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ABSTRACT

The feasibility of column flotation as an alternate method
for cell recovery from fermentation broths was investigated using
bakers' yeast in the resting state as a model cell type.
Flotation experiments were performed on a flotation column with a
working height of 1 m and a cross-sectional area of 0.0016 mZ. At
a feed concentration and rate of 2.0 g/L and 0.21 cm/s and an air
superficial velocity of 0.31 cm/s, continuous operation was
successfully maintainel cver a wash water range of 0-0.063 cm/s.
Yeast flotation was aided by an alkylpolyglycoside (APG)
surfactant and addition of inorganic salts such as NacCl, KcC1,
MgCl,, and CaCl,; to the feed in a concentration range of 0-0.5 M.
Yeast enrichment in the foam reached values as high as 11-fold
when compared with the yeast concentration in the feed, but foam
recovery did not exceed 55% of the yeast entering the column in
the feed.

The addition of wash water to the foam 2zone produced two
effects: dilution of the foam product (reducing foam enrichment),
and yeast detachment from the foam zone (reducing foam recovery).
Y=ast recovery was virtually eliminated at a wash water rate of
0.031 cm/s. Salt addition to the feed at concentrations of 0.05-
0.1 M improved yeast flotation, raising foam enrichment from 7-
fold to as high as 11-fold and foam recovery from 25% to as high

as 55%. Feed salt concentrations for maximum foam enrichment and



recovery were identical and depended upor the type of salt added
to the feed. Yeast zeta potential was identified as a useful
indicator of flotation performance. The cation concentration
producing a zero yeast zeta potential correlated reasonably well

with the feed concentration maximizing foam enrichment and

recovery.
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NOMENCLATUKE

A Cross-sectional area of flotation column
o] vVolumetric flowrate

J Superficial velocity or flux

o Gas holdup or volumetric gas fraction
AP Pressure difference in bubbly or foam zone
h Distance between pressure taps

d Diameter (bubble or particle)

dj3o Sauter mean diameter

Vi Bubble terminal rise velocity

C Yeast concentration

Cr Carrying rate of bubbies

Ca Carrying capacity of foam

R Recovery (yeast or surfactant)

E Enrichment (yeast or surfacta )

\’\

Zeta potential

u Electrophoretic mobility
p Density

1 Viscosity

o] Surface tension
Subscripts

£ Feed

t Tailings

(o] Foam concentrate
1 Liquid

g Gas

b Bubble

P Particle



Chapter 1: INTRODUCTION

In the biotechnology industry, downstream processing
represents a large portion of the product cost, as great as 90%
for some high-value bioprecducts. Progress in bilotechnology may
now depend as much upon innovations in processing as on advances
in the biosciences or developments in bioreactor design and
operation, yet research and development in this area are rarely
conducted outside industry and consequently access to this
information is limited.

Whether a desired bioproduct is extracellular, intracellular

or the celis themselves, the removal of bicmass is almost

f_.l

invariably the first stage of downstream processing. Harvesting
of microbial cells from a fermentation broth is normally
accomplished by centrifugation or membrane filtration, but these
methods are expensive and prone to certain problens.
Centrifugation serves as a cell reduction rather than cell
exclusion technique and becomes more difficult as the density
difference between cells and supernatant decreases; membrane
filtration can ensure complete cell removal but is vulnerable to
fouling when subjected to the heavy loading of a fermentation
broth. Both methods have difficulty handling foaming broths and
are unsatisfactory wh:.. hon-cell solids are present.

Froth flotation is a potential alternative. A type of foam
separation developed in the mineral process industry to handle

solids separation, this inexpensive technique is used to recover



valuable minerals from ores. In common with ail foam separations,
froth flotation employs a sustained foam to concentrate a desired
component from a suspension. what distinguishes froth flotation
from other foam separations (and makes it suitable for cell
recovery) is the insoluble or @particulate nature of the
component -~ the feed is a slurry rather than a true solution.
Separation relies on the tendency of certain particles to
preferentially attach to gas bubbles rising through the liquid
into the foam layer, which in turn can be collected and collapsed
to yield a concentrate enriched in these particles.

Researchers adapted the technique to cell recovery in the
1950's and 1960's, employing a columnar form of flotation
apparatus to survey nmnicrobial species for flotability and to
identify and study parameters of batch-mode operation. Interest
waned over the next decade, and only recently revived with a more
intensive explorztion of the cellular properties and mechanisms
allowing flotation. Despite the advantages conferred by a steady-
state system in analyzing the complex factors of cell flotation
(and despite the suitability of the columnar flotation apparatus
for this mode of operation), very limited data has been collected
from continuous operations.

This project was designed to enlarge the body of data
available from continuous flotations while probing cell surface
properties through the addition of salts to the flotation media.

Bakers' yeast in the resting state was chosen as the model cell



type, to be floated from tap water with the aid of a non-ionic

carbohydrate surfactant. A wvariety of inorganic salts were added

to give a concentration range of 0-0.5 M. The typical columnar

design of the cell flotation apparatus prompted adoption of column

flotation, the latest innovation in mineral recovery. Column

flotation is characterized by the application of a water stream to

the foam to improve separation by washing out entrained

contaminants. Furthermore, the addition of water tends to

stabilize the foam. An evaluation of continuous column flotation
as a means of cell recovery and the effects of salt addition on

flotation performance will form the focus of this thesis.



Chapter 2: COLUMN FLOTATION BACKGROUND

2.1 Description

Column flotation is a special application of froth flotation
which was conceived in the 1960's and introduced to the mineral
process industry in the 1980's. This application is distinguished
by several changes to traditional flotation design and practice,
including apparatus shape, mode of bubble generation, and use of a
wash water stream.

The traditional tank-like flotation equipment is replaced by
a flotation column (Figure 2.1). Feed is introduced just below
the liquid-foam interface separating the bubbly and foam zones,
and the level of the interface is maintained by regulating the
flow of a tailings stream withdrawn from the bottom of the column.
Traditional mechanical agitation and aeration are replaced by
internal gas sparging at the base. The large height-to-diameter
ratio of the column, commonly at least 10:1, is designed to reduce
axial mixing (which would lower recovery and separation). This
allows appropriate contact time between gas and suspension during
the vertical rise of the pubbles through the bubbly zone. The
ascending bubbles effectively "sweep" the suspenslon for garticles
before arriving at the zone interface to join *the risinyg foam. 2
water stream is introduced at the top of the column to stabilize

the draining foam and to wash mechanically entrained particles out



Figure 2.1: Schematic Diagram of Flotation Column
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of the rising foam, thereby overcoming the requirement of
traditional flotation for water from the feed to maintain foam
stability. The wash water enters Jjust below the foam overflow to
prevent short-circuiting to the foam preduct. An enriched foam
concentrate is obtained after foam breakdown.

The bubbly zone is also known as the collection zone since it
is the site of particle adsorption to bubbles. In this region of
countercurrent gas/liquid flow, collection depends upon zone
retention time, +the degree of axial mixing, and particle
properties.

The foam zone is alsc referred to asz the cleaning zone since
it is the region where entrained contaminants, following in the
wake of bubbles, are removed from the foam by the action of the
wash water, or more accurately by that portion of the wash water
trickling down through the foam to the bubbly zone. The wash
water also stabilizes the foam by replacing water draining from
between the bulbles, thereby ensuring a greater hecicht of £foam
zone. A flotation column is normally operated under positive
bias, i.e. a downward water flux, such that the tailings flowrate
exceeds that of the feed in order to maintain the interface level.
The wvalue of the bias can be approximated by the difference in
flowrate between wash water and foam concentrate, but this is an
underrepresentation ignoring the portion of the flow compensating

for solids transfer from the bubbly zone into the foam (Finch &



Dobby, 1990). Overall, the column's wash water is able to replace
virtually 100% of the carryover water from the bubbly zone.

Foam structure in a flotation column is more open than its
traditional counterpart - the thickness of the water film between
bubpbles is 4~ to 5-fold greater than that of a conventional foam,
which 1likely facilitates rejection of entrained particles. Yet
the introduction of wash water does not make the foam zone
homogeneous. Three separate regions exist in the foam =zone: an
expanded bubble bed with a high liquid content adjacert to the
zone interface, a packed bubble bed with a lower liquid content
and a more heterogeneous bubble population located directly above,
and a conventional draining foam situated above the wash water
inlet (Finch & Dobby, 1990). Bubble coalescence, while occurring
at all 1levels in the foam, 1is particularly vigorous in the
expanded bubble bed adjacent to the interface and is the mechanism
tor cleaning action.

As the foam concentrate (i.e. breakdown product) is normally
the product of interest, column performance is judged on the basis
of foam recovery and enrichment. Recovery 1is defined as that
proportion of the desired particula-e entering in the feed which
is recovered in the foam concentrate:

_ o &S 1
R = 5.0 (2.1)



where ©Q is the volumetric flowrate, C 1is the particulate
concentration, and the subscripts ¢ and f refer to foam
concentrate and feed respectively. Enrichment is a measure of the
quality of the foam concentrate and compares the concentration of
the desired particulate in the foam concentrate with that in the

original feed:

B = — (2.2)

2.2 Principles of Separation

Froth flotation relies on the tendency of certain particles
in suspension to preferentially attach to gas bubbles rising
through the suspension. Particles differ in their degree of
attraction to bubbles, which allows selective separation. Those
particles with native floctability possess natural hydrophobicity;
particles lacking natural hydrophobicity may be made to float by
addition of an appropriate collector +to promote particle
adsorption to bubbles. A collector 1is a surfactant whose
amphipathic nature allows it to adsorb to both bubble and particle
- 1its hydrophobic region is generally a long chain hydrocarbon
while its hydrophilic portion may be polar, anionic, cationic or

zwitterionic as necessary for adsorption to the particle of



interest. Collector choice depends upon its specificity for the

particle and the ionic strength and temperature of the suspending
medium.

Although the N icle surface must possess a net
hydrophobicity in order for the particle to float, the surface may
also display a significant number of hydrophilic sites, i.e.
hydrophobic particles may also exhibit surface charge. Most
particles acquire a surface charge in agqueous suspension due to
ionization of surface groups, chemisorption and complex formation
between ions and surface species. The surface charge attracts
ions of opposite charge from the surrounding media and these
counterions, along with complementary co-ions and the charged
surface, form an electric double layer (Barlow, 1970). The
counterbalancing ions ensure overall electroneutrality and form a
structure with two regions: the Stern layer of specifically
adsorbed ions held tightly to the surface (i.e. fixed), and a
diffuse layer of freely-moving counterions and co-ions extending
out to the bulk medium. Potential falls sharply from the surface
to the outzr limit of the Stern layer but declines more slowly in
the diffuse layer to a value of zero at its outer edge. The
potential change in the Stern layer increases with concentraticn
and valence of counterions, and ¢harge reversal within the 1layer
is possible with polyvalent counterions.

When a charged particle is in tangential motion relative to

the aqueous phase, a shear plane develops within the diffuse



region such that not all of the double layer moves as one with the
particle. The potential difference at the shear plane, known as
the zeta potential, <can be determined from electrokinetic
measurements and is normally used in place of the surface
potential as a measure of the surface charge (Haydon, 1964). Zeta
potential ({) is proportional to the electrophoretic mobility (u)
of the migrating particle in the presence of an external applied
electric field, and is sensitive to changes in the ionic strength
of the suspending medium. One expression relating the =zeta
potential of a sphere to its electrophoretic mobility is the Henry

equation (Probstein, 1989):

u = %ﬁ— fkR) C (2.3)
where € =  permittivity
Er Eo
E&r = dielectric constant of medium
Eo = permittivity of vacuum
= viscosity of medium
f(kR) = Henry function

Other expressions have been derived from different theoretical

treatments and differing methods of electrokinetic measurement.
With small particles (i.e. under 20 pn in diameter) it is

reasonable to presume double layer effects are particularly

important in flotation, and there is a body of evidence to support

10



this contention. Derjaguin & Shukakidse (1961) demonstrated that
the rate of flotation of naturally hydrophobic antimonite diropped
sharply as particle zeta potential exceeded a certain value.
Jaycock & Ottewill {(1963) found the rate of flotation of silver
iodide particles was maximized when particle zeta potential was
zero (although size effects from coagulation could not be ruled
out as the cause since the coagulation rate at zero zeta potential
would have been high). Collins & Jameson (1976) concluded that
particle charge had a drastic effect on flotation rate after
observing an order of magnitude increase in rate of flotation for
polystyrene particles due to a reduction in zeta potential from 60
to 30 mv.

Double layer effects must also include bubbles, even though
measurements on small bubbles have been difficult to accomplish.
Many studies have shown that gas bubbles acquire a negative charge
in pure water and in solutions of simple inorganic electrolytes,
and the magnitude of the charge depends upon electrolyte
concentration and duration of contact. Dibbs et al.(1974)
proposed that wupon bubble formation in inorganic electrolyte
solutions, the ions in the vicinity of the bubble surface are
attracted to the bulk of the solution and the degree of attraction
is related to the extent of ion hydration. Since cations
generally have larger solvation sheaths than anions, they would be
attracted more strongly and would leave an excess of negative

charge associated with the bubble surface. Ionic surfactants also

11



produce changes in the bubkle surface dependent on the surfactant
coercentraticn and the sign cf ionic groups.

Clearly the joint effects of particle and bubble charge on
flotation performance must be considered. Dibbs et al. (1974)
found efficient flotation of quartz particles occurred when
particles and bubbles had opposite charges. Collins & Jameson
(1977) noted that bubbles and polystyrene particles carried
positive charges which were approximately the same under the same
conditions of electrolyte and cationic surfactant, yet the
flotation rate increased rapidly as both =zeta potentials were
reduced. Fukui & Yuu (1980) also found positively charged bubbles
in +the presence of the electrolyte BAlCl3, but polystyrere
particles were negatively charged (although the particle charge
changed sign as flotation time increased). Flotation rate was
maximized when zeta potentials of bubbles and particles were
opposite in sign, and the rate declined once the absolute wvalue of
the product of these potentials exceeded a certain value. Okada &
Akagi (1987) developed a more accurate apparatus for measuring the
zeta potential of small bubbles and employed it to show that the
positive «charge of bubbles in the presence of a cationic
surfactant and the negative charge in the presence of an anicnic
surfactant declined with increasing electrolyte concentration,
although in the latter case the sign of the bubble charge could be

reversed with the addition of Alz(SO4)3. These  bubble

measurements were related to flotation efficiency of oil

12



flotations in later work (Okada et al.,1988). The efficiency was

the zeta potentials of xoth bubbles and cii

strongly dependent on
droplets and was maximized when the o0il droplets were negatively
charg=d, bubbles were positively charged, and a parameter defined
as the critical adhesion parameter (proportional to the product of
the two poentials) remained under a critical value.

A better understanding of these results can be gained by
considering the electrostatic force between the bubble and the
particle. A fair approximation of the force between two spheres
in close proximity (s provided by the expression for two parallel
plates immersed in a symmetrical electrolyte solution (Russel et

al.,1989):

e2z22n, (2 {30, cosh(xh) - (32 - (52
¥T | sinh?2 (x h) |

'
|

(2.4)

where elementary electric charge
bulk concentration of electrolyte solution

valence of electrolyte
Rzltzmann constant
absolute temperature

zeta potential of plate i
distance between plates

inverse Debye length

a0
o
o

W

SN HAN
I

S
|

The force is proportional to the product ({2, and a negative value

(brought about by zeta potentials with opposite signs) represents

attraction.



When EKubota et al.(1990) obtained good flotation of barium
sulfate particles in the presence of an anionic surfactant,
despite negative charges on both bubble and particle surfaces,
they suggested that interactions other than electrostatic must be
taken into account. Okada &t =al.(1990a,199nb) demonstrated with
latex particles that flotation efficiency reached its highest
value when zeta potentials or bubbles and particles attained their
lowest absolute values in two surfactant systems (anionic and non-
ionic) where both potentials remained negative over a wide range
of pH. Since the overlapping of like-charged electrical double
layers would lead to electrostatic repulsion, the effects of other
forces had to be considered - hydrodynamic interactions, van der
Waals attraction and the gravitational force of the  -ticles.
Particle adhesion to bubbles was presumed to occur as long as the
total interaction force was less than or equal to zero, i.e. a
repulsive electrostatic force could be overcome if th.: net surface
force composed of electrostatic and wvan der Waal forces were

attractive.

2.3 Column Flotation Parameters

Efficient particle ccllection by bubbles in the bubbly zone
requires operation within the bubbly flow regime characterized by
a homogeneous distribution of bubbles of uniform size rising at a

uniform rate. Within this regime, there is an approximately

14



linear relationship between gas holdup or wvolumetric fraction («)
and gas superficial velocity {Jg). dbove a certain gas velocity
the bubbly 2zone develops rapidly rising 1large bubbles, which
displace water and smaller bubbles downward. Gas holdup becomes
unstable, bubbles begin to coalesce into "slugs" of air, and the
flow begins transition to the churn-turkulent regime. Operating

within the bubbly flow regime imposes 1limits not only on the
superficial gas velocity but also on bubble diameter (dp), liquid

superficial velocity (J1), and feed solids content.
Small bubbles are more efficient particle collectors due to
their larger surface area-to-volume ratio. Bubble diameter (dp)

is a function of gas velocity, as expressed in tiie empirical

relationship of Dobby & Finch (1986):

d = C J 0.2 < n = 0.4 (2.5)
b g

where C is a constant and Jg is the gas superficial velocity.
Lower gas flow produces smaller bubbles, yet the gas sparger
places a practical limit on bubble size since very fine bubbles
cannot be rorced out sufficiently quickly to prevent coalescence
at the sparger surface. Consequently there is a lower limit to
bubble diameter at a given gas velocity (or correspondingly an
upper 1limit to gas velocity at a given bubble diameter) which

allows bubbly flow to be maintained. Increasing the liquid flux



lowers the maximum gas velocity tolerated within the bubbly flow
regime.

The solids content of the feed is also important. The gas
velocity and the bubble particle loading (particles per unit area
of bubble) determine the carrying rate (Cr) of the bubbkles, i.e.
the mass rate of solids per unit cross-sectional area of column.
The maximum carrying rate is obtained with a "saturated" bubble
surface (which is not 100%), but this theoretical rate is never
achieved. The practical measurement of this rate is the carrying
capacity (Ca) which is obtained experimentally from the maximum
concentrate solids rate as a function of feed solids rate. It is
important not to exceed the carrying capacity of the system since
coarse particle drop back (out of the foam into the bubbly zone)
appears to give a concentrate composed of only the smaller
particles. Heavy bubble loading may also increase gas holdup (due
to a slower bubble rise velocity brought on by a greater bubble-
particle aggregate density) to a point exceeding that which is
compatible with the bubbly flow regime. In addition, particles
may retard or promote bubble coalescence on the basis of particle
surface properties.

