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ABSTRACT

Foam fractionation is a, method of separating
cdmpdnents of a solufion that differ in surface activity;
in such a solutioﬁ, surface active material concentrétes
at the liquid surface. When the solution is foamed,'a'very
large additional surféce is created in the foam in which

" the surface active material is therefore concentrated.

Proteins are well known as foam stabilisers and
foam fractionaticn has been used to separate enzymes on a
’llaboratory scale. While the process has the potential for
protein separation on a large scale, no satisfactory
treatment exists that will give a quantitative prediction

of the behaviour of a foaming system.

The aim of this work was to develop an universal
design equation capable of predicting the Enrichment ratio
(the chosen criterion of separation efficacy) under any

given set of operating conditions.

Foam fractionation of an idealised pure protein
system of Bovine Serum Albumen in buffer at pH 4.6 was
carried out in the batch mode; the range of liquid volume

employed being 0.2-11.5 litres.

Firstly the operating parameters affecting Enrichment
were identified by carrying out experiments over a wide range
of operating conditions. The parameters were found to be

bulk liquid concentration, foam column height, superficial

[re———



gas velocity, foaming cell diameter and also bulk liquid

depth{

Using the concept of Ideal Foam a simplistic
Theoretical treatment was developed to give a design .

equation which has four empirical constants,

m.d%T. exp[(a1+bl.C).H/GsLQJ
(h + j.C)

'_E = 1 +

This equation predicts all the experimental results in
‘the region where the assumption of Ideal Foam is valid, with

the highest confidence limits using the x? statistical test.

The equation does not take into account any change in
bulk 1iquid depth ,while the mean foam bubble diametei was
found to be essentially constant ovef the wide range for which
the design equation applies. The model has not been adapted

for use with binary protein solutions.
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1. INTRODUCTION

Foam Fractionation is a method of separating
cnmponents of a solution that differ in surface‘activity.
In such a solution, surface active material concentrates
at the liquid surface giving rise to a '"surface excess".
When the éolution is foamed, a very large additional
surface is created in the foam, in which the surface-active
material is therefore concentrated. Proteins are well
known as foam stabilisers and several groups of workers
have demonstrated that foam separation-can be used
successfully in the separation:of enzymes'and other proteins.
While foam separation therefore, has potential as a large-
scale process for protein separation, it has not so far been
developed; however a reléted process is successfully in use
in waste-water treatment for detergent removal and for sludge
thickening (Stephan, 1965). No satisfattory treatnent of
the process has yet been produced that gives a quantitative
ptediction of the behaviour of a foaming system: in addition,
or perhaps as a result, published research work on the
‘subject has been somewhat fragmentary. In consequence no
design equation or other co-ordinated basis for scaling up

the process has been developed.

The present.work is an investigation of_the
performance of a foam separation process carried out in a
systematic, empirical manner, with the information so obtained
combined into a correlation that can be used as the hasis for

the design of large scale foam separation systems.



1.1. ADSORPTIVE BUBBLE SEPARATION TECHNIQUES

The 1iqﬁid surfacésat which the surface-active
species are concentrated are, in most cases, gas-liQuid
interfaces, but some processes make use of the interface
between two liquid phases and are knownvas "emulsion"
or "droplet" separation processes. The principle can also
be used for separating non-surface-active species (colligends) .

by attachment to surface active substances known as ''collectors'.

The complete range of adsorptive bubble separation
techniques is illustrafed diagrémmaticaily in Figﬁre 1.
(Lemlich, 1968): of these various techniques, foam separation
proceSses are of most relevance to the separation of biological
materials. They can be considered in two sub-divisions
"foam-fractionation'" and "froth flotatidn". Foam fractionation
facilitates separation or concentration of a species from a
homogeneous solution, while froth flotation is used to
separate or concentrate particﬁlate matter. The distinction
between the two techniques becomes somewhat blurred when
considering colloidal systemskor those cdntaining the very

large molecules characteristic of biological materials.

1.2. MECHANISM OF SEPARATION

Foam separation achieves its effect by the creation
of a large gas-liquid interfacial area in the form of gas
bubbles in the liquid. The gas-liquid interface of each

bubble becomes enriched in the surface-active species, with
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'respect to the bulk of the solution and this surface-
active species is transported to the surface as the bubbles
rise to it forming a foam at the top of the liquid. If the
foam is removed and allowed to collapse, the resultant

solution will be enriched in the surface-active species.

