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Development of Defoamers for Confinement Foam

D. Mark Hoffman and Alexander R. Mitchell
L-282 Lawrence Livermore Labs
Livermore, CA 94550

Abstract

Agueous foam concentrate (AFC) 380 foam was developed by Sandia National
Laboratory as a blast mitigation foam for unexploded ordnance (UXO) and its
“engineered foam structure” is reported to be able to “envelop chemical or biological
aerosols” [1]. Itis similar to commercial fire-fighting foams, consisting mostly of water
with small amounts of two alcohols, an ether and surfactant. It also contains xanthan
gum, probably, to strengthen the foam film and delay drainage. The concentrate is
normally diluted in a 6:94 ratio with water for foaming applications. The diluted solution
is normally foamed with air to an expansion factor of about 100 (density 0.01 g/cc),
which is called “dry” foam. Higher density foam (0.18>p>0.03 g/cc) was discovered
which had quite different characteristics from “dry” foam and was called “wet” foam.
Some characterization of these foams has also been carried out, but the major effort
described in this document is the evaluation, at the small and medium scale, of chemical,
mechanical and thermal approaches to defoaming AFC 380 foam. Several chemical
approaches to defoaming were evaluated including oxidation and precipitation of the
xanthan, use of commercial oil-emulsion or suspension defoamers, pH modification, and
cation exchange with the surfactant. Of these the commercial defoamers were most
effective. Two mechanical approaches to defoaming were evaluated: pressure and foam
rupture with very fine particles. Pressure and vacuum techniques were considered too
difficult for field applications but high surface area silica particles worked very well on
dry foam. Finally simple thermal techniques were evaluated. An order-disorder
transition occurs in xanthan solutions at about 60°C, which may be responsible for the
effectiveness of hot air as a defoamer. During defoaming of 55 gallons of foam with hot
air, after about 70% of the AFC 380 foam had been defoamed, the effectiveness of hot air
was dramatically reduced. Approximately 15 gal of residual foam containing mostly
small bubbles was resistant to further defoaming by methods that had been effective on
the original, dry foam. In this paper the residual foam is referred to as “wet” and the
original foam is referred to as “dry”. Methods for generating “wet” foam in small to
moderate quantities for defoaming experiments have been developed. Methods for
defoaming wet foam are currently under study.

Introduction

AFC 380, developed by Sandia National Laboratory and marketed by Chemguard
Inc., is diluted with water in a 6/94-weight ratio and foamed with conventional foam
generating equipment (such as the Intelagard back pack foam generator). It has been
used with a tent cover to mitigate shock and contain fragments of UXO when such
ordnance cannot be moved to safer locations [1]. The foam thus generated is stabile for



between 1.5 and 2 hours or longer depending on the scale of the experiment. Diluted
AFC-380 foam contains 98% water with a sodium olefin sulfonate surfactant (Bio-Terge
AS-40), Xanthan gum, 2-methyl-1-propanol, and EPAL 1214 making up the other
ingredients. A general discussion of foams can be found in reference 2. It is sometimes
necessary to rapidly access an area covered by the foam. To do this as safely as possible,
aqueous foam in this area needs to be defoamed. A defoamer that would collapse large
volumes of the confinement foam in a few minutes was one of the highest priority
technology short falls listed under the containment effort.

In order for foam to be stable the following conditions must be met[3]:

The media must be liquid and composed of at least two substances.
A soluble surfactant must be present.

The Marangoni effect must occur.

A gelatinous surface layer must form.
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The defoamer should remove one of the 4 requirements for stable foam. Then like a
chair with one of its legs removed, the foam should collapse.

At least three approaches to destroying existing foam are available for evaluation
and possible implementation [4]. Mechanical defoaming has been investigated by
evacuating or pressurizing foam [5]. Vacuum is used routinely to degas adhesives and
moderately viscous mixtures. Alternately, when all components except air are
homogeneous, centrifugal force can be used. Since the mechanical strength of the
gelatinous surface is less than 1 atmosphere, the foam should easily be destroyed. This is
easily demonstrated on a small scale, but is often not portable or convenient to field.

Thermal defoaming depends on the phase diagram of the surfactant/solution or
the effect of temperature on the Marangoni effect. In some surfactant solutions, there are
lower critical solution temperatures where the surfactant separates from the solution
causing the foam to destabilize.[6] The Marangoni effect in foams is the tendency of
surfactant-solution to migrate into areas where the foam film is being deformed and
prevent rupture of the foam cells. In some instances the temperature dependence of the
Marangoni effect reduces the recovery rate substantially so that the foam collapses more
easily. Xanthan also undergoes an order/disorder transition with increasing temperature
[7]. If either of these mechanisms are applicable to AFC-380, rapidly heating aqueous
containment foam should cause its collapse.

A wide variety of chemical defoaming agents are available commercially. These
defoamers are typically emulsions of oil, surface-active agents and colloidal particles that
destroy foam after it has formed [4]. One postulated mechanism of chemical defoamers
is displacement of the adsorbed foaming surfactant by a more active surface layer that
does not support foaming. This simplified mechanism cannot explain the relative
effectiveness of defoamers in different foaming systems. It also cannot explain the
improved performance associated with incorporation of low levels of hydrophobic
colloidal particles into the chemical defoamer formulation. For a chemical defoamer to



work, it must enter and spread through the foam. The dynamic surface tension of the
foam and the defoamer are, therefore, of interest. Commercial defoamers evaluated in
this effort are listed in Table 1.

Table 1. Typical Defoamer active ingredients.

Defoamer Supplier Oil solid Type
TS-10 Tiarco PDMS' T-SiO2*  Aqemulsion
FB 235 Ross PDMS Emulsion
AF9030 GE PDMS T-SiOo Emulsion
RD-71 RD PDMS Emulsion
C2010 New London PDMS Nonionic emuls
C2290 New London N-PDMS*

*T-Si02 — treated silica; 'PDMS — polydimethylsiloxane; *N-PDMS — non silicone oil

Alternatively, the chemistry of the foaming agents may be attacked directly. If
the surfactant could be altered chemically so that it became ineffective or was removed,
the foam should be destroyed. Several approaches to this have been tried. The thickener,
xanthan gum, is known to be susceptible to oxidation [8,9] and to precipitate from
solution with the addition of alcohols [10-14]. If these can be exploited, defoaming
should be possible.

Experimental

1. Foam concentrate: The composition of the foam concentrate used to prepare
AFC 380 is given in Table 2. Chemguard Corporation prepares this concentrate for the
DOE. This concentrate was diluted 94:6 with water and foamed through various
techniques to an expansion factor of approximately 100. Bio-Terge AS-40 is 14 to 16
carbon a-olefin sodium sulfonate general purpose anionic surfactant manufactured by
Stepan Company and used extensively in detergents for foam rinsing and cleaning [15].
Epal 1214 is a long chain alcohol, which is no longer manufactured by Emery.
Comparable alcohols are available from Pilot Chemical Corporation, Chemcentral
Corporation or Brenntag Chemicals. The original xanthan gum, K9A48 by Kelco
Polymer is no longer manufactured and Kelco has replaced this gum with “Kelzan”
industrial grade xanthan gum [16]. Generic alcohols such as isobutyl and diethylene
glycolmonobutyl ether are available from Aldrich or many other chemical suppliers.

Table 2. Composition of AFC 380 foam concentrate.

