
NRL Report 6958

Foam Separation as a Tool in Chemical Oceanography

G. T. WALLACE, JR. AND D. F. WILSON

Marine Biology and Biochemistry Branch
Ocean Sciences Division

November 6, 1969

NAVAL RESEARCH LABORATORY
Washington, D.C.

This document has been approved for public release and sale; its distribution is unlimited.



CONTENTS

Abstract ii
Problem Status ii
Authorization ii

INTRODUCTION 1

THE FOAM TOWER 2

EXPERIMENTAL PROCEDURE 4

Preparation of Apparatus and Sample 4
The Foaming Operation 5
Analytical Procedures 8

RESULTS 9

DISCUSSION 9

REFERENCES 15



ABSTRACT

A simple batch-type, foam-separation apparatus
is described which has produced a 200-fold concen-
tration of added protein from artificial seawater.
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from initial concentrations as low as 5 g/1l. The
method is rapid and simple in operation and is pro-
posed for use in concentrating surface-active com-
pounds from seawater.
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FOAM SEPARATION AS A TOOL IN CHEMICAL OCEANOGRAPHY

INTRODUCTION

There is ample evidence to indicate that even in very minute quantities, dissolved
organic substances profoundly influence the nature and reactions of both animate and in-
animate components of a marine environment (1-5). Most dissolved organic compounds
occur in seawater at concentrations in the parts-per-billion range, with the sum of such
material rarely exceeding a few parts per million. Total salt concentrations, on the
other hand, normally amount to 32 to 37 ppt. A major obstacle to much-needed biochemi-
cal research in the oceans is thus the isolation of material sufficiently concentrated to
permit subsequent fractionation and characterization of the individual organic compounds.

Ideally, any method for isolating trace organic substances from seawater should
satisfy two major criteria: the isolation should be accomplished rapidly, to avoid bacte-
rial modification or nonbiological oxidation of the sample, and in relatively high yield;
and the treatment itself should not significantly alter, for identification purposes, the
chemical nature of the sample. No such ideal procedure exists. The principal methods
that have been used are: solvent extraction (6,7), dialysis (8), adsorption on solid sub-
strates (9,10), and coprecipitation, usually with ferric hydroxide (9,11). Other, less fre-
quently used, methods include: electrodialysis (12), ion exchange (13), and ligand ex-
change (14). Gas chromatography, preceded by concentration of the compounds in
adsorptive cold traps, has been used successfully for separating and measuring minute
quantities of light hydrocarbons (15). Most of the methods are either highly specific, or
they suffer from low yields, require large solvent volumes, produce large quantities of
dilute dialysates, or exesssively alter the compounds on adsorptive surfaces. Many also
require inordinately long periods of time for their execution.

It has been known for many years that natural sea foams will concentrate organic
matter (16). Furthermore, concentration and separation by foaming has now become a
standard method in chemical engineering (17), where it is used, for example, to purify
solvents and to recover trace amounts of byproducts from process waste effluents. It
has also been used in biochemical research to concentrate and purify enzymes and other
proteins (18-20), to separate phospholipids from biological fluids (21), and to purify bile
salts (22), to cite only a few examples. It is somewhat surprising, therefore, that serious
investigation of the foam separation process as a concentration and preliminary separa-
tion technique in chemical oceanography has not been reported. Some recent work has
been done with foaming as a means of generating particulate matter from dissolved or-
ganic compounds occurring in seawater (23-25), but little or no attention seems to have
been directed to the foaming process as a potential tool for studying dissolved organic
compounds per se.

The foam separation process becomes more efficient as the solution becomes more
dilute (18); thus it works best under the very conditions where many other separation and
purification methods become less effective. Furthermore, separations are usually ac-
complished rapidly and with minimal chemical alteration of labile compounds. Although
the process can be used only with surface-active compounds or substances that can be
scavenged with naturally occurring or added surfactants, many of the compounds one ex-
pects to find in the sea are surface active, and many others would likely be susceptible
to scavenging. Proteins, certain polysaccharides, and similar surfactants possessing a
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strong affinity for water probably would be concentrated most effectively by foaming,
since they are not extractable with nonpolar solvents. Lipoidal and similar extractable
substances, particularly the highly surface-active phospholipids, would also be readily
concentrated by the foaming technique.