Another parameter is particle size. Commonly there is a peak
or plateau in foam recovery as a function of particle diameter.
As size increases there is a greater chance of collision with
bubbles but attachment may become more difficult and bubble-

particle detachment may also increase. A decrease in selectivity
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with increasing particle size is also commonly observed and may be
due to preferential drop-back of large particles from the foam.
At the other end of the scale, flotation of very fine particles
(under 5-10 I diameter) is difficult due to the tendency of these
particles to follow streamlines around bubbles and so avoid
contact.

Particles can also influence foam stability through their
size and hydrophobicity. By reducing the film thickness between
adjacent bubbles below that of the critical rupture thickness,
attached particles can induce bubble coalescence and foam
instability. This is especially true of highly hydrophobic
particles and is particularly relevant to column flotation, in
which foam rejection of hydrophilic particles is very efficient.
In heavily lcaded foams (or those containing large particles) the
particles may provide a physical barrier to film drainage and
coalescence of bubble interfaces, and so extend foam stability.

There is some evidence that the foam may play an additional
role beyond that as collector of adsorbed particles. Foam depth
may contribute some selectivity between particles differing in
hydrophobicity. If particles were to be subjected to repeated
detachment and reattachment (possibly as the result of bubble
coalescence and subsequent reduction of available surface area),
those particles with higher probabilities of bubble collection
(i.e. the more hydrophobic particles) would be progressively and

selectively separated out. Grade profiles have been observed in

17



some foams, although not in the presence of mixing, fully-loaded
or shallow foamns. Foam drop-back to the bubbly zone is not well
understood but may play a role in selectivity since it 1is
dependent on particle size and is believed to result in extensive
recycling (perhaps over 50%).

Wash water 1is a major operating parameter in column
flotation, stabilizing the foam by replacing water 1lost through
drainage and virtually eliminating mechanical entreinment. While
the economic benefits to minimizing water consumption are evident,
there are even more Iimportant reasons related to column
performance. Excessive positive bias (i.e. downward liquid flux)
promotes mixing of the foam, reduces concentrate quality through
dilution, and decreases the bubbly 2zone retention time for

particle collection by elevating the tailings removal rate.

2.4 Kinetics

The kinetics of the collection process have received a great deal
of attention. The collection rate of a mineral in the bubbly zone

is usually considered to be first order:

c(t) = Cj exp(-kt) (2.6)

where C(t) and Cj are the mineral concentrations at time t and

time t=0. The collection rate constant (k) is given by:
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J
kK = 1.5 E% Ex (2.7)

where Jg is the gas superficial velocity, dp is the bubble
diameter, and Eg is the overall collection efficiency (Finch &

Dobby, 1990). The collection efficiency can be considered the

product of collision and attachment efficiencies (E¢ and Ep):

Eg Ec Ep (2.8)

Weber & Paddock (1983) provide the following expression for the

collision efficiency:

&
]

1.5 (dp/dp)? {1 + (2.9)

|
!
1 4 0.25Rex0-56

where dp is the particle diameter and Rey is the Reynolds number

of the bubble. The attachment efficiency is not well understocd,

but is approximated by:

d,)
= {-c EEJ (2.10)

b
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where C is a constant. Clearly, the collection rate constant is a

complex function of (dp/db).
2.5 Hydrodynamics

Understanding flotation column flow behaviour is essential
for column design and contrcl, yet surprisingly 1little attention
has been directed towards this area. Flow characteristics of a
flotation column have been studied by Pal & Masliyah (1989) using
an air/aqueous surfactant system, and the holdup behaviours of the
bubbly and foam zones have been linked using the drift-flux model
of Wallis (1969). The experimental results of Pal & Masliyah,
together with literature data, have been found to correlate well
with the Richardson-Zaki equation.

In this approach the drift-flux is defined as:

where Jg is the gas flux or superficial velocity, J1 is the liquid

superficial velocity, and o is the gas holdup. In gravity-
dominated flows with wuniform cross-sectional gas holdup and

negligible wall effects it can be shown that:

J,
- L fla) (2.12)
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where Vi is the bubble terminal rise velocity. The majority of

empirical expressions for f(ax) reported in the 1literature fit a

general form:

= a(l-) (2.13)

where n is an exponent differing from one correlation to another.
According to Richardson & 2aki (1954), n is a function of the
particle Reynolds number and is equal to 2.39 at Rep » 500. This
expression has been shown by Pal & Masliyah to correlate <the
drift-flux data of the flotation column for two very different
air/surfactant systems.

The drift-flux can be determined experimentally by
measurement of Jg, J1, and «. The gas flux is obtained from flow
measurement in the gas supply line, while the gas holdup or volume
fraction 1is determined from pressure measurements in the
appropriate zone. The liquid flux is evaluated in different ways
for the bubbly and foam zones. In the bubbly zone the liquid flux

is calculated from the tailings flowrate:

Q¢
Jl = - 3 (2.14)
where A is the cross-sectional area of the column. In the foam

zone there are two components of liquid flow to be taken into
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account: downward drainage due to gravity and liquid ascent due to
the rising foam bed. The net upward liquid flux is determined
from a material balance around the top of the column (see Figure

2.2):

J1 = Y (2.15)

The bubble terminal rise velocity 1is also evaluated in
different ways for the two zones. Visual bubble tracking may be
used in the foam 2zone, but an empirical correlation must be
employed in the bubbly zone. One such correlation is that of

Clift et al. (1978):

H1

Ve = ———— M~ 0.149 (g - 0.857) (2.16)
p1 432
where { 0.94 H 0.757 2 <H< 59.3
J = {
[ 3.42 H 0.441 59.3 < H
)
H = 2 g umo0.120 |HLl0.14
3 Eo
Hw)
M = Morton no.
_ 9 m¥(p1-pg)
p12 o33
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Figure 2.2: Material Balance Around Top of Flotation Column
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Chapter 3: LITERATURE REVIEW

3.1 Introduction

The impetus to investigate the potential of foam separation,
or more accurately froth flotation, for microbial cell
concentration and purification came from three sources in the

1940's and 1950's:

1. The rerpuirement for '"clean" cell preparations
for research
2. The desire for improved water treatment
3. The search for a harvesting method for large-
scale algal production
Studies in physiology, immunology, and cytology were hampered
by the difficulty in producing purified cell suspensions free of
cellular debris. Preparation by centrifugation was an arduous
task with frequently low yieids, and researchers were devoting
considerable effort to developing improvements or alternate
methods. Concurrently in the field of feir.entation, there was
recognition that foaming in aerated fermentors resuited in
micropbiai cell loss. This soon led to the realization that an
undesirable process in one field could become a potential solution
in another.
Dognon (1941) first noted that Mycobacterium tuberculosis

cells could be separated from a culture of staphylococcal bacteria

by bubbling air through the culture and collecting the froth
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above, and prorosed using froth flotation for selective recovery
of tubercle bacilli in the diagnostic laboratory. Wwhen Boyles &
Lincoln (1958) hegan growing aerated cultures of Bacillus
anthracis, they observed material collecting in the foam above the
liquid - low culture spore counts resulted when large amounits of
the materiai collected in the foam or after uncontrolled foaming.
Microscopic examination cof the material revealed escsentially clean
spores, and Boyles & Lincoln proceeded to experiment with a foam
separation process. Independently, Black et al.(1958) also
concluded that froth flotation had potential as a selective
harvesting technique after observing the loss of Bacillus cereus
spores from aerated cultures after uncontrolled foaming. Both
groups were successful in developing laboratory flotation
processes to separate spores from vegetative cells in culture.
water treatment engineers were alsc keccming interested In
flotation as a method of cell removal. Flotation had the
potential to concentrate cells from dilute samples and so improve
the accuracy of cell count estimaticns fram which disinfectant
dosages were calculated. In addition, cell removal prior to
treatment could reduce disinfectant regquirements, providing
economic benefits and eliminating adverse effects of high
disinfectant dosages. Hansen & Gotaas (1943) and Gibbs (1950)
investigated flotation for the treatment of sewage and industrial
waste. Adopting the use of a collector from the mineral

processing tradition, Hansen & Gotaas achieved very high (greater
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than 99%) removals of bacteria in only 15 to 20 minutes of batch
operation. Hopper & McCowen (1952) and Moore & Bryant (195i%: :lso
made use of foaming aids in their flotation studies - Lopper &
McCowen were able to pur..y surface water of most solid particles,
including 99% of bacteria and all cysts of Endamoeba histol:tica.

At this time serio-s consideration was being given to large-
scale algae production as a potential food source. Cook (1950)
described a plant design for large-scale continuous culture of
Chlorella and proposed algal recovery by flotation. The lack of
an economical harvesting method for relatively dilute algal
suspensions was identified by Burlew (1953) as cne of the ma’jor
problems in mass cultivation of unicellular algae for food or
other purpcses. Gotaas & Golueky (1957) carried out extensive
investigations of algal flotation using commercial flotants and
reported that wnile flotation couid meet the product critericn of
5-8% solids content for economical drying, the flotant
requirements would make the process too costly for
ccmmercialization.

Work on microbial cell flotation continued through the
1960's, surveying species for flotability, improving equipment and
identifying operating parameters. The bulk of our ¥nowledge comes
from this period, as interest waned in the following decade and
only began to revive in the 1980's with a renewed focus on the

effect of cell surface characteristics on flotation.
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3.2 Flotation Equipment and Mode of Operation

Comparison of many experimental results from biological
flotations is hampered by a lack of documentation on experimental
conditions and considerable variation in the flotation equipment.
Everything from graZduated cylinders (Hopper & McCowen, 1952) tTo
Ruchner funnels (Rubin et al.,1%966) have been employed. Boyles &
Lincoln (1958) used glass chambers with variable foam space.
Gaudin et al.(1960a,1960b) developed a "subaeration cell"
(essentially a malted milk mixer with a sleeve for foam exit), and
a pneumatic column (an a ‘tated pulp chamber from which the
culture was driven by pressurized air). Often neither flotation
chamber dimensions nor flotaticn volumes were recorded. Gas (air
or nitrogen) flowrates were not strictly regulated in early work
and aquarium or fritted glass spargers were emplcyed without much
concern over the size of bubble generated.

Levin et al.(1962) employed a simple glass column with bottom
sparging and sidearm removal of foam at the top of the column, and
this apparatus served as the forerumer to a recognizable
flotation column; they also specified the rate of aeration and
sparger porosity. Grieves & Wang (1966) provided the dimensions
of their flotation column, introduced a sintered stainless steel
sparger, and carefully regulated the gas flowrate. Viehweg &
Schugerl (1983) were the first to record the relative heights of

foam and liquid. With these standardized practices and egquipment
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it became possible to compare results on a common basis and
identify the parameters affecting flotation performance.

Almost all work on cell flotation has been carried out in the
batch mode of operation, and the continous change in the 1liquid
and foam composition with time presented difficulties in assessing
the effects of various parameters. The liquid in the flotation
column was continuously changing not only in cell concentration
but also in the concentration of natural surfactants or additives,
pH, ionic strength, and 1liquid level. It 1is therefore not
surprising that the literature yields a wide range of experimental
conditions with conflicting results.

When Boyles & Lincoln (1958) followed the time course of
spore removal from a Bacillus anthracis culture over a 95 minute
flotation run, they cbserved a sigmoidal shape to the cumulative
spore removal curve with time and a peak in the foam concentrate
spore concentration. Other workers observed a somewhat different
pattern to the time-dependency of spore removal. Rubin et al.
(1966) found that batch flotations of Escherichia coli and two
algae, Chlorella ellipsoidea and Chlamydomonas reinhardtii, all
exhibited an inirial phase of rapid cell removal from the feed and
a quick leveling out to a plateau concentration. The same pattern
was obtained by Rubin (1968) with Enterobacter (formerly
Aerobacter) aerogenes. In each case the 1initial slope and the
level of the plateau varied with different operating parameters

such as gas flowrate cr pH. Taking a different approach, Grieves
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& Wang {(1%66) followed the time-dependency of E. coli cell
concentration in the residual feed - both declined exponentially.
Grieves & Wang recommended as long as possible a foaming time to
achieve the best results, but they may not have had the
opportunity to observe a tailing-off in performance since their
maximum flotation period was only 20 minutes.

Parthasarathy et al. (1988) went further and developed a
simple model for batch flotation to predict the time-dependency
of the ratio of cell concentration in the residual to initiasl
feed. The model was based on such assumptions as perfect mixing
in the liguid zone, equilibrium between liquid and interface cell
concentrations, and constant feoam drainage rate. The model
successfully predicted a slightly less than linear decline of the
cell concentration ratio during flotation of the yeast
Saccharomyces cerevisiae over a period of 8 minutes, but only
when experimental)y determined foam concentrate flowrates were
employed. The simplicity of the model can be seen in the lack of
any pa~-- .ter incorporating cell characteristics.

Cc. zidering the greater ease in studying parameter effects
under steady-state conditions, remarkably little data is available
on continuous biological flotations. The simple flotation column
of Levin et al.(1962) was designed to allow continuous as well as
batch operation by providing a tailings exit at the bottom of the
column; however, it is unclear to what extent the continuous mode

may have been employed to obtain experimental results. Viehweg &

30



Schugerl (1983) began their flotation studies on the yeast
Hansenula polymorpha wusing the batch mode, but switched to
continuous operation once they obtained a 2- to 3-fold improvement

in foam cell concentration.

3.3 Operating Parameters

The literature can be broadly divided into the effects of
operating parameters such as gas flowrate, bubble size, foam
height, feed characteristics, pH, and additives, and parameters
reflecting cell characteristics; this section will focus on

operating parameters.

3.3.1 Gas Flowrate

Little attention was paid to the accurate measurement of gas
flow in early work, 1let alone its effect on the flotation
performance of cells. Hopper & McCowen (1952) noted that
excessive air flow prevented water drainage from the foam and so
produced a large degree of water carryover into the foam. Boyles
& Lincoln (1958) ncrmally increased the air flowrate with time to
offset declining foam height during batch operation and recorded
average rather than instantaneous flowrates, but they collected
some limited data on the effect of gas flowrate. Foam spore

recovery of Bacillus anthracis at three air flowrates ("slow",
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"medium", and “fast") either did not vary or fluctuated without
any clear pattern, but the foam enrichment (i.e. the ratio of
spore concentration in the foam to that of the original feed)
declined by approximately 50% when the air flowrate was adjusted
from "slow" to "fast". Flotation of Bacillus subtilis var. niger
spores and Serratia marcescens cells also required "very slow" and
"relatively low" air flowrates, leading to the conclusion that
high air flowrates did not produce the best results.

Levin et al. (1952) accurately measured air flowrates to their
flotation column, and by providing columi dimensions made it
possible to transform their data into gas superficial velocities
for comparison with later work. It should be noted that even the
latest studies have not presented gas flow data in this format.
levin et al. examined the effects of air flow over the superficial
velocity range of 0.09-2.39 cm/s on an algal flotatioc.. of a
Chlorella species, and they achieved an 80% increase 1in foanm
enrichment (to 45-fold) with a 70% decrease in air superficial
velccity. At the low end of the velocity range the improvement
was even more dramatic - a further doubling of enrichment (to 90-
fold) in the drop from 0.74 to 0.09 cm/s.

Investigations by Bretz et al.(1966) and Grieves & Wang
(1966,1967a,1967b) on a variety of bacteria employed a higher gas
superficial velocity range (1.6-3.5 cm/s) with nitrogen rather
than air sparging. At first glance their findings appear to

contradict those of levin et al., since elevated gas flows reduced
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the cell concentration in the residual feed - they obtained
decreases of approximately 75-95%. However, increasing volumes of
collapsed foam product with lower cell concentrations indicated
that higher gas flows actually increased physical entrainment in
the foam; lower gas flows produced more concentrated foams.

The results of Rubin et al.(1966) are less easily explained.
This group pioneered the use of microflotation, a technique
inv .ving flotation aids (including an insoluble collector such as
a long-chain fatty acid or amine) to form an insoluble surface
phase and reduce foaming and therefore gas flow requirements.
Unfortunately, insufficient data were provided to calculate gas
superficial velocities, so it is difficult to compare their
results with those of other workers. Microflotation of E. coli
using nitrogen sparging revealed that the recovery of cells in the
foam increased with gas flowrate but only up to a point, after
which the recovery again declined. Rubin et al. attributed the
decline at higher gas flowrates to disruption of the insoluble
surface layer, causing E. coli cells to return o bulk solution.
Similar results were obtained with microflotation of the algae
Chlamydomonas reinhardtii. Yet the conclusion that irecovery was
proportional to gas flowrate in the lower end of the range appears
questionable, since this improvement could only be observed in the
first few minutes of flotation. bata on cell concentration in

foam or feed residue might have provided an explanation.
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viehweg & Schugerl (1982) explored the effect of gas flowrate
on flotation of the yeast Hansenula polymorpha using a continuous
system, and measured cell concentration rather than recovery in
both foam and tailings. Oover @& much lower superficial gas
velocity range (0.060-0.722 cm/s) the tailings cell concentration
declined nearly 50% with increasing gas rate before reaching a
plateau, while the foam cell concentration remained nearly
constant. Viehweg & Schugerl considered this an improvement in
flotation performance as separation (i.e. the ratio of cell
concentration in foam to tailings), increased linearly by 400%.
However, enrichment would have been a better measure of
performance - the ratio of cell concentration in foam to initial
feed actually fell with increasing gas flow, presumably due to
water carryover into the foam.

Parthasarathy et al.(1988) found further evidence for the
detrimental effect of increasing gas flowrate during flotation of
the yeast Saccharomyces cerevisiae. Time plots of the ratio of
residual feed to initial feed cell concentration at two gas rates
(0.267 and 0.683 cm/s) revealed a faster decline at the higher gas
flowrate. Once again, separation rather than enrichment was
presented as a function of gas flowrate, and even this ratio
declined with gas flowrate.

Overall, these experimental results reflect the guidelines
established in mineral column flotation, which recognize

limitations on the gas flowrate imwposed by the need to maintain a
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bubbly flow regime and the direct relationship between gas

superficial velocity and bubble size (see Equation 2.5).

3.3.2 Bubble Size

Bubble size has been rather neglected as a cell flotation
parameter. Some initial work did not provide sparger information;
later flotation studies specified the average pore size of the
sparger but with one exception did not verify actual bubble size,
and no workers investigated the effect of flotation aids on bubble
size.

