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ABSTRACT

Foam tests and model experiments with sodium dodecyl-benzene-sulfonate solutions are
performed to clarify how the foam stability and the foaminess are affected by several oils of
different chemical structure. The foam tests show that 2-butyloctanol (2BO, branched alkanol)
and isohexyl-neopentanoate (IHNP, branched ester) exhibit a significant antifoam activity at
concentrations as low as 0.005 wt %. n-Heptanol also acts as an antifoam, but at concentrations
above 0.15 wt % due to its higher solubility in the surfactant solution. The model experiments
prove that the antifoam activity of pre-emulsified oils is determined primarily by the barrier to
drop entry, which controls the drop emergence on the solution surface. If the entry barrier is high
(e.g., n-dodecanol and silicone oil), the oil drops remain arrested in the Plateau borders during
the process of foam drainage, without being able to destroy the foam. Thus branched long-chain
alkanols (like 2BO) and esters (IHNP) behave as active antifoams, because they combine the
advantages of long-chain and medium-chain n-alkanols -- low solubility and low entry barrier,
respectively. No direct correlation between the spreading behavior of the oils and their foam
breaking activity is observed. The effect of these oils on the foamability of the solutions is far
more complex. At low concentrations (below and around their solubility limit) the oils reduce
the dynamic surface tension of the solutions, facilitating in this way the formation of fresh
surface and enhancing the foamability. At higher oil concentrations, however, the emulsified oil
drops induce a coalescence of the foam bubbles during foaming and, as a result, the foamability
of the solutions decreases. That is why the foamability is a non-monotonic function of the oil

concentration.
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At low concentrations (below and around their solubility limit) the oils reduce
the dynamic surface tension of the solutions, facilitating in this way the formation of fresh
surface and enhancing the foamability. At higher oil concentrations, however, the emulsified oil
drops induce a coalescence of the foam bubbles during foaming and, as a result, the foamability
of the solutions decreases.
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ABSTRACT

In the preceding paper of this series we studied the effect of several oils of different
chemical structure on the foaming properties of sodium dodecyl-benzene-sulfonate
(SDDBS) solutions. A straightforward correlation was found between the foam stability
and the so called "entry barrier", which prevents the emergence of pre-emulsified oil drops
on the solution surface. In the present article we perform a systematic experimental study
of the entry barriers for several oils by means of the recently developed Film Trapping
Technique. The latter consists in trapping oil drops in wetting films on a solid substrate,
followed by a controlled increase of the capillary pressure of the meniscus that compresses
the drops against the substrate. At a certain critical capillary pressure, Pc ", the
asymmetric oil-water-air films rupture and the drops enter the water-air interface. This
event is observed microscopically and Pc® is determined as a function of various
parameters (type of oil, surfactant concentration, drop size, and others). The entry barrier
increases with the surfactant concentration, especially in the range where the surfactant
micelles are expected to stabilize the asymmetric films. The results obtained with a series
of alkanes (from octane to hexadecane) show that the entry barrier increases with the
alkane chain-length. Furthermore, it is shown that the presence of a spread oil (even as an
ultra-thin, molecular layer) on the surface of the foam film might lead to a significant
change of the magnitude of the entry barrier. For decane and dodecane, the layer of spread
oil reduces the entry barrier, whereas for hexadecane the effect is the opposite. As far as
we know, such a role of oil spreading in the antifoaming action of oils has not been
reported so far. Since the stability of thin liquid films is usually discussed in the literature
in terms of the disjoining pressure, we estimate from the experimental data the critical
disjoining pressure, [TAs®, at which the asymmetric oil-water-air film ruptures and the
drop entry occurs. The estimates show that the curvature of the asymmetric film is very
important in the overall consideration of the mechanical equilibrium in the system and
there is a big difference between the numerical values of PCCR and HASCR, unlike the case
of planar films where PCCR = HASCR. Additionally, we find that PCCR is a weak function of
the oil drop size and of the asymmetric film radius, while TIxs® scales as (film radius)’
for all of the studied systems. These results are discussed with respect to the possible
mechanisms of film rupture. Concerning the foam stability, Pc® is a more convenient
quantity for description of the entry barriers, because its magnitude correlates with the

foam height, whereas the magnitude of ITxs™® does not.
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asymmetric oil-water-air films rupture and the drops enter the water-air interface.
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oil reduces the entry barrier, whereas for hexadecane the effect is the opposite.
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Abstract

Antifoams are widely used for control of the foam stability in various products (detergents,
paints, pharmaceuticals, and many others). A significant progress in the understanding of the
foam destruction mechanisms by oil-containing antifoams has been achieved recently.