The principle underlying foam separation can be described by the Gibbs adsorption
isotherm for an ideal aqueous solution containing a single surface-active solute:

F C d, (1)

RT dC

where

r is the surface excess of solute, at equilibrium, in g-mol/cm 2 ,

C is the concentration of the solute in the sample in g-mol/l,

' is the surface tension of the solution in dynes/cm,

R is the universal gas constant, 8.314 dyne-cm/mol-°K,

T is the absolute temperature in °K.

Schnepf and Gaden (18) have discussed several limitations on the direct application of the
Gibbs equation to real foam systems. Chief among these are: (a) there is no general
rule governing the behavior of multicomponent systems, because component interactions
may enhance separation in some cases and depress it in others, and (b) IF is based on
the surface area (rather than the volume) of a static surface only under equilibrium con-
ditions. Nevertheless, Eq. (1) is useful for describing the principle involved and for
determining whether or not a given solute might be concentrated by foaming.

We are investigating the foam separation process to determine its usefulness for
concentrating and isolating organic compounds from seawater. We have chosen protein
for our present studies, since it has not, to our knowledge, been reported unequivocally
as a natural constituent of seawater. One would expect to find soluble protein in at least
trace amounts, however, and its isolation and characterization would be of major signifi-
cance in marine microbial ecology. This report deals with the quantitative recovery of
protein added to an artificial seawater system and describes in detail a simple batch
technique we have developed for carrying out foam separations.

THE FOAM TOWER

The basic technique underlying any foam separation is that of producing and collect-
ing large amounts of gas-solution interfaces. This is usually accomplished by allowing
bubbles to rise through a column of solution in a "foam tower." Solute-enriched foam is
then removed from the top; when it collapses, an enriched solution (the foamate) results.
If the surfactant concentration is so low that a stable foam is not produced, the upper
part of the solution column nevertheless becomes enriched with the surfactant, provided
that turbulent mixing in the tower is not too severe. Collection of this top liquid will give
a solution enriched with the solute, although the end product would be more dilute than if
it were derived from a stable, well-drained foam. Dorman and Lemlich (26) refer to this
procedure as "bubble fractionation" in a "foamless foam column."

Figure 1 is a schematic diagram of the foam separation equipment used in the pres-
ent work, and Fig. 2 is a photograph of the complete assembly in operation. The tower
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GLASS JOINT
-AND STOPPER

Fig. 1 - Schematic diagram
of foam separation apparatus

itself is constructed entirely of Pyrex glass
tubing, in three sections. The middle section
can be selected from various lengths, providing
a capability of foaming different volumes of
sample in one run or, if desired, permitting the
use of O1ifferent bubble path lengths. All three
sections are made from 70-mm-O.D. tubing to
which 71/60 ground-glass joints have been
fused.

Fig. 2 - Foam separation ap-
paratus in operation. The
combustion furnace in the gas
input line (left of photo) is not

The top section contains a 29/40 ground- used with high-purity nitrogen.
glass joint and stopper at the very top (for ac-
cess during cleaning) and a sidearm consisting
of a 16-cm length of 3-cm Pyrex tubing fused to
the wall at an angle of about 5 degrees above the horizontal. The foam flows out through
a 10-mm-O.D. vertical tip in this sidearm into an attached collecting vessel, usually a
graduated cylinder. There is no foam breaker.

The bottom section contains a 60-mm, fine-porosity (4- to 5.5-11 pores) sintered
glass disk (the gas sparger) and a three-way Teflon-bore stopcock attached by means of
8-mm Pyrex tubing. Both the sintered disk and the stopcock are fused to the section,
avoiding the use of any cement, stoppers, or 0-rings. The Teflon bore of the stopcock is
the only point in the entire system where the sample comes in contact with anything other
than glass. All ground-glass joints are used ungreased.