Component % Chemisty Purpose
Bio-Terge AS-40 19.9 Na-SO3-(CH2)14-16 Surfactant
EPAL 1214 0.8 HO-(CH>)12 Alcohol 1
Xanthan Gum 1.8  a-glycoside side chain Rheology modification
Isobutyl Alcohol 4.0 HO-(CH,) 2-(Me)2 Alcohol 2
DEGMBI ether* 6.2 HOEt-OBu Alcohol 3
Deionized water 67.3% Solvent

* DEGMB ether — diethylene glycol monobutyl ether



2. Foaming and defoaming procedures. The 96/4: water/AFC 380 diluted
solution was foamed in small quantities using a sparging technique illustrated in Figure 1
to make a representative dry foam. Low-pressure air was blown through a polyethylene
mesh cylinder 25 mm in diameter by 25 mm high immersed in a beaker of foam solution.
When the vessel was full of foam, the sparger and stainless steel beaker were removed.
Sufficient foam was added using the sparger to completely fill the vessel and then the
residual fluid was weighed. The density of the foam was estimated from the foam weight
divided by the volume of the vessel.

Once the dry foam completely filled the vessel, liquid defoamer was sprayed into
the vessel. The amount of liquid defoamer was determined by difference. For the 4 liter
vessel, a simplex sprayer was used to apply the defoamer. Because of the nozzle and
limited pressure, the viscous defoamers were applied as a cylindrical stream. Defoaming
in a mid-scale vessel (5 gal) was performed using a high-pressure sprayer. This sprayer
produced extensive atomization and a mist covered the foam surface. In both cases the
approximate time required to defoam was measured. The amount of residual foam,
which was not defoamed, was estimated by marking the outside of the vessel in 0.1 liter
increments, shaking down the foam on the sides of the vessel and approximating its
volume. In some instances the amount of liquid drained from the foam was measured
during the defoaming operation. Usually however, defoaming occurred very rapidly and
no estimate of drainage could be made.

Wet foam (density above 0.03 g/cc) was made in several different ways once
inadvertently and then on purpose. One approach to making a wet/dry foam generator is
shown in Figure 2. This consisted of two interconnected 3-necked round bottom flasks.
Flask I contains the sparger and when used alone, generates dry foam at volume flow
rates of about 1 I/m. Flask Il contains a large Teflon stirrer. When dry foam from flask |
was fed into flask Il and stirred vigorously, wet foam is produced as shown in the figure.
This process can produce 4-20 liters but is slow and cumbersome and produces variable
cell size when some dry foam flows around the impeller. For rapid generation of 15-20 cc
of wet foam, 2-4 cc of diluted AFC 380 solution in a 40-cc capped vial was mixed for
approximately 30 - 60 s in a Vortex mixer. Wet foams of reasonable consistency with
densities between 0.15 and 0.18 g/cc are quickly produced in this way. These wet foams
were used to screen prospective defoamers by adding the defoamer directly to the wet
foam or by spraying on the foam surface. Two to three and a half liters of wet foam can
be prepared from 80 — 150 g of diluted AFC 380 in a 4-liter, polyethylene container by
shaking for 5 minutes on a commercial paint shaker. This wet foam had lower density
(0.03-0.06 g/cc) than the vortex mixer foam, but was still quite persistent.

3. Chemical Defoaming. Six commercial chemical defoamers, listed in Table 1,
were evaluated. Although the exact formulations of most of the defoamers were
proprietary, there are common characteristics associated with them [3, 17-21]. All are
emulsions of oil in water with some surfactant. Usually the oil is all or partly
poly(dimethyl siloxane). All contain hydrophobic silica filler. Some of the specifications
are given in Table 3. All these defoamers were used as received.



Table 3. Physical properties of Commercial Chemical Defoamers.

Sample % Solids Surfactant  pH Viscosity  Density
(cps) g/cc
TS-10 10.5 8+1 3000
FB-235 9.6 nonionic 8.5 2000 1.00064
AF9030 40 nonionic 0.982
RD-71 15.4 1.00
C-2010 1.00025
C-2290 15 7.7 1800

Because of the susceptibility of xanthan to oxidation, solutions of five different
oxidizing agents were evaluated as defoamers. The concentration of oxidizer varied
depending on its solubility in water or availability. Ammonium persulfate (3N), oxone
(1IN, 2KHSO5 -KHS04 -K2S0,) , sodium hypochlorite (9.5% CI) and hydrogen peroxide
(30%) were sprayed onto the foam using the technique described above. Deionized water
was used in all solution preparations. Sodium hypochlorite and hydrogen peroxide were
kept cold and used as received. Typical properties of these oxidizing agents are given in
Table 4. To enhance the reactivity of the oxidizing agents, especially sodium perborate,
the accelerators listed in the table were evaluated.

Table 4. Some properties of the oxidizers used in defoaming experiments

Oxidizer type Oxidizer Formula Nor%  Accelerators
Persulfate
Ammonium persulfate  NH4S,04 3N ketones, NH,CI

Oxone KsH3S40138 IN ketones, NH,Cl
Hypochlorite

Sodium NaClO 9.5% Cl cyanuric acid
Peroxide

hydrogen H20; 30%
Perborate

Sodium NaBOj3 2.7% ethylacetoacetonate

4. Mechanical Defoaming. Eight different hydrophobic and hydrophilic silicas
were evaluated as defoamers by sprinkling them onto the dry and wet foams described
above. Cab-0-Sil T-530 and EH-5 fumed silicas from Cabot Corporation [22]; Aerosil
200, R-812 and R-792 fumed silicas from DeGussa Corporation [23] and Hi Sil T-700
precipitated silica from PPG [24] were evaluated in this way. Alumina C, fumed alumina
and COK 84, a physical mixture of fumed silica and fumed alumina available from
DeGussa corporation were also evaluated. Table 5 lists some properties of these silicas.
All silicas were used as received.

5. Superabsorbers. In earlier experiments on large volumes of foam, it was
observed that during defoaming operations about 25% of the foam would not defoam
with conventional silicone emulsion defoamers or calcium chloride [25]. No further
information about this phenomenon was given. As is well known [26, 27], lightly



crosslinked poly(acrylic acid) sodium and potassium salts will absorb several hundred
times their weight in water. The five superabsorbing polymers listed in Table 6 were
purchased from Aldrich Chemical Company and evaluated as clean up aids.
Superabsorbers based on lightly crosslinked polyacrylic acid potassium (PAA-K) and
sodium (PAA-Na) salts and two superabsorber copolymers: the potassium salt of
polyacrylic acid and polyethylene oxide (PAA-co-EO-K), the sodium salt of polyacrylic
acid and polyacrylamide (PAA-co-AC-Na) were coarse powders. The superabsorber
based on the sodium salt of poly(maleic acid) and polyisobutylene (P1B-co-MA-Na) was
fibrous. Two methods were used to estimate the uptake of solution by each polymer.
Small amounts of polymer (2-5 mg) were deposited on a stainless steel screen and
immersed in about 40 ml of foam solution. Samples were removed and patted dry and
weighed as a function of log time for 5 days. After this time the sample was removed
and dried on the stainless steel screen and reweighed to determine sol and gel content.
The foam/defoamer solutions were tested using 0.1 g of polymer inside a 9-mm Whatman
42 filter paper funnel immersed in the fluid. Samples were removed from the solution
and the solvent removed with a Beuchner funnel and vacuum. Then the filter paper and
sample were weighed and the weight of the wet filter paper subtracted. These
measurements were made after 5 and 15 minutes and approximately 24 h.

Table 5. Properties of colloidal silicas evaluated in defoaming experiments.

Colloid Particle Aggregate Surface area pH
size (nm)  size (um) (m*g)

Cab-o-sil EH5 7 0.3 380 4
Aerosil 200 12 0.4 200 4
HiSil T700 21 1.9 210 7
Cab-o-sil TS 530 0.2-0.3 205-245

Aerosil R-812 7 260 7.5
Aerosil R 792 16 110 4
COK 84 170 4
Alumina C 13 100 7

Table 6. Some properties of superabsorbing polymers evaluated used to imbibe residual
defoamed solution.