The formation of the surface excess is very rapid,
as the bubbles effectively '"sweep" the solution, bringing
intérface to the surface—adtive solute, rather than allowing
‘equilibrium to be attained by molecular diffusion to the

interface, as in the static surface situation.

If the bubbles arriving at the top of thé liquid
are insufficiently stable to form a foam, or if foam is not
removed and is allowed to collapse back into the liquid,
the nett effect may be that surface-active species will be
swept from the bottom to the top of the bulk solution,
setting up a concentration gradient. This effect is‘use& in
"bubble fractionation" (Lemlich, 1972) a separation procedure
in its own right, in which the enriched interface is removed
in a non-foaming system. This effect can also influence the
efficacy of foaming systemé since the liquid carried upwards
by a foam may be itself enriched in addition to the "surface

excess'" enrichment occuring at the bubble surface.

1.3. PROCESS OUTLINE

Foam separation is carried out in a vessel commonly

called a "foaming cell'". Foam is préduced by forming bubbles



in a solution held in the cell, by one of a number of

alternative methods.

The usual method of forming bubbles is to force
gas into the liquid through sparger nozzles or through
perforated or sintered distributors near the bése.of the
cell. The bubbles pass up through the liquid to the liquid
surface where foam is formed. The distance between the
distributor and the liquid surface is known as the '"liquid

depth'", Figure 2.

The foam formed at the liquid surface may, if it is '
sufficiently stable, be allowed to build up to a considerable
height above the liquid surface. This enables the foam to
be easily removed from the cell, but, more importantly, further
enrichment of surface-active species occurs in the foam
column. The distance between the liquid surface and the point

where foam is removed is termed '"foam column height'.

It can be seen that the equipment needed to set up a
foam separation unit need not bé sophisticated: the foaming
cell consists of alvesselt(usually cylindrical) capable of
holding liquid, fitted with a distributor near its base (in
this case a sintered glass disc), and beneath the distributor
the vessel should be fitted with a connection for‘the gas-
supply line. An adjustable sleeve would be mounted at the top
of the vessel so that varying foam column heights can be

accomodated.

The apparatus used in this study is described in

. detail in Section S.



2. LITERATURE SURVEY

A schematic diagram of the complete range of .
adsorptive bubble separation techniques is presented in
Figure 1. (Lemlich, 1968). Of these techniques, foam
separation processes are of most relevance to the separation

of biological materials and these are considered here.

2.1. PREVIOUS WORK ON FOAM SEPARATION

2.1.1. EARLY WORKS ON FRACTIONATION OF BIOLOGICAL MATERIALS

Foam separation was first used to separate albumin
from potato and beet juices (Ostwald & Siehr, 1937; Mischke,
1940; Nissen & Estes, 1941; Perri & Hazel, 1946; Davis et
al, 1949) using a very simple apparatus. Gonadotrophic
hormones in the urine of pregnant women have been concehtfated
By foaming (Courier & Dognon, 1939) and carboxy methyl
.Cellulose has been fractionated by foaming according to
molecular weight and degree of methylation (Schiitz, 1942).
Several groups of workers psed foam separation to concentrate
and purify»enéymes-(Ostwald & Mischke, 1940; Bader et-al,

1944; Dognon & Gougerot, 1947).

Andrews & Schiitz (1945) were able to separate rennin
and pepsin by foaming; previously these proteolytic enzymes
were so difficult to separate that they were considered
to be identical. In work by the same school on the purification

of bile (Schiitz, 1946; Bader & Schiitz, 1946), the bile salts,



sodium glycocholate and taurocholate, were séparated by
ehrichment in foam. Foam was produced by passing gas in

to the bulk solution through a single nozzle and it was
noticed that low gas bubbling rates produced a richer foamate
and that changes in solution pH resulted in changes in the |
efficacy of separation. It was acknowledged that the
difficulty of distinguishing between individual proteins made
enzymes the most promising subjects for investigating the
performance of fractionation systems, since they were
identifiable by their bioldgical activity, but, evidently

as a result of fears regarding denaturaﬁion, work on foam
fractionation, continued, for a time, mostly in the non-

biclogical field.