The sparging gas, which is usually ultra high-purity, water-pumped nitrogen, passes
first through a two-stage regulator and a needle valve. It then flows through a thoroughly
washed, cellulose ester membrane, in-line filter (average pore size 0.2 )), a flow meter,
and the sparger.
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For prolonged foaming periods, a humidifier is inserted in the line followed by an-
other in-line membrane filter. For periods less than about 3 hr, however, evaporation
losses were found to be negligible when 7.5 1 or more of sample were being foamed and
the sparging gas was nitrogen. The effects of other gases on evaporation were not
studied. Our experience to date indicates that combustion of the sparging gas is unnec-
essary with the ultra high-purity nitrogen, since no organic contamination has been de-
tected. All tubing connections from the gas cylinder to the tower are made of exhaustively
cleaned 1/4-in. stainless steel tubing.

The bulk phase (sample) feed system consists of a 5-gallon Pyrex carboy connected
to the three-way stopcock by an 8-mm Pyrex tube to which 12/5 ground-glass ball-and-
socket joints have been fused. The sample is transferred by pressurizing the carboy
with nitrogen.

EXPERIMENTAL PROCEDURE

Our procedure for carrying out foam separations with this equipment will be de-
scribed in three parts: (a) preparation of the apparatus and sample, (b) the foaming
operation, (c) analytical procedures. It must be emphasized that we are using foam
separation as a microchemical technique; i.e., we are attempting to work with solutions
containing solutes in the parts-per-billion range. Consequently, the utmost care is taken
to minimize both contamination and loss of material.

Preparation of Apparatus and Sample

All glassware is thoroughly cleaned in acid dichromate solution, rinsed directly with
ordinary distilled water, and finally rinsed in water (designated "3-D water") that has
been prepared by passing tap water through deionizing and organic-removal resin beds,
followed by distillation from acid permanganate and then alkaline permanganate solu-
tions. The freshly cleaned glassware is immediately protected from atmospheric con-
tamination by closing it off with aluminum foil. Cleaning is accomplished immediately
prior to use whenever possible.

The stainless steel tubing used for gas delivery is first flushed with a detergent
solution, rinsed thoroughly with distilled water, and finally rinsed with acetone. This
treatment is followed by a thorough purging with ultra high-purity nitrogen. Subsequent
cleaning is considered necessary only whenever the system has suffered prolonged ex-
posure to atmospheric contamination.

At first, artificial seawater (ASW) was prepared by the procedure of Kester, Duedall,
Connors, and Pytkowicz (27), except that NaF was omitted, the MgCl 2 .6H 2 0, SrC12 .6H 2 0,
and ,aCl 2 were not added volumetrically, and the salts were not oven dried before being
weighed. The 3-D water was used throughout. This ASW was then "prefoamed" in the
tower, and approximately 100 ml of wet, unstable foam collected and discarded. The
residual fraction was withdrawn from the tower and used to prepare the protein solution.
This procedure appeared to remove all detectable surface-active contaminants and large
amounts of iron-bearing precipitates, presumably ferric hydroxide and phosphate. We
have designated this procedure "Method A" and the product "ASW ."

In Method A, it was observed that substantial numbers of small particles remained
in the residual phase after prefoaming, although large amounts of particulate matter also
had been floated over in the foam and discarded. We considered it possible that these
particles were adsorbing some protein and causing losses on any that did not float over
during the subsequent separation run. Since it was likely that many of these particles
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were formed de novo from surface-active contaminants during the prefoaming run (see
the discussion section), we hoped to eliminate the need for prefoaming the ASW by sepa-
rately purifying those reagents that seemed to contain the contaminating surfactants: viz
CaCI 2 and MgCl 2 .6H 2 0.

All salts, with the exception of NaCl and Na 2 SO 4 , were now added from stock solu-
tions. The concentrated CaCl 2 solution was heavily contaminated with colored insoluble
material when first prepared from reagent grade salt and so was filtered through an
exhaustively washed cellulose membrane filter. It was not necessary to filter the
MgCl 2 .6H 2 0 solution. Each of these stock solutions was then foamed in a small-capacity
tower, and semistable, wet foam (from CaC12 ) or stable, brownish froth (from MgC12 )
was collected and discarded until no further traces were seen. The residual solutions
were then withdrawn, and the MgC12 solution was freed of particles generated during
foaming by filtering it through a coarse-porosity sintered glass funnel. Both solutions
were standardized by chelometric titratior of their cations.

