipient conditions of phase

“inversion. On prolonged agitation a water-in-oil-in-water complex emulsion forms which
increases mineral matter pick-up through entrainment. Intense agitation results in bridged
emulsions with oil acting as the bridging liquid. These findings on the effect

hydrocarbons in the presence of ultra fine coal particles on emulsification was discussed
by Polat and Chander (1994).




1.6. Agglomerate Formation and Growth

A general requirement for the use of selective agglomeration for the deep cleaning
of fine coal is the production of agglomerates which are sufficiently large for effective
separation from the dispersed phases (refuse) and have high density - to minimize the
inclusion of water and dispersed mineral particles. In recent years, there has been
extensive research into the size and structure of agglomerates formed by
coaguiatidn/ﬂocculation of fine particles from liquid dispersion. Theoretical analyses and
simulations (Vold 1963; Sutherland 1967; Weitz and Huang 1984) and experimental
‘studies (Medalia 1967; Koglin 1977; Klimpel, Dirican and Hogg, 1986) consistently
indicate that there is an inverse relationship between agglomerate size and agglomerate
: density. Studies in our laboratories (Klimpel and Hogg, 1986; 1991) have shown that the
| relationship is essentially independent of the mechanisms of agglomerate formation, the
binding forces in the agglomerates and the conditions of agglomerate growth. Asa
general rule, the density of an agglomerate is determined primarily by its size relative to
that of the particles from which it is formed. In the agglomeration of particles in the 1 to
10 pm size range, however, we have shown (Klimpel and Hogg, 1986; 1991) that
agitation of the suspension during agglomerate growth promotes the development of
dense micro-agglomerates of size up to about 50 um. Further agglomeration leads to
more open structures which follow the general size-density relationships but are built up
from the dense micro-agglomerates rather than from primary particles. To our
knowledge, such studies have not been carried out on oil-agglomerated coal, but the
consistency of the results obtained for a very broad variety of systems (carbon black in
air, minerals in water with polymer flocculants, etc.,) strongly support the proposition
that such relationships should indeed be valid for coal-water-oil systems.

1.7. Agglomerate Flotation
The key problem in previous attempts to use this approach has been the difficulty

of producing agglomerates relatively free of ash. The polymeric reagents often used in
efforts to selectively flocculate coal (Venkatadri, et al., 1989; Attia and Yu, 1988) tend to




produce large, low density flocs which generally entrain large quantities of mineral
matter. A substantial increase in ash and sulfur with agglomerate size was observed by
Lai, et. al. 1989). In this investigation an attempt was made to use small amounts of oil
and surfactants to produce dense, micro-agglomerates of high grade. Such aggregates
will have a higher rate of flotation because of their larger size (30-50 um) and enhanced
hydrophobicity. The latter can be readily attained by proper use of oil with and without
reagents. The increased rate of flotation of such aggregates will minimize water
carryover with a resultant increase in selectivity. The results of this study should be -
applicable to flotation in conventional cells or in columns because the aggregate size will

never be large enough to have an adverse effect.
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Chapter 2

ADSORPTION OF PEO/PPO TRIBLOCK CO-POLYMERS
AT AIR/WATER INTERFACE

2.1. Introduction

Even though some studies employing light scattering and ultra-centrifugation
techniques have indicate that triblock co-polymers do not form micelles (Mankowich,
1954; Bell, 1959; Dwiggins et al., 1960; Anderson, 1972), other studies confirmed
micelle formation in the form of a PPO core surrounded by hydrated PEO shell (Ross and
Oliver, 1959; Nevolin et al., 1963; Saski and Shah, 1965; Schmolka and Reymond,
1965; Schick, 1967; Zhou and Chu, 1988; Reddy et al., 1990; Almgren et al., 1992;
Pandya et al., 1993). These studies show large differences in CMC, aggregation number
(N,¢,) and polydispersibility, with the results depending on the measurement techniques.
A summary of various CMC values is given in Table 2.1 for Pluronic L-64 at differeht |
temperatures. Although the CMC varied by three orders of magnitude from one method
to another, the differences were small when a given method was used. The light
scattering method usually gave larger values (0.97x10” to 6.9x10”) compared to the
surface tension method (4.2x10° to 1.7x10™).

Surface tension is one of the most common techniques for investigating the
adsorption and association behavior of surfactants at air/water interfaces. The
micellization behavior of block co-polymers, however, is more complex than that of
conventional, low molecular weight surfactants. Surface tension data reported recently
by several investigators for various aqueous PEO/PPO/PEO block co-polymer solutions
show unusual characteristics'. A change was observed in the slope of the surface tension
versus concentration curves at a characteristic concentration, after which the surface

tension values continued to decrease until a constant value was reached. There was a

'Wanka et al. (l990) for P-104, P-123 and F-127; Hecht and Hoffmann (1994) for F127; Alexandridis et al.
(1994) for several co-polymers such as P-104, P-103, P-105, P-85, F-108 and P-65.
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general agreement in attributing the second break in the curve to the formation of

micelles in the solution. However, conflicting suggestions were made by various
investigators to Table 2.1. Critical micelle concentrations and aggregation numbers for

Pluronic L-64 determined by different techniques at various temperatures.

Table 2.1. Critical micelle concentration of Pluronic L-64 surfactant reported in the

literature.
Method Temp.°C | CMC,M | N,,, Reference
27 2.4x10° -
34.5 9.7x10* | - Reddy et al., 1990
40 3.1x10%* -
Light scattering 40 19 | Almgrenetal., 1992
60 85
28 6.9x10° -
30 3.4x10° | - Pandya et al., 1993
33 1.7x10° -
Sedimentation velocity 40 54 Zhou & Chu, 1988
42 88
Differential dye 25 6.8x10° | - | Schmolka & Raymond,
adsorption 1965
20 1.7x10% | - Nevolin et al., 1963
Surface tension 25 6.9x10° | - Saski & Shah, 1965
25 4.2x10° | - | Schmolka & Raymond,
1965
25 7.0x10¢ - Schick, 1967

explain the first break. For example, Gao and Eisenberg (1993) argued that the first break
in the curve was due to the wide molecular weight distribution of the co-polymers while -
Hecht and Hoffmann (1994) proposed that hydrophobic impurities were responsible for
this behavior. Alexandridis et al. (1994 and 1995) suggested yet another hypothesis in
which the break was attributed to reconfiguration of molecules at the surface. These

authors considered that the molecules reconfigured when the interface was covered with a
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Figure 2.1. The effect of conditioning time elapsed between the placement of the solution
in the measurement cell and the measurement of surface tension of Pluronic

L-64.
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monolayer of the co-polymer to produce a more compact layer at the interface. The
decrease in the surface tension after the first break was due to the fact that this compact
layer could accommodate more polymer molecules. The decrease in the slope was
postulated to be due to slower rate of adsorption after reconfiguration(Alexandridis et al.,
11994).
In this part of the study, surface tension measurements were carried out to

elucidate the adsorption and association behavior of selected PEO/PPO/PEO triblock co-
~ polymers at the air/water interface. The effect of diffusion time on the surface tension
was also studied. The effect of different surfactant characteristics, such as molecular
weight and ethylene/propylene oxide fraction was investigated and the results are

discussed in the following sections.

2.2. Surface Tension as a Function of Time

During initial phases of this study, it was observed that surface tension
measurements were affected by the time elapsed between the placement of the solution in
the measurement cell and the actual measurement. Therefore, tests were carried out as a
function of time and surfactant concentration using a fixed volume of solution (50 ml) in
a cylindrical glass cell 4.5 cm in diameter. The solutions were gently stirred aﬁer being
placed in the cell to enhance diffusion of surfactant molecules without causing significant
surface turbulence. Surface tension measurements were taken at preset time intervals for
a period of about an hour. The measurements were repeated four times to ensure
reproducibility. The averages of these readings and the corresponding 95% confidence
intervals are presented in Figure 2.1. At the lowest concentrations tested, 10°, 10° M
and 2x10® M, no variation in the surface tension was observed with tnne At higher
concentrations the surface tension decreased as a function of time and reached a constant
value which was taken as the equilibrium value. The time nee&ed to r_each the
equilibrium decreased with increase in concentration. Figure 2.2 gives the y/y,, versus

time curves to show the significance of the difference between the surface tension values

obtained after 1 hour of conditioning and the equilibrium values. For lower
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concentrations (10 and 2x10* M) the y,, was estimated from the extrapolation of the
surface tension versus concentration curve obtained for higher concentrations (<10° M).
For low concentrations of 10® and 2x10® M it can be seen that the ratio is higher than one
and does not change with time, suggesting that one hour was not enough for diffusion of
sufficient number of surfactant molecules to the surface to attain equilibrium. The effect
of stirring on surface tension is shown in Figure 2.3. It could be seen that the two data
sets differ significantly at concentrations below 10°M.

In the literature, no attention has been paid to the effect of time on surface tension

- measurements. For example, in a recent detailed study, Alexandridis et al. (1994) did not

specify the times for which the solutions were equilibrated prior to the surface tension
measurement. In this study it is shown that time for which the solution is kept in the
measurement cell is an important variable affecting surface tension. Hence, the slope of
the surface tension curves at low concentrations could not be used to calculate the parkihg
area of the molecules since they would vary under non-equilibrium conditions. The area
estimated will be smaller in the case of slowly diffusing co-polymer molecules. The -
results obtained in this study by enhancing the diffusion and the results taken from
literature (Alexandridis et al., 1994) are given in Figure 2.4 for P-104. The method used
to measure surface tension was the same for these two cases. The only difference was the
temperature which was 21°C in this study while it was 25°C in their study. It can be seen
that the data taken from Alexandridis et al. (1994) resemble that in Figure 2.3 where the
surface tension was measured without stirring.

Taking the time effect into account in carrying out surface tension measurements
is important for an accurate interpretation of the complex surface tension versus
concentration profiles of these surfactants. Hence, the procedure of gentle stirring of the

solutions prior to the surface tension measurement was used throughout the test work.

2.3. Effect of Surfactant Concentration

The surface tension decreased from an initial value of 72 dynes/cm for the no

surfactant case to a value of about 33 dynes/cm at a surfactant concentration of 5x10" M
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(Figures 2.3 and 2.4). Unlike the surface tension profiles for the ethoxylated nonyl and
octyl phenols which consist of two regions corresponding to the presence of monomers
and micelles, there are several regions where the slope of the surface tension curve shows

distinct breaks. At concentrations greater than 7x10? M, surface tension did not change.

2.4. Effect of Molecular Weight _

To determine the effect of mole;:ular weight, surface tensions of L-44, L.-64 and
P-104 series block co-polymers were measured and the results are presented in Figure
2.5. The molecular weights were, respectively, 2200, 2900, and 5900).

Based on the results given above, a schematic representation of the changes in
surface tension as a function of surfactant concentration is given in Figure 2.6. The
surface tension behavior for Pluronics could be divided into three concentration regions
marked as Regions 1, IT and III. Region is believed to consist principally of monomers
whereas Region III involves fully developed micelles. Region Il is a transition region
between the two. Region II may be further divided into three sub-sections. A detailed

interpretation of these regions is given in the following paragraphs:

Region I. All the molecules are considered to be in their monomer form and are expected
to adsorb at the air/water interface. The adsorption density may be calculated from
surface tension data by using the Gibbs equation. It is well known that the Pluronic series
of reagents have a broad molecular weight distribution’ (Gao and Eisenberg, 1993), and a
distribution of EO and PO groups (Zhou and Chu, 1988; Hecht and Hoffmann, 1994).
One could assume that they are made up of 3 discrete molecular weight and 3 discrete PO
fraction intervals (high, intermediate and low) such that any molecule would fall into one
of the 9 molecular weight-PO fraction intervals. Then, the Gibbs adsorption isotherm can

be written as follows:

*Polydispersibility index, PI, which is a measure of the width of the distribution of molecular weights for a
given surfactant, is .1.34 for Pluronic P104 (Fears and Lucham, 1994). The polydispersibility index, takes
values between 1, narrow distributions, and 2, broad distribution. It is defined as the ratio of weight-
average molecular weight to number-average molecular weight of the surfactant molecules.
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3 3 .
dy=—-RT Y, Zl‘y dIogCij 2.1
i=1 j=1

Where 7 is the surface tension in dynes/cm and I';; and C;; are the adsorption density and
the bulk concentration of the component which falls into itk molecular weight and jth PO
fraction interval, in moles/cm® and moles/liter, respectively. It is reasonable to assume
that low molecular weight component possesses a larger diffusivity and constitutes the
main portion of the adsorbing molecules, especially at early stage of adsorption. Surface
tension at low surfactant concentrations is therefore likely to be dominated by smaller
molecular weight more surface active components in the reagent. Then, the adsorption

isotherm for Region I can be written as follows:

3
dy=—RT 3 I';jjdlogCy; 22
Jj=1

where I'y; and C,; are the surface excess and the bulk concentration of the low molecular
~ weight component which falls into jth PO fraction interval, respectively. The area per

molecule at the interface, A, can be calculated as:

A, = 23

rm Nav

where I, is the surface excess concentration at monolayer coverage and N,, is the
Avagadro’s number. The area calculated provides information on the degree of packing
and the orientation of the adsorbed molecule. |

From the surface tension measurements given in the above paragraphs, the adsorption
density was calculated to be 1.59x10™° moles/cm” for Pluronic L-64. This corresponds to
a parking area of about 1.04 nm’ per molecule. If one compares this area with the

parking area of a single PO group (0.11 nm?), it is obvious that L-64, which
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contains an average of 30 PO groups (hence, a total PO parking area of about 3.3 nm?),
does not adsorb with its extended configuration and that oniy a fraction of its PO groups
resides at the surface. The hydrophobic portions of these molecules are considered to be
in a collapsed form in water by some investigators (Gao and Eisenberg, 1993).