Absorbent Polymer Morphology  Size <d> Absorption characteristics
PAA-K salt powder 1-mm 27 g/g 1% saline

PAA-Na salt powder 1-mm 45 g/g 1% saline
PAA-co-EOK granules 0.2mm Many times its wt
PAA-co-AC-Na granules 0.1mm Many times its wt
PIB-co-MA-Na Fiber 24 mm 65 g/g 1% saline

6. Surface tension measurements. Two different types of surface tensiometers
were used to measure the surface tension of the foam solution and mixtures of the foam
solution with two commercial antifoams. The SensaDyne PC-500L uses the dynamic



bubble method to determine the surface tension of a fluid [28]. The First Ten Angstroms
FTA 200 surface tensiometer was used to measure the surface tension of the same
materials using the pendent drop technique [29]. Both instruments were calibrated
against pure water prior to the measurements on foam solutions and antifoams.

Results and Discussion
A. Characterization of AFC 380 Foam solution and its foams.

1. Surface tension. The dynamic surface tension of the 94/6 dilution of AFC
380 foam was measured using the maximum bubble pressure method on the SensaDyne
PB-500L. After a water calibration run (71.6 £ 0.2 dy/cm), approximately 60 ml foam
solution was placed under 2 tubes of large and small orifice. The flow rate of air was
varied to give different bubble periods. The longer the time required for the bubble to
release from the orifice, the lower the surface tension. The” surface age” on the bubble
from this technique varied from 0.03 to 1.3 sec. This “surface age” gives some idea of
the dynamic surface tension associated with surfactant migration to the air/water
interface. [30] The initial surface tension based on second order polynomial
extrapolation to zero time was 40.5 + 0.2 dy/cm. Within 1 second “surface age” the
dynamic surface tension had decreased to 33.6 £ 0.2 dy/cm. Close examination of this
data indicates that the surfactant (C12-14 sodium sulfonate) begins to migrate to the
surface within the first 0.1 sec and continues to aggregate there for some time. The
“equilibrium” surface tension was estimated using the pendent drop experiments. The
First Ten Angstroms surface tensiometer model 200 analyzed a video of a drop of
solution for temporal variation in the surface tension. The drop takes about 6 seconds to
become large enough to apply the Laplace-Young [29] equation. After that with a time
resolution of 0.5 s, the surface tension decreases as the surfactant absorbs on the drop’s
surface. The initial value from the drop measurements averaged about 28.2 + 0.8 dy/cm.
The “equilibrium” value of the surface tension was 23.5 dy/cm. The surface tension
continued to change until after about 43 seconds. The surface tension of both
measurements was plotted as a function of “time” in Figure 3. As can be seen in the
figure, substantial changes in surface tension occur in the first 10 to 20 s. The dip and
recovery from the FTA 200 data was only seen in this run and may be an artifact. The
effect of xanthan, alcohols and ether in the AFC-380 foam solution dynamic surface
tension is not known, but may be important [31, 32].

2. Foam Drainage. The drainage characteristics of the 94/6 AFC 380 foam
depend upon the ability of the liquid in the foam to flow through the Plateau boarders
under the force of gravity, capillary pressure due to the liquid pressure in the Plateau
borders being lower than the pressure of the gas in the surrounding bubbles, and viscous
resistance to flow. A second order nonlinear drainage equation, requiring uniform
bubbles, has been developed and used to estimate drainage[2, 33,34]. In general the 4-I
foams did not contain uniform bubbles. Figure 4 shows the drainage characteristics of a
typical 4-liter sample of freshly prepared 94/6 AFC 380 dry foam. The foam in this
figure had an initial density of 0.015 g/cc. Approximately 61.55 g of foam solution filled
the 4 | vessel. This gave an expansion factor of about 65, which is somewhat lower than



the 100 value given by Sandia when using the Intelagard foam generator. The drainage is
measured as the weight of liquid poured off in a given time increment. Initially it was
zero and in the first 10 minutes about 30% of the AFC-380 had drained off. Some of this
may be associated with spillage from the foaming solution in the bottom of the vessel.
Subsequently, drainage slowed down and became nearly constant after about 20 minutes.
This dry foam drained down from 4 liters to about 0.5 liters in 2 hours. Note that the
volume reduction rate does not correlate with drainage but appears to be nearly constant
at about -0.0336 liters/minute. This implies that the foam film and Plateau borders can
shrink from loss of fluid without substantial bubble coalescence or cell collapse. The
result was typical of foam generated by the sparger.

Wet foam drainage is very different from dry foam. Wet foam tends to thin, but
not collapse over several days. Figure 5 shows the drainage measured on 4 samples 7-8
cc’s of wet foam with average density of 0.18. As can be seen in the figure almost 75% of
the liquid has drained out after one day. However the volume of the foam is only reduced
by about 40%. This implies significant thinning of the foam film and Plateau borders has
occurred without comparable collapse of the foam or coalescence of foam bubbles.

3. Foam density. Dry foams made by sparging were polydisperse. Densities of
0.021 + 0.006 were obtained for 16 trials by weighing the 4 L container after removing
the sparging apparatus. This gives an expansion factor of about 50. Sandia typically
obtains an expansion factor of 100 (density 0.01). Within about 10 minutes, foams made
in this way tended to drain without significant volume change. Densities averaged
0.0096 after the first drainage of liquid, more representative of the Sandia foam. Some of
the weight in the initial measurements may be from spillage. A photo of dry foam
prepared by sparging is shown in Figure 6a.

Wet foam generated by the apparatus in Figure 2 had densities between 0.28 and
0.037 g/cc. This foam tended to have some dry foam in it causing its density to be low.
Wet foam made on the paint shaker had densities from 0.032 to about 0.5 g/cc depending
on the amount of diluted AFC 380 added to the vessel. Wet foam produced from the
vortex mixer had the highest densities varying from about 0.1 to 0.3 g/cc. The higher
densities prepared by this method tended to loose about 1/3 of their liquid rapidly until
their densities approached 0.1 g/cc. A photo of wet foam made on the paint shaker is
shown in Figure 6b.

4. Bubble size and foam film thickness. A schematic representation of bubble
size and foam film thickness for wet and dry foams is shown in Figure 7. As shown in
the figure, most of the surfactant is believed to be near the liquid/air interface. Ideally, as
the amount of fluid increases, the bubbles in the foam transform from polyhedral to more
spherical [2]. The bubbles in the dry foams produced by the Integrand foam generators
used by Sandia for the confinement foam have a broad distribution of sizes from 2.5cm
across to relatively small (50 um) bubbles often trapped along the Plateau borders. The
largest bubbles generated in the sparger described above were 2.5 cm as measured by
photographs of dry foam on the surface of a glass plate. Smaller bubbles have higher
internal pressure and tend to be absorbed by larger bubbles [3]. Larger bubbles also tend
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to burst and the as produced foam is quite dynamic. Larger bubbles also tend to rise to
the surface leaving their smaller counterparts further down in the foam. Foam film
thickness was measured using a Zeiss transmitted light microscope by depositing dry
foam on the bottom of the glass stage and focusing on sections of the bubble film
between bubbles that were at least 1 cm across. Optical micrographs of the bubble films
were calibrated against a stage micrometer. Dry foam film thicknesses were between 600
and 750 um.

