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ABSTRACT

The adsorption of ethylhexadecyldimethylammonium bromide
{EHDA-Bz) &t liquid-air interiaces generated by bubbling a constant
stream of air through an agueous soluticn was determined with a 2 in.
diameter foam separation column equipped with & gas sparger mads of
porous stainless steel {20 p pores). The results obtained from batch
operation with total recirculation of the collapsed foarm as well as
from continuocus operation showed that the surface excess I dspends
on foam rate ag well as bulk concentration whereas Gibbs' adsorption
jsotherm predicts a constant value for [". it was concluded that the
application of Gibbs' equaticn to the prediction of the surface excess
accumulated at dynamic interfaces generated in the foam separation
proceas for EHDA-Br is probably justified only under the rather
stringent conditiens of good drainage and perfect stability of the foam,
Equations proposed to predict the performance characteristics of a
comtinuous pool-feed foam separztion column based on Gibbs' equetien
and an ideal foam model wore also found to be valid under the same

conditions.

The effect on the various parameters describing the efficiency

of a continmicue foem separation column was studied for the following



il

variables: feed concentration, foarn column height, feed rate, column

diameter,

An attempt was also made to analyee the continuous foam

separation process by utilizing the concept of the HTU,
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1 INTROLUCTION

Foam separation is 2 new separation technique which takes
advantage of the fact that certain solutes, due to their surface activity,
collect at a liquid-gas interface generated by bubbling an inert gas
through & wolution., The incraased attsation which foam separafion is
now receiving {s due to the fact that, unlike the conventional methods
availakle ;‘or}he separation of homogeneous liquid mixtures, its effici-

ency improves with decreasing coacentration.

The recovery of subsiances of high uait value but found in low
concentration. during metallurgical processes, tae treatment of s2con-
dary sewage effluents containing non-biodegradable detergents, the
decontamination of radioactive wastes, require a method of separaticn
with high efficiency at low concentrations, which is characieristic of

foam separation.
Daspite the potentizlities of this separation tachnique, guanti-
tative data published are etill scarce and no general process design

method exists,

The ovjective of this work is:
(1) to measure the adsorption of 2 surfactant at the liquid~gae intesiace
generated by bubbling a constant stream of air through a surfactant-

water solution.
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(2) to assess the applicability of Gibbs' adsorption isotherm 0 none
static interfaces encountered in the foam separation process,

{3} to study the effect of various operating variablos onx the perfcrmance
of a continuous foarn separation column.

{4) to apalyze the process from 2 chemical engineering point of view.

The system investigated is water- ethylhexadecyldimethyl-
ammonium bromide (EHDA-BEr), a cationic surfactant. The cheice of
this surfactant weas prompted by the fact that most of published data are
concerned with anionic surfactants and by conzideration of possible use

for furtner work in ion fiotation,



il LITERATURE SURVEY

i. Foam Separatioa in Chemistry and Biology

Foam separation bas always interested chemiste and hiclogists
who found the technique particularly suitable for the concentration and
purification of enzymes, proteins and similar biological materials, In
1936, Ostwald and Siehr {1) separated sodium oleates and aluminum
stearates and concentrated albumin from urine by {oaming with carbon
dioxide. Ostwald and Mischke (2) separated 'patent blue' and "new
coccine' from an aqueocus sclution of these two dyee. Dubrisay (3)
separated the riccinic acids from fatty acide. More recently Schaepi
and Gaden (4) investigated the effect of pH and concentration upon the
separation obtaining by foaming aqueous solutions of bovine serum
aibumin and glucose polymer dextraan. They found that optimum separation
occurs at the isoelectric pH. london et al (5) also found an optimum point
cinse to the iscelectric point for the aamaration of jackbean uresse (an
enzyme)., An exhaustive list of studies performed on dyes, protsing,
enzymes and other miscellaneocus substances up to 1961 is reported in the
excellent reviaw by Rubin and Gaden {(£). The irnterest of biologiets and
chemists in foam separation arises from the fact that it is very often the
only method suitable for substances exhibiting an extreme sensitivity to
heat, pH, scolvents, etc. For instance, Boyles and Lincoln (7) used this
technique to remove and concentrate bacterial spores and vegetative cells

from culture inedium,



These applications, however, are not very interesting from
an engineering poiat of view since they were roalized only ona srall

scale, and almost always conducted as batch processes.

2. Continuous Foam Separation

Continuous foam separation has been vecently investigated
for two main_ types of applications:
(a)» treatment of waste water contaminated with acluble surface-
active organic materiais which resist conventional purification methods,
(b)= removal of ions made surface-active by comnplexing thain
with a cellector {ion {lotation).

a. Waste Water Treatment: Surfactant Removal

vater quality iz seriously affected by contamination with scluble
organic materials including detergents, insecticides, phenolic cocnpounds,
henzene derivatives, and simple hydrocarbon derivatives. This pollution
is caused by both domestic and industrial wastes. »Most aoluble organic
compounds are surface-active and can therefore be naturally concenirated

by foarmning.

Eldib (8) firet suggested foam separation {or the removal of
goluble organic water contarninants ranging frow: syathetic detergents to
natuzral materials derived from the life cycle of aquatic plants. .levorkian

and Caden (9) conducted exploratory studies on the foaming of isobutyl
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alcohol. Rubin and Everett (10) have roported data concerning the
removal of alkylbenzene sulfonate (ABS), an enicnic surfactant fre-
quently encountered in synthetic detergents, Leinlich et al {11, 12}
investigated the effects of various operafiag variables, including reilux
ratio, on the separation of Aresket-300 and Triton X-180, Extensive
guantitative and qualitative resulis have been reported for sodimm
dodecylsulfate {$DS) by Kisbimoto (13). Grieves et al (14) conducted
experiments on ABS and SDS. Grieves and Wood {15) have proposed

a continuous process for the treatment of refining and petrochemical

wastes.

k. lon Flotation

Ion flotation is the process of removing ione from 2 solution
by complexing them with a suriace active agent followed by foaming.
The resulting complex, or chelate must, of course, be surface active
and capable of producing a reasonably stable foam, The development
of this technique is quite recent but it has already shown tremendous
potential, especially for the decontarnination of radioactive wastee,
Studies on uraayl ions {U ’.")2'++), has been performed by Rubin (16). Data

concerning the removal of other products of fiasion (cs', SirM, ce' 7Y

)

fror: radicactive effluent streams, have been reported by Schonfeld et al

{17, 18, 19) and also by Banfield et al {20). It should be noted that all



ol
of these studies have been conducted with anionic surfactants. An exten-
sive discussicn of ion flotation, and a complete study, group by group, of
metals that can be separated by ion flotation has been presented by sebba

(21).

3, _Literature periaining to SHDA-Br

The only cationic surfactant which has been subjected to exten-
sive study in foam separation ie EHDA-Br. Grieves and Wood have studied
the eifects of the following variables on the continuous foam separation of
ZHDA-Br:

- Foam-=-liguid solution interface, height of foam (22).

- Liquid residence time, positicn of fsed introduction (23),
Grieves and Battacharyya have also reported the effects of temperature (24)
and pH (25), and proposed correlations for the prediction of separation
efficiency (26). Grieves and his coworkers {27, 28) have also reported
results when using EFDA-~Br as the complexing agent for the flotation of

dichromate ion.



Il THEDRETICAL CONSIDERATIONS

1. The Nature of Foam

Toam ig a coarse dispersion of a gas in 2 liquid. The liguid
is the continuous phase although most of the volume 1s occupied Ly zas.
The system differs from the other dispersions, in that it has a cefinite
structure. The bubbleg are arranged in such 2 manner that three films
come together to form solid angles of 120° each., This configuration,
which is shown in Figure 1, results from the interaction of surface
tension and pressure difference and it has been established that this is
the only steble configuration possible. The junction of three bubbles is
of special imporiance. This was recognized by Plateau and this junction
is called a Plateau border {29). The liquid in the Plateau horder ig ata
lower pressure than the liquid in the film between the bubbles due to the
smalier radii of curvature of the Plateau border. Hence, & pressure
gradient exists from a plane wall to 2 junction, and the movement of liquid
caused by this pressure gradient is responsible for foam drainage, in

addition to the flow due to gravitation.

Due to dreinage, foams can be divided into two extreme typea.
Wet foame, with 2 high liquid content, which consist of spherical bubbles,

and dry foams whose bubbles are polyhedral in shape.
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Foams are formed by agitating the liguid and gas together in
presence of 3 stabilizing agent or by blowing air through porous metals
into the ligquid. Sometimes foams are beneficial, but often they constitute
a nuisance in some processes and in the oparating of certain equipmants,
and therefore the foam must be preveaied from forming or be destroyed.
Beneficial uses of feams include fire-fighting, foamed plastics, foam

geparation.