Boyles & Lincoln (1958) provided the first evidence for
bubble size as a parameter in biological flotation by evaluating
disk and tube fritted glass spargers with average porosities of 5,
40, and 160 it in the flotation of Bacillus anthracis spores from
culture. Enrichment almost doubled from the 5 1t to the 160
sparger, leading Boyles & Lincoln to conclude that larger bubbles
improved flotation performance. Yet results from flotation of
Serratia marcescens appeared to contradict this conclusion - cell
removal into the foam proceeded more quickly using the 5 |t sparger
than the 40 p  sparger, although the final % recovery and
enrichment were similar for the two spargers. The explanation may
lie with the air flowrate. The Bacillus anthracis flotation: . are
carried out at higher air flowrates, and bubble size tends to

increase with gas flowrate (as seen in mineral column flotation).
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Moreover, at the higher air flowrates bubble coalescence may have
occurred before the bubbles were able to leave the surface of the
5 | sparger. Also complicating the matter was the practice of
ramping the air flowrate to offset declining foam height over
time.

Levin et al.(1962) examined the effect of bubble size at
constant aeration rate on the algal flotation of a CcChlorella
species. Experimental data were not provided, but an inverse
relation between foam enrichment and sparger porosity was
described. Levin et al. claimed that enrichment obtained with a
5 1 sparger increased 25% over that obtained with a 65 n sparger.

Scme contradictory data on bubble size effects is available
from a continuocus mode of operation. Viehweg & Schugerl (1983)
evaluated spargers having mean pore diameters of 10-500 p during
flotation of the yeast Hansenula polymorpha. The cell
concentration of both tailings and foam fell with decreasing pore
diameter. This result led Viehweg & Schugerl to conclude that
water carryover resulted in foam dilution and poor flotation
performance as bubble size decreased, in contradiction to the
findings of Levin et al. However, cell recoveries in foam and
tailings were not calculated, and these may have improved with
declining bubble size.

Parthasarathy et al.(1988) attempted to clarify the issue
with their simple batch flotation model by comparing flotation

performance of yeast with a single capillary for large bubbles and
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a sintered disk for small bubbles. The average bubble diameter
generated by the single capillary was calculated from a
correlation, whereas the average diameter of bubble produced by
the sintered disk was estimated photographically, and the two were
found to differ by an order of magnitude (i.e. 3.5 mm compared
with 0.4 mm). Parthasarathy et al. found that the rate of cell
removal from the feed was greater for the smaller bubbles and this
was attributed to the much larger interfacial area generated by
smaller bubbles at a given gas flowrate. Separation was almost wn
order of magnitude higher for the larger bubbkles, and
Parthasarathy et al. concluded that increased water carryover by
smaller bubbles contributed to foam dilution. However, once adgain
cell recoveries were not calculated.

At present, the cumulative data suggest that smaller bubbles
facilitate more rapid cell removal into the foam during batch
operation due to their 1large interfacial area, and although
information is lacking, this effect may lead to greater foam
recovery. Contradictory results have been obtained c.: whether
small bubbles enhance foam enrichment or produce a more dilute
product due to increased 1liquid holdup in the foam. In a
continuous mode of operation, the importance of establishing a
bubbly flow regime would also apply. As demonstrated in mineral
column flotation, this flow regime imposes restrictions upon

minimum bubble size.



3.3.3 Foaw n»ight

Several investigators have taken an interest in the effect of
foam height on the flotation separation of cells. 3oyles &
Lincoln (1958) varied the diameter of the foam chamber above the
liquid in order to examine the role of foam drainage. Doubling
the foam chamber diameter nearly doubled the concentration of
Bacillus anthracis spores in the foam concentrate without changing
the spore recovery, yet « 50% increase in foam height failed to
significantly improve the foam cell concentration. Flotations of
Serratia marcescens produced the opposite effect - greater foam
heights yielded more concentrated foam product while smaller
diameter foam chambers outperformed the larger.

Levin et al.(1962) obtained a profile of cell concentration
in a standing foam height of 120 cm after discontinuing flotation
of an algal Chlorella species. Cell concentration increased
rapidly with height in the first 15 cm and then remained very
constant until another sharp rise in the last 5 cm. The maximum
cell concentration achieved was 67% higher than the constant
value. Considering the height of the foam layer, foam drainage
had a remarkably small effect.

Bretz et al.(1966) attempted to optimize foam height in the
floation of E. coli, but relied on foam concentrate and feed
measurements rather than the cell concentration profile in the

foam. They observed that residual cell concentration increased
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and collapsed foam volumes decreased with foam height, and the
smaller volumes correlated with higher foam cell concentrations.
Br-tz et al. concluded that extending the foam height might reduce
foam recovery but would produce a more concentrated foam product.
The continuous flotation study on the yeast Hansenula
polymorpha carried out by Viehweg & S8chugerl (1983} found an
almost linear increase in foam cell concentration with increasing
foam cross-sectional area, and the improvement was tentatively
attributed to a diminishing wall effect (there was no discussion
of drainage effects). Viehweg & Schugerl were unique in looking
at the influence of 1liquid height upon flotation performance.
Cell concentrations in both the foam and tailings rose with foam
height up to 15 cm, beyond which no effect was found. When Bretz
et al. (1966, observed a similar response to foam height (although
without the cut-off), they accounted for the improved foam cell
concentration by enhanced drainage; however, neither group
attempted to explain the apparent increase in cell concentration
of the tailings or residual feed. Lengthening the ligquid zone
produced a considerable impact on the tailings - the drop in
tailings concentration was again most pronounced with a licquid
height up to 15 cm, above which the concentration continued to
decline but at a reduced rate. This effect would appear to be due
to a longer hubble residence time providing more opportunity for

cell collection and removal.
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It is unfortunate that only one flotaticn study considered
both foam and liguid heights; of course, this opportunity was only
made available by the use of a continuous system. The wide range
of initial liquid to foam ratios employed by different workers may

have affected their results.

3.3.4 Nature of the Feed

It is important to consider the type of feed employed in
biological flotations if the results are to be compared.
Approximntely egqual numbers of studies were performed using whole
cultures and washed cells resuspended 1in water. While the
ultimate objective is to carry ocut rlotations with fermentation
broths (i.e. whole cultures obtained directly from the fermentor),
the poorly characterized nature of culture broths could hamper the
identification and investigation of parameters of bioclogical
flotatiosi:.

Interference mey come from media components, cellular debris,
and secreted or waste products of the cells. Components from
poorly defined media (such as heart infusion broth, yeast extract,
trypticase, malt extract, peptone, and casein hydrolysate) may
contribute to foaming, as may naturally-produced surfactants.
Cellular debris (particularly fragments of cell wall) may act as
surfactants whose activity depends upon the degree of 1lysis

within the culture; this may be a factor in the flotation of
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sporulating cultures undergoing autolysis. The history of the
culture, including cultivation conditions and age, may affect the
range of secreted and waste products of the cells. Additives may
interact with culture components in unforeseen ways.

For these reasons, the use of washed cells of known history
resuspended in water may simplify the identification and
investigation of flotatien parameters by providing a standard
basis for comparison. The variability of feeds in the literature

suggests a need for caution in comparing results.

3.3.5 Feed Concentration and Rate

Almost all cell flotation studies have been carried out in
batch mode where cell concentration in the residual feed changes
continuously with time as cells are removed into the foam.
However, this does not trivialize the role of initial feed
concentration as a parameter in batch cell flotation, and in the
case of continuous operation where steady-state conditions are
maintained, the role of feed concentration as a flotation
parameter 1is more easily appreciated.

Feed concentrations in the literature have varieg by three to
four orders of magnitude and have normally been reported as cell
counts (10°-10° cells/mL), although bicmass concentrations
(2-12 g/L) have been employed in a few yeast studies. These

concentrations have been determined from turbidity measurements
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{(using standard curves), viable counts (plating out samples on
growth media to obtain visible colonies frcm single cells), and
direct counts (on membrane filters); the algal study by Levin et
al. (1982) reported concentrations in terms of the packed cell
volume obtained after centr.fugation. The different methods
provide different measures  of cell mass, and “the wide
concentration range in the literature also reflects the differing
culture densities to which microorganisms can be grown depending
on the species, growth media and conditions, and culture time.
The washed cell preparations used by many workers have the
advantage of being adjustable to a standard concentration.

The first indication of the role of cell concentration came
from studies conducted by Boyles & Lincoln (19858), who noted that
flotation performance of sporulating Bacillus anthracis cultures
correlated with the degree of autolysis. Spore enrichment in the
foam doubled when autolysis (and hence spore release) exceeded
75%. Yet it does not necessarily follow that the increase was due
to a greater spore concentration in the culture, since it is known
that cell wall components possess some surfactant-like properties.

Levin et al.(1962) specifically addressed the guestion of
feed concentration during flotation of the algae Chlorella.
Cultures diluted with fresh media provided more enriched foans,
and Levin et al. pointed cut the suitability of flotation for low-
density cultures. Grieves & Wang (1966) examined residual feed

concentration as a function of initial concentration in the
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flotation of washed E. coli celils. While the residual
concentration could be reduced by using less concentrated feed, a
consistent pattern was not observed. Using the yeast Hansenula
polymorpha, Desmaison & Schugerl (1980) demonstrated  that
flotation performance clearly changed over an initial feed
concentration range of 2-24 g/L. Above 10 g/L there was 1little
change in flotation performance and enrichment was marginal; below
10 g/L enrichment increased dramatically, and reached a maximum at
2 g/L.

Viehweg & Schugerl (1983) continued work with Hansenula
polymorpha in the continuous mode of operation, and obtained
further evidence for the inverse relationship between feed
concentration and flotation performance. Tailings cell
concentration fell sharply and foam cell concentration rose
(although less dramatically) as the feed cell concentratior was
reduced below 10 g/L. The separation ratio alsc declined. 1t is
unfortunate that the data were not presented as enr - . .it, since
the effect of feed concentration would have .o .=ven more
impressivsa.

This last study alsc provided the only information available
on the effect of feed rate on continuous cell flotation. Viehweqg
& Shugerl varied the feed within a superficial velocity range of
0.016-0.108 cm/s and found that higher feed rates reduced the foam

cell concentraticn and raised the cell concentration of the

tailings. They attributed the drop in performance with feed rate
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to greater water carryover into the foam and shorter residence

times of the liquid in the coclumn.

One parameter which has received widespread attention in
biclogical flotations 1is pH. Even the earliest studies
investigated the effect of pH on flotation performance, and
variable responses have been observed depending wupon the
microorganisms employed.

Hanser & Gotaas (1943) achieved very high removals (greater
than 99%) of bacteria from sewage using a caticnic surfactant in a
pH range of 6-8. Removals did not change significantly at acidic
pH, but sharply declined above pH 9. This poor performance at
alkaline pH was attributed to the loss of frothing and collecting
properties of the surfactan~t.

A very different response was obtained with spore flotation.
Boyles & Lincoln (1958) found rno significant effect on spore
collection of Bacillus anthracis over the pH range 6-8, but spore
removal from cultures of Bacillus subtilis var. niger actually
improved in the very alkaline range (i.e. pH 11.5). Gaudin et al.
(1960b) carried out a more detailed study of pH using washed
suspensions of sporulating Bacillus subtilis var. niger. As with
Bacillus anthracis, there was no significant change in the foam

spore concentration in the acidic range, although extreme
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alkalinity may have provided some assistance. However, pH had a
greater impact on recovery - spore recovery in the foam improved
as pH moved away from neutral to either acidic or alkaline values,
although the greatest improvement was obtained at pH 2. Gaudin et
al. could offer no explanation for these confusing findings. Yet
while pH manipulation could ensure virtually complete spore
recovery, it could not raise the quality of the foam product. The
difference in foam recoveries between cellular debris and spores
varied by less than 20% thrcughout most of the pH range 2-12, and
actually shrank at low pH.

Much stronger evidence for a pH role in flotation came from
algal studies. Gotaas & Golueke (1957) observed optimum
performance at low pH (under 4). Levin et al.(1962) found a
dramatic pH effect on foam production of cultures of a high-
temperature Chlorella species. Relatively 1little frothing
occurred during pH reduction from a culture value of 7.5-8 until
PH 4.5, at which point a rigid and much more stable foam appeared.
Beyond pH 4 the foam could be broken only after prolonged standing
or with the addition of an antifoam. The effect on foam cell
concentration was ever iore pronounced - from an initial pH of 5,
cell concentration increased 1linearly with declining pH until
halted by cell decomposition at pH 2.

The same type cf pH dependence was not observed in bacterial
flotation systems. While more interested in the effects of salts

on flotation than pH, Gaudin et al. (1962a,1962b) noted that pH did
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not appear to be a prominent factcr in the flotation of E. coli,
at least in the range of pH 4.5-6. The presence of flotation aids
may have obscured pH effects. For example, the microflotation
technique pioneered by Rubin et al.(1966) employed flocculents,
frothers, and an insoluble cnllector phase. Flotation experiments
with washed E. c¢2li cells revcaled pH interaction with the
flocculent alum (i.e. aluminum sulfate Al2(S04)3). At 100 mg/L
alum, cell removal from the feed passed through an optimum in the
pH range 5-8; reduction of the alum concentration narrowed the
optimum pH range. Flotation could not be achieved at low pH where
alum exists as the free aAl*3 ion, whereas high removals could be
obtained at a higher pH where aluminum hydroxide formed and was
able to promote flocculation. Consequently, the effective
flotation range for E. coli corresponded to the effective pH range
of the flocculent.

Continuing the investigation of pH / flotation aid

interactions, Rubin (1968) carried out flotation of Enterobacter

aerogenes in four experimental systems: anionic collector with
and without flocculent (i.e. alum), and cationic collector with
and without flocculent. In the absence of flocculent, reduction

of pH below 9 brought about an erratic increase in cell removal
with anionic collector and a more defined, sharper and sustained
increase with cationic collectcr. These results could be
explained on the basis of collector adsorption to microbial cells,

which generally carry a net negative charge. At low pH the
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cationic collector would possess a positive charge while the
anionic collector would be neutral; at higher pH values the
cationic collector would be neutral while the anionic collector
would become increasingly negative and adsorb poorly to cells.
Unlike E. coli flotatjons, flocculent addition to E. aerogenes
flotations did not introduce an optimum into the pH curve;
apparently collector adsorption was not confined to flocculated
cells and ccould therefore overcome the effects of a restricted
flocculent pH range.

A pH optimum reappcared in the yeast flotation conducted by
Viehweg & Schugerl (1983). In their continuous system, the
concentration of Hansenu.: polymorpha in the foam product rose
approximately 50% from pH 3 to pH 5 before declining once more.

It is difficult to ~eneralize the effect of pH on the basis
of these varied systems and microorganisms. Spore flotation may
be enhanced under alkaline conditions; considerable evidence
suggests that algal flotation should be carried out under strongly
acidic conditions. In bacterial flotations there may be an
optimum pH range on the slightly acidic side, or no optimum may
exist. The influence of pH on flotation aids such as jonic
surfactants and especially flocculents (which operate over a
restricted pH range) requires careful consideration for each
system. What is clear is that different microorganisms have
different flotation behaviors along the pH scale, suggesting that

pPH plays a role in adjusting the ionic state of the cell surface.
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Unfortunately, no consideration has been given to the effect of pH

on the nther surface of interest, namely that of the bubble.

3.3.7 Additives

While investigators such as Boyles & Lincoln (1958) and Levin
et al,.(1962) exploited the natural ability of certain
microorganisms to undergo flotation, most workers pursued
"assisted" flotations as a means of enhancing performance, and
separation without additives was seldom practiced. Chemicals have
been employed to promote foaming or cell attachment to bubbles;

some additives have been selected to perform both roles.

Frothers, Flocculents, and Surfactants

The practice of emploving surface-active agents was adopted
early in the development of cell flotation and became almost a
standard feature regardless of the microorganism to be floated.
Gotaas & Golueke (1957) used commercial flotants as a matter of
course in their quest for an economical harvesting method for
large~-scale algae production, but concluded that the requirements
for algal flotation would be too costly.

The first survey of surfactants for biological flotations was
conducted by Gaudin et al. (1960b), who examined some secondary

amine and fatty acid compounds for their ability to serve as
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bacterial collectors. Preliminary results suggested that cationic
surfactants improved foam selectivity for B. subtilis spores
without toxic effects on spore viability, whereas anionic
surfactants were selective for vegetative cells and debris.
Gaudin et al. recommended further experimentation with surfactant
concentration, hydrocarbon length, and pH to optimize surfactant
use for a particular microorganism.

Rubin et al. (1966) introduced a spectrum of flotation aids to
the microflotation technique. The method employed an insoluble
surfactant such as a leong-chain fatty acid or amine to produce a
stable surface phase; frothers were used to shrink bubble size and
enhance the <collector properties o¢f the surfactant while
flocculents were added for cell agglomeration and to provide sites
for ccllector adsorption. Flocculent requirements depended on
cell concentration 1in the feed, whereas frother requirements
varied inversely with the surfactant concentration. While two
algal species (Chlorella ellipsoidea and Chlamydomonas
reinhardtii) were successfully floated with a cationic surfactant,
the inability to float E. coli 1led to speculation that charge was
not the only consideration in surfactant adsorption to cells.
E. colli flotation by an anionic surfactant was successful only in
the presence of a flocculent, alum. Since aluminum flocs are
positively charged, it was postulated that the alum, adsorbed to
and bridging flocculated cells, provided positive sites onto which

the anionic surfactant adsorbed.
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In a later study with Enterobacter a~rogenes, Rubin (1968)
found that, unlike E. coli, collection by an anionic surfactant
was possible in the absence of alum, although removals were
generally higher in the presence of the flocculent. However, a
cationic surfactant was a more efficient collector.

Grieves & Wang (1966) were able to achieve flotation of
E. coli with a cationic surfactant by using EHDA-Br (ethyl-
hexadecyldimethylammonium bromide) in initial concentrations of
15-40 mg/L. Both cell and surfactant concentration were measured
in the residual feed rather than in the foam concentrate, the
surfactant by a two-phase titration technique. Interestingly,
Grieves & Wang consistently found that the ratio of the
concentration of cells to surfactant in the foam was greater than
that in the initial feed, jij.e. cells were concentrated more
efficiently in the foam than the surfactant, but offered no
explanation for such pehaviour. 1In a continuation of this work by
Bretz et al.(1966), substantial improvement in foam cell
concentration was obtained by multiple additions of the surfactant
over the flotation period.

Further studies with EHDA-Br conducted by Grieves & Wang
(1967a) assessed the flotation performance of & variety of
bacteria: Serratia marcescens, Proteus vulgaris, Pseudomomas
fluorescens, Bacillus cereus, and Bacillus subtilis var. niger.
All species except B. subtilis out-performed E. coli, and the foam

enrichments of S. marcescens and P. vulgaris were two orders of
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magnitude greater. Grieves & Wang attributed the different
performances to differing abilities to adsorb the cationic
surfactant, which 1in turn reflected diffei nces in the cell

surfaces of the species.