A polarized light micrograph of wet foam generated by the vortex mixer (p =
0.154 g/cc) is shown in Figure 8. This micrograph shows the largest bubble sizes are
about 420 um or less. The foam films tend to be between 10-25 um thick and they do not
appear to be shared by adjacent bubbles. Here each bubble appears to have an individual
film and an interstitial film exists between adjoining bubbles. Finally the Plateau borders
appear to contain air bubbles as well as liquid and often contain bubbles above or below
them. Apparently the AFC 380 wet foam is not simply an expansion of the liquid
boundaries to accommodate the increase in liquid volume as presumed in the schematic
of wet foam in Figure 7. The order of magnitude difference in foam film dimensions
should produce a 10* or more difference in flow rate, which would explain the low
drainage rate in wet foams.

B. Chemical defoaming.

1. Commercial Defoamers. As might be expected, a substantial amount of
information is available on commercial defoamers [4, 35-43]. These types of defoamers
are formulated as emulsions of an oil, often a silicone oil, a proprietary surfactant to
emulsify the oil, and hydrophobic silica[3]. A substantial increase in defoaming rate
occurs with the addition of particulate silica and/or other insoluble suspended material to
these emulsions. There is disagreement regarding the exact defoaming mechanism for
these types of defoamers and different formulations are more or less effective against
different foams, but it is generally accepted that “oil lenses” insert themselves into the
film portion of the foam as shown schematically in Figure 9a. Because of the
incompatibility of the oil lens with water, the inserted “oil lens” tends to form a bridge
across the foam film (see Fig. 9b) and thin. Without the presence of hydrophobic silica
or other insoluble suspended matter, the thinning process takes considerable time. With
suspended particulate, however, the foam film is abraded and ruptures very quickly (as
shown schematically in Figure 9c).

Following the manufactures recommendations, the six commercial defoamers
listed in Table 3 were sprayed into 4 liters of “dry’ foam generated as described above
and shown schematically in Figure 1 using a simplex sprayer. Because of the relatively
high viscosities of the defoamers, straight streams were sprayed into the foam rather than
an aerosolized dispersion. Never the less, all six defoamers collapsed 80% or more of the
foam. Table 7 shows the results. Relative ratings between 1 and 5 based on the extent of
foam collapse are given in the table with 5 being complete collapse of the foam and 2
being 50% collapse. The amount of defoamer used was estimated from the increase in
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weight of the container after defoaming and the relative percentage of defoamer to foam
was calculated.

Table 7. Commercial Emulsion defoamer results

Chemical wt (9) % defoamer used Eff Refoam n(Pa-s)
4 liter 5 gal ml/100ml

Octosperse TS 10 16.68 8.79% 5.93% 5 35 3
NL C-2010 6.76 7.23% -- 3 - med
NL C-2290 12.1 11.80%  1551% 5 1 1.8
GE AF 9030 6.65 7.38% 9.40% 5 6 high
Foam Blast 235 6.72 7.47% 10.33% 4 5 2
RD-71 8.72 8.89% 18.27% 4 4 high
Water 7.25 8.44% 2 low

Some observations on use of these defoamers are given below. All defoamers sprayed a
straight stream of thick solution into 4 liters of foam. Within 3 minutes with 12 sprays,
Octosperse TS-10 reduced the volume of foam to 0.1 L. NL C-2010 knocked down
about half the foam in 3 minutes. After another 2 minutes a second spray of this
defoamer reduced the volume of foam to 0.5 L and within 2 more minutes to 0.1L. With
12.1 g of NL C-2290, the 4 L foam sample was reduced to less than 0.5 L in 2 minutes.
GE AF 9030 reduced the 4 L sample to 0.1 L within 2 minutes. The GE antifoam stuck
to the edges of the polypropylene vessel, but defoamed very well. Foam blast 235
required about 5 minutes to reduce the foam from 4 to 1 L. Subsequent spraying reduced
the foam down to 0.1 L after 7 minutes. Approximately 8.7 g of RD -71 reduced the
foam to 0.1 L in about 5 minutes. Figure 10 is a bar graph of the relative effectiveness of
each commercial emulsion against 4 liters of AFC dry foam. Five of the chemical
defoamers were used on larger foam samples (5 gallon) with similar results.

It may be necessary to refoam over a defoamed area with AFC 380. After
defoaming with emulsion type chemical defoamer (5 gal level) small quantities of AFC
380 was bubbled over the defoamed surface liquid. The foam collapsed almost
immediately. If after some period of time, the effectiveness of the defoamer dissipated,
refoaming might then be possible. Preliminary estimates of the time dependence of
commercial emulsion defoamers in AFC-380 foam solutions was evaluated with a simple
shake test[38,44]. In this test 10 ml of residual fluid from 5 gallon defoaming experiment
were added to a 100 ml graduated cylinder and shaken by hand for 100 shakes. The
concentrations of the defoamer in the AFC 380 foaming solution are given in Table 7.
The maximum amount of foam generated in 100 shakes is also given. The results are
very low considering the foam expansion factor is usually about 100. None of the
defoamers gave more than 6 ml of regenerated foam. FB 235, AF 9030 and RD 71 gave
weakly increasing amounts of regenerated foam with increasing number of shakes
(between 0.015 and 0.004 ml/shake). This is typical of some silicone-based defoamers
where the oil emulsifies with the surfactant in the foam [38]. However, TS-10 gave a
very slight decrease in foam concentration with number of shakes and C-2290 gave
generated no foam at all during the shaking. Figure 11 is a plot of foam volume as a
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function of the number of shakes for all 5 commercial emulsion defoamers. As can be
seen, the scatter is large and the amount of foam generated in the tests was very small.
Attempts to refoam over defoamed solutions were unsuccessful, consistent with the
continued activity of the antifoam based on shake testing results. When paper or other
barrier material was placed over the defoamed solution, then new foam could be
generated over defoamed liquid.

Two of the defoamed solutions were evaluated using surface tensiometers. Short
time surface tensions were measured using SensaDyne PC-500L and long times were
measured using the FTA 200. Comparison of the dynamic surface tensions of the foam
solution with and without 7% defoamer, are shown as a function of surface age in Figure
12. At least two runs of each solution were measured. At short times the foam solution
approaches a limiting surface tension, probably associated with the amount of surfactant
dissolved in the bulk solution. This value decreases with surface age (~1/bubble
frequency), ie, as the surfactant migrates to the surface of the air/water interface. On
addition of the defoamer, the initial surface tension flattens out. Since the Marongoni
effect is caused by the gradient in surface tension when new surface is generated, the
reduction in this gradient on addition of defoamer should tend to reduce foam film
stability and formation. On addition of ~4 g of FB-235 at early time Ay/At was negative
providing no driving force for the Marangoni effect. Both GE 9030 and FB-235 gave v,
~ 35.7 dy/cm. The dynamic surface tension of FB-235 defoamer solution passed through
a maximum at about 37 dy/cm. AF 9030 defoamer tended to cause the solution surface
tension to remain nearly constant at 35.7 dy/cm for bubble frequencies up to about 5
bubbles/sec, and then fall off to slightly lower surface tension than the foam solution
itself. In both cases, after the defoamers had been added to the AFC 380 94/6 solution,
no foam was observed on the surface of the liquid as the bubbles rose.

The sessile drop method requires approximately 6-7 seconds for the drop to
become sufficiently large to observe the effect of gravity and allow the Laplace-Young
equation to be solved. The FTA 200 analyzes video of each drop and calculates the
surface tension as a function of time. Figure 13 shows the surface tension of the foam
solution based on sessile drop and the change associated with the addition of ~9% of the
same defoamers used previously. The data from the previous plot is also shown. The
‘equilibrium’ surface tension extrapolated to long times was unchanged when the FB-235
was added, but was increased to ~ 27 dy/cm on addition of AF 9030 defoamer. Two runs
of the FB-235 defoamer superimposed very well. However both the foam and the AF
9030 defoamer gave somewhat different results at times in the neighborhood of from 10-
25 sec on second runs in the FTA 200.