2. Theories of Foam formation

Plateaa {33} first tried to relate foam formation with surface
tension and stated that 8 Hquid foams better the lower ite suriface tension,
This, howeves, iz not correct, becauss pure liquids do not foam at all,
as shown experimentally by Foulk and Miller (34, 35). Thoy established
that both negatively and positively adsozrbed dissclved matters cause foarm
in liquids and conciuded that liquid {films axe {ormsd by the mulusl approeach
of iwo already formned surfaces. The twe suriaces wili not merge and
subsequently vanish becauae of the resistance due to the difference in
concentration between the surface layer and the bulk solution. Several
other theories have been suggested to describe the formation of a foam.
Hazlohurst and Newille {(36) have proposed a Ycybotactic' theory which is
based on the pramnise that the liquid is composed of molecular swarme or

neybotactic” groups having only a transitory existence for lack of anchorage



oz directive influence. This anchorage is provided by an interface of
any type, where the cybotactic effects will be stronger and more per-
aistent; possibly approaching the orderiiness and stability of crysials.
Moze recently, Nakagaki {37) advanced 2 thermodynamic theory of foarmn
formation and foam stability, using as a basis foam volume and foam

life,

3., Principles of Foam Separation and Ion Flotation

Foam separation, also known as foam f{ractionation, takes
advantage of the distribution of the components of a solution between a
bulk liquid phase and a mobile interfacial filin between this phase and a
gas phase. The interiacial film is geaerated by & constant gas siream,
The distribution of the components of the sclution between the bulk phase
and the interfacial film is governed by a selective adsorption process,
in order to be separated by foaming, a subctance must lower the surface
tension of the bulk Hquid. This is the property of moleculeas which are
soluble in water and which contain both 2 hydrophilic and a hydrophobie
group. These substances are knowa ag suriace active agente or "'sur-
factants’. Their concentration at the surface of their agueous solutions
is due to a reorientation of the hydrophoblic {organic) ends of the surfactant

molecules towards the gae-solution interface in order to minimize cortact



with the solution, As a result, a surface layer is formed which contains
an excess of suriactant over that contained in the bulk solution, The
driving force which causes the migraticn of these molecules to the inter-
face is considered to be the excess surface-free energy of the molecule

in the bulk solution over that associated with the molacule when it i in

the surface layer.

None-suriace-active materials, such as metallic ieng, cannot
naturally be concentrated by foaming. A surface-active ion, of opposite
charge to the ion that is to be concentrated, must be added to the solution.
Gas bubbles are then iatroduced into the solution, a foam is formed which
collects the surface-active material carrying with it the oppositely charged
ion. This process is usually designated as being ion flotation. The pheno-
menon was first obssrved by Langmulr {31) who reported the sensitivity
of monoclayers to traces of metal ion impurities, especially copper and
aluminum. The foam fractionation or ion flotation process should not be
confused with froth flotation, 2 conventional method extensgively used in ore
dressing. Foam {ractionation and froth flotation are mechanically similar
in that both involve the gassing of a liquid maes. However, froth flotation
deals with a heterogensous system involving at lsast two, usually three
different phasee, a liguid and two differont solids. Separation of the solids
is achieved by modifying the particle surface characteristics of one by

incorporating some "collecting agent”, so that it is more readily attached



to air bubbles, ¥Froth flotation is therafore a physical method employing
an artificially magnified density difference, caused by a selaective attach-
ment ef a solid to gae bubbles, between particles of different solids, and
is analogoue, in principle, to sedimentation, Foam separation, on the
othey hand, is used to sesarate the components of a single homogeneous
liguid phase. The material which concentrates in the foam phase must
have existed in true salution in the liquid medium. The distinction between
foam fractionation and froth flotation, however, is not so clear in the case
of the foam separation of colicid-surfactant systeme, where the finzl efiect
ig a combination of froth flotation resulting in the removal of colloid par-

ticulates and of fcam separation resulting in an enrichment of the froth in

surfactant (32).

4 . Gibbs Adeorption Isotherm

The basis of the thermodynamics of the adsorption of dissolved
substances at interfaces is Gibbs' Equation (38), It relates the degree of
adsorption at the boundary between two phases in thermodynamic equilibrium
and at a constant temperature to the change in interfacial tension at that

boundary and the campositica of the two phases:
d“z'r-ld“l"!zdﬂz'-oncc {id‘linocoo“ rnd&lu (1)

interfacial or surface tension

4]

where Y
[ = surface excess of the components (1, 2, veee by sovesy @)

chemical potential of the components (1, 2,.i,..n).

-
7
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Equation (1) is the strict Gibbs equation for adsorption and is rigorously
as correct as are the Laws of Thermodynamics from which it is derived.
The summation on the right hand side of eq. {1) must, however, include

all adsorbed species, including the counter-icas if the soluts coneisss of

long-chain ions {39).

With the introduction of activity and its definition
o
pia ”i + RTlnli {2}

where p? = standard chemical potential of species i
R = gas constant
Equation {1) becomes
dy = -RTZ]_'idln&i (3)
The numerical value of the surface excens depends on its definition. In
order to assign numerical values to the rterms. it is necessary to define
& mathamatical interface at some arbitrary position at or near the inter-

face, The validity of equation (1) is not affected by the pesition chosen

for this mathematical interface provided it is planar.

Defining the mathematical plane 5o that the surface excess of
the solvent is mero according to the convention of Gibbs (38) or of Guggen-
heim and Adam, the summation of equation {3) involves only terms for the

solute,
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a. Gibbs' Equation for Very Dilute Solutions

For idesl solutions, concentraticn can be used instead of
activity, and eq. {3) reduces to

dy = -RTZTidlnxi {4)
Thie simplified form of Gibbs' equation is often used since solutions

under consideration are generally dilute and nearly ideal.

b. Adsorption of EXIDA-Dr

Solutions of anionic or cationic surface-active agente may be
considered as electrolyte solutions. According to Brady and Brown {41),
Cockbain and McMullen (42), the uni-univalent surfactant is considered
to be completely dissociated. Thus, in the interfacial layer of the
system EHDA-Br-Water the following species: EHDA-Br and EHDA-OH
will be present as & result of the hydrolysis of the quaternary ammonium
salt. Consequently, thers exists the possibility of the adsorption of the
following ions in the monclayer:

eupat, Br”, oH"

Therefore
« dy=z RT

gt dIn [l .dlax r_+m~(“ dlnx

o *cupa+r * BT lpe- B
Since quaternary ammonium salts do not hydrolvse appreciably in dilute
solutions {25) the pH of the bulk solution does not change markedly with

changes in concentration. Hence d In e O and this torm can be

el CH ™~



neglected. Furthermore x == for complete

Br-~ “zupat * *egra nr
dissociation of the electrolyte and if there is no adsorption of OH

in the interface, which iz the assumption vsually employed, then

— —
"
Dom= = © g = Lpupar ® } supa-Be
and it foliows that

— -1 dy

1_ - y = r . - = (5)
EHDA EHDA-Br =~ 2 RT dlmxg o

[ I

Iif OH" is adsorbed rather than Br~, then | e =9 | ppat ® EHDA-OH

T -1 dy
[ = s 1 (6)
i o3 + 3 « -
EHDA EHDA-OH RT din X S HDA-Br

Thus with surface hydrolysis and preferential adsorption of OH  {or H+
in the case of an anionic suzrfactant), the numerical value of (" is double

that calculated on the basis of no hydzrolysis,

The application of Gibbs' equation has given riee to some con-
fusion, mostly because all adsorbed species 2re not coneidered, Many
cages are reported in the literature (43, 44) wheve surface hydrolysis or
proferential adsorpticon of undissociated molecules sre not assumed and
yet equation (6) is used, whereas equatiocn {5) would be the corract form.
An exteneive discussicon of Gibbs ' equation iz given in the boaok by Daviesg

and Rideal {39).



Instead of using concentrations in lieu of activities, a more
rigorous form of Gibbs' equation can be obitained using the Debye-Huckel
expression fozr the activity coefficient. Below the critical micelle con-
centration, colloidal electrolytes behave as ordinary uni-univalent electro-

lytes, and the foliowing equatica has been applied (41):

din a, —

dlnxi = 21 0.6 -\jxi) {7
A more rigorous form of eq. (5) would then be
I a r = - 1 dy

+ - -
EHDA EHDA-Br ~ ZRT (1 - 0.6 (B, o) dlaxg, o0 oo

{8)
However, the correction factor €. 6 \f;is negligible for dilute solutions

encountered in this work and the use of equation (5) is justified.

¢. Cther Adsorption Equations

For certain special cases of adsorption, there exist more
specific adsorption isotherms. Langmuir's equation {45) is valid for very
dilute solutions of un-ionized solutes but unapplicable for the adsorption of
ions, as is Sgyskowski's empirical relationship (39). For the derivation
and interpretation of the various adsorption izotherms that have been

proposed the reader is referred to surface chemistry books (29, 30, 39}.

5. The Ideal Fosin ivodel

In an attempt 2o understand the {carn separation process, ar

ideal foam model has been used by several authors (6, 20, 26). This
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model involves a number of significant simplifications which must not

be overlocked but which prove quite reasonable under specific conditions.

a. Basic Concepts of the IKdeal Foam Model

The idea) foam model is based on the following assumptions!?
(1) The foam is composed of spherical bubbles. Generally, the size of
the bubbles is not uniform, and an effective average diameter based on
volume and surface must be used,

3
D, = 2. DZ
® Zp
(2) Thers is no bubble breakage in the foam before exit from the colurmn.

(%)

This implies complete foam stability and absence of internal reflux,

(3) Adsorption at the surface is instantaneous and the system is in equili-

brium (in order to apply Gibbs' equation).

{4) The liquid mechanically entrained by the foam is of the same concén-
tration as the bulk liquid, Employing these assumptions, the following

expression can be stated:

y, © x5 + A {10}

where y = concentration of the surfactant in the surface layer at
equilidrium (g/ cmB)

® = concentration of the surfactant in the bulk solution

g/ cm3)
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. 2
[ s surfectant surface excess {g/owm )

A = intecfacial srea per unit voluine of surface layer (c1n2/cm3)

The number of bubbles per unit volume of fosm is 6/'4TY33) aince the

volume occupied by the liguid is negligible.