Since an increase in the molecular weight did not affect the slope of the curve in
this region, the area per molecule, 1.04 nm® at monolayer coverage, should be the same
for all the three surfactants. Based on these results, one may conclude that only a fraction
of the PO groups, which is similar for the three surfactants, anchors to the surface and the
rest of the PO groups remain in water. It could be argued that those molecules which
adsorb at the interface may be the same component present in each of the three
surfactants. However, the time to reach the equilibrium surface tension was different for
these surfactants suggesting that different molecules are involved in the adsorption
process From Figure 2.7 it can be seen that the time to reach equilibrium is longer in the
case of the larger P-104 which suggests that the size of the molecules adsorbing at the
surface is also larger as expected. The time was shorter in the case of smaller L-44
molecules.

The transition from Region I to I, that is concentration where the first break in the
curve occurred, was about the same for all the surfactahts. That is, the first break is not a
strong function of surfactant type. The concentration where the first break in the curve
occurred was also found to be independent of temperature and the molecular weight of
the block co-polymer by other investigators (Hecht and Hoffmann, 1994; Alexandridis et
al., 1994).

At a fixed concentration, say 10”7 M, the difference in the surface tension values
of these surfactants was attributed to differences in surface activity of the moleccules.
The lower value was obtained with P-104 with a larger PPO group (an average of 56)
which is expected to be more surface active, while the lowest value was obtained with L-
44 with a smaller PPO group (an average of 23) which is expected to be less surface

active.
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Region II. This is a transition region between Regions I (monomers) and III (miéelles).
The presence of such a transition region has caused confusion in the literature and a
satisfactory explanation is still lacking. A plausible model is proposed here as follows: It
is reasonable to assume that some of the surfactant molecules will be strongly
hydrophobic since they may contain a substantially higher ratio of PO groups due to
polydispersibility of PO and EO functional group. This highly hydrophobic material

. could aggregate at lower concentrations as dimers, trimers, etc. and still adsorb at the
air/water interface because of the shape of the molecule, decreasing the surface tension
with increasing concentration. The fact that such a transition region is not observed in the
case of polydispersed ethoxylated phenols where the polydispersibility is due to ethylene
oxide groups supports this hypothesis. Zhou and Chu (1988) state that polydispersibility
of the insoluble block affects micellization considerably more than polydispersibility of
the soluble block.

The presence of sub-regions in Region II can be seen in published data evén
though no mention of these sub-regions has been cited in the literature. These sub-
regions, which are marked as A, B and C in Figure 2.6, are distinguished by an increasing
slope from A to C. Since the dimers, trimers etc. will occupy a larger surface area
compared to individual molecules, the slope of the surface tension versus concentration
curve will be smaller. The increase in the slope of the curve as one moves from sub-
region A to sub-region C could be attributed to re-configuration of the aggregates at the
surface with increasing concentration’. In this case, more dimers and trimers could
occupy the surface, leading to a steeper slope in sub-regions B and C. For L-64, the area
per molecule was calculated to be 9.4 nm?, 2.8 nm® and 1.34 nm? for sub-regions A, B
and C, respectively. ' | |

3 Alexandridis et al. (1994) suggested a similar hypothesis for monomers to explain the first break in the
surface tension versus concentration profiles. They postulated that the co-polymer layer made up of

monomers became more compact at a bulk concentration of about 10 M due to expulsion of water. -




25

This region became shorter as molecular weight increased due to formation of
fully grown micelles at lower concentrations. The sub-region B changed most and it
decreased gradually with increase in molecular weight . Disappearance of sub-region B
with increasing molecular weight is most probably due to a more rapid aggregation of
larger molecules in P-104 compared to smaller ones in L-44.

Region III. This concentration range corresponds to a constant value of surface tension
with further increase in concentration. The reagent forms micelles in this. The
concentration where Region III starts is usually defined as the CMC. The CMC changes
as a function of surfactant type and temperature. The decrease in CMC with an increase
in the molecular weight is in agreement with the micelle formation behavior of more
traditional, monodispersed surfactants where the critical micelle concentration decreases
with increasing molecular weight (Rosen, 1988; Myers, 1992).

The surface tension behavior of Pluronic type of surfactants given in Figure 2.6
partly explains the discrepancies in the literature with respect to the critical micelle
concentration of these surfactants. For example, the CMC value observed by light
scattering methods (see Table 1) covers a range between 3.1x10* and 6.9x10° M at a
temperature range of 27°C to 40°C . A plot of the light scattering data from the literature
as a function of temperature is given in Figure 2.8. An extrapolation of the data on this
figure shows that the light scattering method would have predicted a CMC value of about
7x10? M at the temperature value of 21°C used in this study. This concentration
coincides exactly with the transition region between Regions II and III in Figures 2.3 and
2.4 where micelle formation is observed. The CMC values observed by surface tension
studies varies between 7.0x10* and 1.7x10* M for Pluronic L-64. An extrapolation
gives a CMC value of about 10 M at 21°C. This concentration is within Region II in
Figure 2.6. It seems that the light scattering studies were able to see only the full grown
micelles, but were unable to discern the dimers, trimers, etc. from the monomers. The

surface tension studies, on the other hand, seemed to be more sensitive to the changes in

the system since it could distinguish the dimers and the trimers at lower concentrations.

However, the reproducibility of the surface tension data obtained from the literature was
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not satisfactory, most probably due to the fact that these investigators were observing

various points in the transition region.

2.5. Effect of Ethylene Oxide Groups

The effect of the hydrophilic portion of the surfactant structure on their surface
tension behavior was investigated for L-62 and L-64. The results along with the data for
P-65 which was obtained from Alexandridis et al. (1994) are presented in Figure 2.9 (see
Table 2.2a for the number of EO group for these surfactants). Except Region II-A,
almost no differences in the surface tension behavior was observed. In Region II-A, the
slope of the curve increased and the difference between sub-region A and B disappeared
in the case of L-62 and P-65.

In Region I, no change in the slope of the curve was observed. It seems that the
area per molecule does not change with a change in the PPO/PEO ratio, suggesﬁng that
the area per molecule calculated may be the smallest area that these molecules could

cover at the surface.

2.6. Conclusions
Adsorption of PEO/PPO/PEO type triblock copolymers at the air/water interface
was investigated using surface tension measurements. Based on the studies the

following conclusions could be made:

* Surface tension was a function of time at concentrations below about 10%. This was
attributed to slow diffusion of the surfactant molecules to the surface.
e The surface tension versus concentration profiles for these surfactants could be
divided into three distinct regions:
1. InRegion I, which extends to a surfactant concentration of about 10 M, the
solution involves mainly of monomers and surface tension decreases rapidly with
concentration.

2. In Region III, the solution involves mainly of fully developed micelles

and surface tension is independent of concentration.
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3. In Region I, which is a transition between Regions I and III and was postulated
that dimers, trimers, etc. are present. This region was divided into three sub-
regions, namely A, B and C. These sub-regions are identified by the increase in
slope with increasing concentration. Since the dimers, trimers etc. would occupy a
larger surface area compared to individual molecules, the slope of the surface
tension versus concentration curve would be smaller in general in the transition
region compared to Region 1. The increase in the slope of the curve from suB-
region A to sub-region C is attributed to re-configuration of adsorbed molecules,
hence closer packing of the aggregates at the surface with increasing
concentration.

The slope of the surface tension curve was not a function of molecular weight in
Region 1. The surface excess concentration, hence, the parking area per molecule,
was found to be the same for three surfactants with different molecular weights.
Nevertheless, the time which is needed by the molecules which adsorb at air/water
interface should be different in size because the time to reach the equilibrium surface
tension varied considerably for the three Pluronics tested (L-44, L-64 and P-104).
The time increased with an increase in the molecular weight of the block co-
polymers.

The concentration at which dimers, trimers, etc., begin to form was not a strong
function of molecular weight. However, the transition sub-region B disappeared with
increasing molecular weight most probably due to a more rapid reconfiguration of
larger molecules (P-104) compared to that of smaller ones (L-44). The concentration
where fully developed micelles begin to form (transition concentration between
Region II and III) decreased significantly with increasing molecular weight.

A change in the fraction of EO groups, keep the PO group constant, did not

significantly alter the surface tension-concentration profile.
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Chapter 3

KINETICS OF EMULSIFICATION IN THE ABSENCE AND PRESENCE
OF PEO/PPO TRI-BLOCK CO-POLYMERS

3.1. Introduction

Emulsification of oil is important in enhancing flotation and selective
- agglomeration. By decreasing the droplet size the number of oil droplets m the system
will increase, increasing the collision probability between the particles and oil droplets.
This will affect the rate of flotation thereby influencing quality and the quantity of the
product.

Emulsions are usually obtained by applying mechanical energy in a stirred tank.
The mechanical energy results in deformation of the interface between the oil droplets
and the continuous phase to such an extent that smaller daughter droplets form. With
continuous agitation change in the size distribution of oil droplets with time depends on
two sub-processes: dispersion and coalescence. Either of these sub-processes may
determine the system behavior depending on the agitator speed, oil concentration and the
additives present in the system. Surface active reagents, i.e., surfactants, are expected to -

affect these sub processes in various ways:

e By changing oil/water interfacial tension: Surface active agents which adsorb at the
oil/water interface are known to decrease the interfacial tension significantly even at
very low concentrations'. A reduction in the restoring surface tension force against
deformative stresses such as those induced by eddies in turbulent mlxmg promotes
the dispersion of oil. In addition, oil drople;cs dispersed in water may develop a
surface charge depending on solution chemistry (Adamson,' 1990; Hiemenz, 1986)

which leads to development of an electrical double layer. The presence of a such

layer affects the electrostatic interaction of two oil droplets. Therefore, as adsorbed
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species are expected to alter both the dispersion and coalescence sub-processes.

o By contributing steric interactions: Depending on the type of surfactant and the
adsorption mechanism, surfactant molecules adsorbed at the oil/water interface may
have hydrated sections extending outwards from each droplet surface. When two
such droplets approach each other, the extended regions of the surfactant molecules
physically interact, preventing coa]éscence (steric stabilization). |

o By altering film drainage rate: Coalescence of two oil droplets is possible only if the
water film between the two can drain away within the duration of contact. The
presence of free hydrated surfactant molecules or micelles within the water film
increases the energy required for drainage (Nikolov and Wasan, 1989), hence

reducing rate.

Several studies have been conducted in the past to obtain mathematical models for
predicting the droplet size distribution either under equilibrium conditions or as a
function of agitation time. Hinze [1955] suggested that a drop would break deforming
external stress was greater than a critical value of the counteracting internal stress due to
the interfacial tension. Shinnar (1961) used the Hinze’s approach to develop an empirical

dispersion model to obtain:
Xmax =Dy C We -0.6 3.1

where Xpqx is the maximum stable drop size, D, is the impeller diameter, C is a constant
and We is the Weber. It is defined as:

We=pN2D3y-1 : 3.2

I The nonionic co-polymeric surfactants employed in this study cause a decrease in the surface tension
of about 26-30 dynes/cm at concentrations below 10*°M.
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where N is the impeller speed in revolutions per unit time and p is the density of the
continuous phase. Sprow (1967) used Equation 3.1 and found that the value of the
constant, C was between 0.126 and 0.15. Based on Equation 3.1, Coulaloglou and
Tavlarides (1976, 1977) discussed various data available in the literature and found the
equation to be generally valid. The viscosity of the dispersed phase was found also to be
important with regard to the droplet size (Arai et al., 1977; Konno et al., 1982). In the
‘model proposed by Shinnar (1961) the viscous properties of the dispersed phase are
neglected. An alternate model that takes into account viscous properties of the dispersed
phase was proposed by Lagisetty et al. (1986). Koshy et al. (1988) considered that all
these models overpredict the maximum stable drop size in the presence of surfactants.
They developed a modified model incorporating the dynamic and static interfacial
tensions to account for the effect of surfactant.

Other approaches have also been used to estimate the droplet size distribution in
an agitated vesse]. Narsimhan et al., (1980) utilized the experimental measurements of
drop distributions along with a population balance model to defermine the probability of
breakage rate based on similarity concept. They restricted the considerations to lean
diépersions since identification of rate probability functions characterizing both droplet
breakage and coalescence was difficult. In their study, the similarity transformation
proposed was based on the drop size distributions obtained from kinetics experiments
conducted under different stirring and dispersed phase conditions. In another study,
Nishikawa et al. (1990) observed that a combination of three normal distribution curves
gave a good fit for the volumetric size distributions and a combination of two normal
distributions generated a good correlation for the number size distribution. In addition to
these studies, computer simulations of the emulsification proceés under turbulent flow
conditions were carried out by several investigators (Becher and McCann, 1991;
Tjaberinga et al., 1993; Lachaise et al., 1995). But, these models are not suitable for

predicting the droplet site distributions used in this investigation.
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3.2. Experimental Set-up

An apparatus was designed and set-up to carry out in-situ size distribution
measurements of emulsion droplets as a function of time. A schematic of the
experimental set-up which is based on light scattering is given in Figure 3.1. It contained .'
a two-liter vessel of standard geometry (Holland and Chapman, 1966) with four baffles
and a turbine type stirrer (Figure 3.2). The agitation speed was maintained constant at
1000 rpm. The vessel was connected to a flow-through cell with a 1/8" tubing. The flow |
through cell was placed in the light beam path of a light scattering size measurement
device, Malvern Model 2600c. An adjustable speed peristaltic pump was used for
circulating the solution. A known amount of dodecane was added to the agitated vessel
in the form of a pulse input and the time of addition was recorded as the zero time of
emulsification. Size distribution measurements were obtained at preset time-intervals.