Tests of five of the six defoamers against 2.5-3.5 liters of wet foam gave similar
results to dry foam tests except that more defoamer and longer times were required.
Within about 3 minutes GE AF 9030, C-2290, and TS-10 had defoamed 3 liters of wet
foam down to 0.5 liters or less. RD-71 required almost 12 minutes with agitation of the
vessel to defoam 2 liters of wet foam to 0.5 liters. FB-235 only reduced a volume of 3
liters of wet foam down to 2 L after 1 minute of spraying. This foam remained stable for
minutes after the spraying stopped. These experiments tend to indicate that 3 defoamers
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will defoam any type of AFC 380 foam. However, when experimenting with 55 gal of
foam using a hot air blower (discussed below), about one fourth of the volume was
converted to wet foam after about 5 minutes. The remaining “wet” foam could not be
defoamed thermally. About 15 gallons of wet foam was sprayed with almost 100 g of
TS-10 only about 1 gallon of this foam was destroyed. 100 g of TS 10 should have
removed at least 7 gal of foam. After this about 150 g of RD-71 was sprayed into the
“wet” foam with similar results. Clearly further large scale testing of the most promising
formulations would be of interest.

Based on results to date, the most promising of the chemical defoamers was
Tiarco’s Octosperse TS-10. Although GE’s AF 3090 and New London’s C-2290
performed as well in all the head-to-head testing, the GE and New London antifoams
show definite aging effects, so they would have limited shelf life. The GE antifoam
turned yellow and became more viscous over 2 years. The New London antifoam tended
to phase separate with visible evidence of solids in the bottom of the container. This is
not a significant problem if the jar can be shaken, but large quantities might tend to
produce spurious results.

2. Oxidation of xanthan. Assuming that xanthan gum used in AFC 380 helps
stabilize the foam’s gelatinous surface, reducing this stability should enhance drainage
and accelerate the collapse of the foam. Xanthan gum is a high molecular weight
heteropolysaccharide whose main chain consists of -glycoside linkages, which are
chemically very inert. The xanthan structure is shown in Figure 14. Xanthan has a
trisaccharide side chain which contains the anions which make it soluble and an a-
glycoside linkage that is susceptible to oxidation.[8, 9] These side chains are also
believed to be responsible for the order/disorder transition which give xanthan solutions
their unique rheology and yield stress[7].

The four oxidizing agents evaluated in aqueous solution are listed in Table 4.
When sprayed, these oxidizers were not as effective as the commercial defoamers against
4 | of dry foam as shown in Figure 15. Oxone (2KHSO5 -KHSO4 -K2S04) was the most
reactive in preliminary foam tests, leaving about 0.5-1 of residual foam and was more
effective when used warm. It is known that the oxidation rate of persulfates can be
accelerated with ketones, which react to form dioxirane ring structures, which are very
reactive [45-47]. These catalysts must be added just prior to treatment [8]. Oxone is also
acidic which may influence the oxidation of xanthan. Ammonium persulfate, which tends
to be basic, was ineffective (comparable to water). Sodium hypochlorite (12% active
chlorine) was the second most effective oxidizer in the foam tests. Lithium or Calcium
hypochlorite can be prepared at 30 and 65%, respectively, so they should be more
reactive. Hydrogen peroxide (H2O, in water at 30% was used) generates oxygen during
application, which caused more foaming after some defoaming had occurred. Needless
to say, this was ineffective.

Experiments on the degradation of the xanthan backbone with acid and hydrogen

peroxide [48, 49] have shown that this reaction can reduce the molecular weight of
xanthan by up to 2 orders of magnitude. However, the rates are relatively slow requiring
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about 1 hour to reduce the xanthan molecular weight from 2,000,000 to 10,000. Since
the persulfate anion has a higher oxidation potential that hydrogen peroxide [50], it
should be more effective at oxidizing xanthan and hence defoaming, as seen it the table.
The effect of increasing the pH in the persulfates by going from oxone (K" ion and pH ~
3) to ammonium persulfate (NH," ion and pH ~ 7) was to reduce the effectiveness of the
oxidizing agent (S;0g%) even though ammonium persulfate had higher solubility in
water. Although it is known that oxone oxidations can be enhanced by adsorption on
silica[51 -53], addition of silica to 1N oxone solutions was less effective at defoaming
than using the solution by itself.

Table 8. Oxidizing agent defoamer results for dry foam.

Chemical wt(g) % defoam Eff n(Pa-s)
Oxone / EH 5 gel 10.62 12.26% 4 thix
9.5% NaClO 5.95 6.56% 3 Low
3N (NH4)25208 5.97 6.27% 2 low
30% H202 23.02 NA 2 Low
1N Oxone @70C 14.1 12.13% 4.5 low
Water 7.25 8.44% 2 low

The reaction rates of these aqueous oxidizers may be accelerated by catalysis in
some instances [8, 9]. Metal salts, iron (+3) is often used, can be used to generate the
sulfate radical (SO4™*) which has an even higher oxidation potential that the persulfate
anion. The addition of ketones to persulfates should generate four-membered dioxirane
ring structures in situ [45], which are very strong oxidizing agents. Hypochlorites have
reportedly been accelerated with ammonium chloride or cyanuric acid [8]. Ammonium
chloride and sodium hypochlorite probably generate monoamines [54,55]. This approach
produces hydroxyl amines which can generate toxic gasses (Ammonia) during oxidation
reactions. Cyanuric acid is known to stabilize free radical formation during chlorine
oxidation, which tends to increase the effectiveness of hypochlorites. Sodium perborate
in not effective as an oxidizing agent below 40°C [56], but can be catalyzed with ethyl
acetoacetate or tetraacetylethylenediamine[57] to generate the peracetate ion which is an
excellent oxidizing agent at ambient. It is also known that the residual borate can form
complexes with saccharides, which might enhance xanthan oxidation or render it
incapable of sustaining the foam.

Attempts to defoam wet foam using accelerated oxidizing solutions listed in Table
4, were not successful. Stoichiometric amounts of acetone and methylethyl ketone, were
added to 1.75N oxone (almost the solubility limit of the oxidizer in water) and sprayed
onto 15-20 ml of wet foam. Assuming the dioxirane forms under these conditions, it was
ineffective as a defoamer. At the 2% level, ammonium chloride was effective as a
catalyst for 1.75 N oxone solutions against wet foam. This reaction released gas
(probably ammonia) and the sprayer had to be punctured to relieve the pressure. Initially
the solution remained clear, but within minutes a crystalline precipitate formed. At 1%
levels of NH,4CI, no defoaming was observed, but the foam dissipated on shaking. The
use of cyanuric acid or ammonium chloride to generate hydroxylamines with sodium
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hypochlorite was also ineffective as a defoamer for wet foam. Finally, Acceleration of
monohydroxy sodium perborate with ethyl acetoacetonate in an attempt to oxidize
xanthan via the acetate radical, was unsuccessful. Figure 16 shows the results of these
experiments.

3. Precipitation of xanthan. An alternate approach to destabilizing the AFC
380 foam by attacking the xanthan gum is to precipitate it with alcohol. This method is
used to recover the gum from fermentation broths [10-14, 58]. Considerable difference
in the required amount of alcohol has been observed depending on which is chosen for
the precipitation. Fermentation broth contains monovalent cations so that the ionic
strength should be similar to foam. Preliminary evaluation of methyl, ethyl, isopropyl
alcohols against 4-1 of dry foam showed good results in about 15-s with isopropanol.
However the amount required for defoaming wet foam at the 15-20 ml scale was 3:4
alcohol to foam and the rate was about 1 liter/min. Figure 17 shows 0, 20, 33, and 50%
by weight of IPA in about 20 ml of wet foam. Note how the foam tends to adhere to the
sides of the glass vial, making estimates of the amount of defoaming difficult. In the
50% photo, a white, gel-like precipitate can be seen. This is characteristic of the
beginning of phase separation of the xanthan [10].