Interfacial area per unit volume of feams isﬂ‘s"f/ TYBS = &/D (an

Interfacial ares per unit volume of surface layer:

A zég 02

where
G = valemetric foam rate (cm3/min)

3
$ = volumétric surface layer rate (cm /min)

b, Single-Stage Eguilibrium Coluon

An equilibriumm relatioaship hetween the concentration of the
solute in the fosun Hauié {also called foamate by analogy with the distillate),
and ite concentration in the bulk liquid can he obtained by conducting &2
baich separnticn speration with total recirculation of foemate in crder

1o keep the bulk concentration constant,

Por the system represented in Fig. 2, the material balance

on the surfactant is?
E“yF s Fxn ¢ BaAl {13)

where F a volumetric foamste rate (crn3/min)
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Combining this equation with eq. (1 Z) yioldse

DF

"= g~ %) 55 4
O D1

U ®-1) - {15)

6
where E = yF/xB = Enrichment ratic

. F mlligu.id
1 = Gﬁ 1 foam = Foam rasio

Equation (15) will be used to calculate Gibbs' adsorption from total
reflux data.

c. Continuous Foam Separation
For the continuous foam separation column, where the feed

of concentration x iz introduced continucusly below the solution-foam
interface at a rate L and collapsed foam of concentration Ve and bulk
solution of concentration xy, are withdrawn continuously at the top and
the bottom of the column at rates F and B raspectively {Fig. 3), the
following material balance equations can be written at steady-atate:

L = F+ B (16)
Fyp = Fag+ sal’ 17
LxL = FyF+ BxB {18)
ox FyF ® &‘ys# {F - 3S) Xg (19}

The second term of the right hand side of equation (19) reprecents the
contribution of the liquid entrained by the rising foam which is assumed
to be of the same concentration as the liguid pool.

The following conditions are implied ir equations (17 - 19).
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{1) - The liguid pool ie well mixed, without concentration gradient,

i, e. the bottom concentration ie the same as that in the ligquid pool.

(2) « The cclumn operates as a single equilibrium stage, i.e.there

is no earichment due to internal reflux brought about by bubble breaksage
in the foam column,
From equations (16 - 19} and Gibbs ® adsorption isctherm (eq.

(5) ), the following relations can be derived:

3 dy &
Y~ ™ ®° "RTD dlaxg F (20)

3 Sy {21)

"% © "HID diaxy

3 dy

B
Y% ® “KiD dinx T (22)

G
L
G
FL

B
Equaticns (20 - 22) can theoretically be used to predict the ove rhead and

bottoms concentrations for given feed concentration, feed rate and foam

rate provided the following information is available:

(1) = Relationships between B, F, D at given feed concentration,
feed rate and gae rate

(2) - Surface {ension - concentration data
Very often, as in the case of EHDA-Br, dy/d in xg is constant for & wide

concentration range below the critical micelle concentration. If such is

the case, a plot of



BN

DF L

. -3 dy
in a straight line with slope RT dlnx

varses & shouléd resuli

B
Furthermore, since (yF - x.B} DF, (xL - X B‘,a DL and WF - xL)

DF1/8B are all equal to =2 dy G, their values must be equal for a
RT dln xa

given foam rate.

Réarranging and combining equations (16 - 19) shows that the

surface excegs can be evaluated from

x
[, = e;&.;)(.g.;*g-»xa (23)
B
[+ £
— b 4
Iy = ==-1 g%)xa (24)
B

Thess two equations are equivalent since they result from the
same set of equations, and the numerical velues of TB and FF should be

Ggual if the data ara consistent.

-
Lywess o L
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1V AFPARATUS AND EXPERIMENTAL PROCEDURE

i. Agﬁmtua
a. Outline of the Experimental Agpmmus

Figures £ and 3 represent the experimental apparatus for
total reflux and continuous operations respectively. In both cases,
air which is obtained from a compressed air cylinder passes through
& pressure r?guhtor which reduces the line pressure to approximately
3 psig. It is then saturatsed with water to prevent evaporation in the

foam column, and its flow rate adjusted by 8 valve and measured by &

gas rotameter before it passes to the gas sparger.

For the single-stage equilibrium studies, a2 series of tasts
were conducted with no feed make-up and at total refilux, that is, the

foam at the top of the column is collapsed and completely recirculated.

In continucus operation, the feed, which was stored in a poly-
ethylene reservoir, was pamped into the column at 2 constant rate as
measured by a rotameter and a foam and a draln stream were withd rawn

at the top and the bottom of the column respectively.

b. Foam Columng

Thres columne, with diameters of 2, 4 and 6 inches, {all &

feet in height} mede of Lucite plastic were esed in this atudy. The 4 in.



column, had 3/4 in. holes, spaced 4 in. apart to provide alternate

feeding and foam removal locations,

¢, Bubblers

The bubblers were made from porous steel metal purchased
from:

Pall Trinity Micro Corporation

Cortland, New York, U.S.A.
Metal specifications: grade F, mean pore size: 20 microne, nominal
thickness: 1/8 in, For use with the 4 in. and 6 in. column a percus
metal plate of 2.5 in. in diameter was cut from the porous metal sheet
and a short section of 2.5 in. diameter. stainless steel tubs was soft
soldered io the porous metal plate, For the 2 in. column, a 2 in.

plate was attached directly to the bottom of the column.

d. Saturator

Before being admitted into the bubbler, the air stream was
passed through a fritted glass tube contained in a bottle filled with distillad
water. The air stream emerging from the saturator was humidified and

thus prevented water from evaporating from the EHDA-Br solution,

a, Foamn breaker

For the squilibrium studies, it was essential that the bulk

liquid was maintained at a8 constant concentration and to accomplish this,



@b

the foam produced was collapsed and recirculated in its entirety, It

was found that the centrifugal foam breaker was the most efficient to
handle the rather large volume of foam that was formed., It consisted
of a periorated plastic can attached to a variable speed stirrer that was
adjusted to provide a reasonably constant flow of collapsed foam. The
foam breaker was encioged in & Lucite collection chamber closed by &
lid in which openings were provided for the foam entrance and the
stizrer. The collapsed foam was recycled by gravity flow through the

recirculation line,

For the continuous runs, there was no need to break the foam
since it was not recirculated, but to ensure the free flow of foam a thin
coat of silicone grease applied around the foam outlet tube proved to be
a very efficient ioam breaker. Silicone grease, however, could not be
used when the collapsed foam had to be recycled since it was not known
if its presence in the solution resulting from solubilization or physical

entrainment would affect its foaming characteristics.

All connections were made of Tygon tubing.

f. Photography

Bubble diameter measurements were made from photographs
of the foam obtained with an Asahiflex camera with = 50 mm lens,

equipped with & bellows attachment, by using panatomic film 135454



{for fine-grained enlargement), with light being provided by floodlight
{Superfiood lamp No. 2). Measurement of the bubble size was accom-
plished by attaching a strip of graduated paper to the cuter surface of

the column. In spite of the fact that the scale and the bubbles lay on
different planes, no correction for parallax was neceesary, as evidenced
by the perfect matching on a photograph of two scales attached on either
cide of the wall, Thera is apparently no distortion due tothe curvature
of the tube wall in the restricted picture region which was approximately

3emx 3 em.

g. Surface Tensiometer

The surface tension of the EHDA~Rr solutions wae measured
by & Cenco - Du Nouy Interfacial Tensiometer No, 70545 equipped with a

platinum ring.

h. Analyeis
Analysis for the concentration or hromide ion wae periormed

to detormine the concentration of the EHDA~3r solution. This was dome
by a potentiometric method using a glass and » silver electrode, with

Ag NC)3 as titrant (see Appendix D).

i. Surface-active Agent

Ethylhexadecyldimethylaramenium bromide (CH3 (cH 2)15

C,H_ N Br), a quaternary ammonium 2alt and a cationic surfactant

(CH,y), C H,
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was used in thie study and was supplied by Eastman Organic Chemicals,

Rochester, New York, U.S.A. {Catalog No. T5661).

2. Experimental Procedure

a. Surface tension messurementis

The surface tension of aquecus golutions of EHDA-Br ranging
in concentration from 0.004 to 1,0 g/1 wese measured. Measurements
were made in an evaporating dish which had been cleaned with sulfo-
chromic acid mixture and rinsed with the zolution to be measured. The
platinum ring was flamed before each measurement. Although no effort
was made to maintain a constant temperature, the measurements were
made in a short period {n which the temperature of the solution was
79+ 1°F. Four or five readings were averaged for each solution and

reproducibility was within + 0.3 dynes/cm.

b, Total Reflux Ogomtion

Single-atage equilibrium studies were conducted with the 2 in.
diamater column exclusively. Saturated air at 2 selected rate {adjusted
by a valve and measured by a rotameter) was fed to the bubbler. The
column was charged with 2 liters of an agueous golution of EHDA-Br,
the foam breaker was then started and the aolution allowed to foam ior

at least 3 hours with all the foam produced being collapsed and recirculated.



At the end of each test, 2 or 3 photographs of the foam near the foam
cutlet were taken. The foam velocity and foam rate were determined
from the time & bubble took to travel a distance of 10 or 20 cm between
two lines drawn on the column. The collapsed foam rate needed to deter-
mine the liquid content of the foam (foam ratio) wae obtained by volumetric
timing of a small quantity of foamate (20 to 50 cc depending on the foam
rate} at the iem\ of each test, The collapsed foam and a sample of the

bulk solution were titrated by the potentiometric method ocutlined in

Appendix D.

c. Continuous Operation

For the continuous runs, the feed stream of concentration xL
was fed continuously to the column at & rats L. measured by a calibzrated
rotameter. Foam and bulk liquid were also withdrawn continuously at
the top and the bottom of the column respectively. The solution~foam
interface was maintained at a constant level with some difficulty by
adjusting the level of the exit line {rom the bottom of the column, Steady
state was deemed to exist when all variables {fcam velocity, foamate
rate, bottomns rate, foamate concentration, bottoms concentration)
became constant with time. Although preliminary tests had indicated
that steady siate was reached after about £ bours, each test was carried

ocut for at least 4 hours, with occasional checks on concentrations and



T

flow rates, to minimize small fluctuations in feed rate and liquid level.
Foarnate rate (¥} and bottomsa flow rate (B) were determined volumetric=

aily by collecting these streams in graduated cylinders for 15 to 20

minutes,

d. Bubble Diameter Determinatica

The negatives of the photographs of the foam were magnified
20 to 25 times in & microfilm reader, Approximately 50 bubbles were

measured which then permitted calculation of the average bubble diameter.
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¥ HRESULTS AND INTERPRETATION

1. Surface Tension of Aqueocus Solutions of EHDA-Br

The suriace tensions of aqueous soluticns of EHDA-Br at
7%+ 1°F as determined by the Du Nouy ring teasiometer are ligted in

Table 1 and plotted in Figures 4 and 5.