Inorganic salts

Inorganic salts were the first additives to be tested in the
quest to achieve flotation of previously non-flotable
microorganisms. While Dognon (1941) found that salts aided
flotation of several microorganis s, Boyles & Lincoln (1958) could
not improve the collection of Bacillus anthracis spores from
culture with the addition of 5% NacCl. In somewhat gqualitative
studies with E. coli, Gaudin et al.(1962a) observed that the
improvement in flotation performance with NaCl addition varied
with the strain but was not due to salt-induced flocculation with
the exception of one strain. Whereas natural flotation recovered
only 15-20% of the cells in the feed, the addition of 3% NacCl
recovered improved cell recovery to 98%.

Gaudin et al.(1962b) discovered a wide range of salt
efficacy. Noting that the negative surface charge of a microbe
could be reduced or even reversed in the presence of cations, they
suggested that cation interaction with ionic groups on the cell
surface cculd be a prerequisite to flotation of E. coli. While

salts with multivalent cations were generally better flotation



promoters than those with univalent cations, Gaudin et al.
concluded that the valence and atomic weight of a cation
corresponded only roughly to flotation performance. For example,
the effectiveness of salt-induced removal of E. coli from the feed
followed the series Mg2t > Nat - ca?t > Lit and K'; i.e.
divalent ca?t was not more effective than Nat despite its greater
valence, while Li* did not outperform Nat despite its greater
charge to mass ratioc. The choice of anion was also important -
the bromide and iodide salts of Na performed poorly compared with
the chloride salt, while phosphates were effective but markedly
decreased cell viability.

Bretz et al. (1966) also studied the relative effect of Na,
Mg, and Ca salts on E. coli flotation using the chloride =and
sulfate series, but concluded on the basis of increased residual
feed c21' oncentrations that salt addition had an adverse effect
on flotation. However, the f-=m data supports a very different
picture - the cell concentra:.on of the collapsed foam actually
increased after salt addition, iemonstrating that the salts
improved foam enrichment. The foam data also suggested a
different sequence of cation effectiveness: Nat > Mg?t > caZt.
Although based on inconsistencies in the residual feed data, Bretz
et al. echoed the conclusion of Gaudin et al.(1962b) that simple
valency could not completely account for the observed salt
effects, and proposed that site~-specific binding of certain ions

might play a role in biological flctation. Despite the use of a
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cationic surfactant in all flotations, there was no discussion of
possible salt interactions.

Expanding the investigation of salt effects to other
microorganisms, Grieves & Wang (1967a) performed flotations of
Pseudomonas fluorescens and 3Bacillus subtilis var. niger in the
presence of 0.005 N Na, K, Mg, and Ca salts using the chloride
and sulfate series. Unfortunately, Grieves & Wang appeared to be
more interested 1in salt effects on the distribution of the
cationic surfactant employed in the flotations. As judged by
elevated residual feed cell concentration, salt addition was
detrimental to flotation of both B. subtilis and P. fluorescens;
Mg produced a disproportional effect compared with Ca, Na, and K.
Yet salt addition was not neccessarily detrimental when the more
relevant foam cell concentrations were considered - foams of
B. subtilis were more concentrated after salt addition while
P. flucrescens foams were more dilute.

Viehweg & Schugerl (1983) included salt effects in their list
of flotation parameters under investigation, but furnished few
results. Although the surfactunt-free flotatic- of the yeast
Hansenula polymorpha was weil suited te study salt effiascts, data
for only one salt were presoented. Nall0g4 (described acg
representative of "structure-breaking™ salts) reduced the
foaminess cf the flotation over the concentration range of 0-0.5 M

and elevate: the foam cell concentration by approximately 20%.



Unidentified "structure-making" salts apparently produced the
cpposite effect.

No consistent trend emerges from the limited and confusing
information on salt effects in the cell flotation 1literature.
There is some evidence to suggest that cation valency may not be
the only consideration, but more data is required on both the
individual cation efficacy and the influence of salt

soncentration.
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3.4 Cell Characteristics

The flotation performances of a number of microorganisms,
including bacteria and some algae and yeasts, have been evaluatecd
(see Table 3.1). While individual responses have varied, so too
have the operating conditions under which the data were collected.
In particular, additives such as surfactants have been used
without necessarily comparing the results to natural flotations.
Yet it is still possiblie to state from the literature data that
certain species are suitable for flotation while others are not.
For example, Dognon (1541) easlily recovered Mycobacterium
tuberculosis in a natural flotation, whereas a number of
investigators have failed to recover E. coli without recourse to

salts or surfactants.

Not only does species-to-species variation exist, but there

is evidence for strain and cclony differences. Gaudin et
al.(1962a) found that F. onli resporse +o sal* additinn dependcl
upon the strain - flotation of one strain could be improved by

1-2% NaCl, whereas a second strazin could not be properly floated
with even 4-6% NaCl and a third strain flocculated after salt
additicn. Boyles & Lincoln (1958) observed distinct differences
in the behaviour of colony variants of Bacillus an-aracis.
Compared with a rough variant, a mucoid variant produced a much
wetter foam with noticeable amounts of cell debris, and both spore
recovery and concentration in the fcam were reduced. Colonial

differences were also obtained with Brucella suis, although in



Table 3.1:

Fscherichia coli

Serratia marcescens

Enterobacter aerogenes
Pseudomonas fluorescens
Francisella tularensis
Brucella suis

Bacillus anthracis
Bacillus cereus

Bacillus subtilis
var. niger

Hycobacterium
tuberculosis

Hansenula polymorpha

Saccharomyces
carlsbergensis

Chlorella sp.
Chlorella ellipsoidea
Clamydomonas reinhardtii
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Microorganisms Employed in Cell Flotation

Bacteria

Gaudin et al.(1962a,1962b)
Grieves & Wang (1966)

Bretz et ali. (1966)

Rubin et al. (1966)

Grieves & Wang (19&7a)
Boyles & Lincoln (1958)
Grieves & Wang (1967a)

Rubin (1968)

Grieves & Wang (1967a,1967Db)
Boyles & Lincoln (1858)
Boyles & Lincoln (1958)
Boyles & Lincoln (1958)
Black et al. (1958)

Grieves & Wang (1967a)
Boyles & Lincoln (1958)
Gaudin et al. (1960a,1960b)
Grieves & Wang (1967a,1967k)
Dognon (1941)

Yeast

Desmaison & Schugerl (1980)
Viehweg & Schugerl (1983)
Parthasarathy et al. (1988)

Algae

Levin et al. (1962)
Rubin et al. (1966)
Rubin et al. (1966)



this case the rough variant performed better than the smooth.
Even cell type may affect flotation behaviour, Gaudin et
al. (1960a,1960b) observed different rates of recovery for dormant

spores, germinated spores, and vegetative cells of Bpaciilus

[

suttilis var. niger, and were able to exploit the differences by
selecting appropriate collectors. The distinct flotation
behaviour may have reflected differences in the outer surfaces of
cells not only from strain to strain but between cell types of the
same microorganism.

This section will elaborate on parameters from the literature
which reflect cellular variation: cell size, cell age, cultivation

conditions, and the nature of the microbial cell surface.

3.4.1 Cell Size

Cell size and shape vary widely between microbial species. A
bacterial cell may be spherical, rod-shaped or even spiral, and
have a typical dimension of 0.5-3 ; for example, £. coli is rod-
shaped with approximate dimensions of 2 1t in length and 1 it in
diameter. Yeast cells are spheroid and range 5-30 11 in length and
1-5 i in diameter, while unicellular green algae may be larger
still. Some microorganisms demonstrate a tendency to flocculate
under certain conditions, with a resulting increase in particle

size.
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No researcher has specifically examined whether the size of a
microorganism plays a role in its flotation performance. The use
of flocculents in the microflotation technique raised this
cocnjecture when Rubin et al.(1966) chserved dJdiffering rates cf
removal of the algae Chlorella ellipsoidea for two different
degrees of flocculation with alum, although these results were
explained on the basis of a cell-linking alum network providing
positive sites for surfactant adsorption. In a later study, Rubin
{1968) stated without supporting data that the rate of removal was
a function of particle size, and suggested that the wvariable
removal of Enterobacter aerogenes with pH could reflect a pH-
dependent state of aggregation. Unfortunately, noc follow-up
studies were done, and later investigators did not pursue cell

size as a possible parameter of flotation.

3.4.2 Cell Age

Cell size, composition, metabolism and products change during
the various phases of culture growth, yet cell age is another
potential parameter which has received ailmost no attention in the
flotation literature. Gaudin et al.(i%60b) included culture
harvest age as a variable in the flotation of Bacillus subtilis
var. niger, and observations on 1~5 day cultures revealed that
flotation performance varied with culture age. Spore

concentraticn in the foam reached a maximum at 3 days. 3ince the
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spore concentration in the feed also increased with time, the
declining flotation performance after 3 days <could not be
attributed to fewer spores in the feed. Gaudin et al. suggested
the change in flotation performance may have been due to altered
proportions of vegetative cells and cellular debris, or the
changing nature of the cellular debris itself.

Viehweg & Schugerl (1983) made reference to previous work by
Schugerl in which declining foam recovery of Hansenula polymorpha
correlated with increasing age of the yeast cells, but no further

investigations were carried out.

3.4.3 Cultivation Conditions

Since single-celled organisms have few means of contrvolling
their environment, many microorganisms (especially Im=cteria)
exhibit great flexibility in substrate utilization and
considerable adaptability in the external barrier erected betweer
the cell and its environment. Depending on conditions (most
notably nutrient availability), microorganisms may have the
ability to produce an external capsule or slime layer and even
adjust to some extent the composition of their outer cell
envelope. The array of products excreted by a microorganism may
also change with the environment, and these products may possess
surface activity. Consequently, microbial cultivation conditions

may affect microbial flotation performance.



Recently, Viehweg & Schugerl (1983) began to expleore the
possible effectz of cultivation conditions on continuocus flotation
of the yeast Hansenula polymorpha. In addition to standard growth
on glucose, cultivation conditions included alternate C socurces
such as methanol or ethanol and nutrient limitaticen (P, N or O3).
Yeast grown on methanol produced higher ce:ll c¢oncentrations in
bocth foam and tailings, and unfortunately cell recoveries were not
provided to <clarify the situation. N-liritation adversely
affected flotation performance by elevating che tailings cell
concentration, and the effect appeared to be more strongly
dependent on feed cell concentration than in any other case.

In a continuation of this work by Bahr et al.(1991),

Hansenula polymorpha culture was fed directly from the fermentor

to a continuous flotation column. Flotation performance was
affected by a wider range of nrutrient 1limitation - foam cell
recovery declined in the sequence P-, N-, C-limitation.

Performance was influenced by the degree of culture foaminess,
which in turn depended upon extracellular proteins excreted by the
vyeast during cultivation. Analysis by polyacrylamide gel
electropheresis (PAGE) and gel chromatography determined that the
pattern of protein production and distribution in foam and
tailings (but not protein concentration) were influenced by the
type of growth limitation. Under P-, N-, and C-limitation the
molecular weight distributions of the proteins were similar, but

the P-limitation proteins possessed a significantly different
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electrophoretic behaviour, i.e. charge differences were apparently
present. Bahr et al. proposed that the proteins played a dual
role as foamer and cell collector. With the exception of a
single, strongly acidic protein, all of +the extracellular
polypeptides were glycoproteins, indicating that they were
originally membrane-associated or located in the perisplasmic
space of the cells. The latter may very well be the source of
these proteins, since the extracellular proteins of Hansenula
polymorpha were not originally associated with the cytoplasmic
membrane.

These results may be repeated in other microorganisms, or
at least in other vyeast. Eschenbruch & Rassell (1975) found that
foaming varied with the strain of Saccharomyces cerevisiae used in
winemaking and foaming correlated with the flotability of the
vyeast strain. Clapperton (1971) reported that foaming could
result from the peptides, amino acids and polysaccharides excreted
by Saccharomyces carlsbergensis during fermentation of wort to
produce alcchol. Molan et al.(1982) determined that less than 20%
of the foaminess of one S. cerevisiae strain was due to the cells

themselves; the majority of the foaming was produced by three

extracellular proteins.
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3.4.4 Cell Surface

Even the earliest investigations into cell flotation
recognized that the nature of the cell surface played a major role
in whether or not a microorganism could be floated. Boyles &
Lincoln (1958) concluded that cells with a relatively hydrophobic
surface were carried by foam, and Gaudin et al. (1962a) suggested
that salt-induced changes in the bacterial surface configuration
exposed more hydrophobic groups. Gaudin et al. (1960b) attributed
the differences in flotability Dbetween Bacillus subtilis
vegetative cells and spores in the presence of ionic surfactants
to polar groups exposed at the cell surface, i.e. both cationic
and anionic sites were available, but the relative abundance of
sites differed with cell type (as demonstrated by ionic collector
preference). Grieves & Wang (1967a) considered bacteria to behave
as hydrophilic colloids whose surface properties were affected by
hydrated water molecules, and proposed that ionic surfactants
could adsorb to the cell at oppositely-charged surface groups or
even reaact chemically with surface molecules.

Cell parameters such as age and cultivation conditions may
exert part of their influence through the changing nature of the
cell surface. For example, Miyazu & Yano (1974) found that the
surface hydrophobicity of hydrocarbon-grown Mycotorula japonica
yeast cells was approximately 7-fold greater than that of glucose-

grown cells, although the numbers of polar groups differed less
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dramatically. Operating parameters such as pH and the use of
additives also affect the cell surface. Indeed, Gaudin et
al. (1962b) deduced from the flotation performance of E. coli with
varicus inorganic salts that cation interaction with polar aroups
on the cell surface might be a prerecquisite for flotation.

Clearly a closer look at the microbial cell surface is in
order. However, it is very difficult to define the cell surface
since the cell wall is freely permeable to water ions and small
molecules. The outermost 1limit at which properties differ from
the surrounding environment is the ionic atmosphere held in the
neighborhood of the cell by cell surface ionic groups. Within
this region are also found nutrients and metabolites diffusing
towards the cell and solukle products diffusing away. Further in,
bacteria (and some yeasts) may possess a capsule or hydrated slime
layer whose thickness varies with growth conditions; most
capsules consist of relatively simple polysaccharides containing
repeating sequences of two or three sugars and often uronic acids.
Next to be encountered is the cell wall, a complex structure of
polysaccharides, peptidoglycan, proteins, and lipids whose
composition and organization varies greatly between bacteria,
yeasts and unicellular algae, and that variation extends to the
species and even the strains within each group. The final osmotic
barrier is the cytoplasmic membrane, an asymmetrical bilayer cof
phospholipds, proteins and polysaccharides. Continuous with the

membrane are opticnal appendages such as flagelli (for motility)



and pili (for adherence or genetic exchange). Yeasts and some
bacteria possess an additional outer membrane in close association
with the inner cell wall, and the two membranes enclose the
periplasmic space 1in which potentially damaging products and
enzymes are stored.

The study of hydrolysed cell envelope fractions can provide
information on the basal components of the cell wall and membrane
for a variety of cell types. Degraded cellular material, however,
can provide little information on the nature and quantities of the
native molecular species at the cell surface which may be involved
in flotation. OCuichi et al.(1973) found marked differences
between sake yeast and non-foaming mutants in various physico-
chemical properties, including agglutination (by Lactobacillus
cells) and flotability. However, there was no correspondingly
significant difference 1in the yeast cell wall composition
(although no 1lipid determinations were performed), and Ouchi et
al. concluded that the physico-chemical changes were likely due to
structural changes on the outermost layer of the cell wall.

Electrokinetic techniques based on electrical phenomena at
interfaces can provide information on cell surface charge. Tae
region under study (which depends upon the ionic strength of the
suspension media) extends 100-200 nm into the liquid phase and is
considered to begin at the outer portion of the cell membrane
where the space not occupied by macromolecular structures is

accessible to ions and small molecules. The presence of ionogenic
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groups can be established by electrophoretic studies of cell
migration in suspensions of known pH and ionic strength under an
applied electric field; similarly, the presence of neutral surface
lipid can be established by studies on suspensions containing
surfactants. Even though large differences in cell size and
charge-determining groups exist, he electrophoretic mobilities of
different cells all fall within the same order of magnitude.
Consequently, while cell mobility is reproducible under controlled
growth conditions, a particular strain cannot be uniquely
identified by a single mobility value at a given pH and ionic
strength. Since the charge carried by cells in suspension (and
hence their mobility) depends upon not only the nature and number
of ionogenic cell surface groups but also on the nature of the
suspension, it is possible to use the pattern c€ cell mobility
with pH or ionic strength to characterize cell surface groups.

The variation of cell mobility with ionic strength has been
used to identify the carboxyl surface nature of spores of
B. megaterium, B. cereus and B. subtilis (Decuglas, 1957) and
several yeasts, the partially phosphatide surface of Mycobacterium
phlei (Adams & Rideal, 1959) and the acidic polysaccaride surface
of E. coli (Davies et al.,1956). The method also illustrates the
three-dimensional nature of the surface since charged groups 1lying
deeper in the cel’ envelope are exposed to contribute to the total
cell charge as the ionic strength is reduced. The change of

mobility with pH at constant ionic strength has been used tc
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identify the anionic surface nature of K. aerogenes (Gittens &
James, 1963), E. coli (bavis et al.,195€), slow-growing strains of
Rhizobium (Marshall, 1967) and many mycobacterial strains typical
of carboxyl, sulfate and phosphate groups (where ion adsorption
appears to be negligible), while a mixed amino-carboxyl surface is
characteristic of B. cereus, B. megaterium and B. subtilis
(Douglas & Shaw, 1958), Micrococcus lysodeikticus (Few et
al.,1960), and Streptomyces pyogenes (James et al.,1965). Surface
lipid other than phospholipids can be detected by surfactant
addition - 1lipophilic surfaces show a significant increase in
negative mobility in the presence of an anionic surfactant, while
charge reduction and even charge reversal may occur in the
presence of a cationic surfactant.