The data acquisition time for each size distribution measurement was about 5 seconds.

Calibration: To confirm that the in-situ size distributions obtained using the set-up.in
Figure 3.1 corresponded to the actual size distribution of the oil droplets in the agitated
vessel at that time, the following experiment was conducted. An oil soluble monomer
(terephaloyl chloride, 0.05% by volume based on the amount of oil in the system) was
dissolved in the oil phase prior to the experiment. The necessary amount of oil (0.1% by
volume) containing the dissolved monomer was added into the agitated vessel. After 16
minutes of agitation, size distribution of the droplets was measured while the solution
containing the droplets was passing through the flow-through cell using the light
scattering device. As soon as the size measurement was complete, the water soluble
monomer (piperazine, 0.05% by volume based on the amount of water in the system) was
added to the agitated vessel. Following the addition of piperazine the agitation speed was
reduced to 200 rpm, which was enough to keep the droplets suspended but not so intense
as to cause further dispersion. Addition of piperazine formed an encapsulating
polymeric film around each droplet by reaction of piperazine with terephaloy! chloride at
the oil/water interface, hence effectively freezing the dispersion process. The details of

the encapsulation process are given by Mlynek and Resnick (1972). An aliquot of sample




Figure 3.1. Experimental set-up used in the study.
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Figure 3.2. A schematic representation of the agitation vesse! and the turbine

type stirrer used in this study.
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taken from the agitated vessel was diluted and transferred into a batch measurement cell
with gentle, built-in agitation mechanism. Size distribution of the encapsulated droplets
in this batch cell was measured subsequently using the light scattering device. Figure 3.3
gives the two size distributions, one in-situ while the solution containing the actual oil
droplets was passing through the flow-through vessel and the other from the batch |
measurement with the encapsulated oil droplets. The figure shows that the two size
distributions are quite similar. This demonstrates that the size distributions which were
" measured in-situ by the flow through vessel indeed represent the actual sizé distribution
in the agitated vessel.

In the present study, a set-up was designed to carry out in-situ size distribution

measurements as a function of time using light scattering.

3.3. A Phenomenological Dispersion Model

A phenomenological model for lean dispersion systems was developed to predict
the mean droplet size as a function of time. The model allows the kinetics of
emulsification to be summarized by two parameters; the mean droplet size after 1 minute
of dispersion and a dimensionless breakage rate constant. /to determine the parameters of
the model, the kinetics of emulsification of oil was investigated in the absence and
presence of the block co-polymeric surfactants and the results are discussed in the
paragraphs that follow. |

The droplet size distributions for the emulsification of 0.1% of dodecane in water
are given in Figure 3.4a as a function of agitation time. The normalized size distributions
for the same data are presented in Figure 3.4b which demonstrates that the size
distributions are self-preserving. Thus, an appropriate droplet size, suchlas the median
droplet size (X50,) can be used to represent the bchanges in the drop size as a function of
time. The time dependence of the median droplet size, X50, for the data in Figure 3.4 is
given in Figure 3.5. |

The emﬁlsiﬁcation model developed in this study correlates with the median

droplet size of oil with the time of dispersion. The model includes two empirical

parameters, the median droplet size at 1 minute of dispersion and a dimensionless
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breakage rate. Expressing the emulsification data using two distinct parameters is of
significant value in the evaluation of process kinetics. The model was developed
following Hinze [1955] who suggested that breakage of an isolated droplet is determined
mainly by the ratio of external and internal stresses acting on such a droplet. The external
stress 7 is the force per unit surface area and acts in such a way as to cause deformation of
the droplet. However, the interfacial tension y will gi\.re rise to a surface force that will
counteract the deformation. If X is the diameter of the droplet, the internal stress due to
the surface tension force will be of the order of magnitude [¥/X]. Hinze proposed that the
probability of breakage would be related to a generalized Weber number which is defined

as the ratio of external and internal stresses such that:
We = — 33

Hinze stated that:

“ The greater the value of We, that is, the greater the external force t
compared with the counter acting interfacial tension-force yX-1, the

H]

greater the deformation. At a critical value (We)cpiz, breakup occurs.’

As discussed above, this approach was used by other investigators (Shinnér, 1961;
Sprow, 1967; Coulaloglou and Tavlarides, 1976,1977; Lagisetty et al., 1986; Koshy et
al., 1988) to develop an empirical dispersion model to predict the maximum stable

droplet diameter, Xpy 4y, under steady state conditions.

In a standard vessel with 4 baffles and the agitation speed at 1000 rpm the flow
regime is turbulent (1000 rpm). In such a system there will be a distribution of eddies
(Walstra, 1983) of various sizes which induce the external stresses that lead to
deformation of droplets. The efficiency of breakage is a function of both the size of the
eddies and the droplets. Glasgow et al. (1985) stated that:




41

“ clearly, large eddies cannot break small drops and small eddies can not
break large drops. Further, so little energy is contained at very small
scales that little or no breakage can occur for comparable entity sizes.
Thus, a practical limit for particle size reduction in a given system is a
length scale on the order of the Kolmogorov(s) microscale (of

turbulence)...”.

If the energy input into the dispersion vessel is constant, it is reasonable to assume
that the distribution of eddy sizes will be relatively stable, resulting in a time-invariant
microscale of turbulence. Nevertheless, the average droplet size will gradually decrease
with time. If the microscale of turbulence is comparable to the droplet size, a significant
and increasing fraction of droplets with sizes less than the microscale of turbulence will
be generated during the dispersion process. In other words, the number of effective
eddies, hence the breakage rate, should be expected to decrease as a function of time.
Hence, it could be suggested that the rate of change in the droplet size would be inversely
proportional to the dispersion time. The functional form, which is not known, could be

estimated from actual emulsification experiments. After calculating the Kolmogorov’s
microscale of turbulence, A, for the system, one could experimentally determine the

fraction of droplets which are finer than Ag , F(4¢g,?), as a function of time. The
functional relationship between breakage rate and the dispersion time could be estimated

from a plot of F(Ap,t) versus t. This exercise has been carried out for our system as
follows:

By dimensional analysis, Kolmogorov (1949) suggested that the dissipation rate,
&, and kinematic viscosity, v, can be arranged to give a length-scale for the turbulence,

Ag, in the system.

!

%
4 =(—g—] and £ =" 34
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where vis the kinematic viscosity, P is the power input into the system and m is the mass .

of the medium in the tank. Power input is given by:
P=N,D}N°p 3.5

where Np is the power number which is a function of the Reynolds number’. For the
standard four-baffled vessel with a turbine type stirrer operated at 1000 rpm, the flow

regime is turbulent, resulting in a Reynolds number of about 10,000. In this region Np is
| constant and equal to 4 [Tatterson, 1991]. This results in a power input of about 1.025
watts, which in turn gives a Ag value of about 30 um.

The change in the fraction of droplets which are finer than 49=30 um as a
function of time is given in Figure 3.6. The figure shows that the fraction of droplets that
fall below the microscale of turbulence increases linearly with time, with the exception of
very short times at which this quantity increases rapidly. This means that the breakage
rate will be inversely proportional to the first power of time. A

Using the two hypothesis presented above, Hinze’s criterion and the inverse
relationship between the breakage rate and the time of dispersion, a phenomenological
model is proposed. If breakage is dominant, the change in the mean droplet size with
time will be proportional to the generalized We defined by Hinze while it will be
inversely proportional to dispersion time. That s :

where X50 (1) and (1) are the mean droplet size and the external stress per unit area at
time ¢, respectively. yis the interfacial tension and &’ is a proportionality constant.

Assuming that 7{?) can be replaced with a time-averaged stress per unit area, 7 (Tatterson,

>The Reynolds number for an agitated vessel is given as Re=pD,v,1t™" where v, is the tip speed of the
impeller (v, =27rN where r is the radius of the impeller) and L is the viscosity of the continuous medium.




43

25 1 T L ;
0.1% DODECANE

20 | -
= 15 | .
§ .
W10} -

5 -

0 ] 1 1 }

0 20 40 60 80 100
TIME, minutes

Figure 3.6. A plot of the fraction of droplets that are smaller than 4y (Kolmogorov’s

microscale of turbulence) as a function of agitation time. Dodecane

concentration 0.1% by volume.
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1991), k', (1) and y could be collected as a new, dimensionless constant . It follows
that:

d _ 3 Xso(1)
dt[X_sg(I)]- k-———-—t 3.7

where k = k'f(—t) , integration of Equation 3.7 yields:
Y

I Xso(t )]+1n(c)=-k1n(t) | 3.8

Where C is the constant of integration. Defining X50(r=1) as the mean droplet size at 1

minute of dispersion, one can determine the constant C. Hence,

I Xs50(1)] = In[ X50(1)] - kin(t) 3.9;

A plot of InfX50(1)] versus In(t) should result in a straight line with an intercept of

In]X s0(t=1)] and a slope of k. A plot of the emulsification data previously given in
Figure 3.5 is presented in Figure 3.7 on a log-log scale as demanded by Equation 3.9. It
can be seen that the variation in the mean droplet diameter with agitation time can be
represented by a straight line. The mode! was also applied to the data from Narsinhan et
al. (1980). The results are given in Figure 3.8 and demonstrate that their data could also
be represented by a straight line in a log-log scale’.

3 The quantity of the parameters, the breakage rate constant [k] and the mean droplet size at one minute
dispersion [x,(t=1)], however, can not be compared due to the differences in the variables of two systems
(such as impeller type and speed, interfacial tension between dispersed phase and continuos phase, etc.)
which determines the quantity of these parameters (see Equation 3.7).
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3.4. Effect of Dodecane Concentration

The mean droplet sizes given in Figure 3.7 are for a dodecane concentration of
0.1% by volume. It is known that the dominant process should be dispersion at this low

concentration. The model whose main assumption was that the dispersion is the
dominant mechanism represents the kinetics data quite well under these conditions. When
emulsification was carried out at a dodecane concentration of 1.0 % by volume, the |
behavior of the system was quite different, however. The median droplet sizes as a ’
function of agitation time are given for 1.0% along with the 0.1% data in Figure 3.9. It
can be seen that the model can not represent the high oil concentration data for the entire
‘time scale. However, it is able to show that there is an initial period of about 2 minutes
where dispersion is the dominant mechanism as expected, but coalescence becomes
significant at longer times. The slope of the curve is different for these two regions; it is
high in the dispersion dominated region, resulting in a rapid decrease in the mean droplet
size and becomes lower as coalescence increases, resulting in a slower decrease in the

mean droplet size.

3.5. Effect of Block co-polymer Concentration and Type
Size distribution studies in the presence of block co-polymers were conducted to
investigate the effect of these surfactants on the kinetics of emulsification of dodecane.

The results of these studies are discussed in the following paragraphs.

3.5.1. Water soluble PEO/PPO/PEO

Addition of Pluronic L-64 surfactant increased the dispersibility of the oil
droplets, resulting in various regions with different emulsification characteristics. The
location of these regions along the time axis was a function of surfactant concentration.
The results are presented in Figure 3.10. Another block co-polymer with a higher
molecular weight, Pluronic P-104, was also tested in this series of tests and the results are
given in Figure 3.11. It can be seen that the general behavior is very similar to that of L-

64. However, the droplet size obtained for the same concentration was smaller in the

case of P-104. This might be due to the difference in the surface activity of these two
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Figure 3.9. Change in the median droplet size as a function of time at dodecane
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Figure 3.10. Effect of the concentration of Pluronic L-64 on the kinetics of

emulsification of dodecane. Amount of dodecane: 0.1% by volume.
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block co-polymers. Results in a previous chapter show that the decrease in the surface
tension was more for P-104 compared to L-64 for all concentrations below 10° M.

A conceptual model based on the experimental results discussed above is
presented in Figure 3.12 in order to explain the regions observed along the time axis.
Some calculations were carried out to provide an estimate of the number of surfactant
molecules and the available droplet surface area for adsorption in the system. The results
are given in Table 3.1. It can be seen that the droplet surface area available for surfactant |
adsorpiion is greater than the area under maximum monolayer coverage for the surfactant
concentration, 10 M, about equal for the concentration of 10 M and low for the
concentration of 10 M. However, even in this case, the diffusion of molecules from
solution to surface becomes a problem with time due to a decrease in the number of
surfactant molecules in the bulk. The emulsification behavior could be divided into two
distinct regions with different emulsification characteristics. The placement of these
regions along the time axis is a function of surfactant concentration and type. These

characteristics are discussed in the following paragraphs.

e Region I. In this region, there are free surfactant molecules in solution. Therefore the
interfacial tension is lowered by the adsorption at the oil/water interface. This will
increase the breakage rate as can be seen from large value of the slope of the kinetic
curve. (Figure 3.10, 3.11 and 3.12).

e Region II: In this region, the breakage rate approaches that of “no surfactant” case.
In the case of high surfactant concentrations, Region I might be so short that it can not
be detected in the period of time used. For example in the case of 10* M, only |
Region II is observed. A lower breakage rate was observed in this region which
resulted from a decrease in the number density of the molecules per unit droplet
surface area due to constant concentration of the block co-polymer. This was
attributed to both the depletion of the reagent from the solution and the decrease in
the diffusion rate of molecules from bulk to surface with time (due to decrease in the

number of molecules) at low surfactant concentrations. At high concentrations,

hovewer, the slow diffusion of molecules may be the main reason for a decrease in
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Figure 3.11. Effect of the concentration of Pluronic P-104 on the kinetics of

emulsification of dodecane. Amount of dodecane: 0.1 % by volume.
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Figure 3.12. A schematic figure to explain the effect of surfactant on the kinetics of

emulsification of dodecane.
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the number of molecules at surface. A high breakage rate was observed in the first

region and is associated with adsorption at oil/water interface.

