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ABSTRACT

A foam fractionating column equivalent to a single
equilibrium stage, operating in simple mode, has been
taken into consideration for the present investigations.

The system chosen was zinc and sodium lauryl sulfate.

It was experimentally noticed that if the surface
excess was measured at random operating conditions the
column was producing inconsistent data violating the
conditions of simple mode Operation. It was therefore of
utmost importance to investigate the variables affecting
the operation of a foam fractionation column in the simple
mode. It was concluded that the height of the foam/liquig
interface, the air flow rate and the number of capillaries
Oof the bubbler should be mutually adjusted to bring the
column close to the simple mode operation so that the resulﬁs
obtained would be meaningful.

At the.modified Operating conditions, the effect of
the metal ion and collector concéntration on metal surface
excess was inVestigated. The studies were extended to
determine the effect of pH on metal surface excess at various
bulk metal concentrations. Finally, the results were

compared with those of the previous investigators.
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1. INTRODUCTION

Foam fractionation is one of the important techniques
Of foam separation, which is dependent on the differences in
surface activity. Foam fractionation is generally applied
to remove ﬁraces Of .soluble ions present in aqueous
solution. This method is based on the selective adsorption
Of solutes on the surface of bubbles as they rise through
the pool liquid. The foam, which is the physical combination
of bubbles, brings some solutes from the bulk of the 1liquid
pool to the surface.

If the system contains surface active solutes, they
can be directly adsorbed to the surface, and if the system
contains surface inactive solutes like metal ions, it is
general practice to use a surfactant which is able to attract
the metal ions to the surface. |

The most important parameter available to express
the experimeﬁtal results is surface excess. Surface excess
is defined as the number of moles of the solute in a portion
of the solution pPer unit interfacial area, in excess of the
number of moles of solute in a portion of the interior which

has exactly the same volume.

Eorrmeree L
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The present work is devoted to a study of the
adsorption of aqueous zinc ions by anionic surfactant,
sodium lauryl sulfate. The objective of this work is to
critically study the operating variables of a simple mode
apparatus developed by Dick (19) to measure surface excess.
A better understanding of the sensitivity of the measured
surface excess with these variables is required to maintain
the apparatus in simple mode operation so that the results

Obtained are meaningful.
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2. LITERATURE REVIEW

Actually, foam fractionation was brought into
existence before 1928 by attempts to verify the Gibb's
adsorption isotherm(1l). Gradually, this technique was
broadly employed to fractionate surface active agents like
proteins, organic dyes, fatty acids, etc.,(2).

The very first article to appear in the literature
on the separation of metal ions by foaming, was in 1957.
Walling et al(3) studied the relative adsorption of calcium
and sodium ions by N-palmitoyl methyl taurine foams. In
the same article they presented some investigations regarding
the preferential adsorption of a number of other cations by
anionic foams.

In 1963, a standard separator for Aresket-300 in
water was developed by Brunner and Lemlich(4) to yvield
reproducible results. Their experiments were carried out
with enrichihg columns where a portion of the collapsed foam
was returned to the top of the column to serve as a reflux.
In 1965, Brunner and Stephan(5) presented an exploratory
work about a pilot plant size foam fractionation unit oper-~
ating at a feed of 500,000 g.p.d. They reported that they
were able to reduce the concentration of alkylbenzene

sulfonate in sewage to less than 1 ppm.



—~4-

Grieves et al(6) héve employed foam fractionation
for inorganic and organic separations for the treatment of
radioactive wastes. In their article, a fundamental analysis
of foam separation as a mass transfer Operation was presented
utilizing both equilibrium and rate concepts of mass transfer.

Rubin(7) has presented an article on the removal of
trace metals by foam separation processes. He has mainly
discussed the flotation processes and has removed iron,
copper and lead by making use of sodium lauryl sulfate as a
collector. He has reported that valuable insights into the
mechanism of metal removal could be obtained by an under-
standing of the hydrolytic reactions of the metals. The most
important variables that affected the removal process were
concentrations of metal and collector, pH and ionic strength
of the solution.

Schonfeld and Kibbey(8) have developed a method for
improving the efficiency of removing strontium from solution
by foam separation. They reported that by using controlled
reflux in a countercurrent continuous foam separation unit
it was possible to improve the removal of strontium.

Sebba(9) introduced the low gas flow rate foam
separation technique known as ion-flotation. He mentioned

that the surfactant should be added in stoichiometric amounts
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so that it exists as simple ions and not as micelles.

The surfactant must be able to react with the metal ion
to form an insoluble soap which could be adsorbed to the
surface by gentle bubbling. In 1962, Rubin and Gaden (10)
presented various systems including eighteen metals that
could be separated by foam fractionation.

Sodium lauryl sulfate, as an important surface active
agent has been studied by many investigators. In 1971, Dick
and Talbot(1ll) published an article on the use of an auxillary
ligand, THPED, in the foam fractionafion of copper with sodium
lauryl sulfate.

Rubin and Lapp(1l2) have investigated the foam sep-
aration of lead with sodium lauryl sulfate. Their attempt
was to relate the mechanism of the process to the hydrolytic
behaviour of the metal, pH, ionic strength and collector con-
centration. Rubin and Johnson(13) in the same year have
published an article on the effect of pH on ion and precipitate
flotation systems. They worked with copper and iron and used
sodium lauryl sulfate as the collector. They mentioned that
sodium lauryl sulfate was an efficient strong-acid collector
for removing the insoluble species.

An improved apparatus for the study of foams has
been presented by Walling et al(14). Foam d;ainage measure-

ments of five different systems were discussed, indicating
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that their apparatus gave useful results with rapidly
draining films. Their apparatus consisted of a spherical
vessel for foaming solution with a flat ground neck. The
foam was allowed to rise through a cylindrical column. A
similar type of apparatus was presented by Krieg et al(1l5)
as a foam fractionator operating as a single stage. They
measured surface concentration by the simple mass balance
and for the determination of adsorption equilibria, they
considered some important factors like batch operation,

foam coalescence, mass transfer limitations and incomplete
mixing. They mentioned that if the height-to-diameter ratio
of the liguid pool is large, incomplete mixing in the liquid
could make the concentration of the surfactant or counter-
ions lower at the top of the liquid pool than at the point

where the bulk liquid was sampled.

Wace and Banfield(16) have studied the foam separation

of radioactive metals with surface excess as an important

parameter. They have plotted surface excess of metals versus

the bulk metal ion concentrations. The effect was found to
be linear ét the lower bulk concentrations of the metal and
then leveling off a£ a saturation value.

Rubin and Jorne(17) have studied the separation of
two surface active agents, sodium lauryl sulfate and sodium

dodecyl sulfonate, and their relative separation.
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They have determined the effect of the concentrations of
each surfactant on the surface excess to verify the
adsorption isotherm. They have also studied the relative
distribution coefficient of the two surfactants.