The surface charge of some species may also vary with cell
age and the nature and composition of the growth media. For
example, E. coli has been shown to possess its minimum negative
charge during physiological youth, even though no corresponding
changes in biochemical properties have been recorded (Moyer,
1936) . K. aerogenes exhibits a slightly greater negative charge
during exponential growth, which has been attributed to changes in
the amount of capsular polysaccharide produced (Plummer & James,
1961). Variation in the mobility of B. subtilis during spore
germination was presumed by Tochikubo et al.(1975) to be due to
differences in the outermost surface layer of the spore coat. The

increasingly negative charge gained by Streptococcus pyogenes

66



during growth in ligquid wadia was trac:3d +o the accumulation of
surface hyaluronic acid in active growch and its removal in the
stationary phase, while the increasing negative cell mopility
during growth in the presence of glycerol was shown to correspond
with an increase in surface phesphatide lipid in active growth
(Hill et al.,1963a,1963b). A change in the nature of the cell

surface, however, may not always be reflected in a mobility

change.
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Chapter 4: MATERIALS AND METHODS

4.1 Materials

4.1.1 Yeast

Bakers' yeast (Saccharomvces c¢erevisiae) was purchased in
bulk as finely powdered active dry vyeast from a local health food
store. In order to minimize leaching of sclids from the yeast,
rehydration was carried out in small amounts of 40°C tap water
(approximately 1 L per 40 g) for 5 minutes, as recomrended by Reed

{198Z). The yeast slur was then available for feed preparation.
Y ry

4.1.2 surfactant

Chosen as analogues for natural microbial biosurfactants, two
aikylpoclygliycoside surfactants were cbtained from Henkel
Corporation (Amkler PA, USA): APGC 600CS and APG 625CS. These
non-ionic surfactants are formed by the condensation of a
carbchydrate and a fatty alcohol, and have the formula and
structure depicted in Figure 4.1; reported surface activities are
presented in Table 4.1.

Stock adueous solutions (1.0 wt2) were prepared by initial
mixine of surfactant with a small amount <of isopropanci (BDH

analytical reagent grade) to aid in dispersal before addition of

€8



Figqure 4.1:

General formula
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Typical Structure of an Alkylpolyglycc - ‘e

Cann-IO(C,;HI AO=

n=12-14 APG 600CS
n=12-154-16 APG 625C5

I < X <« ¢

Surface Activity of Alkylpolyglycosides

Cecncentration Surface tensicn at 77°C
(ppm; (H/my
10C Q0.GC22
100G L.0z26
100 0.0277
1C00 0.0277
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water. The final concentration of isopropanol in the stock

sclutions was 0.5 vocl %.

4.1.3 Inorganic Salts

NaCl, KC1l, MgCly6H,0O, and CaCl;2H,;0 salts (BDH analytical

5

reagent grade) were employed in concentrations of ¢.05, 0.1, -~nd

0.5 M during flotaticn runs.

4.2 Method~

4.2.1 Bubble Photography

Bubble photography was used to determine liquid zone bubble
terminal rise velocity (Vx) reguired in the hydrodynamic
characterization of the flotation column. FPhotographs were taken
with a Nikon camera at different frontally illuminated locations
along the 1liguid =zone during hydrodynamic runs. From the
photoa.;aphs bubble shape and size were digitized using the Sigma-
Scan Measurement System and a Jandel Scientific digitizing tablet.
Ellipsoidal bukbles (increasingly numerous with increasing gas

flowrate) were identified by shape factor:

I
P
7

8F Py (4.1)



where A 1is the bubble cross-sectional area and P is the bubble

perimeter, and the values of their effective diameter (de) were
calculated from the volume-equivalent sphere:

3 [ev
de = \ —_— (4.2)
J 7

where the ellipsoidal bubble volume (V) was estimated from the
bubble area and the horizontal diameter.

Depending upcon the gas flowrate (which influenced bubble size
and hence the number of bubbles observable on each photographj,
anywhere from 300 to 1000 bubble diameters were obtained in this

manner for each flowrate and were used to calculate the Sauter

mean diameter (d32) at each gas flowrate:

4 X{njd;3) (

= 1 5. 4.3)
32 Z(nidiZ)
wvhere dji 1s the individual bubble diameter (spherical or

equivalent) ana nji is the number of bubkles having diameter dj .

Using the Sauter mean diameter, the bubble terminal rise velocity

(V) at each flowrate was <calculated from the empirical

correlation of Clift et al.(1978) according to the procedure

described in Secticn 2.5.
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4.2.2 Tensiometry

surface tension measurements ware used tco provide parameter
values for hydrodynamic characterization of the flotation column
and to determine surfactant concentration in flotation samples.
These measurements were performed on a Cahn Dynamic Contact Angle
Analyzer DCA-312 (courtesy of the Alberta Research Council) using
the Wilhelmy plate method. Standard curves at 21°C were generated
for agueous solutions of surfactants APG 600CS and APG 625CS in
the concentration range 5-100 ppm {complete data are provided in

Appendix A).

4.2.3 Spectrophotomctry

Ab:sorption spectroscopy was employed to determine yeast
concentration in flotation systems according to turonidity.
Absorption measurements at 500 nm were performed on a Shimodzu UV~
VIS UV-160 spectrophotometer. A biomass standard curve at 21°C
was generated for bakers' yeast suspensions in the concentrat:icn

range 1-600 mg/L, and 1: provided in Appendix D.

4.2.4 Electrokinetic Sonic Amplitude (ESA)

Traditional electrokinetic techniques for characterizing

particle surface charge are optical methods subject to
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restrictions on the optical properties, size and dilution of the
particulate suspension. A new electroacoustic *“echnique described
by Babchin et al.(1989) requires a density ditference between the
continuous and disperse (i.e. particulate) phases, but expands the
range cf suspensions which can be studied (including opaque
suspensions) and is also <capable c¢f monitoring coagulation
effects. This electroacoustic technique, operated in the ESA
mode, was employed to characterize the surface charge associated
with bakers' yeast cells during titration with 2.0 M solutions ot
various inorganic salts (i.e. NaCl, KC1l, MgCl, and CaCl,). The

analysis was performed at 21°C on 10 wt

o0

suspensions of yeast in
t..2 presence of surfactart at the same concentration as in the
flctation experiments, wusing a MATEC SSP-1 ESA sample cell
assembly.

The electroacous. .c system depicted in Figure 4.2 permits two
modes of measurement: ultrasound vibrational potential (UVP) and

. . 3 ienn
1C sonilc amplitude (

t

...... SAY.  Taoth

~
A

frequancy voltige (Up) applied to the transducer circuit causes

the propagation of a sound wave of the same frequency through the
delay line into the particulate suspension, where the resulting

relative motion between the particies end their dcuble layers is

detected as a variable voltage (J71). In the ESA mode an

alternating electric field applied to the suspension through the

high frequency potential at the electrodes (Uj) generates a sound

wave of the same frequency, and the acoustic pressure is detected
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as a voltage in the transducer circuit (U2).

Either mode reqgqulres a density difference to exist between
the particulate and continuous phases of the suspension in order
to generate relative motion between the particles and their double
layers, since the complementary ionic atmospheres of the particles
belong to the liquid phase. If the particle density exceeds that
cf the continuous phase, the motion of the partic' »s lags behind
the motion of the liquid, whereas the particle motion preceeds the
liguid motion if the ligquid density is the greater.

In the more accessible ESi& mode of =nalysis the acoustic

pressure (Pp) and hence the ESA signal are proportional to the

frequency~dependent electrophoretic mokility of the poirticles (u):
Po
ESA (o) = B = & Ap c Gg u(m)
le]
(4.4
wherea Ee o o= ampilitvde ©f tThe alternating electric rleld
strength
© = frequency of the particle osci!lation
¢ = particulate phs~ - volume concentration
Ap = density differ _e between the continuous
and particulate phases
c = velocity of sound in *he suespen~ion
Gf ~ correction factor for _he  vr ectrode
geometry
In turn, the dynamic electrophoret - mobility (u) ic

proportional to the zeta potential of the par+izles (I):
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Uo |
w(w) = —=-

\

where Up ()

\

llo el VIR
oWy

!

Reff

n
|\

reff =

!

po =

P =

In the limit

4anc {(xR)
= — —J;f : (4.5)

)
\jl (6T LRI 2+ (30 Peff R?)2

magnitude of the particle velocity

permittivity of the continuous phase

dynamic viscosity of the continuous phase
inverse Debye length

particle radius (assuming a spherical shape)
effective particle radius Reff normalized to

the radius R

R(1 + K/3)

depth of penetration (a measuare of the region
surrounding the particle in which viscosity
has an important influence on the flow,
increasing with viscosity and decreasing with
oscillation frequency)

effective particle density in oscillatory
mot.ion

lowpi 2R
P + Pl -+ i
o 4R ,y ' (:6

e S

particle density

density of continous phase

©w—> 0 , Eguation 4.5 reduces to the Henry

equation for the static electrophoretic mobility of ncn-conducting

sph2rical particles (

Equation 2.3).
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Chapter 5: EQUIPHENT AND OPERATING PROCEDURES

5.1 Equipment

A schematic diagram of the flotation apparatus used in this
study is shown in Figure 5.1. The acryiic flotation column was
designed with a working height of 1 m «nd a diameter of 0.045 m
ID, giving a cross-sectional area of 0.0016 m? and a height-to-
diameter ratio of approximately 20:1. The column was equipp
with air sparging at the base, feed entry at mid-column, and wash
water delivery at the top of the column (just below the foam
exit) . Tailings were withdrawn by gravity drainage from the
bottom of the column; the flowrate was manually adjusted by a
valve to maintain a constant liquid-foam interface 1level Jjust
above the feed entry. Foam exited freely fsom a side chute at the
top of the column, and was collected in a holding vessel to allow
pletse  «olilapse. The column was also eqguipped with two
diferential pressure cells of the diaphragm type, one for the
liquid 2zone (maximum 1.0 psi span) and one for the foam =zone
(maximum 0.1 psi span). Exact locations of these features have
been provided in Table 5.1.

Feed was store . 2n impeller-stirred 20 L holding tank and
delivered to the column at a preset flowrate by a programmable
peristaltic pump. Air for sparging was diverted from a high-

pressure 1line and regulated to 90 psig; the flowrate was
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Table 5.1

Port / Feature

Foam exit
Wash water distributor
Foam zone DP cell

upper tap
lower tap

Foam-liquid interface

Fer = Fry
Lia -ne DP cell
upper tap

lower t=zp

Location above

sparger

1.000

0.980

oo
N b
W\
w

Flotation Column Features

(m)

Monitoring
distance (m)

0.150

0.203



controlled by a rotameter equipped with a high-accuracy needie

valve. A sintered stainless steel filter element with a 15
nominal pore size served ac ie sparger in the bottom of the
column. Wash water was stored in a 20 1 holding tank and

delivered to the top of the cc_umn by a centrifugal pump; the
flowrate was also controlled by <« rotameter equipped with a needle
valve. A small, common plastic nozzle (screwdown adjustable)
served as the wash water distributor and provided a cone-shaped

spray at all but the lowest flowrate.

5.2 Operation

5.2.1 Experimental Parameters

The feed flowrate to the fliotatimrn column was chosen by
scale-down from an existing flotatio column (#al & Masliyah,
1989) based on superficial velocity. Since unalded yeast
flotaticn was very poor, a non-ionic alkylpelyglycoside surfactant
was 1ntroduced to the feed to act as a collector; this surfactant
also played a secondary role as frother, reducing bubble size and
helping to sustain the foam in the colunmn. The surfactant
concentration in the feed was selected as tne lowest concentration
producing good foaming characteristics in the column for both
surfactants APG 600CS and APG 625CS. A yeast concentration of 2

g/L was chosen fror tie lower end of the flotation range from the



literature on the basis that low concentrations produced more

enriched foams. Feed pH was adjusted in the presence of yeast to
attain the midpoint of the normal fermentation range for bakers'
yeast (i.e. pH 4-6). The colum: was operatad at the largest foam
to bubbly zone heicht ratio «* . ~culd be consistently maintained
by the foaming character of ad, and the upper limit to wash
water rate was imposed by tr~ - siliency of the foam.

5.2.2 Hydrodynamic Char-  ..rization of Flotation Column

A hydrodynamic characterization of the flotation column was
undertaken in order to validate its operation. This
characterization was performed on two agqueocus surfactant systems
(APG 600C5 and APG 625CS) in the absence of bakers' yeast, and

employed the drift~flux model discussed in Section 2.5.

Feed Preparation

Prior to the start of a hydrodynamic experiment, surfactant
feed was prepared in the feed holding tank by diluting 1.0 wt%
stock solution of the chosen surfactant (APG 600CS or APG 625CS)
in tap water to give a final feed concentraticon of 40 ppn.
Following an initial 5 minute stirring period, feed homogeneity

was maintained by continuous agitation throughout the experiment.
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Start-up

At the start of each experiment the feed pump drive was set
to deliver a constant flowrate of 200 mL/min, the flotation column
was charged with feed to a level just above the feed entry port,
and feed delivery was started. Air flow to the sparger was
initiated at a chcsen rate within the range 5-25 cm3/s (21°C), and
the tailings valve was cpened and manually adljusted to bring the
foam~liquid interface to a constant level at 0.600 m above the
sparger. Cnce the rising foan had reached the level of the rfroam
overflow, wash water delivery to the top of the column was
initiated at 1.0 mL/s. The system was allowed to come to steady-
state (requiring approximately 10 minutes), with tailings rate

adjustment as necessary to ensure a constant interface level.

Run-time

Once steady-state at the chosen air flowrate had been
achieved, a series of measurements was initiated; due to the
limited capacity of the feed holding tank, multiple runs were
normally required to complete the measurements. Taillings and foam
concentrate rates were measured by the stopwatch-and-collection
method, and the volume of liquid in a foam concentrate sample was

determined only once the foam had completely collapsed.
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Gas holdup (¢ ) 1in each zone was obtained from the measured

pressure difference (AP) according to:

(5.1)

where p is the liquid density between pressure taps and h is
the distance between pressure taps. The liquid density was
adequately approximated by the densitv of water at 21°C. Multiple
pressure mnmeasurements were required for the foam zone to smooth
out greater fluctuations caused by foam movement.

Bubble velocity in the foam zone was measured by timed
tracking of a selected bubble, and once again multiple
measurements were required due to fluctuations in foam movement.
Photographs were taken at various heights along the bubbly zcne in
order to determine bubble velocity in the 1ligquid (see Section
4.2.1).

Once the series of measurements had been completed for the
set air flowrate (or once the feed had been exhausted), the
flotation apparatus was shut down and cleaned in preparation for

the next hydrodynamic run.
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Table 5.2 Parameters and Variables of Hydrodynamic

Characterization

Parameters
Feed: Superficial velocity _ 0.210 cm/s
Surfactant concentration 40 ppm
Wash water superficial velocity 0.0629 cm/5
Bubbly zone height 0.600 m
Foam zone height 0.400 m

Variables

Air superficial velocity 0.314-3.144 cm/s

Surfactant APG 600CS
APG 625CS
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Table 5.3

Surfactant

APG 600CS

APG 625CS

List of Hydrodynamic Characterization

Experiments

Jg(cm/s)

0.314
0.629
0.943
1.258
1.886
2.515
2.830
3.144

0.314
0.629
0.943
1.258
1.886
2.515
2.830
3.144
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Experiments

A600-G1-1,
A600~-Gz~1,
A600-CG3-1,
A600-G4-1,
A600~G5-1,
A600-G6~1,
A600~G7-1,
A600-G8-1,

A625-G1-1,
A625-G2-1,
A625-G3-1,
A625-G4-1,
A625-G5-1,
A625-G6-1,
A625-G7-1,
A625-G8-1,

A600-G1l-2
A6CI-G2-2
A6C N -G2-2
A600-G4-2
A600-G5~2
A600-G6-2
AL600-G7-2
£600-GE8-2

A625-G1-~2
A625-G2-2
A625-G3- 7
A625-G4-2
A625-G5-2
A625-G6-2
A625-G7-2
A625-G8-2



5.2.3 Yeast Separation Experiments

Separation experiments were performed on rehydrated bakers'
yeast suspensions in the presence of the surfactant APG 625CS
under conditions of varying salt concentration and wash water
rate. Initially, a salt concentration of 0.5 M was chosen on the
basis of similar studies in the literature; the concentration was
then reduced in subsequent experiments. The separation achieved
by the flotaticn column was assessed in terms of the two

performance parameters, enrichment and reccvery.

Feed Preparation

Prior to the start of a separation experiment, a 2.0 g/L
bakers' yeast feed was prepared in the feed holding tank. The
appropriate amount of rehydrated yeast (see Section 4.1.1) was
diluted in tap water or previously prepared salt solution and

brought to near final volume before undergoing an initial 10

minute stirring period. Salt solutions of NacCl, KC1, MgCl,, and

caCl, were employed at final concentrations of 0.5 M, 0.1 M, and

0.05 M. Once the yeast suspension was well-mixed, the appropriate
volume of 1.0 wt% stock solution of APG 625CS was added to give a
final surfactant concentration of 40 ppm, and an additional 5
minute stirring period followed. Feed pH was adjusted with dilute

HC1 to PH 5, and feed samples were withdrawn for
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spectrophotometric analysis. Feed homogeneity was maintained by

continuous agitation throught the experiment.

start-up

The same procedure was followed as in start-up of a
hydrodynamic run, with the exception that air flow to the
flotation column was held constant at 5 cm3/s (21°C) corresponding
to a superficial velocity of 0.314 cm/s, and wash water flow was
initiated at a chosen rate of ©, 0.25, 0.5, 0.75, or 1.0 mL/s
(corresponding to superficial velocities of 0, ©.0157, 0.0314,
0.0472, and 0.0629 cm/s). The system normally required a longer
time to com2 to steady state (approximately 15 minutes, but as
long as 20 minutes), and more frequent tailings rate adjustments

were necessary to ensure a constant interface level.

Run-~time

Once steady-state at the chosen wash water rate had been
achieved, taiiings and foam concentrate samples were collected for
spectrophotometric analysis. Tailings and foam concentrate rates
were measured by the stopwatch-and-collection method. Gas holdup
in the bubbly zone was determined from pressure difference
measurements. After concluding the series of measurements at one

wash water rate, the wash water rate was adjusted and the
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procedure was repeated as soon as a new steady-state had been
achieved.

Upon completion of measurements for the entire range of wash
water rate (or once the feed had been exhausted), the flotation

apparatus was shut down and cleaned in preparation for the next

separation experiment.
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Table 5.4 Parameters and Variables of Separation

Experiments
Parameters
Feed: Superficial velocity 0.210 cm/s
Yeast concentration 2 g/L
Surfactant 40 ppm APG 625CS
pPH 5
Air superficial velocity 0.314 cm/s
Bubbly zone height 0.600 m
Foam zone height 0.400 m
Variables
Feed salt concentration 0 - 0.5 M
Wash water superficial velocity 0 — 0.0629 cm/s
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Table 5.5 List of Separation Experiments

Description Salt

AP 6405 No salt

Yeast No salt
0.5 M:
0.1 M
0.05 M:

90

NacCl
KC1
MgCl2
CaC12

NacCl
KC1l
MgCl,
CaC12

NacCl
KC1l
MgCl,
CaC12

Experiments

Al, A2

W1, w2,

S5-N1,
S5-K1,
S5-~M1,
s5-C1,

S1-N1,
S1-K1,
S1-M1,
si1-c1,

S05-N1,
S05-K1,
S05-M1,

S05-C1,

w3

S5—-N2
S55-K2, S5-K3
55-M2, &55-M3

55-C2

S51-N2
S1-K2
S1-M2

S1-C2

S05-N2
S05-K2
505-M2
S05-C2



Chapter 6: RESULTS AND DISCUSSION

6.1 Hydrodynamic Characterization of the Flotation Column

A hydrodynamic characterization of the flotation column was
undertaken in order to validate its operation. This
characterization was performed on the two aqueous alkylpoly-
glycoside (APG) surfactant solutions in the absence of bakers'

vyeast. Experimental parameters were as described in Table 5.2.