Table 3.1. The calculated surface area of droplets in the system and the number of
molecules at monolayer coverage (I',,) as a function of time (assuming a -

parking area of 1.04 nm?),

Tim Droplet Surface area, # of Surfactant Molecules
e 10° cm’ atT, ,10" '
min. i
10°M 10°M 10°M 10°M 10°M 10°M
0.5 2.03 3.93 5.50 1.95 3.78 5.00
1 2.52 4.50 6.21 243 4.32 5.97
2 2.76 5.23 6.95 2.66 5.03 6.69
-4 3.49 6.10 7.80 3.36 5.87 7.50
8 435 6.83 8.59 4.18 6.56 8.26
16 5.34 7.54 9.14 5.13 7.25 8.79
32 6.13 8.18 9.63 5.89 7.87 9.26
Number of molecules in bulk — 6.02x10" | 6.02x10" | 6.02x10"

3.5.2. Oil soluble PPO/PEO/PPO

Addition of an oil soluble PPO/PEO/PPO type block co-polymer, 25R-1, also
enhanced the rate of dispersion with increasing concentration. The results are given in
Figure 3.13. The presence of different regions along the time axis was also identified in
the case of this surfactant. The reagent P-25R1 was more effective in decreasing the
droplet size especially at low concentrations. At higher concentration of 3x10° M, the
rate of breakage in the first region is not very different than that of L-64 while it was
higher in the second region. But, the droplet size obtained after about 30 minutes of
dispersion was still smaller (19um) in the case of oil soluble surfactant than that of water
soluble surfactant (25um). This was attributed to the difference in their influence on the
interfacial tension at oil/water interface. The Pluronic L-64 is less hydrophobic block co-
polymer than P-25R-1 and it is expected to be less effective in decreasing interfacial

tension.
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Figure 3.13. Effect of the concentration of Pluronic P-25R1 on the kinetics of

emulsification of 0.1 % dodecane.
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3.5.3. Effect of Time of Reagent Addition

The effect of the time of surfactant addition was investigated by introducing the
block co-polymer (L-64) into the emulsion at different times during dispersion. The
results are presented in Figure 3.14. The experiments were designed to investigate the
significance of the available droplet surface area for the adsorption of surfactant
molecules at the point of surfactant addition. In three separate tests the surfactant was
added into the system at different times: a) simultaneously with dodecane, b) after 4

minutes of emulsification and c) after 84 minutes of emulsification. Even though the
time of addition resulted in a significant difference in the kinetics of emulsification, it had
no effect on the droplet size distribution at long times (after about 150 minutes). That is,
whether the surfactant was added simultaneously with oil or after the oil was emulsified,
the final state of the system was the same. This observation suggests that the surfactant is
completely depleted from solution after sufficient time of emulsification independent of
the time of reagent addition. The fact that the droplet size distributions became identical

at long times implies that the droplets have similar surface coverage.

3.6. Conclusions

‘ Kinetics of emulsification of oil in the absence and presence of the block co-
polymer surfactants was investigated using a specially designed. Based on the studies
presented in this chapter, a phenomenological model was proposed to describe drop

breakup in an agitated dodecane/water system. The following conclusions were made:

e The emulsification behavior of oil can be described by two empirical parameters,
namely, the median droplet size at one minute dispersion, [X;,(t=1)], and a breakage
rate constant, [k].

o The model fitted the data quite well for dispersed phase concentrations less than 0.1%
by volume. At higher oil concentrations (greater than 1.0 % by volume) the
contribution of coalescence sub-processes became important. At 1% volume of the

dispersed phase, dispersion was dominant at short times, and coalescence became
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Figure 3.14. Effect of the time of surfactant addition on emulsification of 0.1 % by

volume dodecane.
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significant at times longer than about 2 minutes, when the number of droplets
increased substantially.

Addition of block co-polymers was found to enhance the dispersion of dodecane at all
the concentrations tested. This effect was a function of surfactant type and |
concentration. At a fixed concentration, the drop size obtained was smaller for the

more surface active molecule.

The presence of the block co-polymers resulted in two distinct regions in the X;, vs
time plots with different emulsification characteristics. The placement of these
regions along the time axis was a function of surfactant type and concentration. A
lower breakage rate was observed in the second region which resulted from a decrease
in the number density of the molecules per unit droplet surface area due to constant
concentration of the block co-polymer. This was attributed to the depletion of the
reagent from the solution at low surfactant concentrations and slow diffusion of
molecules from bulk to oil/water interface at high surfactant concentrations. A high
breakage rate was observed in the first region and is associated with adsorption at

oil/water interface.

The kinetics of emulsification changed considerably when the block co-polymer was
added at different times during emulsification (simultaneously with dodecane, 4
minutes and 84 minutes after emulsification of dodecane). However, the droplet size

distributions became identical at long times of emulsification (about 150 minutes) in

three different tests. At long times the block co-polymer was completely depleted
from solution and the rate became similar to that of surfactant free solution. A
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Chapter 4

WETTING CHARACTERISTICS OF PEO/PPO/PEO BLOCK CO-POLYMERS
IN COAL/AIR/WATER AND COAL/DODECANE/WATER SYSTEMS

4.1. Introduction .

The PEO/PPO/PEO tri block co-polymers are widely utilized as wetting agents.
These polymers adsorb on hydrophobic surfaces through the PPO segment, while the
PEO segments interact with water molecules (Kayes and Rawlings, 1979). The wetting
tendency usually increases with the number of ethylene oxide groups in the structure of
the surfactant (Nevolin et al., 1963; Schmolka, 1967; Chander et al, 1987). However, in
studies with ethoxylated octyl phenols, Chander et al. (1987) observed that the
hydrophobicity of coal increased at lower surfactant concentrations (usually below 10
M) while it decreased at higher surfactant concentrations as expected. An effort was
made in this investigation to exploit this behavior to enhance coal cleaning.

The wetting characteristics of coal in the presence of various block co-polymers
were investigated in coal/air/water and coal/dodecane/water systems using a modified
contact angle measurement technique. With this technique, about 10 readings per square
cm of substrate were made to obtain the distribution of contact angle. The effect of such
variables as reagent concentration, the HLB value and the molecular weight of these
surfactants on the wettability of coals of different rank was studied. The results are
presented in the following paragraphs.

4.2. Contact Angle Studies in the Presence of Block Co-polymers
4.2.1. Coal /Air/Water/ System

To determine the wettability characteristics of coal by block co-polymers as a
function of concentration, four sets of contact angle studies were carried out with co-
polymers of different molecular characteristics. First, contact angle distributions on a
Pittsburgh coal sample were obtained in distilled water to establish the base line for
determining the effect of surfactant. Second, the effect of surfactant (1L-64) concentration



"~ 59

was.studied. Third, the fraction of the hydrophilic ethylene oxide group was varied from
20% to 50% to determine the effect of HLB. Fourth, the fraction of the EO groupé was
fixed at 40% and the molecular weight of surfactant was varied between 2250 and 5900

to determine the effect of molecular weight.

Effect of Block Co-polymer Concentration. The reproducibility of contact angle
measurements was determined by conducting replicate tests in the absence of surfaé_tant

~ with the Pittsburgh coal as substrate. The results are given in Figure 4.1 for four different
tests. It can be seen that a normal probability function with a mean contact angle, 6,,, of
47.3° and standard deviation, 6, , of 3.3 could be used to approximate all the four
distributions. Addition of a block co-polymer, L-64, changed the distribution of contact
angles significantly (Figure 4.2). The mean contact angle value increased gradually from
47.3° to 57.5° with the addition of surfactant up to a concentration of about 3x10”7 M,
which was the concentration where a maximum in the contact angle was observed for all
the block co-polymers tested. The standard deviation first decreased from 3.3 in distilled
water to 2.5 at a surfactant concentration of 3x10° M. It increased to 3.8 with further
increase in concentration to 3x10® M. The distribution became narrow again as the
concentration was further increased to 3x107 and 3x10° M. The contact angle was
reduced to zero when the concentration exceeded 3x10° M. This concentration
corresponds to transition Region II in the surface tension results (see Chapter 2). The
magnitude of 6, and 6, varied depending on the type of surfactant. The decrease in
contact angle coincides with the critical wetting concentration of these polymers (Mohal,
1988).

The increase in the standard deviation at low concentrations was attributed to
local adsorption of surfactant was expected due to heterogeneity of coal surface. The
results show the surface became more homogeneous in the presence of small amounts of
the surfactant. The increase in the contact angle is proposed to result from preferential
coverage of the hydrophilic sites on the coal surface. To substantiate this hypothesis and

to establish an adsorption mechanism additional studies were conducted using polymers
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Figure 4.1. Contact angle of Pittsburgh Seam sample in distilled water. Test #1, Test #2,

Test #3 and Test #4 are replicate measurements.
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with different molecular weights and HLB. The results are discussed in the following
sections.

Effect of Ethylene Oxide Groups. To determine the effect of the ethylene oxide group
on the contact angle of the coal, 105 Pluronic surfactants L-62, L-63, L-64, P-65 and P-
103, P-104, P- were tested. The results of these studies are presented in Figures 4.3 and
4.4 in terms of mean contact angle values as a function of surfactant concentration for the
two series of polymers, Pluronic 60- and 100-series respectively. Standard deviations of |
the contact angle distributions are given in the right margins. The results show a
nonlinear relationship between the contact angle and the size of the hydrophilic group.
Pluronic L-64 and Pluronic P-104 with an ethylene oxide fraction of 40% were found to
be the most effective surfactants in increasing the contact angle of coal within the 60 and
100 series of these surfactants, respectively. This suggests that there is an optimum

propylene oxide/ethylene oxide ratio which renders the surface more hydrophobic.

Effect of Molecular Weight. The contact angles observed with the three Pluronic .
surfactants containing 40% EO fraction and molecular weights of 2200, 2900 and 5900
g/mole (L-44, L-64 and P-104 respectively), are given in Figure 4.5. A comparison of the
data for the three surfactants shows that the surfactants Pluronic L-64 and P-104
increased the contact and concentration in the range of 10° to 10%. The contact angle
reached its maximum value of 55.5° in this range. This might be due to a better coverage
of the hydrophilic sites of the surface by the large molecules of this surfactant, even at
lower concentrations. The surfactant with the smaller molecular weight, Pluronic L-44,

increased the contact angle only slightly, from 47 to 51°.

Contact Angle and HLB Value. The maximum value of the contact angle is plotted in
Figure 4.6 as a function of the HLB value of the surfactant. For the homologous series of
block co-polymers that were tested, the mean contact angle first increased and then
decreased with increase in HLB. The standard deviations of the contact angle

distributions are also given, as error bars. The effect of HLB is considered to be

statistically significant because the change in contact angle is much larger than the
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standard deviation. The optimum HLB value was found to be 13 and 15 for the 60- and
the 100-series of Pluronic surfactants. The results demonstrate the importance of the
hydrophilic part of the surfactant in increasing the hydrophobicity of coal. A critical
number of ethylene oxide groups seem to be necessary for the adsorption of these co-
polymers on the coal surface to render it more hydrophobic. From the results one may
consider that adsorption occurs at the hydrophilic sites on the coal surface, probably
involving hydrogen bonding. '

Effect of Coal Type. Four coal samples, differing in rank, namely, coals from the
Pittsburgh, Upper Freeport, Lower Kittaning and Illinois No.6 Seamé, were studied to
determine the effect of coal type on the contact angle distributions. The results are
presented in Figures 4.7 and 4.8. In the absence of surfactant, the Pittsburgh and Lower
Kittaning coal samples gave narrower contact angle distributions compared to the Upper
Freeport and Illinois No.6 coal samples, suggesting a more homogeneous surface. The
effects of surfactant on the contact angle distributions were found to be different for |
different type of coals. The behavior of the Illinois No.6 coal was different from the |
other coals. This coal contained a relatively large fraction of surface with zero contact
angle. This was attributed to the presence of oxidized areas on the surface of this
medium rank coal. With increase in surfactant concentration the fraction of the
hydrophilic areas first increased then decreased. The results confirm the hypothesis that

adsorption of these reagents is site specific.

Contact Angles in the Presence of Triton X-100 and Aerosol-OT. A limited number
of measurements was carried out with two different types of surfactants, Triton X-100
and Aerosol-OT to compare the effectiveness of block co-polymers in making coal more
hydrophobic. These two surfactants were selected because of their wide use in the
wetting of coal and emulsification of oil. The results are presented in Figure 4.9 along
with those obtained with L-64 block co-polymer. Since no contact was obtained with
Aerosol-OT, the results for this surfactant are excluded from the ﬁgﬁre. A non-zero

contact angle whose magnitude was a function of surfactant concentration was obtained
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in the case of Triton X-100. It was observed that the contact angle values obtained in the
presence of L-64 were much larger compared to Triton X-100 at concentrations below

about 10° M demonstrating superior performance of this class of reagents.