2.1.2. NON-BIOLOGICAL APPLICATION OF FOAM FRACTIONATION

Before the advent and widespread use of bio-
degradeabie detergents, foam fractionation units were employed
widely as an integral part of the'sewage treatmenf process in
many sewage works for the removal of non-bio-degradeable
detergent (Stephan, 1965). The units were necessary for two
reasons (i) to prevent unintentional foam formation and foam
fractionation at the aeration stage of sewage treatment, and
(ii) more diréctly, to remove the detergent from sewage
efflueﬁt, preventing further contamination and foaming
problems in natural waters. Even at the present time when
thevbio-degradeable detergents in use are largely broken down
during the sewage treatment process, foam fractionation units

‘are still in use as a final polishing stage to remove final

‘traces of detergents before discharge of the effluent



(Jeﬁkins et al, 1972). Considerable expertise in the
engineering design of foam fractionation units was built
up during the development of these units for detergent
stripping, and long-term studies of the behaviour of
surfactant feaming systems has led to the deveiopment of
a generaliséd equatién describing the rate of detergent

removal from a solution (Grieves & Bhattacharya, 1970)

'g_t.»(cf,vf) = 5. (®T (€Y ... (1)

This eQuation was obtaihed by experimentation using a
laboratory foam separation unit in the simple batch mode
but an illustration has been given of its usé}in continuous
foam separation (Grieves & Bhattacharya, 1970). ' The
equation as such cannot be used to apply to cells of other
diameters or those employing different foam column heights.
Further experimental work would need to be carried out on

such cells before the equation could be applied more widely.

In general terms, some of the more theoretical
treatments applied to surfactant systems may be initially
useful in considering foam separation of biological materials.

_Such work 1is discussed in Sections 2.4 and 2.5.

It must be noted however that there is considerable
difference between the behaviour of detergent foams and those
of biological materials such as saponins and albumins (Shih
and Lemlich, 1971), this may be due to the considerable

difference in molecular size and molecular orientation at



the interface (Kanner & Glass, 1969; James & Augenstein,

1966), as discussed.in Section 2.6.

Tﬁe feasibility of aﬁplying foam separation to
various non-biological systems have been examined; a
typical more recent example of this being the removal of
metallic ions and complexes from solution by attachment to
surface-active collectors. Copper and Zinc have been
extracted frém sea water using a solid colligend (Kim &
Zeitlin, 1972) and 150-fold enrichment in the removal of

mercury (II) iomns from solution has been reported (Miller &

Sullivan, 1971).

2.1.3. RECENT WORK ON THE FOAM FRACTIONATION OF BIOLOGICAL

MATERIALS

In work on the foam fractionation of enzyme
preparations (London et al, 1953, 1954; Londén & Hudson,
1953) the qualitative effect on the efficacy of separation
of various pérameters as indicated by earlier workers (Section
2.1,) were more rigorously confirmed and useful indications
of the effect of various other process parameters on both
pufification and denaturation of the enzymes were given;
these wide—ranging'éonclusions set out below appear to be
based on a limited report of a total of less than thirty

experiments carried out in the batch mode.

Catalase'(pork liver), urease (jackbean) and acid

phosphatase (prostate) were purified individually from
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solutions of their respectiVe preparations, and catalase

and ufease were éeparated from‘a mixed prepafation of the
two. Urease was concentrated in the foam, while catalase
and acid phosphatase tended to remain in the residual
solution and appeared in the foam only towards the end of

a batch run. Protein damage was associated with the making
and breaking of unstable foam, such as that produced by
mechanical agitation, rather than with foams produced by

the intrcduction of gas. Of the two gases used for foam
production, the less stable foams produced with carbon
dioxide'caused some denaturation,'while'the “wet",'stable
foams fron nitrogen caused nd'such damage. In addition to
confifming the findings of Schiitz (1946) that the enzymes
gave the highest purification and recovery from solutions

at pH values near their respective iso-electric points, it
was concluded that purification and recovery Both depend on
protein concentration and that the highest recoveries were
obfained at particular concentrations characteristic of the
protein. The values quoted were 0.08% for urease, 0.037%
for catalase and 0.01% for acid phosphatase, withkenrichmént
ratios of 9.7, 2.3 and 15 respectively. It was also reported
that purification'was reduced by the addition of sodium
sulphate and of ethanol, and increased by addition of non-
ionic detergent. Foams with small bubbles gave high recoveries,
as did large diameter foaming cells; there was an optimum
foam column height for each cell diameter, and the depth of

solution in the cell was also thought to be significant.