Table 9: Results of xanthan precipitation experiments with alcohols.
Alcohol defoam | Amt(g) | wt/wt Ratio Comments
2-Propanol Y 3.15 0.905:1
Ethyl Alcohol Y 5.245 0.462:1
tert-Amyl Alcohol Y 3.45 6.8:1
Butyl Alcohol Y 2.4 13.11:1
Methyl Alcohol N 5.96 -
Benzyl Alcohol N 5.38 3.95:1
Glycerol too thick - - Formed 5-10 ml foam
Anisyl Alcohol N 5.74 4.27:1
2-Butanol Y 2.4 2.98:1
2-Methoxyethanol N 3.38 -
tert-Butyl Alcohol Y 2.43 0.95:1
2-Ethyl-n-butanol Y 6.19 9.52:1 shaken by vortex machine.
1-Propanol Y 2.55 0.967:1
Decyl Alcohol N 5.62 16.27:1
Cyclohexanol Y 3.71 9:1 shaken by vortex machine.
2-
Methylcyclohexanol Y ] 30.25:1 shaken by vortex machine.
1,4-Butanediol N 4.11 -
Ethylene Glycol N 4.84 - Formed 6 ml foam
Propylene Glycol N 4.49 -
Triethylene Glycol N 5.66 -
1,2,6-hexanetriol too thick - 2:1
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Although precipitation of xanthan worked well as a method of defoaming, the
amount of alcohol was considered excessive and the rate of defoaming wet foam needs to
be better. Salts have been used to enhance the precipitation of xanthan[23] but the
concentrations per g of xanthan are less than the concentration of ions in the surfactant,
so this approach was not considered. It is known that polyvalent salts are more effective
at precipitation than sodium, but this was not evaluated. Twenty one different alcohols
were sprayed onto approximately 20 ml of wet foam, to see if improvement in defoaming
was possible. The amount of alcohol required to defeat 20 ml of ACF-380 foam solution
was recorded. Subsequently, alcohol was added dropwise until evidence of precipitation
of xanthan was observed. The weight ratio of alcohol/AFC 380 solution required to
observe xanthan precipitation was recorded in Table 9.

Results indicated that the three butyl alcohols were the most effect as defoamers
requiring only 37.5% or roughly 2 parts to 5 parts by weight of foam to defoam wet
foam. Isopropyl alcohol may also be useful. Higher alcohols worked in some cases,
Cycloaliphatic alcohols had to be shaken to defoam. Di- and trifunctional alcohols were
also ineffective. Owing to the relatively large quantities required, the precipitating
alcohols would not be used until wet foam was the major constituent to be defoamed.
Rates of defoaming wet foam using different butanols should be determined.

C. Mechanical defoaming.

When mechanical agitation by rotating wires, stirrers, whisks, etc. was tried as a
method for defoaming AFC-380, the foam either shifted away from the stirrer or its
volume was reduced by up to 50% with the commensurate reduction of cell size.
Apparently what happens is the bubbles are being subdivided into smaller bubbles with
more foam film and plateau borders being generated. The foam density of increased by a
factor of 2. This higher density foam did not drain rapidly as was observed in the case of
the dry foam and tended to be stable for several days. This was the first wet foam
formulation and led to the wet foam generator shown in Figure 2.

The second approach to mechanical defoaming was to sprinkle the foam with
particles. If the particle has sufficient mass, the yield stress of the foam film will be
exceeded and the foam film should rupture. It is also possible for high surface area
particles to absorb surfactant on the surface where they land and rupture the foam film
surface in this way. If the shear modulus of the foam is 10 Pa and deformations are 0.8, a
particle of the order of 100 um should penetrate the foam film. On the other hand, if
absorption of the foam on the surface of the particle is important, high surface area
particles should be more effective defoamers. Since silica with nearly 400 m?/g surface
area is available commercially, six different silicas were tested. Since hydrophobic silica
is effective in commercial emulsion based defoamers, three hydrophobic silicas were
evaluated. One commercial, precipitated silica and two fumed silicas were used as
indicated in Table 5. To determine if other absorbing surfaces would be effective fumed
alumina and a blend of alumina and silica were tried.
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Two of the three treated silicas were ineffective as defoamers for dry foam but
one was quite effective. Both TS-530 and R-812 are made by hydrolysis of hydrophilic
silica suface hydroxyls and surface moisture with hexamethylenedisilazane[22]. This
results in a single trimethyl silanoxane group replacement for each silanol[23]. When
these silicas were sprinkled on the surface of the foam, the volume was reduced to 1 to
1.5 liters. This is slightly more effective than spraying the foam with water. On the other
hand, R-972 hydrophobic silica is prepared using dichlorodimethyl silane, which reacts
with 2 silanol groups on the surface and should have somewhat different surface
energetics. This relatively small change in surface characteristics has a dramatic effect
on the foam stability. With very small amounts of R-972, the foam collapsed almost
completely.

Unexpectedly, all of the hydrophilic silicas caused dry foam to collapse with very
small concentrations of silica. These results seem to scale with the surface area of the
silica particles. This might be associated with the ability of the high surface area silica to
repel the surfactant at the surface of the foam film. This would alter the electrolytic
interactions of the bilayer that forms the film and cause water to wet the silica and
collapse the film. This idea was discussed with P. Garrett and he felt that behavior might
be associated with a xanthan gum - silica filler interaction. In any event, all three
hydrophilic silicas made very effective defoamers for dry foams.

Cok 84 is a blend of 82% silica and 18% Alumina C which has excellent colloidal
properties in water. This blend also defoamed the dry foam very well. When Alumina C
was used alone, its effectiveness against dry foam was considerably lower than the
precipitated silicas or the blend, but better than the TS-530 or R-812 treated silicas.
Sandia found that calcium oxide as a defoamer was effective except for larger quantities
of foam where wet foam would not collapse [20]. They also considered colloidal clays,
but these were deemed too slippery after adsorption to be effective.

Table 9. Silica particle defoamer results

Chemical wt (9) % defoamer used Effectiveness
hydrophobic In 4 liter In 5 gal

Cab-o-sil TS-530 2.3 2.52% 2
Aerosil R-812 0.222 0.26% 2
Aerosil R-972 0.596 0.66% 0.38% 5
hydrophilic

Cab-o-sil EH5 0.237 0.27% 5
Aerosil 200 0.314 0.38% 5
HiSil T700 0.555 0.64% 0.65% 5
COK 84 0.41 0.42% 5
Alumina C 2.5 2.67 4
Water 7.25 8.44% 2

Fumed silica, alumina and precipitated silica were ineffective against wet foam
generated at15-20 cc levels with the vortex mixer. Wet foam has enough strength to
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prevent the silica from migrating through the system. The low bulk density silicas all sit
benignly on top of the wet foam. Higher bulk density solids such as talc were evaluated
as well. In this case, the talc was able to penetrate the air/foam interface and work
through the wet foam, but as it worked down through about 20 cc’s of foam, voids were
formed in the powder through which the foam could move. Within about 2 minutes most
of the talc had settled to the bottom of the vial without effecting the wet foam.