In preparing the ASW, appropriate volumes of the Ca, Mg, and Sr stock solutions
were combined and diluted in one vessel, and the remaining salts were combined and
diluted in a second vessel in the manner of Kester, Duedall, Connors, and Pytkowicz (27).
The two diluted solutions were then combined, and the whole was made up to volume
(usually 15.63 1) with 3-D water. The final salinity was 35 oo. This method of prepara-
tion is designated "Method B" and the product "ASWb."

An appropriate volume of ASW, prepared by Method A or B, as desired, was then
placed in the 5-gallon carboy to be used as the sample feed reservoir. A stock solution
containing a known concentration of crystalline bovine serum albumin (BSA) in 3-D water
was freshly prepared for each run. This was diluted appropriately, and the desired vol-
ume was added to the reservoir with gentle swirling to minimize particle formation
through foaming (see the discussion section). The protein was added only moments be-
fore introducing the sample into the tower. Portions of the stock solution were also used
to prepare the analytical standards.

The Foaming Operation

The sample was introduced into the tower by opening the three-way stopcock and
pressurizing the reservoir to about 2 psi. The gas flow to the sparger was regulated so
that the pressure at the sintered disk constantly balanced the hydrostatic pressure as the
sample level rose. This is necessary to prevent backflow of sample into the gas delivery
system and also to prevent premature enrichment of the sample surface. Particles which
would be formed during premature foaming can be lost by attachment to the walls and
especially the joints during filling.* Consequently, the gas flow rate was not adjusted to
the desired level until the top of the liquid was above the uppermost joint.

When the liquid surface has risen above the top joint, the gas flow was established at
the desired rate and, after expansion of the liquid, column filling was stopped when the
surface was just below the delivery arm. Time was then allowed for the foam, if any
was produced, to rise to maximum height. This always occurred within 30 to 120 sec of
starting the gas flow (Figs. 3a to 3d).t Foam was collected before any significant amount

*Early experience with hemoglobin showed that at least with highly surface-active proteins, serious
losses occurred on the walls of the tower during foaming. We were unable to obtain consistent re-
covery values with hemoglobin for that reason.

tFigures 3a to 3d are of foams produced from natural samples of neritic seawater. The appearance
is very similar, however, to what was seen with BSA in ASW.
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(a) 20 see

(b) 25 sec

Fig. 3 - Foam formation at the top of the liquid column at
various times after the initiation of sparging. Natural sea-
water sample.
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(c) 35 sec

(d) 50 sec

Fig. 3 - Foam formation at the top of the liquid column at
various times after the initiation of sparging. Natural sea-
water sample (Continued).
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of refluxing could occur (see the discussion section). This was done by adding, when
necessary, a few milliliters of sample via the stopcock to raise the liquid-foam interface
into the arm.* The foam thereupon expands into the arm, where it drains and eventually
is pushed over into the receiver by the escaping gas (Fig. 3d) or, if necessary, by further
small additions of sample. If no foam was produced, small volumes of top liquid were
collected immediately after the operator detected evidence of enrichment at the top of the
liquid column or, in any event, within 2 min.

With the artificial samples used in this work, virtually all of any foam that could be
produced was collected at a single gas flow rate. Traces of wet, unstable foam often re-
mained, however. Early in the work, our procedure was next to raise the gas flow to a
higher rate, allow the system to aerate for a period of time, and periodically force small
quantities of top liquid and any traces of foam over into the receiver. When this should
be done is largely a matter of the operator's judgment and experience, derived chiefly
from observing individual bubbles and the mass of breaking bubbles for signs of stability.
Care must be taken to avoid collecting too great a volume, or the resulting foamate may
be too dilute for analysis. It was necessary to drain 50 to 150 ml of liquid from the
tower via the three-way stopcock to allow for expansion of the liquid column when the
gas flow was increased. Final positioning of the interface was done by running in small
amounts of sample, as before. Four gas flow rates were routinely used in succession,
viz 550, 750, 875, and 1000 ml/min (Method I). Later, however, we used only a single
flow rate of 1000 ml/min (Method II). The reasons for using four flow rates in succes-
sion are given in the discussion section. The procedure followed in going to the next
higher flow rate was the same for each rate change. Our normal procedure was to aerate
at each flow rate for a period of 30 min. All runs were made at room temperature (21 to
23 0 C).