Temperature was not found to affect the behaviour of
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‘the system significantly in the range 10 to 30°C, and as
the gas flow-rate was not strictly controlled, no

conclusion could be drawn with respect to that parameter.

Foams causing bloat in cattle have been investigated
in a qualitative manner with foaming.experiments on lucerne
solutions (Buckingham, 1970) and on bovine salivary
secretions with their associated protoioal proteins (Jones
& Lyttleton, 1972); The protozoal proteins were found to
act as foam stabilisers, undergoing surface denaturation
at pHA5.8 and giving maximum foam persistence in the pH range

5.5 to 6.5.

Foam fractionation of a number Qf different substances,
including lipoid méterial, was studied with a more fundamental
and quantitative apptoach in a simple foam fractionation
system with a constant height of foam column and without
removal of the foamate (Karger, 1966). The mechanism
proposed by which enrichment in the foam was achieved depended
on internal reflux, as foamate from collapsed foam drains back
through the foam column, where any surface-active solute would
be preferentially adsorbed at the interface in the foam.
Recoveries of surface-active ionic salts varied from 40%
immediately on foam formation to 100% after 1 hour. Recovery
of vegetable lecithin (C12 to C18) of 70% in the foam after
2 hours was achieved using an anionic surfactant, sodium

lauryl sulphate, in acid conditions.

The recovery of protein from liquors containing

dissolved or precipitated casein and haemoglobin by foaming
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was investigated as a comparison with the activated sludge
process (Iibuchi, et al, 1974). Recovery of précipitated
:protein was more efficient than that of dissolved protein
and compared favourably with the activated sludge process.
 Temperature had little effect in the range 10 to 4o°c;

But the addition of salts gave a marked improvement,

particularly in acid conditions.

Experiments with B-lactoglobulin solutions showed
that surface tension decreases and foam stability increases

with increasing'COncentration of added salts (Lauwers, 1964).

Bbvine serum albumen (BSA) previously added to sea-
water has been successfully removed at concentrations as low
as 5 microgrammes per litre ( Wallace & Wilson, 1969): from
consideration of the rate-limiting processes occurring ih
foam separation at such low concentrations, it was concluded
that the operation was strongly dependent on gas bubble
diameter and gas flow-rate. BSA solutions were also used
to confirm London, Cohen & Hudson's inferences by foaming
with air and with the concentrated foamate returned to the
bulk solution. (Schnepf & Gaden, 1959). Enrichment ratios
of up to 20 times were reported, with the concentration of
BSA solutions as low as 20 mg/litre, and no denaturation
was detected. Measurements of the surface tension of BSA
solutions at different concentrations showed a very steep
drop in surface tension with increasing BSA concentration
in dilute solutions, levelling off to a barely detectable

rate of decrease at high concentrations. From this, it was



predicted and observed that enrichment ratio increases
sharply with decreasing BSA concentration. Maximum en-
_ribhment was obtained at the iso-electric pH of the protein,
and the pfesence of a-non—surface—active polymer, dextran,
of molecular weight similar to that of BSA had no effect
on the enrichment of BSA and neither was itself enriched.
It was inferred that the gas used to produce foam would
affect the‘degree of protein denaturation caused by the
process, with carbon dioxide, air and "inert" gases in de-
creasing order of denaturing power. As foam fractionation
gives increasing enrichment with decreasing protein
~concentration, a conclusion drawn was that the pfpcess is
best suited to preliminary concentration of very dilute
protein solutions before further concentration by other

techniques.