6.1.1 Surfactant Concentration

The concentration of APG surfactants employed in the
hydrodynamic characterization was chosen on the basis of surface
tension reduction and foam stability.

The variation of surface tension with surfactant
concentration in tap water is presented in Figure 6.1 (complete
data are provided in appendix A). Of the two surfactants, APG
625CS provided slightly superior reduction of surface tension with
concentration. Most of the benefit in surface tension reduction
was achieved below a concentration of 40 ppm for both surfactants,
and flotation tests at this concentration yielded stable and
sustained foam production. Consequently, a surfactant
concentration of 40 ppm was chosen for conducting the hydrodynamic

characterization of the column. The surface tensions generated by
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the two surfacvants at this concentration were 0.0393 N/m fcr APG

600CS and 0.0355 N/m for APG 625CS.

6.1.2 Bubble Size and Velocity

Within the bubbly zone, sparging produced a high frequency of
ellipsoidal bubbles at even the lowest gas velocity employed. As
shown in Figure 6.2, the frequency of ellipsoidal bubbles averaged
around 70% over the entire gas velocity range, fluctuating in an
apparently random manner rather than increasing as expected with
increasing gas rate. The distribution of bubbkle diameter was
generally sigmoidal, anrnd a typical example is provided in Figure
6.3 (complete distribution data are provided in Appendix B).

Interestingly, a bimodal distribution appeared at high gas

velocities (i.e. Jg = 2.52 cm/s) when surfactant APG 625CS was
employed, but not with APG 600CS; this pattern is illustrated in
Figure 6.4. Approximately 20-40% of all bubbles in the bimodal
distribution had diameters under 3 mm; the remaining larger
bubbles were undoubtedly the result of cocalescence at the high
volumetric gas flowrate. As expected, the mean bubble diameter
increased with gas velocity at virtually the same rate for both
surfactants, as shown in Figure 6.5; the relationship is suitably
described by Equation 2.5. The corresponding bubble velocity
calculated for a given gas velocity using the correlation of Clift

et al.(1978) as discussed in Section 2.5 is presented in
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Figure 6.6. Bubble velocity appeared to increase at a slightly
greater rate with gas superficial velocity for surfactant APG
600CS, but for both surfactants the bubble velocity leveled out to
approximately 21 cm/s at a gas velocity of around 1.9 om/s.
Complete bubble data for the bubbly zone are presented in Appendix
B.

Within the foam zone, bubble velocity was determined by
visual tracking. In contrast to the bubbly zone, bubble velctity
appeared to increase at a slightly greater rate with gas velocity
for surfactant APG 625CS, at least at the upper 1limit of gas
veliocity fas deronstrated in Figure 6.7). It should be noted that
the accuracy of this method of velocity estimation undoubtedly
suffered from the short observation times imposed by the limited
height of the foam zone. Complete bubble velocity data for the

fcam zone can be found in Appendix C.
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Figure 6.6:
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6.1.3 Bubbly Flow Regime Verification

Since the efficient performance of the flotation column
required operation within the bubbly flow regime, the variation of
gas holdup in the bubbly zone with gas velocity was examined
during the hydrodynamic experiments. As shown in Figure 6.8, gas
holdup varied in an approximately linear manner with gas velocity,
a characteristic feature of bubbly fiow. Complete data are

presented in Appendix C.

6.1.4 Drift-flux Model Fit of Hydrodynamic T:~ta

In addition to gas holdup and bubble velocity, hydrodynamic
data collected from the bubbly and foam zones of the flotation
column a% a variety of sparging rates included liquid and gas
fluxes. Since *he liquid flux was estimated from tailings, foam
concentrate and wash water flow.ates {depending upon the zone), a
liquid volumetric balance was performed on the flotation column
for each run. Total inlet and outlet liquid flowrates differed by
only 5% on average, and the wor:t case did not exceed 9% (complete
data may be found in Appendix C).

Applying the drift-flux model to the hydrodynamic data
revealed a good fit to the Richardson-Zaki correlation (Equation
2.13) within the bubbly zone, but a poorer fit within the foam

zone. Data collected with surfactant APG 600CS (presented in

101



(e}

Bubtiy Flew Re

Figure 6.8:

4::
1@
N
0N
o
4@
o~
N
4
- 40
\ (@]
A\
o)
i ! . | A ! ) @)
O () @) i) o©
™ - . o o
O o O o) e}

0.25

dnpjoy sob suoz £qang

102



Figure 6.9), and with surfactant APG 625CS (presented in Figure
6.10) exhibit very similar patterns in both zones, as expected
from the similar effects of the surfactants on surface tension
(already seen in Figure 6.1). While the data display considerable
divergence from the correlation within the foam zone, it must be
noted that the methods and instrumentation for data collection
within the foam zone in particular were hardly sophisticated,
especially considering the rapidly fluctuating pressure difference
measurenents encountered within this region. Furthermore, the
literature data presented in Figure 6.11 also display considerable
divergence from the correlation in the foam zone at gas holdups in
excess of a= 0.75. The experimental data lie within literature
values for this range of gas holdup. Consequently, the
hydrodynamic characterization of the flotation column was

considered to have successfully validated its operation.
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6.2 Yeast Separation Experiments

Yeast separation by the flotation column was examined under
conditions of varying wash water rate and salt concentraticn in
the feed, using a variety of inorganic salts (i.e. Nacl, Kcl,
MgCl, and CaClp) to investigate the effects of cell surface
charge. Experimental parameters were as described in Table 5.4;
bubble diameter was assumed to be unchanged from that oktained at

the same gas flowrate in the surfactant-only system, 1i.e. dp =

0.71 nm.

6.2.1 surfactant Selection and Distribution

Of the two surfactants employed in the initial hydrodynamic
characterization of the flotation column, APG 625C3 was selected
for further use 1in ‘Veast separation experiments. This was
primarily on the basis of its slightly superior surface tension
reduction, although an additional factor in this decision was the
surfactant's greater ease in handling.

The distribution of surfactant between foam and tailings
product streams was checked during surfactant flotations in the
absence of vyeast. Surface tension measurements were used to
detect low surfactant concentrations in the tailings, but this
technique was not suitable for the high surfactant levels expected

in the foam concentrate. Since there was no chemical assay
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specific for alkylpolyglycoside surfactants, the distribution of
surfactant was estimated solely on the basis of surfactant
reduction in the tailings.

The suitability of column flotaticn for surfactant recovery
was reflected in the low residual surfactant concentration in the
tailings compared with the feed. In the absence of wash water,
the tailings surfactant concentration was less than 4% of the
feed. Wash water influence on the tailings surfactant enrichment,
i.e. the ratio of surfactant concentration in the tailings to that
in the feed, is shown in Figure 6.12 (complete data are given in
Appendix A). The addition of a wash water stream to the flotation
column resulted in some surfactant detachment from the foam, as
demonstrated by the rising tailings surfactant enrichment witl
increasing wash water rate. However, this effect was relatively
minor over the range of wash water rates employed, since the
residual surfactant concentration in the tailings was 1less thar
15% of the feed ccncentration even at the upper wash water limit

of 0.063 cm/s.
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6.2.2 Water Quality

Tap water was employed for all yeast separation experiments.
An analysis of the w2 2r quality performed by the local water
treatment plant is provided in Table 6.1. The naturally occurring
concentrations of cations in the feed water were clearly
sufficiently low when compared with the salt additions as to be
neglected. However, it 1is not Xknown whether these naturally
occurring concentrations in the wash water may have had any

significant effect on yeast attachment in the foam zone.

Table 6.1: Concentration of Cations Occurring Naturally in
Water Used for Yeast Separation Experiments

Cation Concentration
Na 1.65 x 1074 M
K 1.71 x 10°5 M
Mg 4.56 x 1074 M
ca 6.29 x 1074 M



6.2.3 Wash Water Effects

The effects of wash water on yeast separation wvere examined
over the wash water range of Jy = 0-0.063 cm/s. The upper limit
of the wash water rate, which was imposed by the loss of foam
stability beyon< this point, varied with salt concentration in the
feed. Feeds with a salt concentration of 0.05-0.1 M could not
support foaming beyond a wash water rate of 0.047 cm/s, whereas
feeds with either a high salt concentration (i.e. 0.5 M) or
completely lacking in salt were able tn support vash water rates
up to 0.063 cm/s. Foam appearance changed dramatically with
addition of wa water, expanding with the increased water content
and displaying larger bubbles.

Bias rates for the different salt cations at each feed salt
concentration are compared with the salt-free bias rate, with
typical results presented in Figure 6.13. Similar results were
obtained at all three feed salt concentrations (complete data
available in Appendix F). While these rates are overestimates
which do not take into account yeast transfer into the foam, the
error should be minor at the low yeast concentration employed in
the feed (i.e. 2 g/L). Negative bias values occurred only in the
absence of wash water. Consequently, column flotation was always
performed under positive bias (i.e. downward 1liquid flux) to
ensure proper cleaning action of the wash water in the foam zone,

as anticipated for the low air flowrate employed. This
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requirement would be important for selective recovery from a
multicomponent feed such as a fermentation broth, but in this case
the positive bias served only to wash salt from the foam (although
this was not experimentally verified by measuring salt
concentration). The crossover from negative to positive bias was
interpolated to occur at a wash water rate of 0.005-0.015 cm/s,
depending upon the concentration (and type) of salt added to the
feed. All bias rates were low, never exceeding 0.061 «m/s. In
order to maximize retention time in the bubbly or collection zone
and to minimize water consumption, bias rates should be as small
as possible. The experimental results fall within the range of
0.02-0.1 cm/s recommended by Finch & Dobby (1990).

Yeagt separation by the flotation column was evaluated 1in
teirms of yeast enrichment and recovery in the foam concentrate and
tailings product streams, as defined in Egquations 2.1 and 2.2.
Addition of wash water to the flotation column produced similar
trends in yeast enrichment and recovery regardless of the salt
concentration in the feed; only the magnitude of the responses
differed.

The variation of foam enrichment in yeast with wash water
rate is presented in Figures 6.14-6.16. Foam yeast enrichment was
maximized in the absence of wash water, reaching 3.5- to 11-fold
improvement over the feed yeast concentration (depending upon the
concentration of salt in the feed). The introduction of wash

water to the column was not beneficial to foam yeast enrichment -



even the lowest wash water rate (Jw = 0.016 cm/s, corresponding to
a bias rate of under 0.01 cm/s) brought about a significant
reduction for all salts and even for the.salt-free case. Foam
yeast enrichment declined with increasing wash water rate up to
0.031 cm/s, beyond which no further reduction was observed. Yet
even at this wash water rate, a 1.5- to 3-fold improvement over
the yeast concentration in the feed was obtained, proving that
selective adsorption was taking place. If cell flotation were
only by mechanical entrainment, enrichment could not exceed a
value of 1. An apparent minimum jin foam yeast enrichment at a
lower wash water rate (i.e. Jw = 0.016 cm/s) for the divalent salt
cations Mg*? and cat?2 at a concentration of 0.5 M in the feed was
not observed at lower salt concentrations. This most probably
reflected difficulties in maintaining steady-state operation at
the lower limit of wash water rate and the upper limit of salt
concentration (rather than being a divalent charge effect).

Conventional foam drainage in the region above the wash water
entry leading to the foam overflow does not appear to have been
sufficient to cope with the increased water content of the foam
zone. Consequently, the addition of wash water led to dilution of
the foam concentrate.

However, there is some evidence in the variation of tailings
yeast enrichment with wash water rate (presented in Figures 6.17-
6.19) for a detachment mechanism, whereby the wash water removed

yeast from the foam zone by detachment from the rising bubbles.
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If foam dilution were the sole wash wvater effect, then an increase
in wash water vrate would be expected to reduce the yeast
concentration in the foam product while having no effect on the
tailings yeast concentration- The data show that the tailings
yeast concentration remained very close to that of the feed
regardless of the wash water rate, but a small increase was
observed over the range of wash water in whicn foam yeast

enrichment was reduced (i.e. Jyw = 0-0.031 cm/s).

More conclusive evidence £for the dJdetachment mechanism is
provided in the variation of foam yeast recovery with wash water
rate, presented in Figures 6.20-6.22. The highest foam yeast
recoveries were obtained in the absence of wash water, ranging
from 10-55% of the yeast entering the column 1in the feed
(depending upon the concentration of salt in the feed). Yet even
these modest recoveries declined upon wash water addition up to a
wash water rate of 0.31 cm/s, until stabilizing around 1-15%.
Clearly, yeast detachment from the bubbles in the foam zone caused
significant losses at even the lowest wash water rate, and
resulted in almost complete removal of the yeast from the foam by
a wash water rate of 0.031 cm/s, a trend seen for all salts and
even in the absence of salt in the feed.

This effect can be viewed in the corresponding variation of
tailings recovery with wash water rate, measured independently of

foam recovery (complete data are presented in BAppendix F).

Initial tailings recoveries of 40-85% of the yeast entering in the
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feed in the absence of wash water (depending upon the feed salt
concentration) rose to in excess of 90% at a wash water rate of
0.031 cm/s. Another apparent nmaximum in tailings recovery at this
wash water rate (reaching in excess of 100% for several cations at
all three concentrations of salt in the feed) corresponds with the
greatest deviations in yeast balances performed on the flotation
column. While standard deviations in yeast balances over the
column were consistently higher than the norm of 5% in volumetric
liquid kalances, cccasional values as high as 20% were obtained at
the higher wash water rates.

These results establish the importance of yeast detachment in
the foam zone of the flotation column when employing wash water.
Clearly, the adhesion of the cells to the bubbles is weak and
easily disrupted by wash water. The difficulty in maintaining
foam stability and a steady flow of foam product beyond what is
actually a fairly low wash water rate also poses a problem. In a
multicomponent feed svch as a fermentation broth, these
disadvantages to the use of wash water would have to be balanced
against the potential gain in the purity of the foam product
achieved through removal of non-cell solids (assuming these
contaminants were hydrophilic). However, it should ke noted that
even a slightly positive bias is sufficient to provide this
cleaning action.

The lcss of yeast from the foam at the higher wash water

rates cannot be attributed to significant washout of surfactant
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from the foam zone. In 8Section 6.2.1 it was observed that while
surfactant washout increased with increasing wash water rate, the
effect was relatively minor even at the highest wash water rate
employed (Jy = 0.063 cm/s). Although these results were obtained
from yeast-free flotations, visual observation of the foaming
properties of tailings from both surfactant-only and yeast-with-
surfactant flotations suggests that there is no reason to suspect

significantly greater surfactant washout in the latter case.
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Figure 6.14: Wash Water Effect on Focm Yecst tnrichment
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Figure 6.15: Wash Water Effect on Foam Yeast Enrichment
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Figure 6.17: Wcsh Water Effect on Tailings Yeast Enrichment
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Figure 6.18: Wash Water Effect on Tailings Yeo i Enrichment
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Figure 6.22: Wosh Water Effect on Foam Yecst Reccvery
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6.2.4 salt Effects

The effects of salt addition to the feed on yeast separation
by the flotation column were explored in terms of salt
concentration, cation charge and size, using the chloride series
NacCl, KC1l, MgCl,, and CaCly over a concentration range of 0-0.5 M
in the feed. In the following data presentation, salt and wash
water effects have been separated by choosing three wash water
rates (Jy = O, 0.0i6, and 0.031 cm/s) at which to examine the
variation of each flotation performance parameter with feed salt
concentration.

It has already been shown that wash water addition has a

-rimental effect on foam yeast enrichment and recovery, slight
influence on tailings yeast enrichment, and a beneficial effect on
tailings yeast recovery (the latter through yeast detachment from
the foam zone). However, a comparison of these wash water effects
in the absence and presence of salt in the feed reveals that salt
addition most often played a mitigating role - there was a smaller
decline in foam yeast enrichment and recovery at a given wash
water rate when salt was present in the feed, and a smaller
improvement in tailings yeast recovery.

The variation of foam yeast enrichment with feed salt
concentration at the three chosen wash water rates is presented in
Figures 6.23-6.25. As previously observed, the magnitude of the

variation was greatest when wash water was not employed (Figure
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6.23). In the absence of salt in the feed, a 7-fold enrichment of
yeast in the foam coincentrate over *he feed yeast concentration
was obtained. With salt addition to the feed, an initial increase
to as high as 11-fold foam yeast enrichment was observed within
the feed salt concentration range of 0-0.1 M (depending upon the
cation). Bevond this region, foam enrichment declined with
increasing feed salt concentration, and the beneficial salt effect
vanished at high salt concentration (i.e. 0.5 M). All cations
with the exception of ca?t generated this type of response, and
the only difference with ca?t was a plateau in foam yeast
enrichment in lieu of the initial increase over the no-salt case.
All cations did not generate the same magnitude of response -
monovalent cations were effective in improving foam yeast
enrichment by 40-60% over the no-salt case within a low salt
concentration range (under 0.1 M), and did not have a significant
detrimental effect even at a concentration of 0.5 M. On the other
hand, divalent cations generated little or no improvement in foam
yeast enrichment within this feed salt concentration range, and
constituted a liability at a high concentration (0.5 M) where foam
yeast enrichment dropped to well below the no-salt level. The
data support the existence within the low concentration range of
0-0.1 M of an optimum feed salt concentration, whose value depends
upon the cation employed. Optimum feed concentrations could be
readily assigned for the monovalent cations at 0.1 M for Nat and

0.05 M for K¥. With the divalent cations the situation was much
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less clear, since little or no improvement in foam enrichment was
observed within this concentration region, although higher
concentrations definitely reduced foam enrichment. An optimum
feed concentration of 0.05 M could be assigned to Mgt2, but there
was uncertainty over the existence of an optimum for cat?.

At any feed salt concentration, foam yeast enrichment
declined in the presence of wash water due to yeast detachment
from the foam zone. More importantly, the patterns of foam yeast
enrichment with feed salt concentration for individual salt
cations changed when wash water was employed. W..ile monovalent
cations continued to outperform divalent salt cations at a wash
water rate of 0.016 cm/s (see Figure 6.24), no meximum in foam
yeast enrichment was observed as a function of K* concentration,
and the foam enrichments of both divalent salt cations in this
region, while remaining below the no-salt level, increased with
declining feed salt concentration. While these results may simply
reflect an overall reduction in foam yeast enrichment, they could
also appear to suggest an apparent shift in optimum feed salt
concentration to lower values upon wash water addition.