The separation run was terminated when the operator considered that no further evi-
dence of foam or enriched top liquid existed.

Analytical Procedures

Protein was ordinarily determined by the Folin-Ciocalteau phenol method using a
modification of the procedure of Lowry, Rosebrough, Farr, and Randall (28). Cold 50-
percent aqueous trichloroacetic acid was added to a final concentration of 8 percent to
replicate aliquots (usually 5 ml) of the foamate in 10-ml centrifuge tubes. The tubes
were allowed to stand overnight at 30 C and were then centrifuged under refrigeration.
The supernatants were decanted, the tubes were drained, and the precipitates were dis-
solved in 0.5 ml of 1.0-N NaOH. Color was then developed in the original centrifuge
tubes, using the reagent concentrations specified by Bennett (29). Absorption was meas-
ured at 660 nm in a Spectronic-20 colorimeter using 1-in. cuvettes. Reagent blanks and
standards were run with the samples through the entire procedure. Standards were pre-
pared in ASW by diluting the stock protein solution used in the separation run to a con-
centration near that expected in the foamate, assuming 100-percent recovery. Good
precision was obtained down to protein levels of 2 jig/ml of foamate.

When pi otein concentrations in the foamate were less than about 2 pg/ml, a modifi-
cation of thc membrane-binding procedure of Kihara and Kuno (30) was employed in con-
junction with the phenol method (as described above) to estimate the total protein. Since
the procedure of Kihara and Kuno is applicable only to dissolved protein, and substantial

*Addition of 20 ml (a common requirement) of sample containing 25 11g/l of BSA represents an addi-
tion of 0.5 ug of surfactant into a volume of e.g. 7.5 1. This is considered insignificant in these
experiments.
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numbers of protein particles were formed during foaming (see the discussion section),
preliminary fractionation of the foamate was effected by centrifugation. The supernatant
was then analyzed by the modified Kihara and Kuno procedure, and the sediment was ana-
lyzed by the phenol method, since the protein concentration in the sediment fraction was
always much higher.

In our modification of the Kihara and Kuno procedure, the supernatant was slowly
passed through a well-washed cellulose membrane filter (average pore size 0.2 11) under
very slight vacuum. The filter was then treated according to Kihara and Kuno, except
that 15 jig of amido black (in 3 ml) was used, and the protein was bound directly from
ASW solution. A calibration curve was prepared from standard solutions of BSA in ASW,
and a linear relationship between protein concentration and the amount of dye bound was
demonstrated in the range used; viz 5 to 50 jig of total protein.

RESULTS

Our work thus far has been exclusively with batch separations. More elaborate proc-
esses, involving recycling, continuous-feed, and multistage operations, will undoubtedly
prove useful for many purposes and will be investigated in due course. We believe, how-
ever, that the single-stage batch operation will have wider application in marine science
because of its extremely simple apparatus and operating requirements.

Table 1 shows the results obtained with BSA dissolved in ASW at various concentra-
tions. It is apparent that recoveries near 100 percent were regularly obtained, even
when the initial concentration of protein was as low as 5 ,4g/l. Furthermore, it appears
that the extent of recovery was independent of initial concentration, the total weight of
protein foamed, and the volume of foamate collected, within the range of values studied.

The volume of foamate collected is, of course, critical in determining the concentra-
tion of surfactant available for analysis. The limiting factor in this method at extreme
sample - dilutions is probably our ability to analyze the resulting foamate. It can be seen
from the table that, as more experience was obtained with the procedure, it became pos-
sible to collect smaller volumes of foamate without sacrificing the quantitative aspects
of the recovery. This is reflected in the higher concentration factors that we achieved in
the later stages of the work.

The two low recoveries (61 and 68 percent) at the 5-ppb level were obtained early in
the work and probably resulted from using the Kihara and Kuno method of analysis without
preliminary fractionation of the foamate into particulate and dissolved phases. This
would have resulted in low analytical results, since one would not expect all of the pro-
tein contained in the interior of particles to participate in dye binding. Later 5 jig/l runs
showed higher recoveries.