The same apparatus was uéed at the Neﬁ EnglandlEnzyme
Centre to investigafe the foam fractionation of solutions of
catalase and B-amylase preparations and the Separation of
the enzymes from mixed solutions of the two (Charm et al
1966) . Measurements of surface tension of the enzyme
preparations at different concentrations in water and in
ammonium sulphate solution showed that there are upper and
‘lower threshold concentrations between which surface tension
falls evenly with iﬁcreasing protein concentration, and is
virtually constant outside the thresholds. Both thresholds
are lower, for their respective enzymes, in ammonium sulphate
solution than in water. Betwéen the concentration thresholds
separation efficiency is most influenced by solution pH and is

highest near, but not at, the iso-electric pH of the individual
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‘enzyme. Successful separation of both enzymes, individually

from their preparations and from each other was effected
under conditioné'predicted”from the surface-tension/
concentrétion data. After exhausting one‘batch of enzyme
~solution, further separation was obtained by increasing the
concentration of ammonium sulphate and foaming again. Losses
in enzyme activity were about 15% for catalase and 5% for

the amylase. Foaming trials were carried out on six other
enzymeé: cellulase, D-amino acid oxidase (hog kidney)
tripeptide synthetase (bakers' yeast) and aryl pyruvate keto-

enol tautomerase (Candida tropicalis) showed negligible loss

Qf,activity, while ADH (human liver) showed 5-20% activity
loss with fivefold purification, and malic dehydrogenase
(chicken heart) showed a 25% loss of activity. Later work on
LDH (chicken heart) showed no separation of the enzyme on
foaming, but its specific activity in the residual solution\
was doubled as a result of the removal of non;active protein

into the foam (Charm 1972).

Streptokinase was separated by foaming from a crude
streptococcal culture filtrate (Holmster, 1968), but was
unusual in that at the iso-electric pH of the enzyme, pH 5,
enrichment was poor and the deactivation was 40 to 50%. At
pH 6.5 however, enrichment of 3.4 times was obtained with
80% recovery, and the least inactivation, of 6%, was found
at pH 7. 'The explanation advanced for this was that
streptokinase is sensitive to low pH levels, which caused
the inactivation at its isc-electric pH, and the high
recoVery at pH levels considerably higher than its i.e.p.

was due to its adsorption on to other protein in the



solution which was then concentrated in the foam.

2.2. FROTH FLOTATION

When gas bubbles -are formed in a slurry of solid
particles, certain species of particle may become
preferentiélly attached to bubbles and be carried into a
froth at the top of the liquid. The froth can then be
skimmed off and the particles allowed to settle out of the
collapsed froth. .Particleé which are not themselves
sufficiently surface-active to attach directly to bubbles
can be collected by attachment to surface-active substances,
known as '"collectors". For example, particles'which are
electrically charged can be collected by attachment to an ionic
surfactant of opposite charge. To enable the froth'to exist
long enough to be skimmed, a foam stabiliser may be added to
the slurry, and many substances serve as both‘collectors
and foam stabilisers. Other substances can be added which
inhibit collection of unwanted species. The process  was
devéloped originally in the mineral dressing industry for
separating valuable ore particles from gangue,vbubbles being
produced by mechanical agitation, and is still undergoing
a lengthy conversion from an art to a science. The standard
introductory text on the process is by Gaudin (1957) who was
also one of the first to extend the principle to the
separation of micro-organismé. Theoretical aspects of the
process are comprehensively covered by Derjauguin & Dukhin
(1960), and a text by Klassen & Mokrusov (1963) pays
particular attention to work reported in the Soviet bloc

countries.



2.2.1. FROTH FLOTATION OF BIOLOGICAL MATERIALS

| Loss of micro-organisms in foam from aerated
cultures has long been a problem (Black et al, 1958;
Boyles & Lincoln, 1958) and much work haé gone into
the prevention of foaming in fermentation. ‘Use of the
effect was first made in removing bacterial cells from
salt solutions (Dognon, 1941). ‘Solid particles were Te-
moved from surface water by foaming (Hopper & McCoweh,
1952) including 99% of bacteria and all cysts of

Endamoeba histolytica; in another water-treatment study

(Moore'& Bryant, 1954) bacteria were removed by foaming

using quaternary ammonium salts as foaming agents.