Experiments with antifoams comprising silicone oil and hydrophobic silica showed that the
antifoam entities (emulsified globules or lenses floating on the solution surface) easily form
unstable oil bridges between the two surfaces of the foam film. These bridges rapidly stretch
in radial direction, due to uncompensated capillary pressures at the oil-water and oil-air
interfaces, and eventually rupture the foam films. As a result, the foam is destroyed within
several seconds by the mixed solid-liquid antifoams. In contrast, drops of silicone oil
deprived of silica are unable to enter the foam film surface due to significant entry barriers. In
these systems, the oil drops are expelled into the neighbouring Plateau borders (PBs), and the
foam collapse is observed at a much later stage of the foam evolution, when the drops are
compressed by the walls of the narrowing PBs (defoaming time on the order of minutes and
hours). The magnitude of the entry barriers can be quantified by the so called Film Trapping
Technique (FTT).
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	ABSTRACT
	Foam tests and model experiments with sodium dodecyl-benzene-sulfonate solutions are performed to clarify how the foam stability and the foaminess are affected by several oils of different chemical structure. The foam tests show that 2-butyloctanol (2BO
	Keywords: foam stability, foamability, antifoam, surface elasticity, oil spreading
	1. Introduction.
	Two important characteristics of the surfactant solutions are their foamability (foam produced by agitation) and foam stability (foam remaining after a certain period at rest), which determine the applications in areas like personal and house-hold ca
	It has been established that normal linear alkanols (n-alkanols) affect strongly the stability of foams produced from surfactant solutions. Kruglyakov and co-authors,11-13 systematically studied the effect of n-alkanol chain length on the stability of 
	Abe and Matsumura14 studied the effect of alkanols and alkanediols on the foamability of SDDBS solutions. They found that lower dynamic surface tension (DST) corresponded to lower foamability of the solutions containing n-alkanols, and concluded that n
	Interestingly, in other studies the fast reduction of the surface tension is considered to be the main factor for the increased foamability of SDS solutions in the presence of long-chain alkanols, that is, the same factor is used to explain the opposite
	The results described above suggest that branched, non-linear long-chain alkanols (or other amphiphiles of similar chemical structure) might have interesting and useful properties as additives to foaming solutions. The low polarity of these substances 
	To check the above ideas, we performed a comparative study of the properties of several oily additives of different chemical structure (one branched two-chains alkanol, one two-chains ester, two n-alkanols of different chain lengths, long-chain saturate
	2. Experimental Details.
	2.1. Materials and preparation procedures. Sodium dodecyl-benzene-sulfonate, SDDBS (C12H25C6H4SO3Na, 99 % purity, produced by Aldrich, Steinheim, Germany), is used as a main surfactant at a concentration of 0.09 wt %, which is 2.6 mM or approx. 13(CMC
	The oily additives are emulsified by two different procedures to study the effect of the oil drop size: (1) 0.05 g oil is introduced into 150 mL of the surfactant solution and an intensive stirring for 1 h on a magnetic stirrer is employed. The obtaine
	Most of the used additives are partially soluble in the surfactant solutions, mainly due to solubilization in the surfactant micelles. To separate the effects created by the oily drops from the effects due to molecularly solubilized oil, in some of the e
	2.2. Methods. 2.2.1. Foam formation and foam stability evaluation. The Ross-Miles test is used in most of the experiments to produce foams and to compare their stability. A glass cylinder of 520 cm3 volume and 37 mm diameter is connected to a pump, which
	In another set of experiments, the foam is produced by 5 rigorous hand-shakes of 100 mL glass cylinders containing 20 mL of surfactant solution. Afterwards, 10 (L oil drop is placed on the wall of the cylinder (5 cm above the top of the foam column) a
	2.2.2. Size distribution of emulsion droplets. The size distribution of the emulsion droplets is determined by video-microscopy observations (microscope Studar M, PZO, Warsaw, Poland; objectives 50 and 100) in white transmitted light. The image is reco
	2.2.3. Surface and interfacial tension measurements; ellipsometry. The surface tension of the surfactant solution is measured by the Wilhelmy plate method on Kruss K10T digital tensiometer. After measuring the surface tension of the solution in the absen
	The surface tension of bulk oils is measured by Du Nouy ring technique on Kruss K10T tensiometer. To check whether the surfactant solution spreads over the oil surface, we first measure the surface tension of pure oil. Then a drop of the surfactant solut
	The entry, E, spreading, S, and bridging, B, coefficients are calculated from the interfacial tensions
	(1)
	(2)
	(3)