Huang and Talbot(18) have published an article on
the removal of copper, cadmium and lead ions from dilute
aqueous solutions by foam fractionation. They have
developed a mathematical model for solutions of pH less
than 4. The model was combined with the modified Gouy-
Chapman diffuse double layer theory.to determine the
relative separation of Cdzf, Cu2+ and Pb2+ ions, which
were foamed by NaDBS.

St. Eloi(20) has made equilibrium and batch
removal studies on the foam fractionation of zinc with
NaDBS as a collector along with excess NaCl. He reported
that the distribution factor of zinc ions as a function of
bulk zinc concentration increased with lower surfactant
concentration. Ethanol showed evidence of surfééé activity
because very fine and unstable foam was formed on the top
of the liquid pool after the alcohol was injected. It was
concluded that ethanol removed some additional zinc because
it is surface active and polar.

Very recently Siy and Talbot(22) have published an

article on foam fractionation of zinc, using the same

N
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apparatus that was designeé by Dick and Talbot. They have
reported that the order of increasing effectiveness in the
removal of zinc ions by various forms of DBS  is

KDBS < NaDBS < LiDBS < HDBS.

In 1969, Dick(19) designed a foam fractionating
column of decreasing diameter with a bubbler of 5 capillaries.
He investigated the separation of copper by using a surfactant
and an auxilliary ligand. The column was specially designed
to carry out the foam fractionation in the simple mode. He
did not report anything about the sehsitivity of the oper-
ating conditions of the column and there was no evidence that
the data were collected under simple mode operation. After
that, St. El1oi(20) and Siy(21), who have used the same
apparatus, followed the procedure suggested by Dick without
any modification. It is therefore of the utmost interest to
critically investigate the operating conditions of the
apparatus in order that the data generated from such an
experiment will come as close to the simple mode operation
as pOSSiblef For this purpose, it was decided to measure the
surface excess at various operating conditions and thereby
define suitable operating conditions for the apparatus.

Once these conditions have been defined, a critical evaluation
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of previous investigations will be made through the exam-
ination of their results and the generation of additional

data for comparison.
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3. THEORY AND DISCUSSION

3.1 Introduction

Foam fractionation is one of the foam separation
techniques which is a sub-branch of adsorptive bubble
separation methods. This generic name was first proposed
by Lemlich in 1966(23).

Any separation process is based on the differences
in properties. For example, distillation is based on the
differences in volatility, while solvent extraction is
based on the differences in solubility. On the other hand,
foam fractionation is based on the differences in surface
activity(23).

Foam fractionation is based on the selective adsorption
Of one or more solutes on the surface of the gas bubbles that
rise through the solution. The separation is a direct '
function of the amount of the foam generated per unit inter-
facial area énd the concentration of the foamate.

Foam fractionation takes place either in simple mode
or in highef mode. Furthermore, foam fractionation in simple
mode, which is directly related to the present research, can
take place either in batchwise operation or in continuous
flow operation as shown in FIG.NO.3.1. Each is one theoretical

stage provided the pool is well mixed(23,24).
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3.2 The Basic Principle of Foam Fractionation

Foam fractionation is based on the principle that
the surface active material is carried up by the bubbles
which are introduced into the liquid pool. The principle
is explained step-by-step as follows, and is shown in
FIG.NO.3.2.

As shown in FIG.NO.3.2(a), the liquid in the pool
contains the surface active solutes. Gas is introduced into
the system through a bubbler. Consider a single bubble
introduced into the system, as shown in FIG.NO.3.2(b). The
bubble contains gas inside, and it is surrounded by the
liquid, containing surface active solutes.

All the surface active solutes, by nature, have
great affinity to move to the bubble surface. The surface

active solutes, present in the liquid medium will go to the

surface of the bubble, and orient their hydrophobic (non=polar)

end towards the gas phase, and their hydrophilic (polar) end
towards the ligquid phase, as shown in FIG.NO.3.2(c). The
bubble is not stationary in the liquid, but travels to the
surface carrying some solute particles with it, as shown in
FIG.NO.3.2(d). The bubbles then combine together to form
the foam which is collected from the foam/liquid interface,

as shown in FIG.NO.3.2(a).
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When the system contains metal ions which are non-
surface active, the principle extends in the following
manner. In this case the metal ions may be electrostatically
attracted to the bubble surface by a negatively charged
surface active agent. As explained above, the surface active
solutes go to the surface of the bubble and orient with their
negative charge (if the surfactant is anionic), as shown in
FIG.NO.3.2(e). 1In order to neutralize the charge on the
bubble surface, metal ions move to the surface and orient
with their positive charge, as shown in FIG.NDO.3.2(f). Thus
an electrical double layer is formed at the surface of the
bubble. Positive ions will be attracted towards the surface
and the negative ions will be repelled from the surface, as
shown in FIG.NO.3.2(g). Because of this attraction and
repulsion, there is a diffuse layer developed around the
bubble (in the present research, the volume of the diffuse
layer is assumed to be negligible). The bubble thus carries
up some metal ions to the surface, as shown in FIG.NO.3.2(h).
The same principle prevails with all the bubbles introduced

into the system.
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3.3 The Concept of Equilibrium

The equilibrium of concern in foam fractionation
is not a thermal equilibrium, but an adsorptive equilibrium
Or surface equilibrium. That is, it is an equilibrium of
solutes between the bubble surface and the bulk liquid.
Sufficient contact time must be allowed to establish this
surface equilibrium. If a surfactant is to be sufficiently
concentrated under equilibrium conditions, a complete mono-
layer should be produced at the gas/liquid interface. At
equilibrium conditions, the adsorbed surface molecules
generally occupy an area of about 50A2/mol which corresponds
to a surface excess of 3.0 x 10-'lO mol/cmz. For exampile,
for an ionic surfactant like sodium dodecyl benzene sulfonate,
the limiting surface excess is 3.0 x 10" 10 mol/cm2(16) which
corresponds to a monolayer packed at 50A2/mol, as reported
by Wace and Banfield(16).

If surface equilibrium is attained in a system of
ionic surfactant and counter-ions, then the adsorption is
called "multilayer adsorption”. In foam fractionation
research, there has been no confirmation Oof the exact
mechanism of multilayer adsorption. One concept is

that the surfactant monolayer forms initially and then




PAPNERS ' |

SR T

[ s o A, s £ a5

-15-

the counter-~ions are attrécted to the interface, and the
other concept is that the adsorption takes place by the
surfactant ions with the accompanying counter-ions at
the same time(17). If multiple adsorption takes place in
a dynamic flow process, appreciable bonding energies are
essential, and such energies exist with the mildly surface
active micellar structures below the critical micelle
concentration. However, it is nNecessary to remember that
a number of assumptions have to be made in predicting the
dynamic surface equilibria . It is Very important in a
practical application to measure surface excess dynamically(17).
As the pH is an affecting parameter in foam frac-—
tionation, hydronium ions, sodium ions, nitrate or sulfate
ions and hydroxyl ions will take part in the multilayer
adsorption, at interfacial surface between the bubble and.
the bulk liquid. This equilibrium can be treated as the
ratio between the surface concentration and the concentration
in the equilibrated solution. By producing and collapsing the
foam under controlled conditions, the collapsed foam, is
richer in surfactant and metal ions than the parent bulk liquid.
The equilibrium between the surfactant and the counter-ions at

the interface governs the necessary fractionation(25).
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Foam fractionation also resembles distillation
(vapor/liquid equilibrium). The rising bubble surface
corresponds to the vapor, and the interstitial ligquid
flowing down through the foam corresponds to the ligquid down
flow(23).