Spores of Bacillus anthracis were separated from

a well autolysed culture éontaining casein hydrolysate,

by foaming with air, giving a clean concentrate of spores
free of vegetative cells and cell debris, and With

enrichment ratios of up to 19 times‘(BoyleS‘& Lincoln, 1958).
With a second foam concentration stage, enrichment ratios:
kaveraging 40 times could be obfained, and differences in

the amount of cell debris in the spore concentrates was
noticed between rhizoid and mucoid strains of the bacilius,
Spore concentrates with enrichment ratios up to 8.6 were

obtained from autolysed cultures of Bacillus subtilis var.

niger when the culture pH was raised to 11.5 and a re-
suspension of the spores after washing was easily
reconcentrated by foaming. In the same work, concentration

of cells of Serratia marcescens with enrichments of about

8 times was obtained, and with cells of Bacillus suis,




separation of different strains according to their cell

capsular material was achieved, but attempts to concentrate

| cellsvof Pasteurélla tularensis were unsuccessful.

. Separation of spores from an autolysed culture qf Bacillus
cereus was achieved by frothing (Bléck, MacDonald &
Gerhardt, 1958) and vegetative cells were removed from a

culture of B. subtilis var niger (the same strain as used

-

by Boyles & Lincoln) in a medium containing casein
hydrolysate by ffothing with air (Gaudin, Mular & O'Connor,

| 1960a). In.én extension of this work, the same authors
(1960b) showed that separability depended on the age of the
spores, and while secondary amines acted as preferential

. collectors fér spores, carboxylic;acids collected vegetétive
cells and their debris; some inférences as to the surface
structure of spores and vegetatiye cells were drawn from
this. Separation was also affected by the solution pH
according to the collector in‘usé. Similar results were

reported from work on Escherichia coli, with BSA as a foam

stabiliser (Gaudin, Davis & Bangs, 1962a; 1962b) where spore

age and solution pH were also found to be significant factors.

A considérable volume of work on the foam separation
of bacteria has been carried out by Grieves and various co-
workers. vIn experiments with a washed suspension of E. coli
(Grieves & Wang, 1966), a cationic surfactant (EHDA-Br) was
used as both collector and foam stabiliser in a simple batch
system in which foam Was pfoduced with nitrogen. The
bacterial cell- concentration in the residual liquid was found
to follow én'exponential decay pattern with time, and

énrichment ratios betweén 10 and 106 were obtained. As'



' with foam fractionation of Lomogeneous solutions, the very high
enrichment ratios are achieved towards the end of the experiment
when the residual solution is very depleted. Surfactant is |
apparently bound to the bacterial cells, as indicated by a
discrepancy in the surfactant mass balance before and after
foaming which increases with the quantity of bacteria used. In
a continuétion of the work (Bretz, Wang & Grieves, 1966, Grieves
& Wang, 1966), dosing of surfactant to the system in increments
during foaming was found to give higher recoveries than by using
the same total quantity of surfactant added at fhe start of the
experiment. A simple linear relationship between final and
initial conéentfations of bacteria was proposed, but was found
to hold at only one conCentratibn of surfactant. In another
series of experiments on several different microbial speéies,
the presence of inorganic salts was found to decrease the

recovery of Bacillus subtilis, Pseudomonas fluorescens,

Serratia marcescens, Bacillus cereus, P. vulgaris and E. coli,
and salts with divalent ions had more effect than monovalent
salts (Grieves & Wang, 1967a; 1967b). Except for E. coli, the
presence of salts increased the volume of foamate produced:

the variation of foam volume produced with solutions containing
different species of micro-organism or the same micro-organism
with different concentrations of surfactant has not been
satisfactorily explained. There was no strong correlation
between the Gram type of the species and the enrichment achieved
or the foam volume produced, and no mechanism for the

adsorption of surfactant by bacterial cells has been advanced.
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Workers in Japan have separated a parent sake-
yeast from its non-foaming mutant (Ouichi & Akuyama,
1971; Ouichi & Nunokawa, 1973), and differenceé in
bubble adsorption between glucose—gfown yeast and the
same strain grown with a hydrocarbon carbon source
showed that the cell walls of the hydrocarbon—grown
strain were seven times more hydro-phobic than those of
the glucose- grown strain (Miyazu & Yano, 1974).
Recovery of algae from cultures using froth flotation
techniques have been investigated (Rubin et al 1966);

.the process used was characterised by the use of very low
gas flow-rates, of collectors and foaming agents and
flocculating agents such és alum. Experiments in a range
of pH values between pH 4 and 8 showed that pH was critical,
and optimal recovery of 90% was achieved at pH 7.2; the

algae investigated were Chlamydomonas reinhardii and

Chlorella ellipsoida. A similar system, using laurylamine

or lauric acid as collectors gave reasonable recoveries

of Aerobacter aerogenes without the use of a flocculating

agent (Rubin, 1968). The process has also been widely
applied to sludge thickening in sewage treatment plants

(Jenkins et al 1972; Rosen 1971).