	The subscripts AW, OW, and OA refer to air-water, oil-water and oil-air interfaces, respectively; AW denotes either the surface tension in the absence of oil (so called initial EIN, SIN, and BIN coefficients) or the tension after spreading of oil on th
	The dynamic surface tension of the solutions is measured by the Maximum Bubble Pressure Method (MBPM) on a home-made equipment, which is described in ref 40. A hydrophobic capillary with a hydrophilic tip and the standard procedure for calculation of t
	2.2.4. Stability of foam films. Horizontal foam films of diameter ( 1 mm are formed and observed in Scheludko cell.41,42 A foam film is formed from a biconcave drop of surfactant solution, placed in a vertical cylindrical glass capillary, by sucking out
	In another set of experiments, the porous plate method of Mysels2,23,43,44 is used to evaluate the critical capillary pressure inducing a rupture of the foam film. The liquid in the experimental cell is in contact with a pressure transducer (Omega PC136
	2.2.5. Measurement of the elasticity of water-air interface by the Expanding Drop Method (EDM). A home-made equipment is used to determine the dilatational surface elasticity, ESD, of the surfactant solution around the CMC (0.35 mM SDDBS, 12 mM NaCl s
	The experiment is carried out as follows. The experimental set-up is filled with surfactant solution and a drop is formed on the capillary tip by using syringe 2. The drop volume is kept constant for 1-4 hours (depending on the particular system) to ac
	The experimental data are processed by using a simple rheological model,
	(4)
	where ESD is the surface dilatational elasticity and ( = ln(A/A0) is the relative change of the surface area. This model implies that one can calculate the surface elasticity from the initial slope of the experimental curve (where ( is a linear func
	To study the effect of the spread layer of IHNP on the surface elasticity of the surfactant solution, some of the experiments are performed with drops whose surfaces are covered by a spread layer of IHNP. Such drops are formed in the following way: First
	All experiments are performed at an ambient temperature of 25  2 C, except those with n-C12OH, which are performed at 27  0.2 C to avoid the oil crystallization (the mp of n-C12OH is around 24 C).
	3. Results and Discussion.
	First, results from model experiments with different oils are presented. Next, the foaminess and the foam stability of the surfactant solutions are discussed and explained on the basis of the results from the model experiments.
	3.1. Entry (E), Spreading (S), and Bridging (B) coefficients; entry barriers. 3.1.1. Oil spreading. The measured interfacial tensions and the calculated values of E, S, and B coefficients are presented in Table 1. The initial coefficients for n-C12
	The results show that the initial spreading coefficients of the remaining oils are all positive. It is worth noting that the oils possessing a relatively large SIN > 5 mN/m  (IHNP and SO) spread very rapidly - the surface tension reduction after placin
	The observed qualitatively different spreading kinetics of the studied oils is probably related to different structure of the formed spread layers. As discussed by Binks et al.,45 some oils are only involved in a "chain mixing" - a process that leads to
	Indeed, visual observations and measurements by ellipsometry show that IHNP spreads rapidly and completely as a thick oil layer (so called duplex film7) on the surface of SDDBS solutions. This spreading behavior is in agreement with the measured equili
	One may speculate that the faster oil spreading should lead to a more efficient foam destruction - the results from our foam stability tests, however, do not support such a general trend (section 3.6), which means that other factors are more important.
	3.1.2. Entry and bridging coefficients; entry barriers. As seen from Table 1, the values of all entry and bridging coefficients are positive except the negative equilibrium bridging coefficient determined with n-C12OH. The positive bridging coefficients
	As discussed below, the entry barrier is among the most important factors determining the activity of a given oil as a foam breaker.
	3.2. Dynamic surface tension (DST). In principle, the DST of micellar surfactant solutions can be affected by oils via two different mechanisms. The first one is related to the molecular diffusion and adsorption of surfactant and oil molecules on the s
	The DST of the working solutions, measured by the MBPM, is shown in Figure 4. Experiments with SDDBS solutions in the absence and in the presence of 0.01 wt % of oil (coarse emulsion) are performed. No experiments with SO were made to avoid contaminati
	The  only curve that deviates significantly from the others is that of n-C12OH. This curve has a notably larger slope, which is caused by: (i) the high surface activity of n-C12OH, which leads to lower equilibrium surface tension as compared to the oth
	To separate the effect of the oil drops on the DST, we made experiments with solutions that were pre-equilibrated with 2BO and IHNP, and the oil drops were afterwards removed as explained in section 2.1. The results (see Figure 5) show that the drop-de
	The importance of these results for the foamability of the surfactant solutions is discussed in section 3.6 below.