The number of theoretical stages in the foam is
considered to be an important parameter by foam frac-
tionation researchers, and there are theoretical expressions,
available in literature to calculate it(24). The equilibrium
curve can be obtained by plotting the effective concentration
of "solute in up flow"” in equilibrium with the pool concen-
tration versus pool concentration, and the operating line
can be obtained by plotting the effective concentration of
"solute in up flow" at any level in the foam column versus
the pool concentration. From these plots, the number of
theoretical stages are usually calculated by graphical
procedures. .The liquid pool is generally considered to be
one theoretical stage (it resembles the reboiler in dis-
tillation column). In the present research problem, the
column is treated as "a single equilibrium stage"” with an
assumption that there are no stages to measure in the foam
column. That means the foam is not enriched due to the
bubble coalescence or drainage, In other words, the column

is operated strictly in simple mode.
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3.4 Eguilibrium Condition for the Adsorption of NalLs

The necessary and sufficient conditions for the
equilibrium of a foam fractionating column are that,
(i) the residence time of the bubbles rising through the
liquid pool should be large enough for mass transfer to
take place, and (ii) the liquid should be well mixed(26).
It has already been mentioned by Bikerman(27) that a
submergence of 30 cm should be more than ample in most

Cases. In connection with the present experimental set-up,

Dick(19) fixed a height of 33 cm for the liquid above the
bubbler.

The rate of diffusion of the surfactant without

back diffusion is given by(28)

. *
at =[ l-r)‘_“}} (3.1)
where [ is surface excess (g.mol/cm?),

D* is the diffusion coefficient (cmz/sec),

x is the bulk concentration (g.mol/cmB),

t is the time (sec).




-18-

Dick(19) determined the diffusivity of the lauryl
sulfate anion by Wilke's method using a molal volume of
318.5 cm3/g.mol at the normal boiling point. The method
is available in Treybal(29). He has reported that

6 cm2/sec, for x = 0.5 g /litre or

D* = 4.6 x 10
1.73 x 10—6 g.mol/cm3. The value of surface excess has

already been reported as [ = 4.8 x 10710 g.mol/cm2(17).

By using the above equation 3.1, it was concluded by Dick(19)

that the time required to form a complete monolayer of
surfactant is 0.013 sec. It was observed experimentally
that the residence time of bubbles within the bulk was
around 0.5 sec, which obviously meant that there was ample
time to complete the monolayer of NaLS. Thus the bubble
surface was at the necessary condiﬁion of equilibrium,

before reaching the foam/liquid interface(19).
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3.5 Mass Balance Over The Single Equilibrium Stage

As mentioned previously, the Present experimental
set-up was proposed to operate strictly in simple mode.
Recycle of the foam is mostly unfavourable because the
collector micelles that are formed in the foamate may not
be dissociated when returned to the pool 1liquid. Therefore,
a batch operation is preferable. The foamate is made up
Of a surface region and a bulk region. The interstitial
liquid between the bubbles is regarded as the bulk region.
The volume of the surface region is very small when compared'
to that of the bulk region which is agsumed to have the
same composition as the pool liquid. The operating conditions
Or equations for a batch column are derived by the mass
balance on the collapsed foam assuming that the surface
concentration is dependent on the equilibrium between the
surface and the bulk(30).

The mass balance thus can be written as

Ve Yo = ST+ Ve X (3.2)
) 2
where [ = Surface excess (g.mol/cm ),
v = Volumetric flow rate of the foam (cm3/min),
Yf = Concentration of foamate (g.mol/cm3),
Xy = Concentration of bulk liquid (g.mol/cm3),
S = Surface generation rate (émz/min).
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For a properly designed bubbler of n capillaries,
generating bubbles at a frequency of N bubbles per minute

per capillary, the surface generation rate is given by

S

nN (471r2) where 'r' is the radius of single
bubble and 'd' is the diameter.

aN (71a%)

The above equation has been written under the
assumption that the bubble surface in the pool liquid is
always spherical. In foam fractionation research, this
assumption has been supported repeatedly due to the fact
that as a result of the positive surface tension existing
at any gas/liquid interface, small gas bubbles introduced
into the liquid will spontaneously tend to adopt a spherical
shape.

The bubble diameter is obtained as follows-

If 'G' is the gas flow rate (cm3/min)

G = (V) (3n:d)
‘ 3

= (nn) (122
a = (2213

Knowing the air flow rate, G, the diameter of the
bubble, d can be calculated, and thereby 'S' can be determined.
Hence, the mass balance equation becomes,

M= v (v, -x) ' ' (3.3)
s
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The above formula holds good equally to metal ions
and to surfactant ions, since the mass balance is valid for
all components of the system.

Equation 3.3 is based on the following assumptions -
(i) the surface excess is considered at the surface of the
bubbles only, (ii) the adsorption occurs within the liquid
phase of the column with sufficient contact time to reach
the equilibrium, and (iii) the bubbles are all spherical and

uniform, and the breakage of the bubbles is negligible.

These assumptions have already appeared in literature

in one way or Other, as published in the article of Rubin

and Gaden(10).

Lo,
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4., EXPERTMENTAL SET-UP

5? 4,1 General Comments

The entire credit for designing the experimental

ciilis L b XL

set-up has already been given to Dick (19).

The specially designed column which operates in simple

mode has been considered as "an equilibrium stage”.
Although the geometrical design of the apparatus looks
very simple, it is of great importance for the foam
fractionation in simple mode. The apparatus is briefly

i described in the following paragraphs.

4.2 Description

The schematic diagram of the experimental set-up
is shown in FIG. NO. 4.1.

The present experimental set-up mainly consisted
of a conically shaped COLUMN which was constructed of an

inverted three litre pyrex separatory funnel with the

e sl L Ll Tl

stopcock portion replaced by a foam delivery tube.
The ma jor component of the column is THE BUBBLER

which was inserted into the bottom of the column through

£
o
2
i
B
I
33
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o
3
3

b
I
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the central hole of the RUBBER STOPPER at the bottom of
the column. The purpose of the bubbler is to produce

bubbles of uniform size. In order to meet this requirement,
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the bubbler was made of five glass capillaries of 0.24 inch
long and 0.007 inch internal diameter, imbedded in a teflon

chamber.