The runs in which the ASW was prepared by Method A (ASW prefoamed) gave slightly
lower recoveries than comparable runs in which the ASW was prepared by Method B
(ASW not prefoamed; MgCl 2 and CaC12 prepurified). The Method A runs were made early
in the experimental series and were not repeated. The reasons for the differences can-
not be explained at this time.

DISCUSSION

Excellent discussions of both the theory and practice of foam separation have been
published by Rubin and Gaden (17), Bikerman (31), Wace and Banfield (32), and Haas (33).
A recent review and extensive discussion of the technique has been published by Lemlich
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(34). Our discussion, therefore, will cover only those factors which were of major sig-
nificance in the development of our particular apparatus and technique or which may re-
quire special consideration in applications to marine samples.

Two potentially rate-limiting processes occur in foam separations: transfer of the
surfactant from the dissolved to the adsorbed state (mass transfer) and transport of the
adsorbed surfactant to the top of the liquid column (solute throughput). The rate of mass
transfer depends primarily on the diffusion coefficient of the solute molecule, the degree
of turbulence in the liquid column, and the amount of surface area per unit volume to
which the surfactant molecules can migrate. Solute throughput, on the other hand, is the
quantity of adsorbed surfactant transported per unit cross-sectional area of liquid column
per unit time. Both processes depend strongly on bubble diameter and gas flow rate (32).
Bubble diameter, in turn, depends on the porosity of the gas sparger, the pressure drop
across the sparger, and certain physical properties of the solution, chiefly surface ten-
sion, viscosity, and density. The principal variable which influenced bubble diameter in
this work was the pressure drop across the sparger. The pressure drop is a function of
the gas flow rate. Thus, gas flow rate assumes a position of major importance in foam
separation operations.

Wace and Banfield (32) have shown that for a tower to produce maximum solute
throughput with bubbles near the optimum diameter, it should have a gas flow rate of
1.8 cm/sec per square centimeter of liquid column cross-sectional area. They have
further determined that a bubble diameter of 0. 8 mm is optimum, and that deviations of
an order of magnitude from this figure reduce the throughput only by a factor of two.
The gas flow rate of 1.8 cm/sec per square centimeter cross section with a bubble diam-
eter of 0.8 mm is the flooding velocity: i.e., the flow rate at which the liquid-foam inter-
face disappears.

While these conditions will, according to Wace and Banfield, produce maximum sol-
ute throughput, they would not be expected to produce an optimum separation in our
practical sense. The high-density foam resulting from insufficient drainage would pro-
duce a highly dilute foamate. The considerable turbulence in the enriched zone at the top
of the liquid column probably would drive some adsorbed material back down into the
column.* Thus, some gas flow rate below the flooding velocity would likely be optimum
in the sense of producing a rapid buildup of a foam that would become well drained and
yield a concentrated foamate.

The initial decision to use four gas flow rates in succession was an empirical at-
tempt to generate nearly optimum conditions. It was thought that the lower initial flow
rate would provide the best conditions for producing a distinct, well-drained foam by
keeping turbulence in the foam and at the foam-liquid interface to a minimum. It was
also thought that by increasing the flow rate as the sample concentration of surfactant
was decreased by removal, more surface area would be provided per unit volume per
unit time. Although time is not highly important in a batch process, it was felt that the
rapid production and collection of foam was nevertheless desirable, for reasons to be
explained below in connection with micelle formation. Finally, it was felt that by using a
succession of flow rates, at least one would produce a nearly optimum bubble size.

Subsequently we found that the range of flow rates used did not materially alter the
bubble diameter. The bubbles were observed to have diameters between 0.1 and 2 mm;
thus, our tower was operating under nearly optimum conditions with respect to bubble
diameter. At an inlet flow rate of 1000 ml/min (the maximum used), the flow rate is

*This latter would be particularly detrimental in the case where no foam was produced, as in the

"bubble separation" of Dorman and Lemlich (26), cited earlier.
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0.46 cm/sec per unit cross section of tower. This is far below the value prescribed by
Wace and Banfield (32) for maximum throughput. However, since essentially complete
recoveries were obtained at all surfactant concentrations tested, it would appear that the
lower rates were entirely adequate for our purpose, although it cannot be said whether
they were optimum in any theoretical sense. Furthermore, it is apparent from Table 1
that complete recoveries were as readily obtained by Method 11 (1000 ml/min only) as by
Method I (four rates in succession). A detailed study of bubble diameter and gas flow
rate parameters has not yet been made with our system.