4.2.2. Coal/Dodecane/Water System
The contact angle of a drop of dodecane on coal immersed in water was measured

in the absence and presence of L-64 surfactant. The concentration selected for this test

* was 107 M where a maximum in the mean contact angle was obtained in the
coal/air/water system for this surfactant. The results are presented in Figure 4.10. For

| comparison, the results for the coal/air/water system are included. Since the wetting
characteristics of an air bubble and oil droplet will be different, the actual magnitudes of

- the contact angles can not be directly compared. However, there are some similarities
between the two sets of data. The addition of surfactant increased the average contact
angle by about 10 degrees in both cases. However, the contact angle distribution was
broader with dodecane possibly due to differences in sites at which adsorption occurs in

the two cases.

4.3. Adsorption of Block Co-polymers on Solid/Liquid Interface
Very little information is available on adsorption of block co-polymers on coal
surfaces. Since coal is a heterogeneous substance consisting of surfaces with different

properties, a brief review of adsorption on selected solids is presented in the following

paragraphs.

4.3.1. Pure Hydrophobic and Hydrophilic Surfaces

Based on their ellipsometry measurements Kayes and Rawlings, (1979) proposed
that the adsorption of PEO/PPO triblock co-polymers onto polystyrene latex particles
followed a Langmurian model. These polymers were suggested to be o,dhering to the
latex with their hydrophobic PPO segments while the PEO groups extended into the.
solution as tails. The thickness of the adsorbed layer depended on the molar mass of the
PEO groups and bulk polymer concentration. Several investigators have proposed that
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the adsorbed PPO blocks formed small loops or were tightly coiled on the surface (Kayes
and Rawlings, 1979; Baker and Berg, 1988; Killmann et al., 1988). The area covered by
each molecule was determined to be 2.85, 3.20, 5.90, 6.51, 15.10, 17.52 and 24.26 nm’
for Pluronics L-61, L-62, L-64, F-38, F-68, F-88 and F-108, respectively (Kayes and
Rawlings, 1979). The adsorbed amount was around 1.00 mg/m? for these surfactants.

In the case of silica, both the PEQ and PPO chains adsorbed, giving thin layers of
constant thickness. This thickness of adsorbed layer was comparable to the thickness of
PEO layers on silica (Killmann et al., 1988). The adsorbed amount was very low (0.35-
0.40 mg/m?) and independent of the PPO content in the range between 0-30% PPO. In
comparison, the adsorbed amount was 0.20 mg/m’ in the case of a reagent with 4000
molecular weight and 50% PPO content. The adsorbed layers were also found to be thin
in the case of all the polymers (about 2-5 nm) by Tiberg et al. (1991) and Malmsten et al.
(1992). The thickness of the layer was also found to increase with particle size (Baker et
al., 1989).

The area occupied by a block co-polymer molecule at a hydrophobic surface was
found to be greater than those observed at the air/water interface (Alexandridis et al.,
19‘94; Prasad et al., 1979) and considerably less than those at a hydrophilic surface e.g.
silica-water interface (Heydegger and Dunning, 1959). These results show the
importance of the nature of the solid.

4.3.2. A Hypothesis for Block Co-Polymer Adsorption on Coal

As indicated earlier, coal has a heterogeneous surface structure where strongly
hydrophobic (paraffin, graphite, naphthalene) and hydrophilic (methoxyl, carboxyl,
carbonyl, hydroxyl) groups co-exist. The degree of hydrophobicity and respective ratios
of these groups depend on the rank of coal. Lignite and low rank coals are known to
contain large amounts of methoxyl, carboxyl, carbonyl and hydroxyl groups (up to 35%).
The carboxyl and methoxyl groups are absent and the carbony! groups amount to 2% in

bituminous coals. The hydroxyl content was observed to decrease as carbon content
increases (Yarzab et al., 1979). It has been found that the lower the rank of the coal, the
higher its oxygen content, and the greater its susceptibility to attack by oxygen.
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Oxidation of coal increases the amount of the oxygen-containing groups, hence, causes a
further reduction in the hydrophobicity of coals.

The adsorption studies in the literature (Kayes and Rawlings, 1979; Tadros and
Vincent, 1980; Malmsten et al., 1992; Miano et al., 1992; Faers and Luckham, 1994)
elucidate the mechanism of adsorption of block co-polymers onto pure hydrophobic
(polystyrene latex) and hydrophilic (silica) substrates. Hence, two main types of
mechanisms could be proposed for the adsorption of block co-polymers onto coal surface |
if it is assumed to consists of either completely hydrophilic or completely hydrophobic
sites (Figure 4.11).

G 7

a. Hydrophilic coal surface
(Oxygen functional groups, methoxyl, carboxyl, carbonyl, hydroxyl)

e

PO

b. Hydrophobic coal surface
(Paraffin, Graphite, Naphthalene, Anthracene)

Figure 4.11. A schematic illustration of PEO/PPO/PEO type block co-polymer
adsorption on hydrophobic and hydrophilic sites of coal surface.

For a completely hydrophilir; surface (Figure 4.11-a), adsorption occurs through
ethylene oxide groups (hydrogen bonding between the oxygens of the EO groups and
functional groups). Adsorption of these molecules should make the surface more
hydrophobic because both the EO and PO groups are more hydrophobic than all the
hydrophilic groups in the coal structure. This can be seen from Table 4.1 where the HLB
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values of EO and PO are presented along with the main surface functional groups of coal
structure. The table shows that the HLB values of all the hydrophilic functional groups
are higher than the HLB values of ethylene oxide whereas the HLB values of all the
hydrophobic functional groups are higher than that of the propylene oxide (Myers, 1988).
Therefore, the coverage of these hydrophilic functional groups with surfactant molecules,
whether it is an EO or PO group, will make these surfaces less hydrophilic.

Table 4.1. HLB values for selected functional groups (after Davies and Lin, 1972).

Hydrophilic group HLB Hydrophobic group HLB
-COONa 19.1 -CH- -0.475
-Ester (Free) 2.4 -CH, - -0.475
-COOH 2.1 -CH, -0.475
-OH (Free) 1.9 =CH- -0.475
-0- 1.3
PEO: -(CH,CH,0)- 0.33 (PPO): -(CH,CH,.H,0)- -0.15

In the case of a completely hydrophobic surface (Figure 4.11-b), the adsorption of
block co-polymer occurs via the hydrophobic portion (PPO) of the molecule through
hydrophobic attraction while the PEO groups will be exposed to the bulk solution. This
type of adsorption would decrease the hydrophobicity of such a surface.

A coal surface is likely to consist of a random mixture of both hydrophillic and
hydrophobic sites. The relative ratio and distribution of these surface sites will depend
on such factors as the coal rank and degree of oxidation. Therefore, the total adsorption
of block co-polymer molecules on the heterogeneous coal surface is expected to depend _
on adsorption on both the hydrophobic and hydrophilic sites. For example, the contact
angles measured on the Pittsburgh coal sample were distributed with a standard deviation
of 3.3° about a mean of 47.3°, demonstrating the presence of the surface sites with

varying hydrophobicities. One can consider that the surface of this coal consists of three-
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type of surfaces: weakly hydrophobic Type 1, moderately hydrophobic Type 2, and
strongly hydrophobic Type 3 (Figure 4.12). The relative ratios of these surfaces in a
given coal sample would influence the type and the magnitude of adsorption, hence the
contact angle.

The fraction of hydrophobic sites for a given coal could be estimated by use of -
contact angle measurements (Gutierrez et al.,1984). The details of this procedure are
discussed in Appendix D. For the Pittsburgh coal sample, the fraction of Type 3 surface
was found to be around 32% by use of this method. Similarly, the fractions of
hydrophobic sites for some other coals used in this study are tabulated in Table 4.2. It
should be noted that coals the fraction of Type 3 sites is zero for low rank when estimated
by this method.

Table 4.2. The estimated fractions of hydrophobicity of coal.

Coal Samples Hydrophobic fraction, %
Pittsburgh 32
Ilinois No.6 14
Lower Kittaning 29
Upper Freeport 33

Since all three sites are present together on the coal surface, the adsorption will be
affected by the relative affinity of the PEO and PPO groups surfactant molecules onto a
given site. However, the preference of a specific surface site by a given surfactant
molecule will be a function of surfactant structure (fraction of EO groups). It seems that
a block co-polymer molecule with 40% EO group prefers to adsorb on Type 1 and 2
surfaces rather than Type 3. This conclusion was reached based on the experimental
observation that an optimum HLB value of 15 was needed to increase contact angle. A

decrease in the contact angle which was observed for relatively more hydrophobic block

co-polymers such as L-63 and L-62, supported the hypothesis that a certain fraction of
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hydrophilicity is necessary to increase the contact angle. For the same HLB, an optimum
number of EO groups hence an optimum molecular weight (>2900), is required to
increase contact angle.

Even though there was not a significant change in the mean contact angle at low
concentrations, the narrower contact angle distributions given in Figures 4.6 and 4.7
suggest a decrease in the fraction of hydrophobic and hydrophilic sites. The decrease in
the fraction of hydrophobic sites was explained by the adsorption of the low molecular
weight, most hydrophobic component (high PO%) of the surfactant on the most
hydrophobic sites of the coal surface. As discussed in Chapter 2, these surfactants are
polydispersed with respect to the PO groups as well as to overall molecular. It is
reasonable to assume that some of the surfactant molecules may have a substantially
higher ratio of PO groups to EO groups since there is a distribution of both. Hence,
some strongly hydrophobic molecules (large PO/EO ratio) with low molecular weight
are present in the system. Due to the high hydrophobicity and diffusion rates of these 7
molecules, a decrease in the contact angle is not surprising at low concentrations. The
decrease in the fraction of hydrophilic sites, on the other hand, could be explained by
the adsorption of a low molecular weight, moderately hydrophobic ("40%) component
of the surfactant on weakly hydrophobic sites of the coal surface. At high
concentrations, hov?ever, the effect of this type of diffusion disappears' (Chapter 2).
Therefore , the main component of the surfactant which adsorbs mainly on the
hydrophilic sites of the surface becomes more effective and thereby increases the
contact angle. At a high concentration, > 10 M, surfactants adsorb indiscriminately
on both hydrophobic and hydrophilic surfaces, decreasing the contact angle. In this
study, the suitable structure to obtain the highest contact angle in the presence of block
co-polymers was 40% EO and >2900 molecular weight (as in the case of L-64).

! As discussed in Chapter 2 where the adsorption of these surfactants at air/water interface was discussed,
the effect of diffusion on the adsorption becomes insignificant at concentrations greater than
10° M. :




79

4.4. Conclusions

The wetting characteristics of triblock co-polymers of ethylene and propylene
oxide were investigated using contact angle measurements. A modified captive bubble
technique was employed to measure the magnitude of the three-phase contact at the
coal/air/water and coal/dodecane/water systems as a function of surfactant concentration.
A normal distribution of contact angles was observed, therefore the surface could be
characterized by two parameters: the mean and the standard deviation. By use of this
technique, the effect of such variables as the concentration, the HLB value and thé
molecular weight of these surfactants on the wettability of coals of varying rank was
studied. The following specific conclusions could be made:

Coal/Air/Water/ system:

o The contact angle increased initially with an increase in the surfactant concentration
and reached a maximum value in the concentration range of about 10®to 10° M. It
decreased precipitously with further increase in concentration. No contact was
obtained at concentrations above 10”* to 10, depending on surfactant type. The point

" of no-contact was within Region II of the surface tension versus concentration curves
where molecules are believed to be in the form of dimers, trimers, etc. (this range of
concentration was reported as the critical micelle concentration in some surface
tension studies)’.

o The contact angle was found to be a function of molecular weight of the surfactant
and the fraction of ethylene oxide groups.

e Contact angle increased with an increase in the HLB value and reached a maximum at
an HLB which was a function of the molecular weight. ‘

e As expected, contact angle was also a function of coal type. Some coals (Pittsburgh,
Lower Kittaning) gave narrow contact angle distribution while others (Upper

? The results of the surface tension experiments which support this hypothesis are given in Chapter 2.
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Freeport, Illinois No.6) had a broad distribution of contact angles, suggesting a more

heterogeneous surface structure.

o The coverage of the hydrophilic surface sites by the surfactant molecules through
the PEO groups was proposed to be the mechanism for the increase in the
hydrophobicy of coal. The investigation suggested that the most suitable structure
to obtain the highest contact angle was about 40% EO and a molecular weigﬁt
greater than 2900 g/mole (as in the case of Pluronic 1.-64).

¢ At low concentrations of block co-polymers, the polymer adsorbed through hydrogen
bond interaction at hydrophilic sites at the coal surface.

A decrease in the contact angle was observed with more hydrophobic block co-
polymer (EO% < 40) also suggested that such molecules prefer to adsorb at more

hydrophobic sites on the coal surface.

Coal/Dodecane/Water/ system:

o Surfactant addition increased the wetting of coal by oil. The contact angle
distribution was found to be broader in the case of a dodecane droplet than that

measured in the coal/air/water system using an air bubble. The effect of surfactant

concentration was not investigated in this study.
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Chapter §
AGGLOMERATE GROWTH AND STRUCTURE

S.1. Introduction

The formation and growth of agglomerates in an agitated fine coal - water - oil
mixture is a highly complex process involving numerous simultaneous, interacting and
often competing sub-processes. In the context of micro-agglomerate flotation, the
objective is to produce dense agglomerates which are large enough to minimize water
carryover during flotation and which contain as little entrapped water and mineral matter
as possible. It appears (Chander and Polat, 1995) that fine coal flotation invariably
involves some dégree of agglomeration of the particles; our goal in this project has been
to control the process in such a way as to maximize potential benefits in coal recovery
and process selectivity.