A STROBOSCOPE was used to measure the bubble gener-—
ation rate.

A 300 ml LEVEL CONTROL BULB located beside the
column was connected to the column through the rubber stopper.
The main purpose of this bulb was to control the height of
the foam/liquid interface. An ADJUSTING SCREW in the hose
from the level control bulb was used to maintain the liquid
level at any desired value. The third hole of the rubber
stopper was used for drainage.

The foam delivery tube at the top of the column was
connected to a FOAM RECEIVER. The delivery tube was bent
slightly into the receiver so that if any coalescence or
drainage occurs it is not recycled back to the column. There
was also an AIR VENT at the top of the foam receiver. A
CYLINDER containing oil-free compressed air, was used to
supply the air and a regulator was used to control the air-
pressure. fhe air was first reduced to 6 psig, and then
humidified in a seriés of two FILTERING FLASKS by passing
through FRITTED SPARGERS, which were immersed in distilled

water.
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The humidified air was then passed into the calibrated
ROTAMETER. The up-stream pressure of air passing to the
column, was maintained at 3 inches of mercury as indicated
by the MERCURY MANOMETER. The measured air was then passed

directly into the column.
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4,3 Procedure

The following procedure was adopted through out
the experimental runs +to collect the necessary data for
the present investigations.

Distilled water was always deionized by passing
through a mixed bed ion exchanger. Deionized distilled
water, zinc standard solution, and sodium lauryl sulfate
were mainly used to prepare the feed solution. Four litres
Oof feed solution was prepared for a given metal concentration
and collector concentration. The pH‘of the feed solution
was adjusted to the desired value by using either HNO3 or
NaOH, or both.

Before charging the feed solution to the column,the
foam collection flask was weighed accurately. The air flow
rate was then adjusted to the desired value by simultaneously
adjusting the two needle valves of the rotameter and manometer.
The liquid level was then adjusted to the required mark.

When the column was operating at steady state i.e., when

the level of the foam/liquid interface is perfectly constant,
the foam collection flask was placed in position and the

timer was started at the same time. Then the bubble generation
rate was determined using a Strobotac electronic stroboscope.
Foam was collected over a measured time interval (approx-

imately 10 minutes). Then the receiver was weighed and
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stoppered. A foamate density of 1 g/cm3 was assumed for
the solution so that the volume of the foam could be

numerically equal to the weight of the foam collected.
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4.3a Foam Breakage

Approximately one week is needed for the foam to
break naturally. In the present investigation, foam was
broken rapidly by freezing it for a period of 15 minutes
and then by allowing the foam to thaw forming a clear
solution. This procedure saved considerable time in
experimentation.

After the breakage of the foam, the solution was
analysed for the concentration of the metal ion by using
a Unicam model SP90, Atomic Absorption'SpectrOphotometer.
The operating conditions of this instrument are listed in

Appendix A, part I.
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4.4 Precautions

(i) In order to make sure that the column is
operating in the simple mode, the foam/liquid interface
must be held constant by adjusting the level control bulb
as well as the adjusting screw of the hose.

(ii) Necessary care should be taken so that the
capillaries of the bubbler are not blocked, and the bubbler
always produces the same number of uniform bubbles at
constant air flow rate. .

(iii) Air should be passed through the bubbler at
all times so that the capillaries of the bubbler will not
be wetted by the pool liquid.

(iv) After completion of each run, the column should
be drained and cleaned by rinsing with deionized distilled
water.

(v) Deionized distilled water should be used for

all solutions.
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4.5 List of the Instruments and Chemicals

for the

4.

The following instruments and chemicals were used
present investigations.

Instruments

Atomic Absorption Spectrophotometer, UNICAM SP90,
Unicam Instruments Ltd., England.

Model 220 pH meter, FISHER (ACCUMET).

Strobotac electronic stroboscope, type 1538-A,
General Radio Company.

Mixed bed ion exchanger, Barnstead Hose Nipple
Cartridge, Barnstead Company, Lot NO.9,034-3.
Chemicals
Certified Atomic Absorption Standard, Zinc Reference
solution, 1000 ppm, Fisher Scientific Company,

Lot NO. S0O-Z-13.

Sodium Lauryl Sulfate, Fisher Certified Reagent,
Fisher Scientific Company, Lot NO. S-329.

HNO3 and NaOH, Analytical Grade.

Medical Compressed air, Liquid Carbonic Canada Ltd.
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5. RESULTS AND INTERPRETATION

5.1 Preliminary Comments

A total of 135 runs were carried out for the present
investigations. All the calculations were performed by
suitable computer programs (APL/360). The data and the
results are tabulated in Appendix C. The computer programs
are presented in Appendix B.

The system chosen for the present studies, was zinc
and sodium lauryl sulfate (NalLS). The feed concentrations
of the zinc metal ion and the NalS were kept constant in
most of the experimental runs except where the concentrations
were the affecting parameters. These concentrations were
fixed from the imformation given bylprevious investigators,

It was decided by Dick(19) that 0.5 g/1 of NalLs would

be satisfactory because no further increase in foam stability
was apparent when the NalLS concentration was increased.

St. Eloi(20) and Siy(21) already reported for the zinc

and NaDBS system that beyond 10 ppm of bulk zinc concentration
there was no>considerable increase in zinc surface excess.
Rubin and Jorne(17) répOrted that the critical micelle
concentration for NalS and NaDBS was the same, i.e..

2.2 x 10—3M, and that the limiting surface excess for both

10 10

surfactants was 2.7 x 10~ and 3.0 x 10~ g.mol/cm2




%
[
i

¢
3

3
I
I
4

H
1‘,“
by
7

3

2t A VT AL T A

~-32-

respectively. From this information, it was assumed that
the limiting surface excess for Zn and NaLS system and for
Zn and NaDBS system should not be changed much, and that at
10 ppm bulk zinc concentration the surface excess should be
at the optimum value.

All the collected data were utilized to plot the
parameters. The results were interpreted using theoretical

concepts.
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Range of the Parameters.

Various parameters that have been used in the present

investigations and their corresponding range are listed in

the following table.

Most of the present investigations

are valid within this range, but the general trend of the

results is extended beyond this range.

S.NO.