D. Thermal Defoaming

Four and 20 | samples of AFC 380 were defoamed with a heat gun. One possible
mechanism for this might involve the order-disorder transition in xanthan water solutions
that is observed at about 50°C [7]. Thermal defoaming required about 15 seconds with 4
| samples and was relatively rapid in 20 | samples. Reinserting a sparger into the
defoamed liquid could regenerate foam. The temperature approximately 2 cm away from
the end of the heat gun was approximately 500°C. The temperature of the foam
approximately 1 below the surface during heat defoaming was close to ambient. The
success of this approach prompted a 55 gal scale up experiment. During this experiment
the problem that had been observed in very large-scale experiments [25] was reproduced.
Initially the heat gun defoamed rapidly and well, but after about 35-40 gal of foam had
been defoamed, the process began to slow down. The last 10-15 gal of foam could not be
defoamed with the heat gun. About 160 g of RD-71 and 90 g of Tiarco TS-10 emulsion
defoamers were ineffective were sprayed onto the surface of this foam. This was the first
small scale validation of the wet foam defoaming problem observed with large quantities
of AFC 380 foam. Subsequent testing on wet foam with Tiarco TS-10 showed that at
least 4 times this amount was required to defoam wet foam at the 4-1 scale.

E. Superabsorbers:

Even when a large scale defoaming operation is successful residual liquid will
produce very slippery surfaces that would pose a hazard to operators working in the
defoamed area. Assuming an 8’x 8’x 8’office filled with foam, of which 25% was
defoamed, defoaming would generate 36-40 liters of fluid over the floor. As a possible
method of mitigation, super absorbent polymers were evaluated. Super absorbent
polymers are usually produced from an acrylic acid monomer that is partially converted
to its sodium or potassium salt. Often a second comonomer is added [26,27]. This
polymer is usually lightly cross-linked to prevent complete dissolution. Preparative
procedures for a wide variety of super absorbing polymers have been described [59-65].
The repulsion of the monovalent cations causes these polymers to swell and absorb water
to several hundred times their original weight [66-74]. The presence of ions in the water
can affect the swelling characteristics significantly [75-78]. We evaluated five different
commercially available polymers listed in Table 6 in solutions of defoamed AFC 380
where T-700 or R-974 silica had been used. Approximately 0.1 g of polymer was placed
on a Watmann # 41 filter and immersed it in the defoamed solution. After 5, 15, and
1440 minutes the filter was removed and drained over a Beuchner funnel with vacuum,
then weighed. The weight of the wet filter and the dry polymer were subtracted and the
increase assumed to be that of the imbibed solution. Comparison of the dry and wet
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weight of the filter paper showed that about 12.0 + 0.2 g of solution was absorbed by the
paper. No accounting was made for any soluble fraction of polymer, which would be lost
into the liquid. Figure 19 shows the results for Hi-Sil 700 precipitated silica
measurements.

As can be seen from the figure, between 80 and 120 times the weight of the
polymer has been absorbed for solutions defoamed with silica nanoparticles. Assuming
that time was of the essence, the rates of absorption should be rapid. Comparison of the
polyacrylic acid sodium and potassium salts is consistent with the literature, ie, the
potassium salt has higher rates of absorption but absorbs less solution [27, 59, 60]. The
amount and rate of solution absorbed by the graft copolymer of ethylene oxide and the
random copolymer of acrylamide with acrylic acid salts were very similar to the acrylic
acid homopolymer. The potassium salt in the acrylic acid/acrylamide copolymer did not
accelerate the rate of absorption. The fiberous poly(isobutylene-co-maleic acid) sodium
salt performed best in this test. Comparison of absorption of defoamed solutions when
the DeGussa R972 treated fumed silica was used gave very similar results to those shown
in Figure 19. Only the fiberous sample absorbed significantly more defoamed solution
with the R-972 silica (about 23%). Differences between absorption of solutions
defoamed with silica are not expected to change since the electrolytic nature of the
solution should not be affected when such small amounts of solid silica are added. For
the commercial chemical defoamers, where 7 to 11% of the defoamer is added to the
foam, the electrolytic makeup of the solution could change substantially and absorption
by the different superabsorbers is expected to change.

When AFC 380 was defoamed with emulsion defoamers from Table 7, the best
super-absorbing polymer depended on which defoamer was used. Figure 20 shows the
results for the 5 polymers tested with 5 commercial defoaming emulsions. What is not
shown in Figure 20 is the rates of absorption. For a 5.93% solution of Otosperse TS-10
in defoamed AFC380 (shown in the first row of Fig. 20), after 1 hour the copolymer of
poly(acrylic acid-co-acrylamide) potassium salt and the fibrous poly(isobutylene-co-
maleic acid) sodium salt look comparable, but after 5 minutes, the fibers have absorbed
75 g/g of polymer while the acrylamide copolymer has not quite absorbed 50 g/g. The
potassium salt of polyacrylic acid absorbs at a comparable rate to the polyacrylamide
copolymer in the first 5 minutes, but will only absorb 40 g/g. Both the sodium
polyacrylic acid salt and the ethylene oxide copolymer absorb slowly and only about 30

a/g.

For a 15.5% solution of C-2290 defoamer in AF-380 foam solution, in the second
row of Figure 20, the potassium salt of polyacrylic acid worked best, but the maximum
amount absorbed in 1 hour was only 74%. The rate of absorption for the potassium salt
of PAA in this case was almost double that of the other superabsorbers after 15 minutes
(60 g/g compared to between 25-35 g/g for all 4 other polymers). So for C-2290 cleanup
the clear choice would be PAA-K. Interestingly, the PAA-K absorption curve is S
shaped, but this may be a measurement error.
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For an 18.27% solution of RD-71 defoamer in AFC 380 foam solution, the third
row in Figure 20, the graft copolymer of polyacrylic acid and polyethylene oxide
absorbed more than twice the amount of the other superabsorbers in 5 minutes (65.7
compared to 24-30 g/g of polymer). After 1 day the Acrylamid copolymer and the
fiberous copolymer of isobutylene and maleic acid have almost absorbed as much
solution, but for our purposes the graft copolymer is the clear choice for RD-71
defoamer.

For a 9.40% solution of GE AF-9030 defoamer in AF 380 foam solution, the
fourth row in Figure 20, the most rapidly absorbing polymers were the PIB-co-MA fiber
and the PAA — K salt which absorbed (66.7 and 60 g/g, respectively in 5 minutes). After
15 minutes however, the PAA-Na salt has absorbed more than the K salt (78.8 versus
67.4 g/g) and the fiber has absorbed 80 g/g. So the fiber is slightly superior to the
polyacrylic acid salts, which are superior to the other copolymers with the GE antifoam.

For a 10.33% solution of FB 235 defoamer in AF 380 defoamed solution, the last
column in Figure 20, remarkably rapid and large absorption occurred with the polyacrylic
acid sodium salt. The fiberous copolymer PIB-MA absorbs almost as much as PAA-Na
in the first 5 minutes (78.2and 80.8 g/g), but after 15 minutes the PAA-Na has absorbed
almost 140 g/g while the fiber only 104 g/g. The other superabsorbers only absorb about
50 g/g. Again the potassium PAA salt showed an induction time similar to that seen with
C-2290 defoamer.

When superabsorbing polymers were added to dry foam, they would defoam the
area in which they landed, but substantially more was required than with fumed silica.
When superabsorbing polymers were added to wet foam, the granular samples fell to the
bottom of the vessel and the drainage was imbibed but the volume of wet foam made
with the Vortex mixer remained virtually unchanged.