	3.3. Dilatational elasticity of the water-air interface. The surface elasticity of the foaming solution is another characteristic related to its foamability. Higher elasticity corresponds to a more rapid increase of the surface tension during surface exp
	The surface elasticity of 0.35 mM SDDBS solutions in the absence of oil additives was determined by EDM to be ESD = 13 ( 1 mN/m. The results obtained with 0.01 wt % coarse emulsions of IHNP and 2BO were very similar to those in the absence of oil (see 
	Since the results described in section 3.2 show that the reduction of DST of SDDBS solutions by IHNP is due to coalescence of oil drops with the solution surface, we performed EDM experiments with surfactant solutions whose surface was covered by a sprea
	In principle, one could try to explain this low value of ESD by assuming that a thick uniform layer of IHNP is present on the surface of the aqueous drop throughout its expansion. If this were the case, then the measured elasticity should be equal to the
	One can notice in Figure 6B that there is some positive intercept of the dependence (((). This intercept is due to several phenomena accompanying the start of the drop expansion process, such as the effect of liquid viscosity (hydraulic shock), the
	3.4. Oil solubility in the surfactant solution and drop size distribution. Microscope observations and light scattering experiments showed that all of the studied oils (except n-C7OH) were not completely dissolved in the surfactant solutions at the wor
	The drop size distribution in the samples containing 2BO and IHNP was determined to check the reproducibility of the emulsification procedure and to compare the drop size with the cross-section of the Plateau borders (GPBs). Measurements of four indepe
	The oil drops in the coarse emulsions (prepared on magnetic stirrer) were somewhat larger - the mean drop radius was 2.2 (m in 2BO and 2.9 (m in IHNP emulsions and drops of radius as large as 20 (m were occasionally observed in these samples. The re
	As discussed in Section 3.5 below, the studied oils destroy foam by rupturing the Gibbs-Plateau borders (not foam films). To compare the size of the oil drops with the cross-section of the Gibbs-Plateau borders (Figure 1), one should estimate the rad
	(5)
	where PC(H) is the capillary pressure bubble-Plateau border, which is approximately equal to the hydrostatic pressure, ((gH; (( is the difference between the mass densities of the aqueous and gaseous phases; g is the acceleration of gravity. Equati
	(6)
	where (F (expressed in radians) is the half of the contact angle film-meniscus (Figure 1). Since the foam film thickness, h ( 10 nm, is much smaller than RPB, the film is considered as being infinitely thin in the derivation of eq 6. In most cases,
	(7)
	For a foam column with height H = 10 cm,  eq 7 predicts RD ( 5 (m. This value is more than two times larger than the mean drop radius in our samples, which means that most of the oil drops are too small to cause foam destruction (unless many oil drops
	One can conclude that the foam destruction in our systems is accomplished by the biggest drops, i.e. not only the mean size, but the polydispersity of the drops is also important.
	3.5. Foam films. 3.5.1. Foam films in the Scheludko cell. The experiments with small horizontal foam films in the Scheludko cell showed that the addition 0.01 wt % of the studied oils did not change significantly neither the film thinning rate nor the eq
	
	3.5.2. Foam films in the Mysels cell. The porous plate method allows one to increase the suction capillary pressure exerted on the foam film and to determine the critical value, which induces a foam film rupture.23,26,44 Since the presence of spread oil


	3.6. Foamability and foam stability. 3.6.1. Defoaming by spreading of oil over the foam column. The initial foam, VIN = 79 mL, in these experiments is generated by 5 hand-shakes of 20 mL surfactant solution in the absence of oil. After 10 min at rest, th
	The solutions obtained after the above experiment were shaken again to check how the emulsified oils affect the foamability and the foam stability, Figure 8B. The initial foam volumes in the presence of oil were smaller than VIN in the absence of oil. Mo
	The differences in the defoaming activity of the oils added on the top of the foam column, and the antifoam activity of the same oils when dispersed as drops in the foaming medium, cf. Figures 8A and 8B, are due primarily to the decisive role of the entr
	The same solutions were tested again one week later to see how the solubilization of the oils affects their antifoam activity. The results were almost the same with one remarkable difference - the foam produced from the solution containing n-C7OH was lar
	3.6.2. Foam destruction by pre-emulsified oil drops. The experiments described in this and the following subsections are performed by the Ross-Miles test. In Figure 9 and Table 3 we compare the antifoam activity of the oils at a concentration of 0.01 wt
	The results in Figure 9 show that only the drops of 2BO and IHNP are able to destroy the foam down to 40-50 mL for about 10 min. The foams produced in the presence of the other oils are very stable under these conditions. Note that the foam destruction p
	One interesting feature of the results shown in Figure 9 is the step-wise destruction of the foam column observed with IHNP and 2BO-containing solutions. The foam is destroyed in steps of 10-20 mL (each step including hundreds of bubbles), separated by