1

2

10
11
12
13
14
15

16

PARAMETER
Surface excess (g.mOl/cmz)

Air flow rate (cm3/min)

Height of the foam/liquid interface

above the bubbler (cm)

Change in H (cm)

£/1
Number of capillaries
Bubble diameter (cm)

Bubble generation raEe for 5
capillaries (min~+)

Surface generation rate (cmz/min)

Foam geﬁeration rate (g/min)

Feed conc. of the metal (ppm)
Feed éonc. of the collector (g/1)
Metal conc. in the foamate (ppm)
Collector ratio

Enrichment ratio

(Vf/S) ratio

PH

RANGE
0.318 to 1.460

0 to 200

15 to 36
+0.5 to ~-1.25
2 to 5

0.256 to 0.376

3570 to 11020

1484.35 to
3277.16

0.366 to 4.259
0.5 to 113.5
0.05 to 0.5
2.863 to 116.045
1l to 113.5

1.002 to 4.4
6.44 to 12.99

1.75 to 7.55
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5.3 Effect of Hf/l on_ Foamate Conceéentration

In order to make sure that the column was Operated
as a single equilibrium stage in simpie mode, the effect
of the height of the foam/liquid interface above the bubbler
(Hf/l) on the foamate concentration was determined. It
should be understood that the height of the foam/liquid
interface essentially determines the height of the foam
column. The data are shown in TABLE.NO.5.1. and are plotted
in FIG.NO.5.1. and FIG.NO.5.2.

It was noted from the FIG.NO.5.1. that the concen-
tration of the zinc present in the foamate was found to
increase exponentially as the height of the foam/liquid inter-
face was decreased from the top of the column. 1In other
words, the foam was enriched more amd more as the foam height
above the liquid was increased. As the Hf/l was decreased
from 32 cm to 15 cm, the metal concentration increased at
least 15 times.’

The column was designed especially to carry out
batchwise foam fractionation in the simple mode. The nec-
essary and sufficient conditions for the column to be
Operating in simple mode are, (i) there should not be any
concentration gradient in the liquid pool, and (ii) there
should not be bubble coalescence in the rising foam(23).

Bubble coalescence releases adsorbed solute that runs down
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through the rising foam as an internal reflux enriching
the foam beyond that of a single stage separation. When
the foam rises, the‘liquid drains due to gravity. As the
solute molecules migrate to the air/liquid interfaces assoc-
iated with the bubbles the liquid flows downward between
the bubbles thereby causing the foam to be continuously
enriched in solute. The most obvious reasons for the foam
enrichment are due to drainage and bubble coalescence.
Bubble coalescence, due to the standing of the foam, may
be caused by inter-bubble gas diffusion and the rupture of
the film between the bubbles, which may be responsible for
an erroneously high enrichment(31). Even though such
enrichment is very useful under certain circumstances, it
is undesirable in simple mode operatibn.

At each point of the plot shown in FIG.NO.5.1., the
concentration was tested for uniformity as follows. It was
obvious that if the foam was being enriched with drainage
and coalescence, the concentration would not be uniform with
time. This fact was experimentally verified by plotting
concentration Qersus time. The concentration was measured
at equal intervals of time and plotted as shown in FIG.NO.5.2.
It was noticed from the plot that the concentration increased

with time at higher foam heights, i.e., below the H of

£/1
32 cm in the column. Above, the concentration was found to
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be either constant or non—uniform. At the heights between

33 and 36 cm, the foam was very wet and the concentration
was found to be very diluted. At these heights, more liquid
was entrained in the foam which erroneously increased the
amount of the foam per unit interfacial area. Moreover at
these foam heights, the diameter of the column at the
entrance of the bubbles into the foam was very small which
caused the bubbles to coalesce together allowing the re—entry
of the sOlute particles back to the solution. Therefore, the
heights between 33 and 36 cm in the column were regarded as
undesirable. The present attempt was to choose the proper
level which would give maximum concentration without any
drainage and coalescence. This was possible only at a height
Oof 32 am. So, a height of 32 cm was éhosen as the optimum

Hf/l for this particular column.
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5.4 Effect of Air Flow Rate on Surface Excess

After fixing the optimum height of the foam/liquid
interface, the next series of runs was carried out to
determine the effect of air flow rate on the measured zinc
surface excess. The data and the results are shown in
TABLE.NO.5.2. and the results are plotted in FIG.NO.5.3,.

It was observed from the plot that the measured
zinc surface excess had a maximum at a flow rate of 90 cm3/min.
This flow rate was regarded as optimum because the same flow
rate was used to determine the optimum Hf/l in the previous
section. Beyond this optimum point (i.e., at the flow rates
lower than 90 cm3/min and higher than 90 cm3/min), the meas-
ured surface excess was found to decrease gradually. It was
also observed that the zinc concentration of the foam at
lower flow rates increased more than that at the optimum
flow rate, and at higher flow rates it decreased (Refer
TABLE.NO.5.2.).

For a perfect single equilibrium stage, the measured
surface excess calculated from the surface concentration
which is in equilibrium with bulk liquid concentration should
not be affected just by the change in the physical entrainment

of the bubbles.
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As given in equation 3.3, measured surface excess
is the function of three main parameters namely (Vf/S) ratio,
Yf and X, . In the present study, (Vf/S) ratio was found
to increase with the air flow rate. The plot of (Vf/S)
ratio versus G is shown in FIG.NO.5.4. From TABLE.NO.5.2.,
note that the bulk concentration, Xb was not changed much.
Y. was found to increase at lower flow rates (Refer TABLE.
NO.5.2.) because of the high residence time of the foam.
It decreased at the high flow rates because of the very high
liquid content of the collected foam and the interfacial \
turbulence which caused re-entry of the adsorbed ions into
the solution(32). Thus at lower flow rates, there was
internal reflux taking place which caused enrichment of the
foam. At higher flow rates, too much iiquid was collected
and thereby the foamate concentration was found to be diluted.

Similar observations were made when the H was increased

£/1
above 32 cm. At the low flow rates, the foam was enriched
due to coalescence and drainage, and at high flow rates the
amount of the foam collected per unit interfacial area was
increased erroneously. Thus it became evident that the data
collected at lower air flow rates were not produced under
the existence of the simple mode operation and that at the

higher flow rates were not desirable. Therefore the measured

surface excess obtained beyond the optimum air flow rate was
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considered as a false surface excess, and the one that was
obtained at the optimum air flow rate was treated as the
actual or true surface excess. It was then attempted to
modify the false surface excess by adjusting the operating
conditions.

It is already known from the previous section that
the height of the foam/liquid interface has great influence
on the (Vf/S) ratio and the concentration of the solute in
the foam. If the foam/liquid interface is raised at the
lower air flow rates, the (Vf/S) ratio is increased and the
concentration of the foamate is decreased. Similarly at the
higher flow rates if the foam/liquid interface is lowered
the (Vf/S) ratio is decreased and the concentration of the
foamate is increased.

At the flow rate of 90 cm3/min, the (Vf/S) ratio was
9.386 x 10 % cm. The study resulting in FIG.NO.5.3. was
repeated to bring. the value Of (Vf/S) ratio close to
9.386 x lO—4 cm by adjusting the height of the foam/liquid
interface. It was observed that if the (Vf/S) ratio was
maintained constant, the_concentration was found to be constant.
The corrected plot for the effect of the air flow rate on
surface excess is shown in FIG.NO.5.5. and the results are

tabulated in TABLE.NO.5.3.
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At each point, at leas£ two trials were taken.
This procedure was found to be successful between the flow
rates 60 and 200 cm3/min. At flow rates of less than
40 cm3/min, no correction could be achieved.