2.2.2. RELATED TECHNIQUES

For completeness, brief accounts of the related
adsorptive bubble separation techniques shown in Figure 1

are given below.



2.2.2.1. BUBBLE FRACTIONATION

Bubble fractionation is the term used to define a
process in which gas is forced through the perforated base
of an elpngated cell having a large height to diameter ratio.
The bubbles so formed pass up through the liquid bplk . and
whilst doing so, each bubble adsorbs solute ét its inter-
face. Such processes are non-foaming, enriched liquid being
removed at Fhe upper liquid surface on coalescence of the |
bubbles. Only diluter$olutions may be employed with this
technique so that a concentration gradient is set up with
fespect to 1iquid'depth. Since the highest concentration
occurs at the top Lemlich (1972) has suggested that this
effect may also manifest itself in foam separation; since the

liquid carried upwards by the foam may be itself enriched

giving enhanced solute concentration.

The solutes employed by most workers in this field
have been dyes, and enrichment ratios of about 5 have been
reported (Lemlich, 1966; Harper & Lemlich, 1966; Lemlich &
Shah, 1970; Dorman & Lemlich 1971). The flow patterns
induced in the liquid pool by the passage of gas bubbles
through it are reported to have a considerable effect on
the enrichment ratio obtained, and the height to diameter
ratio of the cell is also highly significant in this

respect (Kown & Wang, 1971).



'2.2.2.2. SOLVENT SUBLATION

Solvent Sublation (Sebba, 1962; Caragay & Karger,
1966; Karger ct al 1967) is a similar technique to bubble
fractionation exceptvthat the bubbles rise to an ihterface
of a second, less dense liqﬁid, instead of to the |
atmosphere.' Here solute mass transfer between the liquids
occurs. The use of biological materials with this technique
has not been studied though there could be a potential use

in the concentration of lipid-associated surface-active

materials such as lipoxidases.

2.3. THEORETICAL CONSIDERATIONS

The complexity of foaming systems makes them
unsusceptible to mathematical analysis, and treatments
starting from fundamentals have generally ﬁeeded considerable
inclusion of simplifying assumptions before reasonable
correlation with experimental behaviour can be obtained.
Foaming systems can conveniently be considered firstly in
terms of the properties of foams themsélve$,~and then in

terms of the surface phenomena causing enrichment.

2.3.1. FOAMS

As pointed out in Section 1, the importance of foam
is not merely because it acts as a convenient means of
collecting surface excess layers, but also because a
considerable amount of further enrichment takes place within

the foam as a result of liquid drainage and film coalescence.



Models devéloped to describe foam properties are considered
here firstly in terms of a static volume of foam, then

with models accounting for drainage and then with consideration
of the dynamic foam columns more ﬁsually encounteted in foam

separation systems.

2.3.2. STATIC FOAM

An absolutely pure solvent will not foam, but
minute quantities of surface-active material dissolved in
it will allow foaming to occur (Nakagaki, 1957). In the
same work, a thermodynamic theory was advanced to account
for foam formation and foam stability in terms of foam
volume ("foaminess'") and foam life. This thermodynamic
argumént was said later to be incomplete, since it lacked
terms to accouﬁt for the effects of gravity and the
pressure differences in the system (Ross, 1967). An
equation of state was then developed (Ross, 1969) based on
Tait's classical work on the space structure of
coalescing bubbles (Tait, 1885). For a number of moles of
gas n_, a volume of gas V at an absolute temperature T,
the surface area A can be related to the outside atmospheric
pressure P and the surface tension of the liquid y. Tait's

expression for coalescing spherical droplets

CBPAV 4 AYBA = 0 e (2)
can be modified to apply to bubbles, which have two
surfaces |

DAV + 27 AA = O eernnn. e, e (3)

where V and A are the changes in bubble volume and surface



area respectively. From these,Ross developed the
expression
2 -
. P.AV + ’gY.AA = nm-RoTo oooooo ¢ o 0 o 0 8 00 (4)
as a general law applicable to all foams, where R is the

universal gas constant.