	The residual foam, observed with 2BO and IHNP-containing solutions (( 40 mL, corresponding to ( 4 cm height of the foam column), can be explained by the increased equilibrium cross-section of the Plateau borders at low foam height, H. Equation 7 pred
	3.6.3. Experiments with pre-equilibrated solutions after removal of the oil drops. As clarified by Kruglyakov et al,11-13 the antifoam activity of n-alkanols is primarily due to the emulsified oily drops. To check whether the same is true for 2BO and IHN
	This result can be explained taking into account the fact that some oil drops had remained in these solutions (it turned out impossible for us to remove completely all of the oil drops). Therefore, if a single big oil drop is trapped somewhere within t
	It is worth noting that the foamability of solutions pre-equilibrated with 2BO was higher than that of pure SDDBS, while the foamability of the solutions pre-equilibrated with IHNP was lower. This observation is explained and discussed in the following s
	3.6.4. Effect of the additive concentration. The effect of the oil concentration was studied with fine emulsions of IHNP, 2BO and n-C7OH (Figure 10), because the reproducibility of the drop-size distribution was better when a rotor-stator homogenizer w
	In the absence of oil, the initial foam volume, VIN, is about 205-210 mL and the final foam volume, VF, is about 195-200 mL. The experiments with different oils show that VF, which is determined mainly by the antifoam activity of the oil drops, is a mono
	Remarkably, the initial foam volume, VIN, is a non-monotonic function of the oil concentration: At IHNP concentration of 0.002 wt %, VIN is substantially smaller (160 mL), but gradually increases with the oil concentration, VIN = 225 mL at 0.02 wt %. T
	Such a complex dependence of VIN on the oil concentration can be explained by assuming that the presence of oil in the foaming solution leads to at least two opposite effects that are competing with each other: (1) a reduced DST, which facilitates the 
	On the basis of the DST results, one can suggest the following explanation of the observed dependence of VIN on the IHNP concentration. At a very low oil concentration, the DST of the solutions is practically the same as that of the pure surfactant solut
	The dependence of VIN on the 2BO concentration seems simpler - VIN decreases from 220 mL at 0.002 wt % down to 180 mL at 0.02 wt %. However, the foam tests with solutions, pre-equilibrated with 2BO and removed drops, have revealed that the drop removal r
	As discussed above, heptanol is totally inactive as a foam breaker at 0.01 wt %, because it is rapidly solubilized in the surfactant micelles. The initial foam volume is increased in the presence of n-C7OH at low concentrations, due to the reduced dynami
	The comparison of the results from the foam tests with fine and coarse emulsions (cf. Figures 9 and 10) shows no big difference, in contrast to the large drop size effect observed in other systems.6 This slight dependence of the foam stability on the s
	4. Concluding Remarks.
	Foam tests and model experiments with several oils of different chemical structure are performed to clarify how these oils affect the foam stability and the foaminess of SDDBS solutions. The results show that the activity of these oils as foam breakers i
	No direct correlation between the spreading behavior of the oil (e.g., whether it spreads as a thin or thick layer on the solution surface; rate of oil spreading; value of the spreading coefficient) and its foam breaking activity is observed. Two oils 
	The effect of the oils on the foamability of the solutions is far more complex. The spreading oils are able to reduce the dynamic surface tension of the solutions, facilitating in this way the formation of a fresh surface. Hence, most of the oily additiv
	The foam tests confirmed the significant antifoam activity of n-C7OH, but at a relatively high concentration (above 0.2 wt %) due to its high solubility in the surfactant solution. For comparison, 2BO (branched alkanol) and IHNP (branched ester) de
	At the end, let us note that the studied additives fall in the category of the so called "slow antifoams", 6,39 which destroy the foam in the Plateau borders for a relatively long period of time (minutes or dozens of minutes). It has been well establis
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	Table 1. Measured interfacial tensions and calculated entry, E, spreading, S, and bridging, B, coefficients for different oils. � is 30.6 mN/m in all cases except for n-C12OH, where it is 30.2 mN/m (at 27 (C). The accuracy of the calculated values of 
	Additive
	�
	mN/m
	�
	mN/m
	�
	mN/m
	EIN
	mN/m
	EEQ
	mN/m
	SIN
	mN/m
	SEQ
	mN/m
	BIN
	(mN/m)2
	BEQ
	(mN/m)2
	PCCR
	Pa
	2BO
	27.7
	3.6
	26.5
	7.7
	4.8
	0.5
	-2.4
	247
	78
	44
	IHNP
	24.8
	1.8
	23.6
	8.8
	3.0
	5.2
	-0.6
	383
	61
	73
	n-C12OH
	24.5
	6.0
	27.8
	-
	2.7
	-
	-9.3
	-
	-137
	> 1500
	n-C7OH
	27.9
	4.6
	25.6
	-
	6.9
	-
	-2.3
	-
	144
	not measured
	SO
	23.5
	5.6
	18.7
	17.5
	10.4
	6.3
	-0.8
	618
	234
	> 3000
	n-C16
	30.0
	2.8
	27.2
	6.2
	5.6
	0.6
	0.0
	204
	168
	( 400
	
	
	Table 2. Surface dilatational elasticity, ESD, of 0.35 mM SDDBS solution in the presence of 12 mM NaCl with coarse emulsion and with a spread layer of additive (see the text for details). ESD = 13 ( 1 mN/m in the absence of oil.