The change required in H to achieve constant

£/1
(Vf/S) ratio is plotted in FIG.NO.5.6., and these values
are shown in TABLE.NO.5.4. An empirical linear relationship

to represent this relationship is presented as follows:

dHf/l = 1.206-0.013G

The above approximate equation cén be used to predict
the change in Hf/l by knowing the operating air flow rate.
This equation is valid for any other column of the same type
when the initial optimum Hf/1 is estimated at an air flow

rate of 90 cm3/min.
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5.5 Effect of No. of Capillaries’ (Bubbles) on Surface
Excess (Effect of Bubble Diameter)

This section is specially devoted to the examination
of the bubbler by determining the effect of bubble diameter
at constant air flow rate. The collected data and the
results are given in TABLES 5.5, 5.6, 5.7 and 5.8, and the
results are plotted in FIG.NO.5.7.

The requirement to operate the bubbler at constant
air flow rate to produce bubbles of different sizes was met
by sealing the capillaries one by one as shown in FIG.NO.5.7.
As can be seen from the figure, when n= 5, there are 5 arrays
of bubbles coming out with the smallest diameter. When n = 4
(one capillary is sealed), 4 arrays Of bubbles are coming
out with an increased bubble diameter,>and so on. Finally
when n = 2, the maximum bubble diameter occurs at the same
air flow rate. When n = 1, it became impossible to maintain
the steady state due to excessive back pressure development.
This case was therefore not examined.

Data under these four different situations were
collected and are plotted in FIG.NO.5.7. to find the effect
of pH on surface excess; Here the main intention was not to
find the effect of pH or the effect of number of capillaries,
but to find the effect of the number of bubbles as generated
by those capillaries, and thereby to find the effect of

bubble diameter.
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It was noticed from the plot that when n = 5, the
bubble size was the smallest and the bubble generation rate
was the highest. Consequently the interfacial area was the
highest and the measured surface excess was found to be
maximum. When n = 4, 3, 2, the measured surface excess was
found to decrease gradually at any particular pH value. It
was also observed from the results (Refer TABLES 5.5, 5.6,
5.7, and 5.8) that this change in the measured surface excess
was mainly due to the change in (Vf/S) ratio in eguation 3.3.
The values of (Vf/S) ratio for each case are listed on the
plot as well as on the tables.

The effect of (Vf/S) ratio is basically correct as
far as the soap bubbles are concerned (Refer Appendix A,
part II). For a given soap bubble, as its diameter is
decreased, the (Vf/S) ratio must be increased. However, the
measured surface excess for any particular system should not
be affected by the physical entrainment of the bubbles. In
this study, the measured surface excess was found to be
affected by the size of the bubbles, whereas the foamate
concentration was not affected at all. It was concluded
that the curves obtained for n = 4, 3, 2, represented a false
surface excess. Again the necessary efforts were made to

bring the values of false surface excess to the true values.
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The requirement to bring the false surface excess
to the true surface excess was met by increasing the air

flow rate when n = 4, 3, 2, and by ad justing the H to

£/1
obtain constant a (Vf/S) ratio. At each point in this work,
at least 2 or 3 trials were made to bring the (Vf/S) ratio
to the constant value. The new data and the results are
shown in TABLES 5.9, 5.10 and 5.11. The results are plotted
in FIG.NO.5.8.

It is therefore concluded from the preceding sections
(5.3, 5.4 and 5.5) that the apparatus can be operated in the
modified way so that it exists in the simple mode operation
at all times. For a given number of capillaries, proper air
flow rate and the corresponding proper Hf/l should be main-
tained so that there will not be any coalescence Or drainage.
Any such coalescence oOr drainage will result in the measg-
urement of a false surface excess. The results should be
compared at constant (Vf/S) ratio to ensure that true values

of the surface excess are measured.
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5.6 Effect of The“ConCéntrationS’of‘Metal—Ion'and‘Collector
on Surface Excéess

At the modified operating conditions, the investigations
were extended as follows.

Two different concentrations of the collector, 0.05 g/1
and 0.5 g/1, were chosen to determine the effect of bulk zinc
concentration on surface excess. The data and the results are
shown in TABLES 5.12 and 5.13.

In foam fractionation, collector ions which are
surface active by nature, initially orient around the bubble
surface. The adsorption of collector-ions causes co-adsorption
of equivalent counter-ions so that both collector and counter-
ions can be extracted from the bulk to the surface.

It was noticed from FIG.NO.5.9 that when the collector
concentration was very small (i.e., 0.05 g/1), the zinc
surface excess gradually increased for a certain range and
then slowly decreased as the bulk zinc concentration increased.
In the other case when the collector concentration was very
high (i.e., 0.5 g/1), the surface excess gradually increased
and then becamé constant.

The plot indicafed that even a smaller amount of
collector was almost sufficient to saturate the bubble surface.

This was concluded from the fact that if the bubble surface
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was not saturated with the collector ions, the zinc surface
excess would never reach the maximum indicated value for any
bulk zinc concentration. When the bubble surface was
saturated with the collector and metal ions, a further
increase in bulk zinc concentration may not increase the
surface excess at all.

It was also observed from the plot that at very low
bulk zinc concentrations, surface excess was found to be
greater with lower collector concentration, where as at higher
bulk zinc concentrations, surface excess was found to be
greater with higher collector concentration. Siy(21) reported
a similar trend for the zinc and NaDBS system. At the lower
bulk zinc concentration, his results had the same trend, but
the curve for lower collector concentration in his studies
did not decrease at higher bulk zinc concentration.

It is worthwhile to note here the surface excess for
higher collector concentration also decreased if the bulk
zinc concentration increased further. This fact was experi-
mentally checked by working at a stoichiometric bulk zinc
concentration 6f 113.5 ppm (Refer TABLE.NO.5.19, RUN.133).
The surface excess was found to decrease to an extremely low

10

value, i.e., 0.039 x 10~ g.mol/cmz. The reason for the

very low surface excess in this case was that a very large
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quantity of sodium hydroxide was required for the pPH
adjustment and thus large amount of sodium ions competed
with the zinc ions for adsorption.

In order to explore the above mentioned effect from
a different point of view, the same data were used to plot
distribution factor versus bulk zinc concentration. These
results are shown in TABLES 5.14 and 5.15, and are plotted
in FIG.NO.5.10. The trend oOf the curves wag found to be
similar to that of Siy(21). He has already interpreted that
the distribution factor, i.e., [ /Xb increased as X, decreased
because the denominator, Xb decreased more rapidly than the
numerator, [ . At low bulk zinc concentration, the distrib-
ution factor was increased with decrease in collector con-
centration, but at higher bulk zinc concentration, the two

curves were almost coincided.
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5.7 Effect of pH on Surface Excess at Various Bulk Zinc
Concentrations

The present section is devoted to determine the effect
of pH on zinc surface excess at various bulk zinc concen-
trations by keeping the collector concentration constant.