For analytical purposes, it is convenient to break the process down, conceptually,
into various component sub-processes. It should be emphasized, however, that these are
not independent processes and that the outcome of each is highly dependent on what
happens in each of the others. The principal componerits of the overall process can be
regarded as collision/adhesion processes and disruption or breakage processes, and refer
to ﬁne-partigle aggregation, oil emulsification, solid-oil interaction and agglomerate

breakage. An additional process: agglomerate compaction can also be included.

5.2. Collision Processes

| Collisions between dispersed species are responsible for establishing contact
between oil and coal and for the formation and growth of agglomerates. Collision |
frequency determines the rate of oil attachment or agglomerate growth. Long range

interaction forces between particles can affect these rates by changing collision
efficiency, defined as the fraction of collisions which actually lead to adhesion. Adhesion

following collision also determines the integrity of the resulting agglomerate.
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Classical coagulation theory (Overbeek, 1952) indicates that the frequency b; of
collisions between dispersed species i and j can be expressed by
b;=K;nn 5.1
where n; and n; are the respective number concentrations and K is a rate constant which
depends on the nature of the relative motion responsible for collisions to occur. The rate
constant can be generalized (Hogg 1981) as .
Ky =K. x"p, | 52
where X; is the particle size for species i, p; depends on the collision mechanism and the
relative size of the interacting particles; the exponent m and the constant K, depend only
on the collision mechanism. In the context of oil agglomeration, the primary collision
mechanisms are Brownian motion (m = 0) and mechanical agitation (m = 3). For
Brownian coagulation, the parameters in Equation 5.2 are given by:
m=0
Ko=2kT/3p
p; = (2 +x/%;+ X, /%)
and, for agitated systems:
m=3
K,=G/6
py = (1+x/x%)’.
In the above, k is Boltzmann’s constant, T is absolute temperature, p is fluid viscosity
and G is mean shear rate. For vigorously agitated, stirred-tank systems, the latter can be
estimated (Camp and Stein 1943) from -

— ’ P
G= -;-\7 53
where P is the power input to the tank and V is the tank volume. For agitation at high

Reynolds Number (>10%) in a standard cylindrical tank, P is given by (Rushton et al.,
1950):

P=6p,N°D? 54

where p; is the fluid density, N is the rotational speed and D is the impeller diameter.
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The relative importance of collisions due to Brownian motion and agitation can be
evaluated by considering the ratio of the appropriate rate constants for particles of the
same size. By appropriate substitutions into Equation 5.2, the ratio can be expressed as
Gpux?

2 kT

Q= 5.5

For 1 um particles in water at ambient temperature, Q is greater than unity for shear rates
larger than about 10 sec”’. Since oil agglomeration typically involves substantially higher

- shear rates, it follows that shear is the dominant collision mechanism for these systems

under all reasonable conditions.

5.3. Disruption/Breakage Processes

 Emulsification of oil involves the breakdown of large droplets into smaller units.
Agglomerates of fine coal are also subject to breakage in a turbulent environment.
Droplet breakage during emulsification has been discussed in Chapter 3. A similar
approach can be used in the analysis of agglomerate breakage (Hogg 1994) by assuming
that breakage occurs when the hydrodynamically induced shear stresses exceed the
strength of the agglomerate. According to Rumpf (1961), the effective binding force in a
porous, spherical agglomerate of diameter d built up from individual particles of size x

can be estimated from

_nd*(1-¢e)F

2 5.6

F,
B 4ex

where ¢ is the agglomerate porosity and F is the adhesional force between individual

particles.
It is generally observed (Vold, 1963; Sutheﬂand, 1967; Weitz and Huang, 1984;
Klimpel and Hogg, 1991) that flocs exhibit a self-similar, fractal structure such that

X ' ' '
l-Sz(a') : 5.7

If the principal binding force between individual particles is of the van der Waals-

London dispersion type,
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_ Ax
" 24H2
where A is the Hamaker constant (Hamaker, 1937) and H is the effective separation

F 5.8

between particles in the agglomerate. Combination of Equations 5.6, 5.7 and 5.8 leads to

Fy 5.9

~ 96n2

for relatively large agglomerates (d > > x). _
~ Procedures for estimating the hydrodynamic force acting on agglomerates in an

agitated suspension have been developed (Thomas, 1984; Tomi and Bagster 1978) based

on velocity fluctuations in locally isotropic turbulence. The effective force is generally

recognized to depend on the size of the agglomerate relative to the Kolmogorov

turbulence micro-scale A, defined by:

3

Aow (—5—) V4 5.10

Pt €
where p and p; are respectively the viscosity and density of the fluid medium and e, is the
effective rate of energy dissipation (power input per unit volume) in the agitated fluid.
For agglomerates larger than the micro-scale, the hydrodynamic force can be estimated
from:
Fy~ pe, 23 & 5.11
Equations 5.9 and 5.11 reveal that, whereas the binding force increases more or less
linearly with agglomerate size, the disruptive, hydrodynamic forces increase with the 8/3
power of size. It follows that breakage becomes increasingly likely as agglomerate size
increases. It has been shown (Parker et al. 1972) that, for typical flocculation systems,
the binding forces generally dominate for agglomerates smaller than about 30-50 um. At
the very high shear rates typically used in oil agglomeration, this could be reduced to

10 um or less.

5.4 Agglomerate Formation and Growth
In simple coagulation processes where adhesion between particles results from

van der Waals forces or polymer bridging, flocs grow through a sequence of binary
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collisions. Hogg (1992) has shown that the mean agglomerate size X inan agiiated

system increases with time according to

x=%, ¢ 43 $137 5.12

where X, is the initial particle size and ¢ is the volume fraction of solids in suspension.
For the typical concentrations, shear rates etc., encountered in oil agglomeration, .
Equation 5.12 predicts extremely rapid growth with agglomerate size reaching many
times the initial size in a matter of seconds.

As noted above, Equation 5.9 and 5.11 predict that the relative strength of
agglomerates should decrease with increasing size. It is to be expected then, that
breakage rates should increase as agglomerates grow to larger sizes. Eventually,
agglomerate size should approach a limiting value at which the growth and breakage rates
are equal. Combination of agglomeration and size reduction models has been used to -
formulate a simplified model for simultaneous agglomerate growth and breakage (Hogg
et al., 1990). In this formulation, the change in mean agglomerate size with time in an
agitated suspension is expressed by
‘;—Z‘:Kai-xbi‘“‘ 5.13
where K, is an overall growth rate constant, K, is a breakage rate constant and the
exponent o reflects the size dependence of the breakage process. For conventional size
reduction (grinding) processes, o has a value close to unity. The solution to Equation
5.13 can be written:

T_< Kbxocl ( Kbxou) ~Kaat Ve
x-xo[ K, +] 1= K, € A 5.14

Equation 5.14 has been shown fit experimental data from simple flocculation systems
(Maffei, 1989; Hogg et al., 1990). An example, showing the effects of increased
adhesion efficiency on the initial growth rate and limiting size, is gfven in Figure 5.1.
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Figure 5.1. Agglomerate growth in simple flocculation systems showing the
effect of enhanced adhesion efficiency (as determined by the rate
of flocculant addition R) on settling rate (a measure of floc size.
(After Maffei, 1989).
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5.5 Experimental
5.5.1 Materials

A 10 kg batch of a sample of coal from the Pittsburgh Seam was ground to
nominal sizes of -40 and -20 um using the following procedure:

1. The entire batch was passed through a Holmes pulverizer.

2. The pulverized coal was classified at the specified size using a Donaldson

Acucut classifier.
3. The oversize coal was passed again through the pulverizer and reclassified.
4. This process was repeated until essentially all of the coal was reduced to -40
or -20 pum as required.

The fine coal samples were stored under argon in 500 g sealed bags and designated P40
and P20 respectively. The particle size distributions are shown in Figures 5.2 and 5.3.

The dry grinding/air classification procedure is very convenient for sample
preparation in the laboratory since it permits the use of air classification, the preparation
of sufficient material for a complete series of tests and obviates the need for storage of
wet coal. In practical (i.e., commercial) applications, however, the coal would normally
be ground wet. |

A drawback of the dry grinding and storage procedure is that dispersion of the
coal in water becomes a critical first step in the evaluation of the agglomeration process.
Because of the natural hydrophobicity of the coal, pre-wetting of the material is
especially important and, in order to preserve the hydrophobic character, no surfactants or
wetting agents can be used except when their use is actually specified. An important
consequence of the hydrophobic nature of coal is that the presence of even very small
quantities of air can promote agglomeration of the particles. For studies of the grov&;th of
agglomerates following oil addition, therefore, it is vital to ensure that the coal is
thoroughly pre-wetted and dispersed.

A standardized procedure has been developed for wetting and dispersion of the
coal. The sample of dry coal is first wetted by means of a water spray from a wash
bottle. When wetting appears, visually, to be complete, more water is added until the
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desired solids concentration (normally 1% by weight) is achieved. The resulting
suspension is then agitated for 20 mimites at 2000 rpm in a standard, 1.5-liter tank. The
effectiveness and reproducibility of the wetting-dispersion procedure are evaluated by
particle seize analysis (Microtrac) on samples taken directly from the tank and subjected
only to the required dilution. The measured size distribution is compared to the standard
result obtained using wetting agents and dispersants. An example of such a comparison
is given in Figure 5.2. The close agreement among the curves indicates that the
procedure is adequate and there is no significant agglomeration of the dispersed coal
particles.

5.5.2 Procedure

A systematic investigation of the kinetics of agglomerate growth has been carried
out. Experiments were conducted in a 1.5 liter standard mixing tank of the type discussed
in Chapter 3 and illustrated in Figure 3. 2. The proceduré used was to agitate 1200 ml of
the coal slurry at the desired solids concentration (usually 1% by weight at the selected
speed for 10 minutes to ensure complete wetting and dispersion. The appropriate amount
of oil (corresponding to 1 weight percent of the coal present in most cases) was added
rapidly (over about a 2 second period) to initiate agglomeration. Samples were taken
using a 6 mm diameter, open glass tube immediately prior to oil addition and at
appropriate time intervals thereafter. Particle/agglomerate size distributions were
measured by laser light scattering/diffraction (Microtrac Standard Range Analyzer in
earlier tests Microtrac X-100 in later test-work). Special precautions were taken to

minimize changes in agglomerate size distribution during analysis.

5.5.3 Results ,

Some typical results, showing the evolution of the agglomerate size distribution
with time following oil addition, are given in Figure 5.4. Generally, it can be seen that
the size distributions undergo relatively parallel shifts with time while their general shape
remains largely unaltered. This indicates that the changes can be characterized using a

\
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single size parameter such as the volume median size x,,. An example of the'time
dependence of the median size is given in Figure 5.5.

The growth curves consistently show an initial period of rapid growth up to a

maximum size, followed by one of decreasing size. In the context of the growth/breakage
model, this behavior suggests a direct time dependence of either the growth or the |
breakage rate (or both). Growth rates could decrease through a reduction in the collision
adhesion efficiency while breakage rates could increase due to a reduction in agglomerate
~ strength. .

It is clear that oil agglomeration is considerably more complicated than simple
coagulation. In this case, collisions occur between particles or small agglomerates and oil
droplets as well as between particles. Furthermore, because of the high shear rates,
simple agglomeration will be severely limited by agglomerate breakage. The frequency
of particle-droplet collisions can be estimated using Equations 5.1 and 5.2 with
appropriate values for the concentrdtions, sizes, shear rate, etc. Calculations based on ﬂxis
approach reveal that large oil droplets become completely coated by solid particles almost

instantaneously. Agglomeration then proceeds by association of these particle-coated oil

droplets. The agglomerate growth rate can be predicted using Equation 5.12 with Xo
representing the ihitial droplet size and ¢ representing the fractional oil conceﬁtration.
The occurrence of such agglomerates has been observed directly by high-speed motion
analysis (Polat and Chander 1994).

The association of particle-coated oil droplets produces large, open-structured
agglomerates, which quickly reach a limiting size at which growth and breakage rates are
equal. At the same time, partial coalescence of the agglomerate can occur such that the
“pores” in the agglomerate become water droplets entrapped in the oil-filled agglomerate
matrix. The existence of such water-in-oil-in-water emulsions'in the presence of fine coal |
was demonstrated by Hsu (1987). For the agglomeration systems inv:sﬁgated in this
program, the ratio of oil to coal is very small (typically 0.01 by weight or about 0.019 by
volume). Thus, the coated droplets formed after oil addition must exist in the presence of
“free”, dispersed coal particles or small, essenﬁally oil-free agglomerates. As the

agglomerated oil droplets grow in the highly turbulent environment they are subj ected to
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breakage at increasing rates. The maximum in the growth curve probably corresponds to
a dynamic equilibrium between growth and breakage of these agglomerates.

Each breakage event can be expected to expose fresh oil surface which will allow
additional coal particles to be incorporated. The resulting decrease in the oil to coal ratio
in the agglomerates should, in turn, affect subsequent rates of growth and breakage.
Growth rates should decrease due to reduced “stickiness” of the agglomerate surfaces.
The effect on breakage rates may be more complex due to changes in the nature of the
binding forces.

In the early stages of agglomerate development it s reasonable to assume that
particle-coated oil droplets gradually incorporate additional particles until they become
completely saturated. In this state, the agglomerates are held together by capillary
bonding; their strength should reach a maximum level which can be estimated from
(Rumpf 1961):

6(1— :
cc=—-(—%‘— 5.15

where v, is the oil-water interfacial tension. Even with close packing of the particles m
the agglomerates (€ ~ 0.5) each would have to contain about 50% oil by volume. With
an overall oil to coal ratio of less than 2% by volume, such saturated agglomerates could
include only about 2% of the total coal present.