Table 1

Surface Tenmsion of Aqueous Solutions of EHDA-Br at 79 + 1°F

Concentration of Surface tension

EHDA-Br g/l dynes/cm
0.000 71.8
0.004 68.6
0.010 67.7
0.0235 63.2
0.04a0 57,1
0.096 46.8
0. 200 38.3
0.413 34.4
0.514 35.1
0.960 34.0

5.130 33.4
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Figure 5 shows that the slope of the curve y versus the logarithm of
concentration is constant for concentrations ranging from 0,02 g/1
to about 0.28 g/1 and thus accordiag to Gibbs® adsorption isotherm

(equation 3) the surface excess ?‘ﬂ should be constant and independent

of the concentrafion in this region.

The discantinuity in the curve of susface tension shows that
the critical micelle concentration (c.m.c.) is about 0. 28 g/1. Above
that concentration, a new phase consisting of surfactant micelles is
formed and Gibbs' equation cannot be applied since it does not contain

any term accounting for the aggregation of malecules.

2, Single-stage Equilibrium Studies

a. Object

In the first part of this study, exploraiory tests were conducted
to assess the foaming ability of EHDA-Br. The effects of operating
variables on the performance of a singie-stage equilibrium column were
also studied. Finally, the surface excess was determined at different
foam rates and concentrations, and its value compared with values
predicted by Gibbs® equation. The independent variable was chosen to be
the foam rate G which is slightly different from the gas rate G' measured

at STFP conditions, due to the pressure drop across the bubbler. The
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foam rate was chosen as the indopendent varizble because it is directly
related to the drainage time, 1.0, ,the time a bubkle spends in the foam
column. For this part, experiments were gonducted with the £ in.
diameter column and 2 20 micron porous metal plate bubbler with all

the coliapsed foam being recirculated.

b. Foamability of EHDA-Br and Observations on the Structure of its

Foam

EHDA-Br foams readily at almost any concentraticn. However,
solutions below 0.3 g/1 {0.01% weight) produce unstable foems witk &
tendency to bresk in the foam column and to cover the wall of the column

with a blanket of stationary bubbles.

During the course of this work, two extreme types of foams
have been obgerved (Figures 62 and 6b):
{a) Wet foams with spherical bubbles and 8 high liquid coatent

(b) Dry foams with polyhedral bubble and a low ligquid content,

In gencral, the bubbles are reasonably epherical, except at
very low foam rates (i.e. low foam velocity). At these low foam rates,
coalescence occurs at the top of the column, producing polyhedral
bubbles. Since the equatione in chapter Il are derived on the basis of
the absence of coslescence, data with coalegcent bubbles must be

rejected. Furthermore, if the foarm is stable but not spherical the



Figure 6a.
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Example of a wet foam
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factor 6 in equation {11) has to be changed to fake into account the shape

of the bubbles,

c. Variation of the Diameter of Bubbleg with Digtance from the Interiace

A series of photographs taken 2t various points above the
solution-foam interface showed that the sise of bubbles was not constant
throughout the foam columns. Typical results are reported in Table 2

and plotted in Figure 7.

Table 2

Variation of Bubble Diameter with Distance from interface

x5 = 0 305 g/i xg = 0. 294 g/1

Foam rate = 593 ¢cc/min Foam rate = 520 cc/min

Distance from D Distance from D
interface (cm) {mm) interface (cm) {mrm)
7.0 0.85 0 0.72
26.5 0.87 14.5 0.75
42.5 0.89 34.0 0.84
63.5 0.98 52.0 0.88
65.90 6,95 €0.0 0.92
61.5 0.91

Drainage occuring in the foam column was accompanied by
thinning of the bubble walls. In the case of stable foam, the diameter of
the bubbles therefore increased with the time allowed for drainage.
Since the significant varisble in this case is the time a bubble stayed in
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the foam column, the rate of increase in dlameter with distance from
the interface was greater at lower foam velocity as demonstrated by
Figure 7. In subsequent calculations, the effective diameter was deter-
mined from photographs taken near the outlet of the foam column, since
all other characteristics (liquid content, conceatration: , etc...) axe

determined for the foam at the ocutlet,

In view of its important influence on the performance of foam
separation columns, the drainage of solution betweea foam dbubbles has
been studied extensively. Miles et al (46) have treated foam as a series
of capillary tubes, Jacobi et al (47) considered foam drainage as liquid
flowing between parallel plates. Haas and Johamson (48) arrived at semi-
empirical relations by assuming a flow through Plateau borders of curved
triangular cross-section with non-rigid boundaries, More receatly Lec-
nard and Lemlich (49) proposed & model invelving the flow through ran~
domly oriented capillaries (Platsau borders) of non circular cross-section
with finite surface viscosity at ite boundaries. The model was experiment-
ally verified by Fanlo (50) with the system Triton-X-Water. None of these
studies have been concerned with the expansion of the bubblee but thiz
phenomenon has been studied quelitatively and gquantitatively by Mysels

and his co-workers (49, 51).
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4., Effect of Foam Rate on Enrichment and Foam Ratios

The effect of form rate on enrichrmant ratic and foam ratic
has besn studied for 3 different concentrations: 0.15 g/}, 0.20 g/l,
0.30 g/1. In Figures 8 to 10, the enrichment ratio and foam ratio are
plotted against foam rate. R is seen that the enrichment ratio decreased
and the foam ratio increased with incressing foam rate. This is under-
standable since increasing foam rate means more liquid eatrained with
the bubbles, thus incressing the liquid content and decreasing the con-
centration of the foam: and consequently the enrichment ratio, At high
foam rates the rate of decrease of the enriclument ratio with increasing
foam rate decreased sharply and at vary high gas rates £ would tead to
unity since the intersticial liquid in the foam will be almost entirely
entrained liquid from the bulk sclution. It can be seen that very high
earichment ratios can be obtained by lowering the foam rate but the foam

will be very dry and unstable,

o. Surface Adsorption

The surface excess was calcuiated from foam separation dzia
and compared with the theoretical value obtained from Gibbs'’ equation

and surface tension data,

i. Surface excess from surface tension data

Frormn equation (5} and surface tension data:
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r N i dy
- 2RT dlnxa (3)

where -é-%};—- = slope of Figure 5
B oo .32 dynes/cm
According to equation (3), the value of (ibba' surface excess is betwaen

0.870 x 10™' and 0,856 x 10™' g/cm® for the 23° - 28°C temperature

range.

If it is assumed that the interfacial phase consists of 2 mono-
molecular layer, the area of the EHDA-Br molecule would then be

<
(taking the average value for | ) 72.8 AZ.

ii. Surface excess {rom foam separation data

The experimental value of surface excess Fexp was calculated

listed on Table 3 and plotted againat foam rate in Figure 11 with bullk

concentration as the parameter, Figure 11 shows that:

(1) The experimental value of surface excess was not constant as
would be expected by Gibbks ' equation but varied with both foam rate and

bulk concentration,

{2} | decreased with increasing icam rate, reached a minimum

exp

value and then increased with increasing foam rate. This behaviour of rexp
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Table 3

Surface Excess from Foam Separation with Recycling Data

Final bulk concentration Foam Rate rexp
xy {g/1) cc/min (g/cmz) « 108
0. 146 £30.4 6,20
0.151 237.0 8,14
0.149 282.0 6.94
C. 145 373.8 7.28
0.152 525, 6 6.15
0,147 681.0 7.10
0.152 937.8 8.49
0.199 83.4 12.75
0,181 240.6 9.28
0.197 32%,2 8.00
0.191 486. 6 7.25
0. 200 748.2 9.28
0. 299 138.6 13.90
0.307 204.0 12,75
0.298 252. 6 10. 89
0,297 253,2 11.23
9. 294 521.4 9.83

0.319 593.4 10.03



—lim-

8 L
16
4 L
12 =
L+ o)
o 10
>
N; [ theor. /0/
5 g r_(eq.5)
~
on
s L
@
4 |-
GXB:O.ZZOg/i
® X=015g/
2 -
0 ! 1 | 1 l 1 | ] 1
C G 200 300 4C0O B0OO 600 700 800 900 (04C
Foam rate (cc/ min)
Figure Il. Surface excess of EHDA-Br from foam

sepdration with recycling dgata



1, e
bl om

- with respect to foam rate was also observed by Kevorkian (43) with
Aresket- 300, an aniovic surfactant, but his values of r;xp were
always higher than the value cbtained from Gibbe'® equation and surface
tension data. The behaviour of r“p with respect tc foam rate was
likely due to two sffects. At low foam rates, an increase in the foam
rate caused more bulk liguid to be entrained with the bubbles. Since
the entrained liquid was of a much lower concentration than the inter-
facial layer itseif, the entrainment effectively reduced the concentration
of the collapsed foam, giving a lower value of r;xp' At very low foam
rates, the foam was given ample opportunity to drain and as a result
the foam became very dry and the bubbles were no longer spherically
shaped. To compensate for this, the numerical constaant in equation {(15)
should be somewhat larger since the area of 8 polyhedron is larger than
tho area of a sphere occupying the same volume., Since the constaat wee
taken as 6, Texp as calculated by equetion (15) was probably larger
than its actual value. The situation was further complicated by the fact
that, although the foam was fairly stable, breakage might occur at tno
low foam rates, providing internsl reflux and increasingthe value of r;xp
since the eystem represented by the liquid pool and the foam colurmn was

no longer a single equilibrium stage. As the foam rate was increased,

the entrajnment effect probably reached a meximum beyond which it was



no longer the preadominant factor, At nigh foam rates, the velocity of
the gas may have caused the breakage of the bubbles, providing internal
reflux which contributed greatly to the increase in the concentration of