	Additive


	ESD, mN/m
	emulsion
	spread layer
	IHNP
	18 ( 5
	1.5 ( 0.5
	2BO
	12 ( 4
	12 ( 5
	n-C12OH
	24 ( 4
	-
	Table 3. Initial, VIN, and final, VF, foam volume in the presence of 0.01 wt % of oil (coarse emulsion). For comparison, the critical capillary pressure for drop entry, PCCR, is also shown.
	Additive
	VIN
	mL
	VF
	mL
	PCCR
	Pa
	no oil
	210
	200
	-
	2BO
	200
	42
	44
	IHNP
	240
	52
	73
	n-C12OH
	150
	140
	> 1500
	n-C7OH
	210
	195
	not measured
	SO
	210
	180
	> 3000
	n-C16
	260
	245
	( 400
	Figure Captions
	Figure 1. Mechanism of foam destruction by oil drops.6,9 The drops are expelled from the foam films into the neighboring Plateau borders in the early stages of foam evolution. The liquid drainage leads to a gradual narrowing of the Plateau borders and to
	Figure 2. Structural formulae of some of the studied oils: 2-butyl-octanol, 2BO; isohexyl neopentanoate, IHNP; silicone oil, SO. The other studied oils are n-heptanol, n-C7OH; n-dodecanol, n-C12OH; and n-hexadecane, n-C16.
	Figure 3.  Experimental set-up for determination of surface dilatational elasticity, ESD, by the expanding drop method, EDM.
	Figure 4. Dynamic surface tension (DST) of solution containing 2.6 mM SDDBS, 12 mM NaCl, and 0.01 wt % of different oils (coarse emulsion) as a function of t-1/2.
	Figure 5. Dynamic surface tension of solutions containing 2.6 mM SDDBS and 12 mM NaCl in the absence of oil, in the presence of 0.01 wt % oil (coarse emulsion) and after the oil drops have been removed: (A) 2BO, (B) IHNP solutions (see sections 2.
	Figure 6. Experimental data obtained by EDM: (A) Surface strain, (,  vs. time for emulsion of IHNP (circles) and for a spread layer of IHNP (boxes); (B) stress ( vs. ( for the same experiments. The surface dilatational elasticity is calculated
	Figure 7. A possible explanation of the measured low surface elasticity of aqueous drop in the presence of a spread IHNP layer. The expansion of the drop surface leads to rupture of the oil layer - the subsequent surface expansion is accompanied with a f
	Figure 8. (A) Foam destruction by spreading of different oils on the top of a foam column formed from solution of 2.6 mM SDDBS and 12 mM NaCl. The oil emulsions (0.05 wt %) obtained after the end of experiment (A) are shaken again to produce foams,
	Figure 9. Comparison of the foamability and foam stability of 2.6 mM SDDBS solutions in the presence of 0.01 wt % of oily additive (coarse emulsion, Ross-Miles test).
	Figure 10. Effect of the oil concentration on the initial foam volume, VIN, and the final foam volume, VF: (A) IHNP; (B) 2BO; (C) n-C7OH. The solutions contain 2.6 mM SDDBS, 12 mM NaCl and oil dispersed by rotor-stator homogenizer (fine emulsion, 
	Figure 1. Mechanism of foam destruction by oil drops.6,9 The drops are expelled from the foam films into the neighboring Plateau borders in the early stages of foam evolution. The liquid drainage leads to a gradual narrowing of the Plateau borders and to
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	ABSTRACT
	In the preceding paper of this series we studied the effect of several oils of different chemical structure on the foaming properties of sodium dodecyl-benzene-sulfonate (SDDBS) solutions. A straightforward correlation was found between the foam stabil
	Keywords: foam stability, antifoam, entry barrier, film trapping technique, disjoining pressure.