Detachment of yeast from the foam zone at a wash water rate
of 0.031 cm/s (see Figure 6.25) virtually eliminated any
improvement in foam yeast enrichment by either monovalent or
divalent cations over the no-salt level. However, it is possible
to discern a small maximum in foam yeast enrichment with divalent

cations at low feed salt concentration. Furthermore, foam yeast
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enrichments with divalent cations in this region exceeded the no-
salt level. Once again, these results could suggest an apparent
downward shift in optimum feed salt concentration for the divalent
cations with wash water addition.

Very similar results were obtained for the variation of foam
yveast recovery with feed salt concentration, presented in Figures
6.26-6.28. Once more, foam yeast recovery was greatest when wash
water was not employed (Figure 6.26). In the absence of salt in
the feed, approximately 25% of the feed yeast was recovered in the
foam concentrate. With salt addition to the feed, an initial
increase in foam yeast recovery to as high as 55% was observed
within the concentration range of 0-0.1 M salt in the feed
(depending upon the salt cation). Beyond this point, yeast
recovery in the foam declined witih increasing feed salt
concentration, to a level of 10-35% at a feed salt concentration
of 0.5 M. Unlike foam yeast enrichment, foam yeast recovery
continued to experience some beneficial effect of salt addition to
the feed even at high concentrations, at least in the case of the
monovalent salt cations. Overall, the variation of foam yeast
recovery with feed salt concentration was very similar to that of
foam yeast enrichment, with the exception that an optimal
concentration of cCa?t was clearly visible at low feed salt
concentration (i.e. 0.05 M) even in the absence of wash water.

The remaining salt cations exhibited optimal feed salt
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concentrations for foam yeast recovery identical to those for foam
yeast enrichment.

Foam yeast recovery upon wash water addition closely
paralleled the response of foam yeast enrichment. No sharp
maximum in yeast recovery was observed as a function of Kt
concentration at a wash water rate of 0.016 cm/s (see Figure
6.27). Stronger evidence for an apparent downward shift in the
optimal feed salt concentration with wash water addition was not
obtained, since a clearly visible ca2t optimum concentration of
0.05 M was observed in the absence of wash water and retained at
all rates of wash water employed.

The variation of tailings yeast recovery with feed salt
concentration, determined independently of foam yeast recovery and
presented in Appendix F, was almost the reverse of foam yeast
recovery, as expected. Some inconsistencies with the
corresponding foam yeast recovery data were observed - for
example, at a wash water rate of 0.031 cm/s, the relative order of
tailings yeast recovery for the sal% cations was not the reverse
of foam yeast recovery, although the values were within standard
deviation. These discrepancies were due to larger deviations in
yeast balances than the norm of around 5% observed in volumetric
liquid balances; yeast balarce deviations reached as high as 20%
at the higher wash water rates.

Clearly, yeast enrichment and recovery in the foam

concentrate benefitted from low concentrations of salt in the
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feed, i.e. 0.1 M or under. The optimal concentration depended
upon both the salt cation and the rate of wash water employed.
Monovalent cations outperformed divalent cations at all but the
highest wash water rates. Different enrichments and recoveries
were obtained between individual cations of the same valence.
Wash water at sufficiently high rates negated the benefits of salt
addition to the feed by detaching yeast from the focam zone.

If yeast flotation is dependent only on the yeast surface
charge, and this is affected by simple valency of the salt cation,
then a divalent salt cation should have an optimum feed salt
concentration at half the value of a monovalent salt cation. The
optimal concentration of a divalent salt cation may very well fall
below the employed feed salt concentration, which could account
for any apparent downward shift in the optimal concentration
observed with wash water addition. In the absence of wash water,
the salt concentration in the bubbly 2zone is comparable to the
feed salt concentration; with wash water addition, the positive
bias (i.e. downward ligquid flux) in the foam zone 'ncreases with
wash water rate and dilutes the salt concentration in the bubbly
zone. Consequently, a more accurate picture of the salt
concentration depender.y of yeast flotation may be given by the
salt concentration in the bubbly 2zone.

In order to investigate this explanation for the apparent
downward shift in feed salt concentration optima, the surface

charge associated with bakers®' yeast was characterized by an
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electrokinetic technique during titration with 2.0 M solutions of
the various inorganic salts (complete data are provided in
Appendix G). The variation of the yeast ESA signal (which is
proportional to the yeast zeta potential) with salt concentration
for each cation has been superimposed on the corresponding yeast
enrichment and recovery for that salt cation in Figures 6.29-6.36.
I1f yeast separation is dependent solely on yeast surface charge,
then foam yeast enrichment and recovery should be maximized at a
salt concentration resulting in no net surface charge on the yeast
cell, i.e. a zero ESA signal.

While the zero point of the ESA signal with NaCl was in the
neighborhood of the feed salt concentration which maximized foam
yeast enrichment and recovery (see Figures §6.29-6.30), the
correspondence was not exact. For the case of Figure 6.29,
electrokinetic measurements suggested that a net zero yeast
surface charge was obtained at a concentration of 0.042 M NaCl,
whereas optimum yeast separation occurred at approximately 0.1 M
NaCl. The concentrations of KCl, MgClp, and CaClz producing a net
zero yeast surface charge were also all below the feed
concentrations of these salts for optimum yeast separation (see
Table 6.2). Although the correspondence was not exact, the
relative order of salt cation concentrations for production of
zero yeast surface charge corresponds with the relative order of
cation concentrations to maximize foam yeast enrichment and

recovery.
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It 1is particularly interesting that cations of the same
valency were not equivalent. Although Na't generally produced
greater foam yeast enrichment and recovery than K', this cannot be
explained on the basis of charge density since Mg2t often did not
equal the performance of cCa?% in these results. In fact, the
monovalent cation Kt was equivalent to the divalent cation Mg2+t
in terms of the salt concentration producing a net zero yeast
surface charge and the feed salt concentration for optimum yeast
separation. Such results are pcssible because changes in the
thickness of the electric double layer and the zeta potential of
both particles and bubbles depend upon the chemistry of the
surfaces and the mode of gaining surface charge. Unless a good
surface ionization model is available, it is difficult to predict
changes in the zeta potential with electrolyte addition. A rule
of thumb is that a 10-fold change in concentration will bring

about a 2-fold change in zeta potential.
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Figure 6.23: Salt Concentration Effect on Focm Yeast Enrichment
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Figure 6.24: Salt Concentration Effect on Foam Yeast Errichment
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Yeast FSA (mPa-m/V)

Figure 6.31:

Sgit Concenirgtion Effect on Yeast ESA and

Focm Yecst Enrichment Using KCi
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Table 6.2:

Salt

Nacl
KC1l
MgC12

CaCl,

Salt Concentrations for Zero Point of ESA Signal
and Maximun Foam Yeast Enrichment and Recovery

Salt concentration Salt concentration for max.
for ESA=0 foam yeast enrichment and
recovery
C.049 M 0.1 M
0.016 M 0.05 M
0.016 M 0.05 M
0.009 M < 0.05 M
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Chapter 7: CONCLUSIONS

The operation of the flotation column was validated by the
drift-flux model using two aqueous alkylpolyglycoside surfactant
solutions. At a concentration of 40 ppm in tap water, APG 600CS
and APG 625CS generated surface tensions of 0.039 N/m and 0.036
N/m respectively. The bubble diameter distribution was typically
sigmoidal, although APG 625CS produced a bimodal distribution at
high gas superficial velocities (Jg > 2.52 cm/s). A bubbly flow
regime was maintained with each surfactant throughout the range of
gas superficial velocities employed (Jg = 0.31-3.14 cm/s3). This
flow regime was essential for efficient column operation, and was
demonstrated by an approximately linear variation of gas holdup in
the bubbly zcne witihi gas superficial wvelocity. The drift-flux
nocdel provided & yood fit to the bubbly zone hydrodynamic data
(encompassing a gas hoidup range of o« = 0.02-0.21) for both
surfactants. The it to the foam zone data (encompassing a gas
noldup range of o = 0.80-0.383) was not as good, although still
within range of literature values. It shculd be noted that the
drift-flux apprcach is less successful at modeling the literature
hydrodynamic data within this region of high gas holdup.

Column flotation of bakers' yeast was performed on low
concentration suspen- s (2.6 g/L) at a feed rate of Jf =
.21 cm/s and a gas superficial velocity of Jg = 0.31 cm/s.

Continuous operation was successfully maintained over a wash water
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range of Jy = 0-0.063 cm/s. Bias rdtes in the foam zone were low
(under 0.06 cm/s) and always positive when operating with wash
water, as expected for the low gas superficial velocity and as
required for proper cleaning action in the foam zone.

Foam enrichment in yeast significantly akove that of the
feed concentration was achieved, although yeast recovery in the
foam concentrate was quite poor. In the absence of wash water,

foam enrichments of up to 1i-fold and recoveries of up to 55% were

obtained. Wash water addition was not beneficial to yeast
enrichment or recovery in the foam. Two wash water effects were
observed: feoam dilutionn and yeast detachment. Conventional foam

drainage in the region above the wash water distributor was
insufficient to handle the increased water content of the foam
zone, with resultant dilution of the foam concentrate. Wash water
detachment of yeast from bubkbles in the foam zone also reduced
foam recovery. At a wash water rate of Jyw = 0.031 cm/s, foam
enrichment in yeast cdropped to 1.5- to 3-fold and yeast recovery
in the feoam was virtually eliminated. The latter effect could not
be attributed to surfactant washout from the foam, since the
surfactant residual in the tailings (only 4% in the absence of
wash water) increased to only 15% at the highest wash water rate.
Salt addition to the feed mitigated these wash water effects
to a certain extent. In the absence of salt, a maximum 7-fold
yeast enrichiment in the foam was obtained, while yeast recovery

did not exceed 25%. At feed salt concentrations of 0.05-0.1 M,
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foam enrichment increased tc as high as 11-fold, and recovery

improved to 55%. However, these benefits were lost at wash water
rates 1in excess of Jy = 0.031 cm/s. Optimum feed 3=alt

concentrations for yeast enrichment and yeast recovery in the foam
were identical and depended on the salt cation: 0.1 M for NacCl,
0.05 M for KCl and MgClp, and under 0.05 M for CaCl>. Cations of
the same valency were not equivalent in vyeast flotation
performance.

Yeast zeta potential upon electrolyte addition (as determined
by the ESA signal of a 10% yeast suspension) was identified as a
useful indicator of flotation performance. Although the salt
concentraticn producing the zero point of the yeast ESA signal did
not exactly correspond with the optimum feed concentration of that

salt for foam enrichment and reccvery, the cation order was

identical: 0.049 M for NacCl, 0.016 M for KCl and MgCly, and 0.009%
M for CacCly. Cations of the same valency were not egquivaler.. in
generating the zerc point of the yeast ESA signal. This is a
reflection of the zeta potential dependency upon surface chemistry
and the mode of gaining surface charge. Without a good surface
ionization model, it is difficult to predict changes in zeta
potential with electrolyte addition.

These results demonstrate that improvements in cell flotaticn
are possible by manipulation of the cell surface charge through
salt addaiticn. However, the weakness of the cell adsorption to

the bubbles, taken with the natural surfactant distribution,
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iggest an alternate application for the flotation column -
surfactant separation. Column flotation wculd be well suited to
remove cells in the tailings and recover surfactant in the foam.
Wash water effects could be supplemented by manipulation of the
cell surface charge through adijustments to the electrolyte

concentration.
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APPENDIX A: Surface Tension Data

Table A.1: Surface Tension of Tap Water with Surfactants
APG 600CS and 625CS at 21°C

Table A.2: Surfactant Enrichment in Tailings
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Tabte A.1:

Surface Tension of Tap Wzter with Surfactants APG &00CS and

APG 625CS at 21°C

Conc Surface tension (N/m)
(ppm) APG 600 APG 625
avg sdev avg sdev
0 0.0723] 0.0723}F 0.0723f 0.0000 0.0723} 0.9723] 0.0723] 0.0000
5 0.0491 0.0504f 0.0498f 0.0009 0.0611] 0.0595] 0.0603f{ 0.00M
10 0.0471 0.0468| 0.047G} 0.0002 0.04%98| 0.0470{ 0.0484] 0.0020
20 0.0441 0.0439Y 0.0440( 0.0001 0.0401| 0.0438] 0.0420] 0.0026
Z 0.0390| 0.0424; 0.0407{ 0.0024 0.G393| 0.039S| 0.0394{ 0.0001
40 0.0349] 0.03931 0.037 0.0031 0.03321 0.03721 0.03s2t 0 on2e
S0 0.0361 0.0364( 0.0363] 0.0002 0.0340) 0.0327] 0.0334| 0.0009
60 0.0360( 0.035% 0.0356] 0.0006 0.0307F 0.032¢C| 0.0314| 0.0009
70 0.03521 0.035% 0.0352] 0.0001 0.0300{ 0.8302| 0.0301 0.0001
8c 0.033 0.0344| 0.0338) 0.0009 0.0280] 0.0272| 0.C276| 0.00G6
S0 0.03241 0.03106] 0.0317} 0.0010 0.0273) 0.0270f 0.0272| 0.0002
100 0.0321 0.03C08| 9.0315] 0.000% 0.0275] 0.0271 0.0273] 0.0003

Surface tension as

ST
ST

a funczior 2f concentration:

0.02581*exn(-0.33001C) + 0.04643%exp(-0.00420C
1.02972%exp(-0.114620C) + 0.04294*exp( -0.00501C

APG &00CS
APG 625C%
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Table A.2: Surfactant Enrichment in Tailings
Jw (cm/s)| Run Feed Tailings
Surtface tension|Surfactant|Surface tension|Surfactant|Enrichment
(R/m) (ppm) (N/m) (ppm)
0 A1l 0.0366 35.0 0.0683 1.3 0.038
0.0359 37.9 0.0677 1.5
36.5 1.4
A2 0.0350 42.2 0.0663 0.8 0.040]
0.0356 39.3 0.0650 2.4
40.8 1.6
avg 0.039
sdev 0.001
0.0157 |A1 o.osscr 35.0 0.0662 2.0 0.670]
0.0359 37.9 0.063% 3.1
36.5 2.6
A2 0.0350 &2.2 C.0635 3.0 0.070
0.0356 39.3 0.0641 2.7
40.8 2.91
[avg S.UrU
sdev 0.000
0.0314 (A1l 0.0366 35.0 0.0574 5.6 0.128
0.0359 37.9 0.0619 3.6
36.5 4.6
AZ C.0350 62.2 0.0619 3.6 0.i01
0.0356 39.3 0.05%5 4.6
40.8 4.1
avg 0.113
sdev 0.0°8
0.0629 |AY 0.0366 35.0 0.0606 4.1 c.118
0.0359 37.9 0.0599 (A
36.5 4.3
A2 0.0350 42.2 0.053% 8.0 0.165
0.0356 39.3 G.0578 5.4
“0.8 6.7
avg 0,141
sdev  0.034
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Table B.1: Bubbly Zone Bubble Shape, Mean Diameter, and
Velocity

Surfactant Jg Bubble % d32 v(inf)

(cm/s) Count Ellipscid (mm) (cm/s)

APG 600 0.31 1000 66.3 0.76 9.6
0.63 1000 &1.9 1.1 13.5
0.94 1000 63.9 2.19 21.2
1.26 800 72.6 2.70 22.9
1.89 600 76.7 3.79 22.3
2.52 300 66.3 4.46 21.9
2.83 300 69.3 4,97, 21.7
LA 200 74.0 5.28 21.c

APG 625 G.31 1000 70.2 0.71 9.1
0.63 1000 75.1 0.88 11.2
0.9 1000 83.0 1.46 16.4
1.26 1000 59.3 2.15 20.9
1.89 799 70.5 3.77 21.9
2.52 600 74.0 517 21.2
2.83 300 82.0 5.59 21.0
3.1 300 76.3 5.82 21.0

163




Figure B.1.1. SBuptie Dicmeter Distribuiiz @ with ARG BLOCS
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APPENDIX C: Hydrodynamic Data for Surfactant Flotations

Table C.1: Bubbly Zone Liquid Flux and Gas Holdup
Table C.2: Bubbly Flow Regime Verification

Table C.3: Foam Zone Liquid Flux and Gas Holdup

Table C.4: Foam Zone Bubble Velocity

Tabhle C.5: Volumetric Balance on Flotation Column for

Hydrodynamic Runs

Table C.6: Richardson-Zaki Fit of Hydrodynamic Data



Table C.1: Bubbly Zone Liquia Fiux and Gas Holdup

Surfactant APG 600 CS

Run Jg JW vt Tt Gt Ji dp gas holdup
(em/sd | (cm/s) (mi) (s2 (mL/s) (cm/s) (Pa?
AE00-GT-1 0.31 0.063 1000 239.38{ 4.177 -0.263 1931 £.025%
A600-G1-2 0.31 0.063 1000 239.45)1 4.176 -0.263 1937 0.022
avg -0.263 avg 0.023
sdev 0.06G0 sdev  0.002
A600-G2-1 0.63 0.043 1000 245.49| 4.073 -0.256 1903 0.039
A600-G2-2 0.63 0.063 1000 245.26) 4.077 -0.256 1896 0.043
avg -0.256 avg .08
sdev 0.0CO sdev 0.002
A600-G3-1 0.94 0.063 1000 253.35] 3.947 -0.248 1910 0.030
A600-G3-2 0.94 0.063 1000 251.73] 3.973 -0.250 1903 0.039
avg -0.249 avg 0.037
sdewv C.00i sagev 0.002
AGQ00-G4-1 .26 0.063 1000 260.79] 3.835 -0.241 1869 0.057
A600-G4-2 26 0.C63 1000 261.021 3.831 -0.2461 1869 0.057
avg -0.261 avg 0.057
sdev Q0.000 sdev 0.000
A600-G5-1 1.89 C.063 1000 268.21) 3.728 -0.234 86 0.6%8}%
RADD-2E-2 1.29 n.043 1000 275,957 3 L2 -0.22%2 TRA n.nonr
avg -0.231 avyg 0.098
sdev 0.005 sdev 0.000
AEDO-G6-1 2.52 0.063 1000 278.76} 3.587 -0.226 1710 0.137
A&D0-G6-2 2.52 0.063 1009 280.43] 3.566 -0.224 1710 0.137
avg -0.225 avg C.137
sdev C.001 sdev 0.000
A&DC-G7-1 2.83 0.063 1000 251.89| 3.426 -0.215 1655 0.164
A&CU-57-2 2.83 0.063 1000 295.00] 3.3%C -G.213 1655 0.164
avg -0.214 avg 0.164!
sdev 0.002 sgev 0.000
A600-G8-1 3.1¢ 0.063 1000 308.95] 3.237 -0.204 1593 c.1%6
A6DC-GR-2 3.4 0.063 1000 200.441 5.328 -0.209 1593 0.196
avg -0.206 avg 0.196
sdev 0.004 sdev 0.000
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Surfactant APG 625 ¢S