———

the feam and thus accounting for the increase in ’ oxp”

Comparison with the theoretical value of ras predicted by
Gibbs' equation from surface tension data shows that for values of g
below the c.m. c., T’W was lower than predicted, except for very high
and very low focam rates. A lower value is to be expected because of
the entrainment {dilution) effect. It is likoly that under "ideal" circume
stances (i.e. no coaleacence of the bubbles), f;p would be expectead to
tend toward the predicted value at very low foam rates, since Gibbs!
equation applies to atatic systems, The fact that Faxp was greater than
rtheor. at low and high foam rates simply indicatee coalsscence and
breakage of the foam, It is believed that the application of Gibba'® equation
to non-static system is somewhat doubtiful. Furthermore, the extent of
surface hydreolysis, and preferential adsorption of OH", in which case
the theoretical value of | is twice the "normal" value of [ , is not
accurately known., The actual value of TMP could be somewhat higher
than the measured values since the concentration of EHDA+ ion in the

interiacial phase was measured for ia its bromide form, and thus EHnAt

in its hydroxide form produced by surface hydrolysis was not datermined,



Howewver, the order of magnitude of l exp® which is quite reasonable
compared to the surface excess calculated from equation (5) seems

to indicate that surface hydrolyeis is indeed negligibie,

According to the surface tension~concentration curve, Xy =~
0.30 g/1 is above the ¢.im.c., and therefore (ibbs'equation cannot
be applied, since it contains no term descriptive of the micelles. This
is obviously so since Gibbs' equation would predict 2 zero surface excess
whereas experimental results show a definite positive adsorption, even
greater than with solutions below the c.m.c. It has been reported by
Wilson ot &l {52) and Kishimoto (13), thai the surface excess remains
constant above the ¢.mi. ¢., although no explanation, qualitative or gther-
wise, has been offered. It must be emphasized that just because the
experimental values of ["do not agree with the predicted values, this
does not question the validity of Gibbs' equation since it was derived for
static interfaces. The absence of information on the exteat of jonization
and hydrolysis of the surfactant makes any meaningful comparison very
difficalt, as does the uncertainty in the determination of an effective

diameter of non spherical and non uniform bubbles.

iti. Review of attermpte to verify Gibbs'® equation experimentally

The araocunt of adsorbed material is usually so small that s

experimental determination and consequently, an experimental confir-
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mation of Gibbs' equation could not be achieved for many years, The
rising bubble technigue hae been employed by McBain and co-workers
{53, 54) to measure adsorption of agueocus solutions of iscamyl alcchal,
acetic, butyric, caproic, nonylic acids, phenol, p-toluidine, resorcinoi,
thymol, camphor, Na Cl. They found that 2 to 8 times as much aolute
was carried along by the bubbles as would be predicted by Gibbs®
equatioa. Hcmevér, McBain (35), using an elaborate apparatus to skim
off a8 very thin layer of static air-solution interfaces of phenol, caproic
acid, p-toluidine, found good agreement with Gibbs! equation. Kishimoteo
{13), using data of Wilson et al {(52) and assuming complete diesociation
of the slectrolyte, cbtained very good agreement with Gibbs' equation for
sodium lauryl sulfate and noted that surface excess remains constant
above the c.m.c¢., This is remarkable, since Wilson's data were chtained
from direct foam separation with recycling data. Lemlich (44) claimed
an agreement within 10% for the system Aresket-300-Water from foam
separation data, but he uged aquation (6) without justifying it. Dixon et al
(56), ueing radiotracers on Aerosol OTN, an anionic surface-active agent,
found fair agreement with Gibbs'® equation by assuming that the undissoci-

ated form of that organic electrolyte is more strongly adsorbed than its ion.

In conclusion, it appears that:

(1) Gibba' equation gives only approximate information with regad



to surface concentraticn. This is due to the formation of ion pairs and

possibly small micellss even at concentrations below the ¢, m. c.

4] The usefulness of Gibbs' equation ia limited by the lack of
iaformation on the extent of surface hydrolysis which occur, even with

strong electrolytes,

{3} Above the c.m.c., multilayer adsorption is possible,

2, Contimious Foam Separation of EHDA-Br

a. The Ideal Foam Model

In order to verify the assumptions involved in the ideal foam

DFL
model, (yF - xB) DF, (xL - xB) DL,(yF - xL) <

in Figure 12 againet foam rate (G). I equations (20 - 22) based on the

have bean plotted

ideal foam model are to be satisfied, the plot should yield a straight line

d

with slope oz )
£ & . AB

» The ordinate Y% represents the average value

DFL
of yg = xp) DF, {x; - xg) DL, (yp - x,) =%~

with vertical lines drawn
through the points to indicate deviations from the average values. The
data were obtained from continuous runs with the 2 in. diameter column,
a 20 micron porous metal bubbler, at a feed rate of 52 + 2 cc/min and for
3 feed concentrations: 0.15, 0.20, 0.30 g/l, Examination of Figure 12

shows that at high foam rates, the values of Y* are consistently below the

theoretical values predicted by equations {20 - 22), whereas at low foam
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rates (below 300 cc/min), Y% is consistently above the theoretical
values. This indicates that at low foam rates cozlescence and breakage
of bubbles .occured, thereby providing internal reflux and the system
consisting of the liguid pool and the foam column could no longer be
considered to be a single equilibrium stage, Despite the scattering

of data, there was no indication of any dependence of Y* on % and

congequently on Ay

b. Surface Excess from Continuous Foam Separation Data

The surface excess valuss calculated from equations {23)
and (24)are listed on Table 4 and are plotted in Figure 13. The values
of [ and [ show reasonable comsistency. The deviation from the
average value of Tn not greater than 15% aad in 70% of the cases, it
is leas than 5%. The behaviour of [ witn respect to foam rate was
similar to that observed with total reflux data. But in this case, it is
difficult to ascertain the dependence of [ with bulk concentration since
the parameter is feed concentration. Dependence of I upon concentration,
if there i3 any, was probably masked by the inherent nature of the exparie
mental data. Between foam ratss of 200 and 950 cc/min experimental
values of [ were coasistently lower than the value predicted by Gibbs'
equation, although the deviations from the theoretical value never exceeded

30%. As the foam rvate decreased, rincreawd rapidly, reaching values



-57-

i ‘“ |9 w SR I I I T i
Gooniil a0 SER0N i z.ﬁ“:,m:.uI m wC LS5 A0XB AR CI . v,t..ﬁuw
(UlWw/2D ) d4DL  WDO4
006 008 00. 009 00G OO0V 00¢ 002 00| 0
| 1 ] 1 | ] ] ] T
¢ o |
®
5 a . ﬁ |
. - -0 l
® (g 'ba) oayy 1
O
/600 ='X O
1 /6020 ='X ® _
1/bgio="'x @
e

Ol

14

9l

81

.

801 X (zuu')/f))



several times greater than the theoretical value. Ae in the cage of
total reflux, drainage, bubble coalescence and interaal reflux were

preaumably responsible for the exceedingly high values of I—; xp'

c. Conclusion: Validity of the Ideal Foam Model

In crder to appreciate the applicability of the ideal foam
model to the foam separation process, the validity of the assumptions

involved in the derivation of equations (20 - 22) muet be asasessed,

(1) The assumption of & completely mixed liquid pool would be
expected to be valid in view of the stirring eifect of the bubbles, and in

fact this has been verified by Grieves and Wood (23).

{2) Experimenta conducted with different foam heights {see undex:
effect of foam height) showed that for a foam column high enough to
ensure good drainage and at a constant gas rate and feed rate, there

wae no variation in x5 although vy F increased with increasing {oam height,
indicating that most of the entrained liquid is of the same concentration as

the bulk liquid.

(3) The condition of complete stability of the foam is not likely
to be met at extreme conditione, i.e., at either very low or very high
foam rates. At very low foam rates, coalsscence of bubbles occurred,

producing polyhedron-shaped bubbles, the surface area of which wasa



difficult to meaguvre with accurecy. At very low and very high foam
rateg, breaksge of the foam due to excessive thinning of the bubble

walls and to the gas velocity produced internal refiux,

{4) Thre most critical assumption employed stated that the inter-
facinl layer wee in equilibrium with entrained liquid which was as sumed

to be of the same concentration as the liguid pool. This means that V3

is the concentration that would be achieved after an infinitely long pariod

of contact and is related to Xa by some equilibzivm function, e.g.,

Gibbs' equation, Thus the whole columa is considered as a single equili-
brium stage. Any increase in the concentration of the foam phase would
then be due only to drainage and not to mass transfer. However restricting
this assumption may appear it is justified, provided ao bubble breakage
occurs which liberates the gas phase and brings it into contact with a

richer liquid phase, that is, there should be no internal reflux.