	1. Introduction.
	In the first paper of this series1 we studied how several oils of different chemical structure affected the foam stability and the foamability of sodium dodecyl-benzene-sulfonate (SDDBS) solutions. The results from the foam tests demonstrated a straigh
	Similar results were obtained recently with other surfactant-oil couples,5-7 and a quantitative relation between the final foam height and the entry barrier was established.5 The primary reason for this correlation is that any mechanism of foam destructi
	Several different parameters have been suggested in the literature to quantify the entry barriers for oil drops. Lobo and Wasan11 suggested to use the energy of interaction per unit area in the asymmetric oil-water-air film, f, as a criterion of its stab
	(1)
	where (AS(h) is the disjoining pressure, while hE is the equilibrium thickness of the asymmetric film at a certain capillary pressure (which has to be specified). In a parallel study, Bergeron et al.10 suggested the so-called generalized entry coeff
	(2)
	where the lower limit of the integral corresponds to (AS(h(() = 0. As shown by Bergeron et al.,10 the classical entry coefficient, E, can be obtained as a particular case of Eg in the limit hE ( 0. One can deduce from eqs 1 and 2 that f and Eg are 
	The determination of the values of f and Eg and their comparison with the antifoam efficiency of different oils is a difficult task, because one needs to know the disjoining pressure isotherms, (AS(h). The most thorough analysis of this type was carri
	In the same study,10 another possible quantity as a measure of the asymmetric film stability was also discussed, namely, the critical capillary pressure leading to rupture of the asymmetric film. Similar idea had been used before19 to explain the collaps
	Recently, another experimental tool became available for quantifying the entry barriers of oil drops. Hadjiiski et al.23-25 developed the so called Film Trapping Technique (FTT), which consists in trapping oil drops in a wetting film, formed from surfa
	In the present article we make a systematic experimental study of the entry barriers for several oils of different chemical structure by means of the FTT. Along with the practical question about the comparison of the entry barriers and their importance f
	2. Experimental details.
	2.1. Materials. Sodium dodecyl-benzene-sulfonate, SDDBS (product of Aldrich), is used as a main surfactant. The working solutions contain also 12 mM NaCl and 0.15 vol % of emulsified oil. The following oils are studied: n-octane, n-C8; n-decane, n-C10;
	2.2. Methods and procedures. 2.2.1. Film Trapping Technique (FTT). The critical capillary pressure leading to rupture of the asymmetric oil-water-air film and to subsequent oil drop entry is measured by the FTT24,25 (Figure 1). A vertical glass capil
	When PA increases, the air-water meniscus in the capillary is pushed against the glass substrate and a wetting film is formed, which traps some of the oil drops (Figure 1B). These drops remain sandwiched between the air-water meniscus and the glass sub
	(3)
	The depth of the liquid, Z, is measured during the submersion of the capillary in the solution (before starting the actual experiments) by a micrometer translator having an accuracy of (5 (m, which corresponds to precision of ( 0.05 Pa in the determ
	During the experiment, one increases the pressure in the capillary, PA, by very small increments. After each step of pressure increase, one waits for liquid drainage from the wetting film region and for reaching a mechanical equilibrium. The changes of t
	The experiments show that the trapped drops enter (pierce) the surface of the wetting film at a given, critical capillary pressure, PCCR. The moment of drop entry, which is accompanied with a significant local change in the shape of the air-water inter
	The experimental setup described above allows one to measure the entry barriers higher than ca. 20 Pa.24 This limit is determined by the capillary pressure of the meniscus formed in the capillary before trapping the drops. Since the liquid wets the inner
	The main idea of the gentle FTT is to create a virtually flat air-water interface in the capillary before trapping the drops, so that PC in the beginning of the experiment is almost zero. For this purpose, a sapphire disc of special design is attached to
	2.2.2. Drop entry measurements in the presence of spread oil layer. One series of experiments is directed to reveal what is the effect of the oil layer, spread over the water-air interface, on the height of the drop entry barrier. For this purpose parall
	For oils that are not very much soluble in the surfactant solution, like dodecane and hexadecane, a clean surface (free of spread oil) is created by pouring the studied emulsions into the experimental vessel for FTT experiments by the so called "two-ti
	The experiments, in which the effect of the spread layer is to be studied with water soluble and volatile oils (octane, decane, 2BO, IHNP) are difficult and require a more complex procedure. When the oil drops are trapped in an wetting film, whose surf
	All experiments are carried out at the ambient ro
	2.2.3. Surface tension measurements. The surface tension of the surfactant solution is measured by the Wilhelmy plate method, whereas the surface tension of the oil is measured by Du Nouy ring technique on Kruss K10T digital tensiometer. The interfacial