All of our foamates, from both natural and artificial marine samples, either have
been visibly turbid or have shown significant light scattering with a Tyndall beam. This
has raised questions concerning the significance of particle production and froth flotation
processes in the foam separation method. "Froth flotation" is a term applied to the
process of mechanically floating off particulate matter by aerating a solution to which
surfactants have been added to produce foam and to form collecting surfaces. Since froth
flotation involves a three-phase system, it is fundamentally different from foam separa-
tion, which involves adsorption of dissolved material from a homogeneous liquid phase.
Superficially, however, the two processes are very similar and often coexist. The clas-
sical use of froth flotation has been in the "beneficiation" of ores (31), but it has also
been applied to the removal of microorganisms and solids from many types of systems.
A related process, termed "ion flotation," involves the collection of weakly surfactant
or nonsurfactant ionic compounds or metal ions by complexing them with an appropriate
surface-active scavenger and foaming the solution (35). In many cases, the complex is
insoluble, so that true froth flotation occurs.

The observations with hemoglobin (mentioned above) indicated that at least some of
it was converted to particulate form. Presumably, this conversion occurred either
through adsorption onto the surfaces of preexisting particles or de novo through com-
pression, fragmentation, and aggregation of insoluble monolayers as postulated by Sebba
(35). Similar mechanisms have been suggested by other investigators (23,24) as a basis
for de novo particle production in the sea.

We found that in two 5 gg/l runs on March 18, 1969, essentially all of the 36 gg of
BSA introduced into the tower in each run was recovered as particulate (sediment) pro-
tein after lightly centrifuging the foamate (at 2440 g). A small amount of color was bound
from the supernatant phase in the Kihara and Kuno procedure. This was interpreted as
amounting to about 1.5 ,g of protein in each case, but the amount of color eluted was well
below the reliable limit (5 ,g) for the procedure.

Experiments were next conducted in which BSA at a final concentration of 25 Ag/l
was added to ASWb which had been ultrafiltered to remove all particles. The resulting
foamates were visibly turbid, and microscopic examination showed many particles having
the appearance of typical "aggregates" reported for natural samples (24,25). This latter
work provides strong evidence for the production de novo of particles during a foam run.
The ultrafiltration appears to rule out a need for preexisting particulate matter, although
it does not rule out the possibility that adsorption may have taken place on mineral par-
ticles formed in the liquid column during the foam run. Studies are now in progress with
the electron microscope to determine whether mineral nuclei are involved in the produc-
tion of these particles.

In any event, it appears that particle production and froth flotation are important
factors in this type of foam separation. It is surprising that more mention of particle
production during foaming has not been made in the foam separation literature. Bader
and Shtitz (22), however, did note that crystals of both cholic acid and mixed fatty acids
were formed in their foams of impure bile salts, and Schfitz (36) reported that particulate
matter occurred in nearly all his foamates. Karger (37) noted the formation of an
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insoluble material while foaming a mixture of sodium sulfate and 1-naphthylamine, but he
did not characterize it. Schfitz (36) noted that the particles obtained when foaming pro-
teins were a consequence of surface denaturation. Thuman, Brown, and McBain (38)
noted the formation of an insoluble residue when foaming a protein solution under maxi-
mum foam-producing conditions. The residue was not seen when weak foams were pro-
duced, and its formation was also attributed to surface denaturation. However, it follows
from the work described here above that de novo particle production can occur in the
total absence of a stable foam, inasmuch as no stable foams were produced when the ini-
tial BSA concentration was 25 pg/l or less.

When a surfactant's concentration reaches a unique level, the critical micelle con-
centration (CMC), there is an increased tendency for the molecules to assume a thermo-
dynamically more stable configuration by arranging themselves into micelles. A number
of surfactant molecules come together and assume a configuration in which their hydro-
phobic ends together form a relatively hydrophobic internal environment while their
hydrophilic ends remain in the polar exterior. Micelle formation may be attended by a
loss or diminution of surface activity (35), so it can be considered as a possibly detri-
mental process in foam separations. The CMC is usually lowered by the presence of
salts (35) and is probably often exceeded in the enriched top liquid of a foam or bubble
separation tower. The molecules, once formed into micelles, can be transported down
into the liquid column by foam drainage or turbulence, and it is thought (35) that they may
be slow to dissociate back into the nonaggregated, more active state.