(5) The last assumption, namely that Gibbs ' equation applies to noa-
static interfuces may or may not be justified, depending perhaps on the
asture of the surfactant, It seems to be applicable to EHDA-Br provided
all the factors governing its adsorption at soluticn air interfaces are

taken into account,



Under ideal circumstances, i.2., with foams stable enocugh
to produce spaerical bubbles which remain unbroken at very low foam
velocitiea to ensure gquasi-static conditions, equaticn {21} can be used
to predict Epe provided bubble diameter iz known with reasonable

gceuracy.

d. Inportance of Uperating Variables

In order to evaluate foam iractionation as a feasible chemical
engineering separation technique, a large volume of information is re-

quired on the factors which control the ssparation.

The important dependent variables in a coatinuous operation
are:
(1) Separation efficiency, expressed as "Enrichment Ratio" {E =
YE/xB) » or "Stripping Ratio” (S = xB/xL}. The enrichment ratioc is to
be maximiged in an enriching operation {e.g. recovery of valuakle metal
ions) and the stripping ratio to be minimixed in 2 decontamination operation
(e.g., decontamination of waste streams). These parameters, however,
do not give any information concerning the foam rate and the stripped

effluent rate.

{2) Effluent and overhead rates expressed as volume ratios 7/L and

B/L, or as "Volume Split" F/B. It is generally desirable to minimize



Q{:’:’:;"I’

the volume split.

{3) The "Bemoval Ratio* FyF/ Lx, , which measures the por-
centage of surfactant removed {rom the feed. It is desirable to maxi-

mize this parameter,

The effects of different operating variables on these parameters
and aleo their importance relative to one ancther is the information needed
in the design and operation of a foam separation unit giving the greatest

enrichment at the lowest unit cost,

e. Effect of Operating Varisbles

i. Bubble Diazmeter

{1) Effect of Foam Rate on Bubble Disuneter

The effective bubble diameters determined from photographs
of the foam and equation (9) are plotted against foam rate in Figure 14,
with feed concentration as the parameier. The data were obtained with
the 2 in. column and the 20 micron porous metal gas sparger at a feed
rate of 52 + 2 cc/min. Since Figure 14 shows that bubble diameter passed
through a minimmun with increasing fcam rate, it would appear that bubble

diemeter was determined by the interaction of two effects:

(1) Gas rate, the increase of which normally produced larger

bubbles since a larger volume of gas passed through the pores of the

sparger.
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{2} The drainage effect, that is a lower foam rate means a
lower velocity of the bubbles and consequently more opportunity for
drainage‘ and thinning., At very low feam rates, the foam was very
dry and coalescence might even occur, increasing appreciably the
diameter of the bubbles, The fact thet the minimum eeems to occur
at the same £pam rate {around 400 cc/min) independent of x indicates

that the thinning of bubble walls is independent of concentration.

2. Effect of Feed Concentration on Bubble Diameter

Figure !4 also shows that for the same foam rate, bubble
diameter decreases with increasing feed concentration although bubble

diameter probably depends on the bulk concentration Xy rather than the

feed concentration ::L , but since x

the same foam rate, the effect is the same, The dependence of bubble

B decreases with decreasing % for
diameter with concentration can be explained by considering that when a
bubble forms slowly at an orifice, it will detach and rise througa the
solution when the buoyant force is just greater than the force due to
surface tension acting along the perimetesr of the orifice. This can be
stated quantitatively to be when

3
T L -



where I» bubble diametar
g = sacceleration of gravity
f = deaslty of liguid

density of gas ia the bubble

-
#"

Dt = orifice diameter

y = surface tansion of solation
i 1/3 1/3

£D Y (26)

D L
g (p1 pg)

u

Since the surfece tension decreases with increasing concentration, it is
seen from the above equation that D also decreases. Equation (26) cannot
be used directly to determine the bubble diameter since it is derived for
bubbles forming very slowly, with buoyancy force in equilibrium with
surface tension, ¥t does show, however, the depsndence of bubble dia-

meter upon concentration,

ii. Lffect of Feed Concentration

The effect of {eed concentration on separation efficiency has been
studied with the 2 in. diameter column, at a feed rate maintained at 52
2 ce/min for 3 different feed concentrationa: 0.15 g/, 0,20 g/1, 0.30 g/l.
The concentration range wae limited by the unstability of the foam at low
concentrations and an attempt to keep the bulk concentration below the

¢.m.c., From Figure 15, it is indiceted that the ratios of dzrain camcen«
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tration and overhead concentration 2o feed concentration are independent

of feed concentration in the concentiration zange studied for the 2 in. dia-
meter column at & feed rate of 52 + 2 c¢/min. Since Grieves snd Wood {23)
have reported that for a given feed concentration, the drain concentration is
fized at & fized velwme of air delivered par unit volume of feed treated it

is possible to predict the drain concentration for all feed rates and feed
concentrations nct exceeding the ¢. m. e, for a given value of the volume

of air delivered per unit volume of feed.

iii. Effect of Foam Hai}_lgg_

Since drainage appears to be an important factor in the foam
separation process, its effect was studied by keeping the gas rate con~
stant and varying the foam height, thus varying the resideace time of the
foam bubbles in the column., This was realized by withdrawing the foam

from ports of varying heights with respect to the interface,

With the solution-foam interface at 14 in. above the gas

! sparger a feed concentration of 0.15 g/l and a gas rate of 1600 cc/min

¥ (measured at STP), 15 teats woere conducted with the 4 in, diameter
column by varying the foam height HF from 2 in, to 50 in. for feed rates

L=2441cc/min and 49+ 1 cc/min.

Fig. 16 shows that for both feed ratee, at a short distance

above the interfzce, the collapsed foam (foamate} rate decreased sharply
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due to drainage, then remained almost constant as HF was further

increased., At the same time, for HF> 6 in., = _ was virtually constant,

B

+ e: - 3 £ = " / 1 O
as shown in Fig. 17% Between H 6 in. and é:?:F 18 in,, Y%, in
creased from 4.55 to 6.43 for L s 24 + 1 cc/min, and from 3.97 to 4.82

for 1 = 49 + 1 cc/min while ::B,/x remained practically constant. This

L
indicates that & large percentage {(although not all) of the entrained ligmid

was of concentration XB

The effect of foam height, and consequently of drainage time
on the performance of a foam separation coluran may be important at
low foam heights but becames negligible if the foam column is high encugh

to ensure good drainsge, provided the foam remains stable.

iv. Effect of Feed Rate

For feed rates of L = 24+ 1 cc/minand L = 49 + 1 cc/min,
Figures i6 to i8 aiso show that the ratio F/L was relatively independent
of 1. and that for the same feed concentration (xLﬁ 0.15 g/1), % increased
and y _ decreased with inczreasing feed rate. The removal ratio FYF/L % o
which is 2 measure of separation efficiency, 2lso increased with decreasing

feed rate. This confirmed the observations of Grieves and Wood (22), who

i, 17 .
In Fig. 1 xB/xL and YF'/XL were chosen as ordinate instead of x, and Ve

to minimige the effect of minor deviations in X 0 which was in the range

0.150 + 0.005 g/l



have concluded that 'the liguid residence time of an element of feed in
a layer of constant, limnited volume, rather than the residence time in
the entire column of liguid, is the critical factor affecting the separation',
Thus the solution height did not affect the separation efficiency for constant

feed rate, gas rate and foam height, while the feed rate did.

v. Efiect of Column Diameter

The effect of the diameter of foam separation columna on sepa~
ration efficiency was studied with 3 different column diameters: 2 in.,
4 in, and 6 in., In the three cases, the height of solution above the bubbler
was maintained at 14 in. and the height of the foam column above the inter-
face at 53.5 in. The same bubbler (2. 5 in., diameter stainless steel perous
metal plate, 20 p pores) was used for the 4 in., and 6 in. columna. For
the 2 in. colurnn, the bubbler was cut from the same stainless steel plate
and fixed directly to the bottom of the column. For all tests, the feed rate
was maintained at 52 + 2 cc/min and the feed concentration at 0.15 g/i.
The range of gas rates covered was limited by the ceoalescence of bubbles

at very low gas rates and bubble breakage at very high rates.

In Figures 19 to 22, the abscissa is the gas rate G' as measured
by the rotameter and the ratios xB/xL. yF/xL, B/L, F/L have been chosen

a8 ordinates instead of x B, Fin oxder to minimize the affect of

B’ yFD



minor variations in x a2nd L which were maintained 2t 0,015 + 0.0005%

and 52 + 2 cc/min respectively. Figures 19 to 22 show that:

(1) The drain rate decreased with increasing gas rate and the

rate of decrease of the drain rate became smaller with increasing column
diameter. This is due to entrainment which increased the overhead ratls.
The entrainment effect was more important with smaller columns since

the determining factor was the velocity of the gas in the column,

{2) The bottoms concentration decreased with increasing gas rate
and levelled off at high gas rates, and for the same gas rate, it was lower
as the diameter increased, while the overhead concentration decreased
with increasing gas rate and increased with increasing diameter at the
same gas rate. At low gas rates, the few bubbles rising caused little
stripping. On the other hand, the foam produced rose slowly, draining
well and yielding a high snrichment, At very low gas rates, the enrich-
ment was further improved by the internal reflux caused by the breakage
of bubbles. This accounted for the very high values of Vg at low gas rates.
At high gas rates, the number of bubblkes brought into contact with the
solution was large. They produced a large interfacial area and strong
stripping took place. However, more liquid was entrained with the rapidly
rising foam, thus lowering the solute concentration in the overhead and

yielding poorer foam.
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{3) The removal ratio FyF/L % increased with increasing gas
rate and for the same gas rate, it was higher for the Z in. column and

practically the same for the 4 in. and 6 in. columns.

vi. Conclusion

From the above results, the following obssrvations can be
made on the choice of the operating variables in a foam separation
Process,

The choice of a gas rate to be used will depend on whether it
is a stripping or an enriching operation. Since a low value of the ratio
xB/xL means better stripping, a decontamination operation requires a
high gas rate, but operating with a high gas rate necessitates the disposal
of a large volume of foam which mey be inconvenieat. Likewiss, an en~
riching operation would require a low gas rate but the cutput {i.e., the

overhead rate) is also low.