Equation (4) can be rearranged in the form

where P__ is the average pressure within the foam. This
illUstrates that, in agreement with thefmodynamic
principles, the area of surface per unit volume of foam

is determined uniquely by the surface tension of the liquid
and the average excess pressuré-in‘the foam relative to

the atmosphere.

An approach considered relevant to the present
study was intended initially to explain the rate of
exudation of liquid from a static foam column (drainage);

the experimental data were well described by the expression

(Arbuzov & Grebenschikov, 1937; Ross, 1943; Brady & Ross,
1944).

Attempts were made to set up models to describe
the rate of liquid drainage. Assuming the bubble walls to
be solid, so that liquid velocity at this point was zero,

the rate of drainage from between two bubbles was assumed



to be described by the liquid flow resulting from the.
approach of two parallel plates, a model first put

torward by Gibbs (1948). It was found that even allowing
for a change in the distance separating the plates with
time, that the resultant expression did not correlate well

with experimental results (Ross, 1943).

The expression was modified in later work (Jacobi,
Woodcock & Grove,‘1956) to allow for the chénge in '"'plate
separation" with time and with height in fhe foam column
by successive reorientations of time and height coordinates.
This enabled it to be used to describe a static, draining
foam column wheré the foaﬁ wetness changes with height in

the foam column. The expression obtained was of the form

A _ opoat+ T . e (7
dt '

where L is the volume of liquid draining from the column

in time t, and a and b are constants. This expression fitted
well to experimental results, and a very similar expression .
has been developed which gives a good correlation with

other workers' results (Ross, 1969):

3/2

dL B.LO (B-t+1)- oocotoo..uoooao(8)'

——

dt

N =

where Lo is the volume of liquid in the column at zero

time and B is a constant.

The draining liquid can also be considered as



flowing through a series of capillaries (Miles, 1945),

which leads to an expression
(L, - 1) - a.log(L, - L) +b = cut iveennnn. (9)

where a, b and c are constants; this expression fitted well

with experimental results.

2.4. DYNAMIC FOAM COLUMNS

Thebcapillary drainage model has been extended to
~describe a dynamic foam in steédy state (Haas & Johnson,
1967), where there is continuous upward vertical flow of
foam counter-current to downward liquid drainage. A simple
mass balance was carried out, but with the assumption that
there was no gradient of foam wetness up the foam column.

An expression for the average velocity, u, of liquid flowing
in the capillaries was obtained from the Poiseuille equation
for liquid flow in a pipe, corrected for the effective
height of capillaries based on the volume fraction, ¢, of

iiquid in the foam:

_ pg(l - €)8?
32y

I ¢ 0}

u

where § is the foam wall thickness, g is the gravitational
acceleration factor, and p and u are the density and
viscosity of the liquid respectively. The fractional
volume of gas in the foam is (1 - €), so if the superficial

- gas velocity is Gs’ fhen‘the upward velocity of bubbles will
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be GS/(l - €). The number of capillaries in a cross-
section is proportional to e, so the nett area for liquid

flow downwards, s is given by

e, = n(l - ) M2 L. e (11)
4 .

where n is the number of capillaries per unit cross-sectional
~area of the foam. From this, the nett liquid flow, per unit

time, per unit cross-sectional area of the foam, L is .

Gs.e

————— (upwards) ..(12)
(1 - €)

L = u.e (downwards). -

Since both € and €. are volume fractions of liquid per unit
volume of foam, then it can be assumed that there is a direct

proportionality relation between them and
€=k€ .......... ‘0....lO.CQ.........O(lS)

where k is a constant'independent of Gs’ L or the bubble

diameter, d. Combining equations (10), (11), (12) and (13)

: Gs.e g2 | v
L+ — = _Pge ceseseseeeesa(14)

(1 - ¢€) 8nk2wu

By making a number of simplifying assumptions, such as the
liquid density and viscosity being the same as for water
and giving an arbitrary value of 1.5 to the constant k, an
expression for foam density, €g» in terms of supérficial

gas velocity and bubble diametér, d, only, was derived from

equation (14):





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