The addition of further coal to the agglomerates leads to an unsaturated condition
in which water-filled pores are formed in the structure. The presence of such pores
reduces the agglomerate strength substantially. Eventually, the agglomerates should
approach a condition of so-called pendular bonding with the particles connected through
very small pendular rings at the points of contact. The strength of such agglomerates is
given by (Rumpf 1961; Hogg, 1989):

n(1-€)yo (1-/2)
o, =
€X

5.16

where f is the ratio of the diameter of the pendular ring to the diameter of the solid
particle. Rumpf (1961) showed that for agglomerated spheres, the strength of the
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pendular bond is typically about 2 to 4 times less than that of the capillary bond. The
strength reduction may, in fact, be substantially more for irregular particles.

It is postulated that the maximum agglomerate size seen in Figure 5.5 corresponds
to the saturation, capillary-bonding condition. As these agglomerates are transformed
into the pendular state, breakage rates increase due to reduced strength. The resultisa
decrease in the median agglomerate size towards a final condition of dynamic equilibrium
between growth and breakage of pendular-bonded agglomerates. '

Further insight into the complex processes involved in agglomerate development
can be obtained by re-evaluation of the complete size distributions at different stages in
‘the process. The general pattern appears to be consistent for results obtained under a
variety of conditions but can be seen most clearly at high oil concentrations and low
agitation speeds. An example is given in Figure 5.6. It is postulated that the initial stage
of agglomeration involves the formation of a multimodal distribution consisting of some
dispersed fines together with a hierarchy of agglomerates of different size. As the process
continues, these coalesce into a narrow distribution of relatively large agglomerates
corresponding to the maximum in the median size. With further agitation, the
multimodal distribution re-emerges, due to breakage of the large agglomerates. Finally,
the smaller agglomerates recombine to form a stable, relatively narrow distribution of
agglomerates which are somewhat smaller and probably denser than those present at the
maximum in the growth curve. Qualitative confirmation of this pattern has been obtained
by direct, microscopic examination of the agglomerates.

The general model described above is consistent with our observations on both
fine (P40) and ultrafine (P20) coal. Preliminary testing with the P40 coal using direct oil
addition showed, on average, the typical trend. However, the results were widely
scattered with variations in median agglomerate size of up to 50%, especially in the
region close to the maximum in the growth curve. Based on extensive replicate testing it
was concluded that these variations were generally real and not simply due to
experimental error. With direct oil addition, the initial stage of the process involves a

combination of oil emulsification, coal-oil attachment and agglomerate growth. Because



96

10 100 1 10 | 100

v T lll!rr[ -

100

0.0 min 80

60

40 -

40

20 - 20

o 2k 1 ¢ 2 li 2 1 4 2 1 $31 ' 1 ‘ 'l Il 4 4 & 3 22 l o
loo 1 T ¥ ll'l'l ¥ L L] l'llll L ¥ e ']"ll Ll L ‘TT_"II loo
I~ R ] B . T
£ gL 075min _ 7.5 min 20
'E
oo I ]
g
E 60 - - 60
S | ]
® 4t - 40
S
- I ]
g 20| - 20
S ! ]
&
o ot b 2 I' —h ol L L |L 0
100 T LI ALY T LR R A 100
80 2.5 min B 80
60 - 60
- 40 - 40
20 - 20
o 1.1 IL . o
1 10 100 1 10 100
Agglomerate Size, um Agglomerate Size, um

+ -

| Figure 5.6. Development of the agglomerate size distribution for 5% oil
(dodecane) addition to P40 coal at 1500 rpm.




97

of the statistical nature of these processes and the low oil and coal concentrations
involved, the outcome was highly variable, especially over short time periods.

In order to improve test reproducibility and provide greater and more consistent
control over the agglomeration process, subsequent tests were performed using pre-
emulsified oil. For this purpose, a Waring blender was used to emulsify a 15%
dodecane/distilled water mixture which was then added in appropriate amounts, to the
coal-water slurry. Studies of this emulsification process indicated that the median &oplet
size decreased progressively with blending time even after 40 minutes of blending. In
order to ensure a consistent droplet size in the emulsion added to the coal slurry, a
procedure was adopted in which each agglomeration test was carried out with freshly
prepared emulsion. For the 30 ml blending vessel used in these tests, a blending time of
3 sec, giving a median droplet size of about 27 um, was adopted as a standard pre-
emulsification procedure.

Agglomeration tests using the pre-emulsified oil indicated that, at low oil
concentration (0.1%), pre-emulsification leads to an increase in the initial rate of
agglomerate growth. At higher concentration (0.5%), the initial rate is essentially
unchanged but subsequent growth becomes less erratic with the pre-emulsified oil. The
long-time behavior of the agglomerates does not appear to be affected by pre-
emulsification.

The effects of agitation speed during agglomeration of P40 coal are illustrated in
Figure 5.7. The general trend is in accordance with the growth/breakage mode! described
above. Increasing agitation speed increases the initial growth rate, as would be expected
for growth by shear-induced collisions. At the same time, breakage rates also increase
with speed, as evidenced by the reduced, long-time median size at the higher agitation
speeds. The maximum size attained appears to increase slightly with speed, perhaps
indicating a somewhat greater effect on growth than on breakage, at least over the range
of speeds studied.

The effects of the amount of oil added are also shown in Figure 5.7. For the most
part, it seems that higher oil concentrations have little effect on the initial growth period

but produce larger agglomerates in the later stages of the process. This may be due to
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reduced breakage rates or enhanced reagglomeration rates or a combination of the two.
The latter trend appears to be reversed at the intermediate speed of 1800 rpm. The
reasons for this are not entirely clear but may reflect the complexities of the redistribution
of oil during long-time development of the agglomerates. '

The effects of surfactant (Pluronic L-64) addition on the agglomeration process
have also been investigated. A series of experiments was carried out at an agitation speed
of 1500 rpm in the presence of 0.1 weight percent dodecane with respect to the coal. In
these tests, surfactant was added to the standard mixing tank 30 seconds prior to the
addition of emulsified oil. Enough surfactant was added to a one weight percent coal
slurry to achieve the desired final concentration. 30 seconds later, 0.1 ml of a 15.0% by
volume dodecane/distilled water emulsion was added. Samples were taken and measured
in the Microtrac SRA. The effects of surfactant concentration on agglomerate growth in
this system are shown in Figure 5.8. Agglomerate size increases with increasing
surfactant concentration up to a maximum at 10° M. At higher concentrations, it appears
that the surfactant begins to act as a wetting agent reducing the extent of agglomeration.
Agglomerate formation seems to be eliminated entirely at a surfactant concentration of
10° M. These results correspond well with the contact angle studies reported in
Chapter 4. Further experiments, in which the surfactant was added in the oil
emulsification step were somewhat inconclusive due to foaming problems during pre-
emulsification. However, there may be potential advantages to the use of split surfactant
addition in which some is used to aid in pre-emulsification of the oil and the remainder
added to the coal slurry. This approach was not evaluated in this project.

Agglomerate growth for the finer, P20, coal was found to follow the same general
pattern as the coarser, P40 material. However, the effects of process variables such as
agitation speed and surfactant addition were substantially less pronounced. Some
examples can be seen in Figures 5.9 and 5.10; the growth curves are essentially the same
in each case. It appears that different mechanisms control the growth and breakage
processes in the coarser and finer coals. Ultimately, development of the agglomerate size

distribution must depend on the relative rates of growth and breakage. These seem to be

controlled by hydrodynamic factors and by oil droplet size for the P40 coal, but not for
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the P20. It is possible that, for the finer material, the mobility of oil within the
agglomerates is substantially reduced and becomes the rate-controlling factor. Growth
and breakage events occur with high frequency but their relative rates change slowly as
oil is redistributed in and among the agglomerates.

5.6 Conclusions _

Agglomeration of fine coal in the presence of oil is a complex process which

involves numerous steps - sometimes sequential, often concurrent.

o Emulsification of the oil is a basic first step. With direct oil addition to the
coal slurry, emulsification must take place in the presence of fine coal
particles. The result is rather erratic agglomeration with poor experimental
reproducibility. Pre-emulsification provides substantially improved control
over the agglomeration process.

e Agglomeration consistently follows a pattern of rapid initial growth to a
maximum size followed by a slow decrease in the median size and an
approach to some, long-time, limiting size.

o Aggldmerate development is controlled by growth and breakage in the
turbulent environment.

o Growth rates are probably controlled by the effectiveness of adhesion between
colliding particles/agglomerates, i.c., by contact “stickiness”.

e Breakage rates appear to vary according to agglomerate strength which itself
changes due to redistribution of oil in the agglomerates.

o Oil redistribution can occur as a result of breakage and reagglomeration or by
internal, capillary flow. It is postulated that the former mechanism dominates
in the case of -40 pm coal while the latter becomes the controlling factor at
finer sizes (i.e. -20 pm).

o Surfactant additions can affect agglomeration. For the coarser coal studied
(40 um) agglomerate growth appears to be maximum at a surfactant

concentration corresponding to a maximum in the coal-water-air contact
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angle. The surfactants studied seemed to have little or no effect on

agglomeration at finer sizes (-20 pm).
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Chapter 6
AGGLOMERATE FLOTATION

6.1 Introduction

The problems in flotation of fine coal and those of selective flocculation and
spherical agglomeration were discussed in previous chapters. Selective agglomeration
offers considerable potential for deep cleaning of coal but many problems in obtaining
the required selectivity with acceptable recovery of combustible remain. In froth
flotation, selectivity is substantially reduced at fine sizes due, primarily, to overloading of
the froth phase which leads to excessive carryover of water and entrained mineral matter.
Selective flocculation, on the other hand, can provide good selectivity at low levels of oil
addition but the agglomerates tend to be too fragile for separation by the screening
methods normally used. The addition of larger amounts of oil, as in spherical
agglomeration can yield large, strong agglomerates which are easily separated by
screening, but the selectivity is reduced and reagent costs can become excessive.

A hybrid process - Micro-agglomerate flotation - which is a combination of oil-
agglomeration and froth flotation was studied in this investigation to determine the
critical variables that determine the process response. The basic concept is to use small
quantities of oil to promote the formation of dense micro-agglomerates with minimal
enn'aprhent of water and mineral particles and to use froth flotation to separate these
micro-agglomerates from the water/dispersed-mineral phase. Since the floating units are
relatively large agglomerates (30-50 um in size) rather than fine coal particles (1-10 pm)
the problems of froth overload and water/mineral carryover should be significantly
alleviated. This method has considerable potential for the practical deep cleaning of coal
on a commercial scale. We believe it should be possible to achieve both high selectivity
and high yield at reasonable cost. The process requires only conventional, off-the-shelf
equipment and reagent usage (oil, surfactants, etc.) should be small. There are, however,
complications. The process involves at least five phases: two or more solids (coal and

mineral), two liquids (oil and water) and oﬁé gas (air). It is demonstrated in this study
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that precise control over the chemistry of the liquid phases, and agitation conditions is
required to ensure high selectivity and obtain reasonably large recovery. The highly
sensitive nature of the process emerges from the fact that both kinetics as well as

thermodynamic factors are critical in determining the overall system response.

6.2. Background Discussion

Spherical or oil agglomeration has been used commercially to clean coal for many
years. The so-called Trent process was used at several commercial installations in the
early decades of this century, and was found to work better than flotation for -300 mesh
coal (Ralston, 1922). However, its use had to be discontinued due to high process costs
(Mehrotra et al., 1983). A reduction in the oil consumption from about 30% (oil:coal) in
the Trent process was achieved in the Convertol process which used only ~3 to 10% oil
(Lemke, 1954; Brisse and McMorris, 1958). Further developments in oil agglomeration
occurred in the early 1960's at the National Research Council of Canada where the
emphasis was on the use of a combination of agitator cells for the production of compact,
spherical pellets (Capes and Darcovich, 1984). A similar pelletizing separator which
combines the effect of several agitating vessels into a single unit was developed by Shell
(Zuiderweg, et al., 1968). Relatively high ash and moisture contents of the pellets
together with high oil requirements have prevented this process from becoming a success.
Conventional applications of oil agglomeration have generally been based on the
separation, by size, of agglomerated coal from dispersed mineral particles. This approach
requires large, strong agglomerates which infers high oil usage and consequent loss of
selectivity and high reagent costs. An additional problem is that the agglomerates tend to
have high moisture content and, because of their integrity, are not amenable to simple,
mechanical dewatering. Agglomeration at low levels of oil addition can give excellent
selectivity bm the agglomerates tend to be small and not strong enough to withstand
separation by size. .

Froth flotation is commercially practiced to clean approximately - 28 mesh coal

using fuel oil as the collector. The quantity of oil usually increases as the rank decreases;




107

ranging from ~1 1b/ton for high rank coals to about 5-35 lb/ton for sub-bituminous coals
(Aplan et al., 1987). Grinding to fine sizes is needed to achieve the desired liberation for
deep cleaning of coal, but the efficiency of flotation separation decreases as the particle
size becomes small, especially for particles < 10 mm. In the past, different approaches
have been used to float fine particles. Yoon and Luttrell (1986), employed fine bubbles
to increase the rate of flotation of fine particles. Although the recovery is higher when
fine bubbles are used, the grade is often poor because of the large amount of water’
ca.fryover into the froth phase. This is the reason for the necessity to use wash water in
column flotation cells. An alternative approach to increase the rate of flotation is to
aggregate the fine particle as was discussed by Fuerstenau, Chander and Abouzeid
(1979).