For either objective, it is more advantageous to operate with
a large dizmeter column since at the same gas rate and feed concentration,
X decreased, and 1 increased markedly with increasing diameter. The
use of a large dlameter column is particularly advantagecus in a siripping
operation for better stripping {lower xB/.uL) and reduced overhead

(higher B/L) results. The limiting factor in the choice of the diameter
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of & foam separation column, apart from the eguipment cost, is the
removel ratio which assesses the overall separation efficiency in terms
of the percentage of surfactant removed {rom the feed stream, and nct

only in terms of the concentrations of the overhead and drain streams.



vi CONCLUSIONS

Experimental determination of the adsorption of EHDA-Br
2t liquid-air inteviace generated by bubbling a censtant stream of pir
through an aquecus solution of that surfactant has shown that the suriace
sxcess | depends on foam rate as well as bulk solution concentration
whereas Gibbs' edsorption isotherm predicts a constant value for | .
It was therefore concluded that the application of Gibbe' equation to the
prediction of the surface excess accumalated at dynamic interfaces
generated in the foam separation process for the system EHDA«Br-
Water is probably justified only under the rather stringent conditions
of good drainage and perfect stability of the foam since coaiescence and
entrainment seemed to be responsible for the deviations of the experi-
mentally dstermined surface excess from the theoretical value. Egquations
proposed to predict the performance characterietice of a continuous pooi-
feed foarn separation column based on Gibbs' equation and an ideal foam
model were aiso found to be valid under the same caonditions, provided

the intorfacisl ares generated is known with some degree of certainty.

The effects of feed conceatration, foam height, feed rate and
column diameter on the various parameters describing the separation
efficiency of & continuous foem separation column have been atudied. It

wae found that



« 80

{4 The ratio of drain concentration and overhead concentration

to fesd concentration were independent of feed conceantration in the con-
centration range studied, for a feed rate of 52 + 2 ce/min and a 2 in,
diameter column,

{2} The sffect of foam height on the gerformnance of a foam zepara~
tion column, although imgortaat at low foam heights, became negligible

if the {foam column iz high enough to ensure geod drainage.

{3) The overnead rate was independeat oi feed rate but the removal
ratio increased with decressing {eed rate.

{£) For the same gas rate, feed rate and feed concentration, the

performance of 2 foam separation columa improves with increasing

column diameter.

A chemical engineering treatment of the foam separation process
is possible and 2 multi-stage separation can be accomplished either by a

multi-column scheme or a counter-current foam-feed colums (Appendix D).
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VIl RECOMMENDATIONS FOR FUTURE WORK

An extension of this study to extract traces of metallic
jone in an ion flotation process using EHDA«Br as the collector is
recommended. It has been reported {21) that cationic surfactants
can readily be used for the flotation of chromiom and molybdenum
in their h@mlmt forms {chromate and/or dichromate, molybdate),
The effect of operating variables, in particular of pH, surfactant
concentration and metal ion concontration should be studied, and 2
multi-column separation with surfactant recovery could be attempted.
The surface excess of the metaliic ion as & function of the concentration
of the ion in the liguid pool could then be determined with the methad
used in this study, Finally, a study of the separation efficiency in
terms of the HTU's, as outlined in Appendix D could be performed,
and perhaps the results could then be employed in an attempt to design

a commercially foasible separation process,
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NOMENCLATURE

Interfacial area per unit volume of foam (cmz/ cm3)
Activity of the ith component

Interfacial arez per unit volume of surface layer (cmz/ cms)
Bottoms (or drain, or raffinate) Qow rate (cms/min)

Effective diameter of bubbles hased on surface and volume
{cm or mm where indicated}

Column diameter {in.)

Decontaminaticn factor: xL/xB

Enrichment ratio: yF/xB

Collapsed foam (foamate) flow rate (cms/min)

Foam flow rate (cms/min)

Gasg flow rate (cms/min STP)

Height of foam column above interface {in.)

Masgs transfer coefficient based on the interfacial phase
Mass transfer coefficient based on the bulk liquid phase

A constant representing the decrease in concentration of the
bulk liquid (g/cm3)

Foam ratio: F/G (ml liquid/ml foam)
Feed flow rate (cm3/min)

Gas constant

Cross section of the foam column
Surface layer rate (cms/ min)

Stripping ratio (xB/ xL)



Absolute {emperature {°K)

Bulk concentration and entrained liquid concentration (g/1 or
g/ cm3 where indicated)

Feed concentration (g/l or g/ cm> where indicated)

Collapsed foam concentration (g/1 or g/ cm> where indicated)
Surface layer concentration {g/1 or g/ cm? where indicated)
Height of foam column as determined from equations (35) and {36)
Surface tension (dynes/cm) |

Surface excess (g/cmz)

Thermodynamic "chemical potential” of the ith component
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POTENTIOMETRIC ANALYSIS OF EHDA-Bz

Instrumente

The instruments used for the analysis of EHDA-Br were &
Beckman (No. H2) pH meter, a silver billet electrede {Beckman Catalog
No. 39261), a sealed calomel reference electrode (Beckman Catalog No.

39970) and & magnetic stirrer.

Reagent

A stock solution of Ag NO3 waz preparved by dissolving approxi-
mately 2.40 g of Ag N03 in a 1-liter volumetric flagk. The solution was
standardized against a standard 0.014N { Cl solution. The Ag N03 stock

solution was diluted twenty times to give a solution of approximately

D.0007 N.

Titration Procedure

25 ml of the feed sclution, 50 ml of the bottoms sample, and
50 mi of a foarmn sample diluted 10 timesz were analyzed each time. The
e.m.f, was recorded after evary addition o Ag NO3 titrant and a plot of

e.m.{. versus volume of titrant added was used to determine the end point,

Accuracy: 0.2 ml Ag NO, ¢ 9.002 g/l EHDA-B1).
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SAMPLE CALCULATIONS

I. Surface excess from surface tension data

From equation {5)

-l" _ . 1 dy
- ZRT dlan
where d = silope of Figure 5
dlan - pe gu

- 11.32 dynes/cm
For T= 23°C= 296°K

1x1l.32

= 5 =2.30 x 10720 g-mclxaan/cmz
2x{8.314x1C") x 296

-

= 2.30 % 1071% x 378. 5 =8J0xmdghm2
g-mole :
For T= 28°C= 301°K
| 7oz 2,26 x 10710 g-moles/cmz - 8.56x 108 g/czm2
; hu - Z -
| Average: | = 2,28 x 10 10 g-moles/cm = 8.63 x 10 8 g/v:mZ
| 1. Molecular Area
Assuming adsorption in a monoinclecular layer:
1 2 1 g le
Molecular area = 5 gomoie T siecaiss
| 2,28 x 10 & 6.024 x 1077 ™
13 10”% m? 14° 2
x = 72.8 A
2 -20 2
cm 1x 10 m



Ifl. Surface excess from foam separation with recycling data
From equation {13)
- Dl =x
I . B
= (E-1) ~
Example: Table 5, First run
-3 3
Ve ° 1.0473/1 = 1.047x10 ~ g/em
xg = 0.146g/1 = 0.146 x 10”°> g/cm”
¥
F 1,047 ,
E s = = = 7.19
Xp 1.046
D = 0.07%9 cm
- 0.079 (cm) x ©.146 x 10™> (g/cm>)
o= (7.16 - 1) = e &
= £,20 x !0-8 g/cm2

IV. Surface excess from continuous foarn separation data

From equations (23) and {24)

sy b4
| 2 ek L
g = T -V (F T
B
y
cp = g -0 g g g
B
Example: Table 6, First run
x, = 0.150 g/l = O, 150 x 1072 g/cm”
xg = 0.140g/1 = 0.140x 10"3g/cm3

YF = 14,300 g/l

14,300 x 10> g/cm3

i



L = 52.4 cmB/min
G = 91.4 cma/min

6. 04 cm3/min

F =

B = 52.4 cm”/min

D= 0,122 cm

| . ,8.150 52.4 _ 0.122 -3

B (oae - P g7z *—¢—) x 0.140x 10

= 11.65x 1073 g/cxnz

T 14, 300 0. 04 0.122 -3

'r® Yo1a0 M g x T ¢ 0.140x 10
= 12.55 = 10-8 g/cznZ

V. Verification of equations (20 - 22)

(yF - xB) FD = (14.300 - 0.140) x 10-3 x0.04x0.122
= 0.6%0 x 10”% (g - cm)/min

(0.150 - 0.140) x 1073 x52.4x0.122

(xL - xB) LD =
= 0.639 x 10”7 (g - cm)/min
LEFD -3 52.4 x0.04 x 0. 122
- —————at—— TR - &,
(v - %08 (14.300 - 0.14) x 10™° x e

-4
0.675 x 10 ~ {g -~ cm)/min

Slope of the theoretical curve (Figure 12)

3 % 378.5 (——dbmm—j x 11,32 (SXBES
g - mole

3 ay crm

RT dlan

= 5.18x 107" g/(:m2
7 ,dynes -cm

8.314x10" (£ ol

) x 298°K
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DESIGN CONSIDERATIONS

1. The Pool-feed System

in the absence of internal reflux and provided the ligquid pool
is well mixed, the foam separation column where the feed is admitted
into the liquid phase, may be considered as a single equilibrium stage

under ‘ideal" conditions.
For each stage, the Decontamination Factor is:

—d

1« !
L N
D.F, & = x 1 + (c-—) —— (27)
X Xp Lo

with the usual assumptions that the bubbles are spherical and the liquid

entrained by the foam is of concentration xpe

The I, F. depends on the surfactant { r/xB) and the ratioc of
surface area generated to the feed flow rate (6G/LD). It is constant irom
stage to stage under the same conditions of surface area generation ifi the

distribution factor | /xB is constant. This is the case for wmany surfac-

tants and particularly for metal ions {20), although it is not so for EHD A-Br.