Three tests of superabsorbing polymers as clean up aids were performed.
Approximately 60 g of 94/6 AFC 380 was added to a 4-I container. To this solution 3.6 ¢
of TS-10 or 6 g of AF 6030 was added to emulate residual defoamed solution on the
floor. Approximately two grams (about twice that required) of fibrous poly(isobutylene-
co-maleic acid) sodium salt, which was a good absorber for both defoamers, was spread
over the liquid mix. Within 1.5 — 2 minutes the fibers had thickened into a gelatinous
mass. This gel was still quite slippery but could be handled relatively easily. Clean up
should be much simplified using the fibrous super-absorbing polymer. Another useful
feature of gelled material was that it mitigated the effect of the defoamer. In both cases
fresh foam could now be reapplied over the gelled defoamed solution. The third test used
granular poly(acrylic acid-co-acrylamide) potassium salt instead of the fibrous
superabsorber. This copolymer worked effectively with TS-10 defoamer. The granular
polymer is easier to distribute in the liquid than the light, fluffy fiber. For 60 g of
solution with 4.2-g of TS-10 defoamer, 2.2 g of superabsorber imbibed the liquid in two
to three minutes. In the first minute the consistency was similar to cream of wheat cereal,
but after three minutes, a gelled solid, which would not flow on shaking or tilting the 4-
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liter vessel, had formed. Again the solid was slippery, but could be removed more easily
than the defoamed liquid alone.

Conclusions

Chemical, mechanical and thermal approaches to defoaming AFC 380 foam have
been evaluated at the small and medium scale. Some characterization of this foam has
also been carried out. Several chemical approaches to defoaming were evaluated
including oxidation and precipitation of the xanthan, use of commercial oil-emulsion or
suspension defoamers, pH modification, and cation exchange with the surfactant. Of
these the commercial defoamers were most effective.

The most promising of the chemical defoamer was Tiarco’s Octosperse TS-10.
Although GE’s AF 3090 and New London’s C-2290 performed as well in all our head to
head testing, the GE and New London antifoams show definite aging effects, so they
would have limited shelf life. The GE antifoam turned yellow and became more viscous
over about 2 years. The New London antifoam tended to phase separate with visible
evidence of solids in the bottom of the container.

Hot air blowers, high surface area particulate such as fumed silica, and super
absorbing polymers were very effective against dry foam, but ineffective against wet
foam. Fumed silica was especially efficient requiring less than 1% silica to defoam the
dry AFC 380. A method for dispensing powder would be required to implement this
defoaming approach. Fumed silica is amorphous and therefore not hazardous. Of the
silicas tested the precipitated Hi Sil 700 was the least expensive. Hi Sil 700, Aerosil 200
and Cab-o-Sil EH-5 all required very low levels to defoam dry foam.

Butyl alcohols, which cause the xanthan to precipitate, were effective against wet
foam. Butyl alcohols could be used when wet foam is generated in a large defoaming
operation, especially if the preliminary defoamer becomes ineffective. Flammability
issues may have to be addressed for these organic alcohols. The amounts of butyl alcohol
required to defoam wet foam were less than any other alcohol tested, typically 3-5 %.

Super absorbing polymers could play an important role in removing defoamed
liquid and mitigating the effect of the defoamer so that the area could be refoamed. It
might be feasible to make a thin woven sheet of fibrous absorbing polymer, which could
be laid down over the defoamed fluid if the area needed to be refoamed.

Suggestions for Future Work

Clearly, a large-scale evaluation of Tiarco’s TS-10 defoamer perhaps combined
with super absorbing polymer should be of interest. It is not known whether this
defoamer will be effective against wet foam generated in large-scale operations. If it is
not, butyl alcohol should be evaluated as a second stage defoamer. The defoamer could
be sprayed on with a commercial paint sprayer such as a Grayco XM-7 electric high-
pressure sprayer or comparable sprayer capable of handling at least 5 gallons of
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defoamer. Evaluation of the effectiveness of a clean up procedure involving an absorbing
polymer should be done on this scale as well.

More detailed evaluation of wet foam should be done. Does the mechanism by
which this foam is generated at the operational scale correspond more closely to any of
the 3 different methods of preparation of wet foam on a small scale? Further evaluation
of butanols as defoamers for wet foams would be of interest.

The effectiveness of shock mitigation as a function of foam density might be of
interest. Since shock velocity impedance mismatch is effective at shock mitigation,
higher density wet foam may out-perform the currently used dry foam.
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Figure 1. Small-scale foam generator set up consisted of approximately 100 g of 94/6
water/AFC 380 solution, sparger, 4 liter vessel, and air hose. Chemical defoamers were
sprayed into the foam after the residual solution was removed.
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Figure 2. The first attempt at a wet or dry foam generator consisted of two 3 necked
flasks with sparger, stirrer and interconnecting glass tubing. If dry foam were desired
flask I was opened. For wet foam (as shown) flask Il was opened.
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Figure 3. Foam solution surface tension as a function of time from bubble (short time)
and pendent drop data.
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Figure 4. Drainage characteristics of four liters of dry foam show most of the solution
drains out in 30 minutes but about half of the foam volume remains for twice that long.
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Figure 5. Drainage characteristics of 8 cc of wet foam show solution drains to be

logarithmic with about half of the solution having drained out in 2 hrs but 60% of the
foam volume remained for 24 h.
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Figure 6. Examples of dry (a) and wet (b) foam produced from AFC-380 show a broad
distribution of bubbles and lower density compared to small bubbles and higher density.
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Plateau borders

Foam film

Figure 7. Structure of foam film and Plateau borders in dry foams [after ref. 2].

Figure 8. A polarized light micrograph of wet foam generated in the vortex mixer shows
cells between 420 and 150 pum across for the largest bubbles.
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Oil Lens

Silica m

Figure 9. Proposed mechanism for commercial defoamers is: a. The circle in 4a shows
an oil lens ready to insert into the foam film; b. The circle in 4a has been expanded to
show an inserted oil lens with hydrophobic silica or other solid cutting the foam film; c.
The foam film fails at the oil bridge and the bubble collapses.
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Figure 10 The effectiveness of commercial defoamers against AFC-380 dry foam in 1
liter vessel with a simplex sprayer was quite good in most cases.
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Figure 11. Foam volume as a function of the number of shakes of 10 ml of defoamed
AFC-380 showed only small increases in foam during 100 shakes. This indicates that the
defoamers are still active for a long time after defoaming.
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Figure 12. Short-term surface tension measurements using the dynamic bubble technique

showed different degrees of reduction of the initial surface tension AFC 380 94/6
solution on addition of of about 9% FB 235 and GE 9030 defoamers.
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Figure 13. Longer term surface age as determined by sessile drop method using the FTA

200 surface tensiometer shows addition of 9% GE 9030 increases the equilibrium surface
tension of the solution..
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Figure 14. Xanthan gum is a b-glycoside polysaccharide with a unique 3 sugar side chain
with a-glycoside linkage (in red) which is susceptible to oxidation.
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Figure 15. Effectiveness of various oxidizing agents on 4 | dry foam was lower than
commercial defoamers and increased slightly with moderate heating.
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Figure 16. Even with accelerators oxidation of the xanthan inn wet foam was ineffective
at defoaming.
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Figure 17. Wet foam made with the vortex mixer can be defoamed by precipitation of
ethanol, isopropanol or other nonsolvent for xanthan, but at lease a 4:3 weight ratio of
foam to nonsolvent is required for complete defoaming.
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Figure 18. Relative ratings of alcohols as defoamers show butyl alcohols preformed best.
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Figure 19. Poly(maleic anhydride-co-isobutylene) fiber absorbs about 115 times its
weight in AFC-380 foam solution after being defoamed with precipitated silica (Hi-Sil
700).
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Figure 20. Comparison of the absorption characteristics of 5 super absorbing polymers in
AFC-380 solution after it has been defoamed with one of the 5 commercial defoamers
tested showed substantial variation in each polymer’s ability to embibe solution
depending on which defoamer had been used.
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