A general requirement for the use of selective agglomeration for the deep cleaning
of fine coal is the production of agglomerates which are sufficiently large for effective
separation from the dispersed phases (refuse) and have high density - to minimize the
inclusion of water and dispersed mineral particles. In recent years, there has been
extensive research into the size and structure of agglomerates formed by
coagulation/flocculation of fine particles from liquid dispersion. Theoretical analyses and
simulations (Vold 1963; Sutherland 1967; Weitz and Huang 1984) and experimental
studies (Medalia 1967; Koglin 1977; Klimpel, Dirican and Hogg, 1986) consistently
indicate that there is an inverse relationship between agglomerate size and agglomerate
density. Studies in our laboratories (Klimpel and Hogg, 1986; 1991) have shown that the
relationship is essentially independent of the mechanisms of agglomerate formation, the
binding forces in the agglomerates and the conditions of agglomerate growth. Asa
general rule, the density of an agglomerate is determined primarily by its size relative to
that of the particles from which it is formed. In the agglomeration of particles in the 1 to
10 mm size range, however, we have shown (Klimpel and Hogg, 1986; 1991) that
agitation of the suspension during agglomerate growth promotes the development of
dense micro-agglomerates of size up to about 50 mm. Further agglomeration leads to

more open structures which follow the general size-density relationships but are built up

from the dense micro-agglomerates rather than from primary particles. To our
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knowledge, such studies have not been carried out on oil-agglomerated coal, but the
consistency of the results obtained for a very broad variety of systems (carbon black in
air, minerals in water with polymer flocculants, etc.,) strongly support the proposition
that such relationships should indeed be valid for coal-water-oil systems.

The key problem in previous attempts to use this approach has been the difficulty
of producing agglomerates relatively free of ash. The polymeric reagents often used in
efforts to selectively flocculate coal (Venkatadri, et al., 1989; Attia and Yu, 1988) tend to
produce large, low density flocs which generally entrain large quantities of mineral
matter. A substantial increase in ash and sulfur with agglomerate size was observed by
Lai, et. al. 1989). The objective of this research was to make use of oil and surfactants to
produce dense, micro-agglomerates of high grade. Such aggregates have a higher rate of
flotation because of their larger size (30-50 mm) and enhanced hydrophobicity. The
latter can be readily attained by proper use of oil with and without reagents. The success
of such a flotation scheme depends upon the ability to float the micro-aggregates as
independent units so as to prevent entrainment of mineral matter. The increased rate of
flotation of such aggregates reduces water carryover with a resultant increase in
selectivity. The suggested approach appears to be applicable to flotation in conventional
cells or in columns because the aggregate size is never large enough to have an adverse
effect.

The use of flotation to separate selectively aggregated fine coal particles from
mineral matter using flotation was preferred over other separation methods because the
agglomerates produced are in the size range of 30-50 mm. In this size range other
methods of separation such as screening or sedimentation are not very effective. It was
pointed out in a previous section that the rate of flotation of ultrafine particles can be
increased by aggregation of the particles. To prevent entrainment of mineral maﬁér; such
agglomerates would have to be floated as individual units rather than flocs of micro-
agglomerates. Standard procedures for flotation testing were used to determine the
floatability of micro-agglomerates. If necessary, the floated material can be further

cleaned in a second stage of flotation. Alternatively, column flotation cells which are

known to be more effective in cleaner operations can be used. The type of reagents
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needed and their concentrations depend on coal rank and the type of impurities present in
the coal. The data on floatability of coals of various rank are already available in our
laboratories. Studies have been carried out to determine the affect of micro-agglomerate
size and structure on the kinetics of flotation. Our objective was to establish general
criteria for increasing the rate of flotation so as to minimize water carry-over at the same
time preventing the flotation of clean coal as a slug which inherently leads to high

entrapment of mineral matter.

6.3 Agglomerate Flotation Studies
6.3.1 Flotation of P40 Coal Sample

Agglomerate flotation studies were conducted after growing the agglomerates
at various speeds and times by the procedure discussed in Chapter 5. In one series of
tests, the agglomeration was done at speeds of 1500, 2500, 3500, and 4500 RPM,

10 M Pluronic L-64 concentration, and at 0.01% dodecane (based on the amount of
coal). The droplet size was 11 pm at the time of emulsion addition to the
agglomeration vessel. No frother was used for these tests. Froth samples were taken
for 0-20 seconds, 20-40 seconds, 40-60 seconds, 1-2 minutes, and 2-4 minutes. The
tailings were also collected and analyzed. The percent recovery of combustible
material versus the cumulative percent ash for the samples conditioned at 2500 and
3500 RPM are shown Figures 6.1 and 6.2, respectively. One may conclude from
these results that the flotation performance improved with increase in agitation
speed.

The effect of agglomeration time and speed on A,,, the ash corresponding to 80%
recovery of combustible matter, is presented in Figure 6.3. With increase in agitator
speed the ash content decreased and the effect of agglomeration time was small in this
series of tests. The ash content was lower when MIBC frother was used, as can be seen
by comparing the results in Figures 6.3 and 6.4

The minimum in ash content after 2.5 minutes of agglomeration time shows

rejection of some mineral matter upon agitation. The minimum at 2.5 minutes

corresponds to the downward slope of the agglomeration growth curve or the
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deflocculation zone. This is in agreement with ﬁndingsin the literature (Lapidot and

" Mellgren, 1968). In their studies, the best grade of ilmenite was obtained during this
deflocculation zone. The effect of physical variables (agglomeration time, agitation
speed) and chemical variables (frother and surfactant concentration) became quite
complex as can be seen by comparing the results in Figures 6.4 and 6.5. It appears that
surfactant addition aids in ash rejection for lower agitation speeds in the agglomeration
stage. The effect seems to disappear at higher speeds, suggesting that the surfactant may
be assisting in oil dispersion. This is consistent with the hypothesis that addition 6f
surfactarit with oil promotes its emulsification. The effect of various variables could not
be fully explained, however. The flotation performance became very sensitive to various
variables in an unpredictable manner. The reasons became evident only after additional
tests were performed with an ultra-fine coal with a nominal size of -20pum (referred to as
the P20 Coal). The results are discussed in a later section.

The results discussed in previous paragraphs show that surfactant addition was
beneficial at low agitation speed but had little effect at higher speeds. The effect was
generally attributed to enhancement of the emulsification process at'low agitation speeds.
To further investigate the effect of agitation speed, additional tests were performed with and
without surfactant addition and the results, expressed as ash content at 85% recovery of coal
(As;s), are presented in Table 6.1. It is clear from the results that the surfactant addition
affects selectivity, but in a rather complicated fashion. Some clarification is offered in
Figure 6.6 in which a comparison of selectivity is made with and without surfactant
addition. If the surfactant had no effect, the points would fall on or at least close to the
diagona! line. Points above and to the left of the line indicate detrimental effects of
surfactant; points below and to the right show beneficial effects. Obviously both kinds of
effects occur depending on agitation speed and agglomeration time. These tests wefe '
performed at a fixed amount of the surfactant in the system, which in itself is an additional

variable. Somewhat different patterns emerge for different speeds. Surfactant is largely
detrimental at 4500 rpm but beneficial at 2500 and 7800 rpm, depending on time. The
effect of agglomeration time is significant, though complex, at speeds of 2500 and 4500




115

6 { i o | i
- -
S5+ R
L —aA o
[ 2]
[ ] L .
«
4+ @ 2500 RPM with Surfactant -
i A 2500 RPM without Surfactant i
B 4500 RPM with Surfactant
i W 4500 RPM without Surfactant 1
3 { | ! { 1
0 2 4 6 8 10 12

Agglomeration Time, min

Figure 6.5. Effect of surfactant addition (Pluronic L-64) on ash rejection in coal flotation

following preagglomeration for different times and agitation speeds. (P40
coal)




116

5.2 LI DL L] llTl]"il]‘ll‘lT‘IT]‘I'TTTT“I‘U"IT'Wﬁ‘j‘II[Ill

5.1
5.0

4.9

4500 2500
4.8

4.7
7800

4.6

A4¢ with Surfactant

4.5

4.4

'llllljllllllllllljl.llll'lllllllJl'J_ll]]lllJ

4.3

IIIIlr'Y"'VY‘1T"l"f'll‘TrllITTW"ll'l‘T"'l"‘

42 lll[Jl!IJJLII!l,LIL‘J!ll(llJL‘llJl'LlJJ!LLJLtJIIl
(]

42 43 44 45 46 47 48 49 50 51 852

A without Surfactant

Figure 6.6. Effect of surfactant addition (10 M Pluronic 64) on the selectivity of
flotation after preagglomeration at different speeds.




117

Tahle 6.1. Effect of agglomeration conditions on flotation selectivity expressed as product

ash content at 85% coal recovery.

Agitator Speed Agglomeration | Product Ash at 85% Recovery, Ags (%
(RPM) Time . without Surfactant I with Surfactant
2500 45 sec. 4.67 4.65
2.5 min. 4.67 4.39
5.0 min. 4.77 4.86
7.5 min. 4.81 4.85
10.0 min. 4.79 4.66
4500 45 sec. 438 4.71
2.5 min. 4.40 4.33
5.0 min. 4.49 4.88
7.5 min. 4.30 443
10.0 min. 4.56 445
7800 15 sec. 5.08 4.73
30 sec. 4.78 _ 4.76
45 sec. 4.83 4.74
2.5 min. 4.73 4.62
5.0 min. 4.50 4.57

pm, but relatively little at 7800 rpm. On the other hand, with no added surfactant, there are

only small time effects at 2500 and 4500 rpm but quite significant effects at 7800 rpm.
Based on these results, it is apparent that the role of surfactant in the selectivity of

agglomerate flotation encompasses more than just facilitating emulsification. Other factors

such as contact angle modification must also come into play.

6.3.2 Flotation of P20 Coal

To further test the hypothesis presented in previous sections a second series of
agglomerate flotation tests was performed using ultrafine coal with a nominal particle size
of -20um, designated as P20 Coal sample.

The amount of dodecane required to achieve the desired aggregation was higher for

this coal. As a result the amount of dodecane was increased to-1% for the P20 sample,

which is an order of magnitude greater than that used for the P40 coal sample.
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The effect of agglomeration time on the combustible matter recovery versus ash
curves is presented in Figure 6.7 for agglomeration at 3600 rpm and in Figure 6.8 for 7200
rpm. These tests were performed in the absence of the surfactant and at somewhat higher
speeds because of smaller size of particles and larger quantity of oil used. Although the
agglomerate growth curves for these two speeds were similar, as discussed in Chapter 5,
significant differences were observed in the flotation performance, especially at the
agglomeration time of 3 minutes, which was chosen on the basis of the performance of P40
coal sample. The ash content was more for the larger speed at comparable recoveries. On
the basis of these results one may conclude that the droplet size does play an important role
in flotation performance. Very fine droplets could be detrimental because they promote
formation of large aggregates that entrap water and associated mineral matter. Upon
continued agitation, the agglomerate size and structure changes that eventually affects
flotation response.

The effect of surfactant is presented in Figures 6.9 and 6.10. The results in Figure
6.9 correspond to the addition of surfactant to the dodecane phase prior to emulsification.
This procedure favors the role of the reagent as an emulsifier. When these results are
compared with the results in Figure 6.7, it can be seen that production of finer droplets
increased pick-up of mineral matter, especially at short times. The recovery versus ash
curves were identical at agglomeration times of 10 minutes.

In comparison, when the reagent was added to the coal shurry prior to addition of
dodecane, the effect on flotation was quite different as can be seen from the results in
Figures 6.7 and 6.10. At the reagent concentration used in this series of tests, the reagent
acts as a wetting agent, reducing hydrophobicity or the value of the contact angle. Asa
result the ash content was high and the recovery was low at the short agglomeration time of
3 minutes. Upon continued agitation, the flotation performance improved, however. The

efficiency of separation after 10 minutes of agglomeration was better in the presence of the
reagent when compared to that in its absence.
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6.4 Conclusions

Formation of micro-agglomerates and their flotation is a very complex process in
which both physical and chemical variables play significant roles. The overall process
response is a result of many sub-processes involving particle dispersion, droplet
formation, agglomerate growth, agglomerate breakage and flotation. Based on the results

of studies presented in this and previous chapters, the following conclusions were made:

. Aéglomeration is the critical stage of the process which determines the overall
performance. The efficiency of separation, that is ability to clean coal depends on
preferential agglomeration of coal during the growth period. Although some degree of
emulsification is essential to promote sélective formation of agglomerates, too much
agglomeration, that is formation of very small droplets, could be detrimental.

e Although the issue of phase inversion was not specifically investigated in this study,
sufficient evidence exists to suggest the phase inversion from oil/water to water/oil
emulsion, which is favored by the presence of hydrophobic coal particles at the
interface, promotes rejection of mineral matter and enhances the overall flotation
separation.

¢ If the conditions exist that favor the formation of large and strong agglomerates, the
entrapped mineral matter cannot be rejected by continued agitation. Such a condition
is analogous to flotation of partially liberated particles and the selectivity is generally
poor.

The overall results of this investigation demonstrate the general viability of the micro-

agglomerate flotation process for the deep cleaning of fine coal. Because of the

numerous variables involved, appropriate operating conditions tend to be system specific.

However, some important guidelines have emerged. In particular, it is clear that the

agglomerate growth step is critical and must be controlled so as to ensure that separation

is carried out in the descending region of the growth curve. Pre-emulsification of the oil
also appears to be a necessary condition. Mechanical pre-emulsification may be adequate

in many cases, but the use of appropriate surfactant additions can serve to reduce aging

affects which could arise in applications. Since surfactants also affect agglomerate
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growth and flotation rate through modification of hydrophobicity, process design may

require extensive testing to evaluate the appropriate balance among the different affects.
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