This series of runs was carried out at constant (Vf/s) ratio,
i.e., (9.35 + 0.2) x 10™% cm. The data and the results are
shown in TABLES 5.5, 5.16, 5.17, 5.18 and 5.19, and the
results are plotted in FIG.NO.5.11.

It was noticed from the plot that at any particular
pH, the surface excess was found to be a maximum for a bulk
zinc concentration of 10 ppm. When the bulk zinc concentration
was very high, i.e., 113.5 ppm, the surface excess was found
to be almost zero indicating that there was no possible sep-
aration. As stated previously, very large quantities of NaOH
were required for the pH adjustment and so unusually large
amounts of sodium ions were introduced into the system. |

The trend of the curves for 1 ppm and 2 ppm was
exactly the same, and the curve for 25 ppm was obtained just
below the curve of 10 ppm. It was concluded that, in the
case of 25 ppm, the bubble surface was not saturated completely
and so the surface excess did not reach the maximum possible

value.
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The mechanism for thé effect of pH on the surface
excess can be explained as follows: at the lower pPH the
concentration of the hydronium ions, H30+, is higher, and
the hydronium ions preferentially move to the double layer
to neutralize the charge of the collector ions, thereby
reducing the zinc surface excess. As the pH is increased,

hydronium ion concentration decreases and the zinc surface

excess increases. At a pH of 4.0, there is little competition

from the hydronium ions, and hence the zinc surface excess
reaches a maximum in all the cases. The maximum on each
curve could also be explained as the optimum pH region for
the formation of the co-ordination compound consisting of
zinc ions and free lauryl sulfate ions. This fact was orig-~
inally presented by Sebba(34). When.pH increases further,
sodium ions which are introduced into the system by the
addition of NaOH for pH adjustment will compete with zinc
ions in the double layer region and thereby reduce the zinc
surface excess. Alternatively the reason for the reduction
Oof the surface excess in the alkaline region is that a part
of the zinc mﬁst be precipitated by combining with OH™ ions
of NaOH to form Zn(OH)é. It was noticed experimentally that
at higher pH-values, Zn(OH)2 Precipitate was found in the

foamate as an insoluble scum. This precipitate is not

ax
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collected by the foam fractionation technique but by prec-
ipitate flotation. In order to determine the actual
concentration of the foamate, this precipitate should be
analysed separately. But this was not taken into account
in this study.

The solubility product of Zn(OH)2 is available in
the literature and is given in Appendix A, part III. From
the definition of the solubility product, the value of pH

for complete precipitation was calculated at various bulk

zinc concentrations. At these pH values, it was experimentally

noticed that the zinc was precipitated.
The same results were used to plot enrichment ratio

versus pH as shown in FIG.NO.5.12. This plot was made to

illustrate the efficiency of adsorption separately. Moreover,

when the data are accurately collected at constant (Vf/s)
ratio, there should not be much difference whether surface
excess Or enrichment ratio is investigated. It was noticed
from the plot ﬁhat for any bulk zinc concentration the trend
for the effect of pH on surface excess or enrichment ratio
was almost the same. The interpretation for these curves is
exactly the same as explained before. It i1s important to
note here that the adsorption efficiency was found to be

increased with decrease in bulk zinc concentration. Siy(21)
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has already reported that the degree of separation for

Zn and NaDBS system increased with a decrease in bulk zinc
concentration. Rubin(33) has also reported in his ion
flotation studies for copper and NalLS system that the removal

should increase by decreasing the metal ion concentration.




el

»SURFACE EXCESS, I x 10°° (5, MoL/cMm2 )

- SYSTEM: 7Zn and Nal.S
NalS: 0.50 g/l

-G
- He )
(Vf /S)ratio

32 cm

-

- &
. S

X, -
S o= 113.5 ppm
T~ _Tb = A

i i 1 1 ]

90 cm?3 /min, n=5

(9.35 + 0. 5)x 10 *em

1 2 3 4 5 6
= pH
FIG,NO: 5.11 EFFECT OF pH ON SURFACE EXCESS

AT VARIOUS BULK ZINC CONCENTRATIONS

-




i
!
H
!
s
3
!

:
i
4
i

eI

(Y£/Xb)
g »
o w

Y
.
w

fon
o

0.5

————— ENRICHMENT RATIO

0.0

SYSTEM: Zn and NalLS$S
NaLsS: 0.50 g.'1

G = 90 cm3/min, n=5
H =32 =m 4
(Vf./sf ratio = (9.35 + 0.5)x 10 cm

-

» PH

FIG.NO: 5.12 EFFECT OF pH ON ENRICHMENT RATIO

AT VARIOUS BULK ZINC CONCENTRATIONS




§
i
3§
B
El
P
4
4
i
§
]

TP T

-63-—

5.8 Importance of The (V:ZS) Ratio

The (Vf/S) ratio is the amount of the foam collected
per unit interfacial area. For a particular system, the
amount of the foam can be changed according to the entrain-
ment of the bubbles or due to the geometry of the bubbles.

It was found that this ratio was very sensitive to the air
flow rate and the height of the foam/liquid interface. It
was concluded that more meaningful data can be collected if
the (Vf/S) ratio is kept constant. No conscious effort was
made by previous investigators to keep‘this ratio constant.

One would expect that the most important variables that
may affect the (Vf/S) ratio are the air flow rate, the height
of the foam/liquid interface, the concentrations of the
collector and metal ion and the pH of the solution. 1In the
present investigations, it was observed that the (Vf/S) ratio
was not affected by the concentrations of the collector and
metal ion and the pH of the solution. The (Vf/S) ratios
obtained by other investigators using the same equipment are
tabulated in TABLE.NO.5.21., From these results, it was
observed that pH had some effect on the (Vf/S) ratio, but
there was no definite trend. It was also noticed that the
foam generation rate at constant air flow rate did fluctuate
significantly. In Dick's results(19) for Cu/NaLS system,

the (Vf/S) ratio varied from 6.22 x lO_4 cm to 7.60 x 10_4qm
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at the same air flow rate. In St. Eloi's (20) results,

for Zn/NaDBS/NaCl system, the (Vf/S) ratio varied from

3.14 x 107% cm to 5.64 x 107% cm. st. Eloi used very high
flow rates, but the ratio was found to be very low. In Siy's
results, for Zn/NaDBS system, the (Vf/S) ratio varied from
8.99 x 10™% cm to 15.35 x 1074 cm. This was due to the

fact that the surface generation rate and the foam generation
rate were fluctuating for the same air flow rate.

It can be concluded that these investigators never
attempted to rectify the wide variation of the (Vf/S) ratio.
However, they appear to have obtained reproducible results.
According to their interpretation, the trend of their results
was acceptable, but there was no evidence pPresented that
their column was operated exactly under the conditions of

simple mode.
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6. SUMMARY'ANDfCONCLUSIONS

The present studies, based on the surface adsorption
of aqueous zinc ions by foam fractionation, are summarized
and concluded as follows.