Definitive experiments to assess the importance of micelle formation in our work
have not been conducted. A simple experiment was carried out, however, in which foam-
ate collection was delayed 15 and 30 min after the initiation of foaming, permitting a sub-
stantial amount of internal refluxing to occur. Subsequent analyses showed a 7- and
15-percent decrease in recovery, respectively, when compared with immediate collec-
tion. This experiment was performed with ultrafiltered ASWb, and repetition with water
that had not been ultrafiltered showed no significant decrease in recovery with refluxing
up to 90 min. This leads to speculation that the particles known to be present in ASWb
may have adsorbed some of the surfactant and thereby reduced the tendency to form
micelles. This in turn raises a host of new questions concerning the role of particulate
matter in surfactant recovery which eventually will have to be examined. However, in
the absence of definitive information on the role of micelle formation in degrading foam
separations, we decided to collect the surfactant as soon as possible after it was brought
to the top of the liquid column.

The foam tower should be designed in accordance with certain basic criteria. Tur-
bulence within the liquid column must be kept to a minimum, especially near the liquid-
foam interface, for reasons already discussed. By keeping the diameter of the tower
close to that of the glass frit used as the sparger, channeling was reduced. The area of
maximum turbulence in the present apparatus was found to occur in the vicinity of the
joints, where there was a slight constriction (Fig. 4). Consequently, it was necessary to
avoid placing joints close to the top of the tower. A distance of about 60 to 70 cm was
sufficient in the present tower to allow most of the joint-induced turbulence to dissipate
before it could affect the top of the liquid column.

It is equally important that the design facilitate rapid and discrete collection of the
foamate. Where stable foams are produced, the region in which the foam will concen-
trate should allow expansion to facilitate drainage. At the same time, the design must
permit the operator to collect the foam without diluting it with large amounts of the liquid
phase. The slightly inclined arm proposed by Haas (33) was selected, as it satisfies
these conditions. The foam expands into the arm, becomes well drained in the absence
of a vertical gas flow, and is easily collected, with a minimum carryover of liquid (Fig.
3d). This design also permits good control when collecting enriched top liquid in cases
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Fig. 4 - Example of
turbulence occurring
in the vicinity of a
joint

where a stable foam is not produced. While the concentra-
tion of protein in the "foamates" obtained from runs where
no stable foams were produced was less than that from
runs with higher initial concentrations, the concentration
factors were among the highest obtained.

The advantages of the foam separation technique de-
scribed in this report lie in its simplicity, rapidity, and
high degree of efficiency (insofar as it has been evaluated).
Large volumes of seawater can be processed in minutes.
The physical and chemical environment remains virtually
unchanged, when compared with most other methods, and
biological modifications of the material are minimized be-
cause of the rapidity of the separation. External contami-
nation introduced through excessive sample handling or the
addition of "reagent grade" chemicals is also minimized.

Our previous work with foaming natural seawater and
pure phytoplankton cultures has resulted in the isolation of
mixtures which we believe - on the basis of solvent affinity,
chromatographic behavior, and functional group tests- to
have contained proteins and/or humic acids, fatty acids,
polysaccharides, and possibly phospholipids and steroids.
However, these foams were always heavily contaminated
with detergentlike substances eluted from the membrane
filters used to remove cells and detritus, and this hampered
the analysis. Moreover, all types of particle-separation
procedures we have tried since have significantly modified
the samples in some manner. Since particle removal is the
only preliminary treatment required of the sample, removal
so as to avoid this contamination with the products of cell
rupture or with organic matter not truly dissolved consti-
tutes the major problem to be solved.

The major disadvantages of the method are that it is specific for surface-active
compounds and substances that can be scavenged by surfactants, and the native state of
macromolecules may be altered. In general, the latter will not interfere with chemical
identification, but may seriously hamper determination of the native-state configuration.
In any event, foam separation appears to offer a method for rapidly and easily concen-
trating an important fraction of the dissolved organic matter in the ocean.
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