Run Jg Jw vt Tt ct Ji drP gas holdup
(cm/s) | (em/s) (mL) (s) (mL/s) (cm/s) (Pa)

AS25-G1-1 0.31 0.063 1000 249,29 4.011 -0.252 1924 0.029

A625-G1-2 0.31 0.063 1000 248.74] 4.020 -0.253 1937 0.022

avg -0.253 avg 0.025

sdev 0.000 sdev 0.005

A625-G2-1 0.63 0.063 10090 257.231 3.888 -0.24¢4 1903 0.039

A625-G2-2 0.62 C.063 1000 258.86) 3.863 -0.243 1896 0.043

avg -0.244 avg 0.0470

sdev 0.001 'sdev  0.002

A625-53-1 0.%4 0.0 1000 268.20] 3.729 -0.234 1903 0.03%

ALZS-G3-2 0.94 0.063 1000 266.77y 3.749 -0.236 18%6 0.043

avg -0.235 avg 0.041

sdev 0.001 sdev 0.0[lg_

AB2S-G4-1 1.26 0.063 1000 275.24) 3.633 -0.228 1855 0.064

A625-G4-2 1.26 G.063 1000 278.52] 3.590 ~0.226 1855 0.064

avg -3.227 avg 0.064

sdev 0.002 sdev  0.0200]

Ab25-GS- ¢ 1.89 0.063 1000 281.40f 3.554 -8.223 1793 0.¢n*

A625-G5-2 1.89 0.063 1000 280.99f 3.559 -0.224 1786 0.0%3

avg -0.224 avg 0.097

scdev C.CCC sZev C.C32

A625-G6-1 2.52 0.063 1000 293.90] 3.403 -0.214 1703 0.140

AG2S5-GH-2Z 2.52 0.G63 1000 290.11| 3.447 -0.217 1689 0.147

avg -90.215 avg 0. 144

) saev 0.002 sdev  0.905

AS25-G7-1 2.83 0.063 1000 313.31} 3.162 -0.201 1627 0.178

AB25-G7-2 2.83 0.063 1000 315.33f 3.171 -0.199 1620 0.182

avg -0.200 avg 0.180

sdev 0.001 sdev 0.002

A625-G8-1 3.14 0.063 1000 328.801 3.041 -0.191 1572 0.206

A625-G8-2 3.14 0.063 1000 342.847 2.917 -0.183 1565 0.210

avg -0.187 avg 0.208

sdev 0.006 sdev 0.002
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Table C.2:

Bubbly Flow Regime verification

Jg Bubbly Zone Gas Holdup
(cm/s) APS 600CS APG 625CS
avg | sdev avg sdev

.31 0.023 0.002 0.625! 0.005
0.63 0.041 3.0G2 0.041¢{ 0©.002
0.%94 0.037 0.002 0.0461 0.002
1.26 0.657 0.000 0.064) 0.000
1.89 0.098 0.000 0.097! 0.002
2.52 0.137 0.00C§ <C.144f( 0.005
2.83 0.164 0.000 0.180] G.oo02
3.14 0.198 0.000 0.208f 0.co02
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Table C.3:

Surfactant APG 600 CS

fFoam Zore Ligquid Flux and Gas Holdup

Run ! Jg [ Ju V¢ Tc Qc Ji dP (psi} dP {gds holdup
(cm/s (cm/s)) (mL) (s) [{mL/s (cm/s) avg (Pa)

A600-G1- 0.31] 0.063§ 25.51212.41)3.120 -0.055(1G.0433{0.0435[0.0434) 299 0.796
A600-G1- 0.311 0.063§] 23.0]201.28(0.114 -0.026|10.0446]0.0439|C.0443] 305 0.846
avg ~0.056, avg 0.821

sdev 0.000 sdev 0.035

A60G-G2- 0.63{ 0.063}f 45.5]209.45]0.217 -0.049[10.0367[0.0355{0.0358 247 0.875
A&00-G2- 0.63] 0.0631t 46.5{223.38{0.208 -0.050|{0.0358]0.0359{0.0359] 247 0.87%
avg -0.050 avg 0.875

sdev 0.000 sdev 0.000

A6GO-G3- G.94] 0.063{] 45.01206.21{0.218 -0.049{0.0262[0.0263(0.02631 181 0.909
A6GO-G3- 0.941 0.063|] 45.0]203.41)10.221 -0.049{10.0259|0.0261{0.0260{ 179 1.909
avg -0.049 avg 0.909

sdev 0.000 sdev 0.000

A6GO-G6- 1.2€] 0.0631 44.51186.02]0.239 -0.048)[0.019510.C200(0.0198| 136 0.931
A600-G4- 1.26] G.063|f 33.511469.88]0.224 -0.049110.020010.0197|0.0199] 137 0.931
avg -0.048 avg 0.931

sdev 0.001 sdev 0.000

A&600-GS5- 1.891 0.063|] 44.51184.41]0.241 -0.048{/0.0154{5.0155{0.0Q155] 107 0.946
A600-G5- 1.891 0.063|] 59.5}176.3410.337 -0.042;t0.015610.0158]0.0157] 108 0.945
avg -0.045 avg 0.946

sdev 0.00¢4 sdev 0.00"

AGDC-G6- 2.52]| 0.063}i 102.51210.87] 0.486 -0.032010.0138{0.0142]0.0140 97 0.9
A600-G6- 2.52] 0.063}} 102.0}1212.00}0.481 -0.033110.0141{0.0145{0.0143 $9 0.952
avg -0.032 avg 0.951

sdev 0.000 sdev 0.0G1

A600-G7- 2.83| 0.063 1-6.01254.55f 0.652 -0.022){C.0174{0.6169{0.0172] 118 0.940
A600-G7- 2.831 0.063}] 160.0[250.49] 0.639 -0.023}10.0173|0.C166(0.0170( 117 0.941
avg -0.022 avg 0.9¢61

sdev 0.001 sdev 0.00"

A600-G8- 3.761 0.063|] 165.0j206.95|0.797 -0.013}10.0178|0.0178]0.0178f 123 0.938
A600-G8- 3.14) 0.063} 147.01214.20| 0.686 -0.02C}10.0157}10.0164{0.01&61| 111 0.944
avg -0.016 avg 0.941

scev 0.005) sdev 0.004
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Surfactant APG 625CS

Run | Jg [ 4w |1 vc Tc | ©c Jt dP (ps1) ap gas
(cm/s (ecm/sd| (mL) (s) [{mL/= (em/s) ] avg | (Pa)| ho!ldup
AE25-G1- 0.31] 0.063Y] 31.0| $6.63{0.321 -0.043(]0.047710.048510.0481| 332 0.774
AG25-G1- 0.31] 0.063]] 25.5[105.06{0.243 ~0.048)0.0477]0.0488;0.0483] 333 0.832
:vg -0.045 avg 0.803
sdev 0.003 sdev (.5461
26H25-G2- 0.63] 0.0634 25.5] 72.64|0.351 -0.0411]0.039210.0389{0.0391] 269 0.804
A6R5-G2- 0.63] C.063}t 25.0{ 71.38|0.364 ~0.040(10.0388]0.0392{0.0390| 269 0.864
avg -0.040 avg 0.86«
szav  0.001 sdev 3.000
4625-G3- 0.94} 0.0Q063 19.0] 51.47}0.369 -0.040((0.031510.03131C.0314| 217 0.8¢1
A625-G3- 0.96]1 G.063{ 50.0]135.41}0.369 -0.042};0.0310{C.0308|0.0309| 213 0.892
avg -0.040 avg 0.892
sdev 0.000 sdev .00
AG25- G- 1.261 C.063¢Y 25.91 66.0210.379 -0.039110.022310.022510.0224) 194 0.922
AG25-G4- 1.26) 0.063 21.5] 57.56{0.3274 -0.039(10.021910.0222}0.0221} 152 0.723
avg -0.039 avg 0.723
sdev 0.000 sdev 0.901
AG25-G5- 1.891 0.063{f 32.5[ 54.96|0.591 -0.026110.01791C.017710.0178] 123 0.933]
A625-GS- 1.89] 0.063|| 40.0| 70.2710.569 -0.0627110.0165{0.0157;0.0161{ 111 0.944
avg -0.026 avg 0.941
sdev  0.001] sdev G.004
AG25-G6- 2.521 0.0631 35.0] 56.5110.419 -0.024{(0.0159{0.0147[0.0153; 105 0.947
A625-G6- 2.52] G.063|1 37.0] 54.63(0.677 -0.020410.0151:0.0148[|0.0150] 103 0.948
avg -~0.022 avyg 0.948
sdev 0.003 sgev 0.001%
A625-G7- 2.83] 0.063|} 131.5{147.7C[ 0.890 -0.007]|0.016810.0176{0.06172| 119 0.940
AGRS-G7- 2.83] 0.063}F 49.5] 53.846]0.919 -0.005(]0.0174|0.0175{0.0175( 120 0.93¢
avg -0.006 avg 0.9y
sdev 0.201 sdev 0,501
AS25 -G8~ 3.14) 0.063|| 94.C) 60.51]1.553 0.035(]0.0191{0.0'88[0.01%90] 13 0.93a
2625-358- 3.14| 0.063[ 78.5| 69.38]1.131 0.008110.0184]0.0186{0."185} 128 0.93¢6
avg 0.022 avg 0.935
sdev 0.919 sdrev 0.001
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Tabiw C.4: Foam Zone Bubble velocity

Surfactant APG 600 CS

Jg H T v(inf) (cm/s)

(cm/s) (cm) (s) avg| sdev
0.31 30.0f 6.001 6.02] 6.29| 6.2« 5.0 5.0 4.8 4.8 4.9 0.1
0.631 30.0f 5.11] 4.96] 4.97| 4.79 5.9 6.0 6.0 6.3 6.1 0.2
0.%94 30.0f 2.89] 3.20{ 3.02 2.99 10.4 9.4 ®.9 10.0 9.9 0.4
1.261' 30.0] 1.92 1.98( 2.07} 2.08 15.6 5.2 14.5 14.4 16.3% 0.0
1.89)1 30.0( 1.16; 1.32| 1.28 1.23 25.9 22.7 23.46 26 .4 261 1.4
2.52 30.0; 1.01 1.071 1.08 1.17 29.7 28.0 27.8 25.6 27.8 1.7
2.83 35.01 1.13 1.23] 1.10 1.132 1.0 28.5 21.8 31.0 30.6 1.5
3.14 35.0f 1.1 1.071 1,071 1.11 31.5 32.7 32.7 31.5 32.1 0.7

Surfactant APG 625 CS
Jg H T v(inf) (cm/s) i

(em/s) ] (em) (s) avg| sdevi
0.31ff 30.0y S5.65| 5.62] 5.24) 4.97 5.3 5.3 5.7 6.0 5.6 0.3
0.63 30.0] 4.66] 4.391 4.68) 4.40 6.4 6.8 6.4 6.8 6.6 0.2
0.94 30.0| 3.18] 3.15f 2.76| 2.5¢% 9.4 9.5 10.9 10.0 10.0 0.7
1.26 30.0| 2.061 2.05] Z2.05 2.03 14.6 14.6 14.6 14 .8 14.7 0.1
1.8%9)1 30.0{ 1.17} 1.35| 1.18] 1.17 25.6 26.1 25.4 25.6 25.7 0.3
2.52]1 30.8] 1.0C{ 1.00] 1.0&} 0.99 30.0 30.0 28.8 30.3 29.8 0.6
2.83 35.0| 1.02 1.04] 1.01 1.04 34.3 33.7 34,7 33.7 & 0.5
3.14}] 35.0f 1.03| 1.00] 1.00j 1.01 34.0 35.0 35.0 %.7 36.7 0.5
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Table C.5:

Surfactant APG 6C0CS

Volumetric Balance on Flotation Column *or Kydrodynamic Runs

Run Inlet Qutiet Deef
of Qu Qcin) at ac Qout)
(mL/s) (mL/s) (mL/s) (mL/s) (mL/s) (mL/s)
A600-G1-1 3.333 1.000 4.333 4.177 0.120 4.297| -0.8%
A600-G1-2 3.333 1.000 4.332 4.176 9114 ¢ 291 -1.0%
A600-G2-1 3.333 1.000 %.333 %.073 0.217 . 29001 -1.0%
A600-G2-2 3.333 1.000 4.333 4.077 0.208 4.2864 -1.1%
AGGO-G3-1 3.333 1.000 4.333 3.947 0.218 4.i65) -3.9%
AGCN-G3-2 3.333 1.000 4.333 3.973 0.221 4194l -3.2%
YA 3.333 T.000 4.333 3835 0.239 4,074l -6.0%
: 3.333 1.000 4.333 3.831 0.224 4.055( -6.4%
Vee U651 2.333 7.000 L .333 3.728 G.261 3.970|| -8.4%
54 -0-64-2 3.332) 1.0 ey 3.6%4 0.337 3.961| -8.s
A&CO-G6- 1 T.333, ',k S5 NTT3.587]  0.486 4. 073 -6.0%
AGCO-G6-2 3.333 100 4,333 3.556 0.487 6.067) -4 A
AG600-G7-1 3.333 1.000] 4.333 3.426 0.652 &.078]1 -5.9%
A60G-G7-2 3.333 1.000 4.333 3.390 0.639 4.0294 -7.0%
AGGC-G8-1 3.333 1,060 4.333 3.237 0.797 4. 034 -5.9%
AG0C-GE-2 3.333 1.060 4.333 3.328 0.686 4.0%al -7.an
Surfactant APG 625CS
Run Intet Qutlet PR R
Qf Qw Qiny Qt Gc Q(out)
(mL/s) (mL/s) (mL/s) {(mL/s) (mt/s) (miL/s)
A625-G1-1 3.333 1.006 4.333 4.011 0.321 4.332{ oc.ox
A625-G1-2 3.333 1.000 4.333 4.020 C.263 2. 26301 -1.6%
A625-G2-1 3.333 1.00C %.333 3.888 G.351 . 2390 -Z.2%
A625-G2-2 3.333 1.900 4.333 3.863 0.364 6.227| -z.ex
A625-G3- 1 3.333 1.000 4.333 3,729 0.369 @ 098]l 5. an
4625-G3-2 3.333 1.000 4.333 3.749 0.369 4.118)| -5.0%
A625-G4-1 3.333 1.000 4.333 3.633 0.379 L.012] -7.4%
A625-G4-2 3.333 1.000 4.333 3.590 0.374 3.964] -8.5%
A625-G5 -1 3.333 1.000 4.333 3.554 0.591 4.145] -4.3%
A625-G5-2 3.333 1.000 4.333 3.559 0.569 412801 -4.7%
A625-Gb- 1 3.333 1.000 4.333 3.403 0.619 4.022] -7.2%
A625-G6-2 3.333 1.000 4.333 3.447 0.677 4,124 -4.8%
A625-G7- 1 3.333 1.000 4.333 3.192 0.890 4.0821] -5.8%
A625-G7-2 3.333 1.600 4.333 3.171 0.919 6.091) -v.6%
A625-GB- 1 3.333 1.000 %.333 3,041 1.553 4 594(l 6.0%
A625-G8-2 3.333 1.000 4.333 2.917 1.131 4.068] -5.6%

187



Table C.6:

Richardson-Zaki

surfactant APG 600 CS

Fit of Hydrodynamic Data

Zone Jg Jit Jglt V(inf) gas Jgl/v(inf)
(cm/s) {cm/s) (cm/s) (cm/s) holdup
Bubbly 0.31 -0.26 0.31 7.6 ).023 0.033
0.63 -0.26 0.61 13.5 .04 0.046
0.94 -0.25 0.92 21.2 0.n37 0.043
1.26 -0.24 1.20 22.9 0.057 0.052
1.89 -0.23 1.72 22.3 0.098 0.077
2.52 -0.23 .20 21.9 0.137 0.100
2.83 -0.21 2.40 21.7 0.164 0.110
3.14 -0.21 2.57 21.5 0.196 0.119
Foam 0.31 -0.06 0.10 4.9 0.821 0.021
n.63 -0.05 G.12 6.1 0.875 0.020
0.94 -0.0% 0.13 9.9 0.909 0.013
1.26 -0.05 0.13 14.9 0.931 0.00%
1.89 -0.04 0.14 26.7 0.946 0.006
2.52 -0.G3 0.15 27.8 0.951 0.00%6
2.83 -0.02 0.19 30.5 0.941 0.00C¢
3.14 0.02 0.20 32.1 0.941 0.006
Surfactant APG 625 CS
2one J4g Ji Jgl viinf) gas Jal/veinf)
{cm/s) (cm/s) (ecm/s) (cm/s) holdup
Bubbly 0.31 -0.25 0.31 9.1 0.025 0.034
0.63 -0.26 0.61 11.2 0.041 0.055
0.94 -0.26 0.91 16.4 0.061 0.056
1.26 -0.23 1.19 20.9 0.064 0.057
1.89 -0.22 1.73 21.9 0.097 0.079%
2.52 -0.22 2.16 21.2 0.144 0.103
2.83 -0.20 2.36 21.0 0.183 0.112
3.14 -0.19 2.53 21.0 0.208 0.121
Foam 0.31 -0.05 0.10 5.6 0.803 0.018
0.63 -0.04 0.12 6.6 0.864 0.018
0.94 -0.04 0.14 10.0 0.8972 0.014
1.26 -0.04 0.13 14.7 0.923 0.009
1.89 -0.03 0.14 25.7 0.941 0.005
2.52 -0.02 0.15 29.8 0.948 0.005
2.83 -0.01 0.18 341 ¢.940 0.005
3.14 0.02 0.18 34.7 0.935 0.005
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APPENDIX D: Yeast Standard Curve

Table D.": Bakers' Yeast Standard Curve Data

Figure D.1: Bakers' Yeast Standard Curve
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Table D.1: Bakers' Yeast Standard Curve Data

Concentration Absorbance at 600 nm
(mg/L) Fit

25 0.048 0.048 0.052 N.054
50 0.101 0.193 0.1032 0.1:07
75 0.154 0.149 0.152 0.159
100 0.208 0.200 0.205 0.210
150 0.309 0.303 0.309 0.308
200 0.404 0.404 0.403 0.401
250 '0.495 0.496 0.491 0.490
300 0.577 0.579 0.578 0.573
350 0.653 0.657 0.655 0.652
400 0.724 0.726 0.720 0.727
450 0.79¢4 0.794 0.795 0.796
5C0 0.860 0.861 0.858 0.861

Concentration as a function of A(&00nm):

C = A6C0 * [ 171,782 A600+428.751) )
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Absorbance (6006 nm)
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