(i) The given experimental set-up was thoroughly
examined and the operating conditions were fixed to collect
the data accurately in the simple mode. It was decided that
the column should possess only one optimum level of foam/
liguid interface, for foam fractionatiqn in simple mode.

For the particular unit employed, a height of 32 cm above

the bubbler was reported as the optimum H at an air flow

£/1
rate of 90 cm3/min. The optimum height was found to be very
sensitive to a change in the air flow rate. The change in
Hf/l was correlated as a direct function of the air flow rate.
The following approximate equation

dHf/l = 1,206 - 0.013G

can be used to find out the optimum H at any air flow

£/1
rate. This operating condition was fixed on the basis of
surface excess calculations with constant (Vf/s) ratio.

(ii) The bubbler was examined thoroughly to gain
some information regarding the number of capillaries possessed
by the bubbler. If the bubbler was operated with 5,4,3,2,

number of capillaries respectively at the same air flow rate,

the measured surface excess was found to be in the decreasing
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order. It was observed experimentally that if the number
of capillaries were changed, the column was disturbed from
simple mode due to the effect of the geometry of the bubbles.
This difficulty was overcome by adjusting the air flow rate
and the height of the foam/liquid interface until a constant
(Vf/s) ratio was obtained. The (Vf/S) ratio in the present
context was treated as the optimum ratio.

(iii) At the modified operating conditions, the
effect of the metal ion and collector concentrations on zinc
surface excess was investigated. All the data were collected
at constant (Vf/S) ratio. At the lower bulk zinc concentration,
the surface excess was found tO increase with a decrease
in collector concentration, and this effect was reversed at
higher bulk zinc concentration. It was concluded that the
large amount of sodium ions introduced into the system for
pPH adjustment competed with zinc ions for adsorption and
thereby the surface excess was reduced at higher bulk zinc
concentration. ‘For the same experimental results, the
\distribution factor or degree of separation was studied in
place of surface excess.

(iv) The studies were extended to determine the
effect of pH on surface excess at different bulk zinc con-

centrations. At a bulk zinc concentration of 10 ppm, the
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surface excess was found to bé maximum for any particular
pH. A pH of 4.0 was reported as the optimum for any bulk
zinc concentration. The same data were used to plot
enrichment ratio versus pH. The enrichment ratio was
found to increase with decrease in bulk zinc concentration.
(v) The present investigations were carried out
at constant (Vf/S) ratio i.e., (9.35 + 0.5) x lO_4 cm in
an effort to produce meaningful results. An attempt was
made to compare this ratio with the results of the other
investigators. It was noted from the results of others
that pH affected (Vf/S) ratio, but there was no definite
trend. It was observed that the other investigators never
tried to rectify the wide variation of the (Vf/s) ratio.
Moreover it was noticed that even thoﬁgh the other invest-
igators have obtained reproducible results, there was no
evidence that the column was operated exactly under the

conditions of simple mode.
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7. RECOMMENDATIONS

(1) The optimum height of the foam/liquid interface
should be determined initially for any given column
operating in simple mode.

(ii) The effects of pH, concentrations of collector ,

and metal ion on (Vf/S) ratio should be investigated.

(iii) At the constant (Vf/S) ratio, the effect of
the metal ion concentration on the cOllector surface excess

should be investigated.
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APPENDIX-A
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1. ATOMIC ABSORPTION SPECTROPHOTOMETER

(OPERATING CONDITIONS)

The following are the operating conditions used for

the data given in tables 5.22 to
Wave Length =
S1it Width =
Fuel Pressure =
Air Pressure =
Fuel Flow Rate =
Air Flow Rate =
Burner Height =
Sensitivity =

Propane is used as Fuel.

5:29 -

213.9 my
0.4 mm

6.0 psig
40.0 psig
400 cc/min
5.0 1/min
1.2 cm

0.04 ppm
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EFFECT OF BUBBLE® DIAMETER ON (V =/S) RATIO

OF A SPHERICAL SOAP BUBBLE

Consider a spherical soap bubble of radius, r

and the film thickness, t as shown in the figure.

Let
Let

Let

Let "V2" be the volume

By visual obs
obtained as -~

Ve

I

Surface Area
S

(Vf/S)

(vf/s)

From
constant film

the bubble si

"S" be the surface

"V1" be the volume

of outer sphere.

of inner sphere.

"Vf" be the volume of the film around the bubble surface.

area of the bubble.

ervation, the volume of the soap film, Vf is
Vi - V2
3 3
(a4 /3)(e+t)” - (4717/3)(r)
(477/3)(1:3 + 3rt(r+t) ) cetecsnsareaes Al
Of the bubble, s is given by -
47Tr2 L LI I L] L ) Az
2 3
(1/3r7)(t” + 3rt(r+t) )
(t3/3r2) + (tz/r) + (t) et . A3

the equation (A3), it can be seen that for a

thickness(t),

ze decreases.

(Vf/S) ratio increases as

If the bubble

size increases,

the thickness of the film generally decreases, and thereby -

(V /S) ratio decreases further.
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ITTI. SOLUBILITY PRODUCT OR PRECIPITATION VALUE

The solubility product is the product of the concen-—
trations of the ions of a substance in a saturated solution
of the substance.

Kgp = (2n™) (OH™)?
Where Ksp = Solubility Product,
znTt Concentration of Zinc in solution,

and OH = Concentration of Hydroxyl in solution.

From the Hand Book(35), ,
Kgp for Zn(OH), = 1.8 x 10”14

By using the above equation of solubility product,
the concentration of the hydroxyl ion, (OH )was calculated
and thereby the pH of the solution for complete precipitation

was obtained. At various bulk zinc concentrations, the

values of pH obtained are tabulated as follows.

Conc. of Zn | Conc. of Zn pOH pH
\ in ppm in mol/litre
1 - { 0.1525%x10 %M 4.46 9.54
2 0.3049x10 M 4.61 9.39
10 1.5297x10 %M 4.96 9.04
25 3.8240x10 “M 5.16 8.84
113.5 17.3627x10 M 5.49 8.51.
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APPENDIX B

The following computer programs (APL/360)

are used for the presentation of the data and

the results:

FILE.NO. USAGE

FILE 1 To compute and tabulate surface
excess and distribution factor
at constant metal ion and
collector concentrations.

FILE 2 To compute and tabulate surface
excess and distribution factor
at varying metal ion and collector

concentrations.

FILE 3 To compute the enrichment ratio
and to tabulate the corresponding
data.

FILE 4 To compute the concentrations of

the foamate samples by knowing
the calibrated transmittance from
the atomic absorption spectro-
photometer.

FILE 5 To curve-fit a linear regression
: line by least squares method.
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