The overall D. ¥, can therefore be greatly improved in 2 multi-
column scheme where the raffinate (drain) soluticn from each column is
ied to the next. In the simplest case where the suzrface area generated
[

per unit feed flow rate and / xp are constant the overall decontamination

facter for n coluwmns would be:
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n

(D.F9) single column

(D.F.) (28}

n columnns
In the case of EHDA-Br, ris constant in tk e region where
Gibbs' equation can be applied. For the multi-column systermn repre-
sented by Figure 23, where the drain product of a column is fed into the
next column and where the foam is withdrawn aeparately from the top of
each column, the concentration of the raffinate from each column iz re-
iated to the concentration of the feed to the column Ly the following equa-~

tion:

n n+ 1t DL

If the ratio of the interfacial area generated to the feed flow rate is main-
tained constant (by maintaining the same ratic of gas rate to feed rate for
each column and provided the diameter of the bubbles does not vary too

much), it can be written:

x = xn+1+K {29

‘ 6 .
where X = [ '-5% reprevents the decrease in concentration due to

enrichment of the interfacial phase.

For the (n + 1) stage:

x 1
| & G K
(D.F.) b3 -w-n&_-.-_:l 4 - l +
B+l *a+ 1 *a+ 1 LD *at 1
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¥ .

Dot ¥

x + 1 ¥ - K

B n
And
x x = »
= = = ® . ® 22 = “+xr§5{) “+x 2521()
o+ 2 at+l n+ 2 a n
Since:

'xn+zzxn+1-z§=xn-£s.{

The overall D. F. for the N stages of the system represented

by Figure 23 is:

() K X K
D'F'g’ﬁq = 4 =T () L (L =B
[+] [+] o
xo '—:_N §14
D.F., = -;x:- = \ ] (1+ ;c:':—;;gi (30)
n= 1

For the simple case discussed above, the number of theoretical
stages required to bring a solution of concentration x_ to a raffinate of
concentration X, can be easily predicted graphically. In Figure 24, the
"squilibrium line" which relates the feed concentration to the raffinate
concentration for each column, it follows that for a surfactant with &
constan: surface excess such as EHDA-Br, and under the conditions of
the case discussed above, the "equilibrium line" is parallel to the diagonal

siace xL differs from xB by only & constaat {equation 29). Since the feed
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for a column is the raffinate of the previous column, the 'operating
line" coincides with the diagonal and it can be seen from Figure 25
that the number of theoretical stages required for a given overall D, F,
is seen to decrease if the 'equilibrium!' line lies farther from the
operating line, This can be obtained by using a larger ratio of air

rate to feed rate for each column but the foam output will also increase.

Z. The Foam-feed System: Analogy with Distillation

To achieve a multi-stage operation, an alternative to the
use of multi-column schemes is to introduce the feed into the foam
phase, with reflux of the collapsed ioam at the top of the foam column.
Such an arrangement could provide contact of the gas phase with liquid
of increasing concentration along the foam column, thus achieving a
multli-stage eanriching cperation with a single columan. Although foam
separation is in principle a separation process taking advantage of a
natural composition difference within a single phase, it presents a
striking resemblance to many two-phase separation processes, in
particular to distillation. A qualitative comparison between distillation
and foam separation has been made by Rubin and Gader (6). The main
features of the analogy are:

(1) Analogy between the liquid phase in distillation and the bulk

liquid in foam separation.
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{2} Analogy between the vapor phase in distillation and the foam

in fogm separation.

(3) Analogy between the heat input in distillation to the gas-liguid
interfacial area generated per unit time in foam separation.

Farthermore, features like entrainment {caused by excessive heat or gas
input), internal reflux (caused by condensation or foam breakage), are
common to both distillation and foam separation. The main difference
between distillation and foam separation lies in the fact that in foam sepa-
ration surface phenomena are involved., For example, in foam separation
there is no definite "equilibrium curve' relating the concentration of the
foam phase to that of the liquid phase since Gibbs' equation, which is the
only quantitative relationship available, predicts an enrichment at the
surface layer in terms of surface area rather than volume and a relation

between surface area and foam volume must therefore be known.

Despite those difficulties, an attempt has been made by Eldib (57)
to adapt the McCabe-Thiele diagram method to determine the number of
ideal stages in a foam separation column. However, the validity of this
rather unsophisticated approach is somewhat doubtful, since Eldib's
analyeis is based on several unrealistic assumptions. In particular, a
constant foam/liquid mole ratio all through the column was assumed, by

analogy with the approximation of constant molal overflow involved in



distillation. The effect of internal reflux was neglected, and the method

requires the knowledge of the interfacial arez generated.

3. The Counter-current Foam Separation Column

When the feed is introduced into the liquid pool, the system
formed by the liquid pool and the foam column represeants a single equili-
brium smgé. The interfacial phase carried by the foam is in equilibrium
with the relatively dilute liquid in the liquid pool and any improvement on
the overall concentration of the collapsed foam obtained by increasing the
height of the foam column is due exclusively to drainage, in the absence
of reflux. However, the effect of drainage is limited, as seen in Figure 17.
In the abeence of reflux, the most efficient operation occurs when the feed
is introduced at the top of the columin., In such an arragement, the inter-
facial phase carried by the foam is in contact with liquid of increasing
concentration 28 it moves up along the column. The enrichment of the
foam phase will then be due to mass transfer between the "bulk' liquid

phase and the interfacial phase in addition to drainage.

The system formed by a foam column with {eeding at the top can
be treated as a counter current mage transfar process analogous to classical

separatioa techniques such as absorption, humidification, atc.



4, The Concept of HITU Apolied to Countercurrent Feam Columns®

Fig. 25 is amhematic diagram of a countercusrrent foam
column. LI and *qs ¥, are the compositions of the bulk liquid
and the interfacial layer streams at the feed point and at the bottom
af the fcam column respecitively, It is asswned that the feed s
evenly distributed for efficient countercurrent contact throughout the
whole column. For steady-state operating conditions, the material
balances written for the differential element dz are
Total material balance dL = d3 {31}
Component balance d{L x} = d{Sy) (32
where L = Bulk liquid flow rate {g/hr)

S = Interfacial layer flow rate {g ‘hr)

b4

1]

Concentration of bulk liquid (weight fraction)

y = Concentration of interfacial layer {weight fraction)
Entrained liquid is not taken into account in equations {31) and (32),
Since the surfactant concentrations in both phases are very low and
assuming that the interfacial flow rate is constant through the column
{i.e. neglecting the entrainment), integration of equation (32) from the

bottom of the foam column to any height =, vields

Lix-x)= s$ly-y) (33}

% In this section exclusively, flow rates and concentrations are ex-

pressed in g/hz; and weight {raction reapectively.
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This equation gives the value of y for any given value of x. It repre~

sents the operating curve and is & straight line {or steady-state conditions.
The equilibrium curve given by Gibbs' equation is

For EHDA-Br, | is constant. The equilibrium line is also a straignt

line if the area A per unit volume of foam is constant. The rate equations

are

lLdx= Sdys=s kaa(yﬁ-y)sdzzkl‘a(z;-x#)ads {34)

where kax = Mnaes transfer coefficient based on interfacial phase
kL = Mass transfer coefficient based on liquid phase

a = Interfacial area per unit volume of foam
s = Cross-section of foam column
The foam column height may be calculated gither in terms of interfacial

phase compositions or in terms of bulk lquid phase compositions

y

o
= -—il—-
z k% as y*- y (35)
1
x
o
L dx
Z = {36)
kL as K ow KB
x



The integrals in equations (35) and (36} are & measure of the difficuity

of the operation. They are the uwsual “"numbers of transfer unita® and
their ceefficients which have units of length, are the HTU%. Thus

height of foam column = HTU x NTU. The HTU can be determined experi-

menially using equation {35) or (36).

In the frequent case of linear operating and equilibrium lne,

the integral in equation {36) becomes

nxo
X - X

. dx . .o 1 Z
1NTUL B xex¥  {x- x‘)lxna MTUO (37}

X

1
where
%-x®) o= — {38)
Q €]

ln AT A BT
- *
!

In equation {37), only x, can be meagured directly. :u;o* is obtained from
the equilibrium +alue corresponding to Yo the concentration of the inter-
facial phase at the feed point, which can be asprovimated by the concens
tration of the collapsed foam if ample opportunity for drainage is provided

by 2 drainage section above the feed point,

The liquic pool is assurned to be eguivalent to one theoretical

stage and the streams leaving this pool are in equilibrium. Therefore
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¥, ®is the equilibrium concentyrdion corresponding to v

1 1’

Le®,y :».:,B.

FTU values can be detesrmined experimoentaily with the help
of eguation {37} and the information wsed for foan: «oluwan design., This
method has been weed by rigas and Johason {28} for foam columng sepa-
rating 57-89 2ud the HTV was found o depend on the type of feec distri-

Lutor, Jus spurges, ou flow rates, et