	3. Experimental Results and Discussion.
	3.1. Effect of SDDBS Concentration on the Drop Entry Barrier. 3.1.1. Critical micelle concentration (CMC) of SDDBS. The surface tension isotherm of the SDDBS in the presence of 12 mM NaCl shows no minimum around the CMC, which is an indication that the
	3.1.2. Dependence of PCCR on the surfactant concentration. This series of experiments is performed with drops of hexadecane and the obtained results are shown in Figure 2. The working emulsion is poured in the experimental vessel by using the TTP to avoi
	The results shown in Figure 2 indicate a complex dependence of PCCR on the surfactant concentration: At concentrations below 0.16 mM (0.8(CMC), the entry barrier is too low to be measured by the used experimental procedure. The main problem is that on
	The observed independence of the entry barrier on the surfactant concentration around the CMC can be explained by the facts that the surfactant adsorption layers are saturated in this concentration range and that there is no significant concentration of
	The observed sharp increase of PCCR at CS > 9 mM is probably related to the stabilizing effect of the surfactant micelles trapped in the asymmetric oil-water-air film.11,14,48-52 One can estimate that the effective volume fraction of the SDDBS micelles,
	(4)
	(M is the number concentration of micelles, (-1 = 2.6 nm is the Debye screening length, dM is the actual diameter of the micelles (aggregation number (A = 50 and dM = 5 nm were adopted for this estimate). From the values of (M and ( one can estima
	More difficult for explanation is the increase of PCCR in the intermediate concentration range, between 2.5 and 45(CMC, because the micelles are not expected to play a significant role there. Most probably, the increase of PCCR is due to a gradual incre
	3.2. Drop Entry Barriers for Different Oils. All experiments described in sections 3.2 and 3.3 are carried out with solutions containing 2.6 mM SDDBS (( 13(CMC) and 12 mM NaCl. The drop entry barriers for a series of n-alkanes (octane, decane, dodec
	The mean values of the drop entry barrier, PCCR, measured for the different oils are summarized in Table 2. The results demonstrate that the entry barrier for n-alkane drops increases with the molecular mass of the alkane: for octane PCCR = 30 ( 2 Pa, f
	The mean entry barrier for IHNP drops (Figure 4) is PCCR = 75 ( 7 Pa, obtained as an average from 195 drops of diameter 6.6 ( 3.2 (m. For 2BO the barrier PCCR = 44 ( 2 Pa (in this case 8 drops of diameter 6.4 ( 3.7 (m are observed). The experim
	It is worthwhile noting that no detectable drop shrinking (due to oil evaporation across the oil-water-air film) is observed with IHNP, 2BO, and hexadecane, when the studied emulsions are poured in the FTT equipment without using the TTP. This means th
	Results with heptanol are not shown in Table 2, because the wetting film around the trapped drops ruptures at PC ( 60 Pa. This event makes impossible the further increase of the capillary pressure of the meniscus compressing the drops - isolated water "
	The question about the actual reasons for the different entry barriers of the studied oils is very important but the information available so far is rather insufficient to answer it. That is why we restrict our comment only to the list (probably non-exh
	3.3. Effect of the Spread Oil Layer on the Entry Barrier. As mentioned in section 3.2, the experiments with dodecane demonstrate a significant effect of the spread oil layer on the entry barrier of the drops - it is two times lower in the presence of spr
	The observed increase of the entry barrier with the molecular mass of the alkanes (from octane to hexadecane) might be also related to the structure of the formed spread or mixed layers on the solution surface. As shown by Aveyard, Binks and coworkers,
	Let us note at the end of this section that the observed change of the entry barrier in the presence of spread oil has an important implication for the antifoaming action of the oils. However, as discussed in refs 1, 3, 5, 6, 32 and many others, differen
	4. Dependence of the Critical Disjoining Pressure for Film Rupture on the Film Size.
	The results presented in Figures 3 and 4 show that the critical capillary pressure, PCCR, is a very weak function of the size of the asymmetrical oil-water-air film. Additional analysis is needed, however, to understand how the critical disjoining pressu
	4.1. Estimation of the Critical Disjoining Pressure for Curved Asymmetric Films. 4.1.1. Disjoining pressure for spherical films. The disjoining pressure, (AS, accounts for the interactions between the two film surfaces (van der Waals, elctrostatic, ste
	(5)
	where PF is the pressure in the asymmetric oil-water-air film and RF is its radius of curvature (Figures 5 and 6). The aqueous phase, from which the asymmetric film is formed, is chosen as a referent phase for the definition of the disjoining pressure 
	For micrometer sized drops RF is on the order of the drop size and 2(AW/RF > 104 Pa. In most of our systems PC ( 102 Pa and can be neglected in eq 5. Thus only the radius of film curvature, RF, would be sufficient to calculate (AS, because (AW is a k
	4.1.2. Main Assumption. From the experiment we know the capillary pressure PC, the equatorial drop radius RE and the interfacial tensions, (AW and (OW. To make the problem tractable and to estimate (AS we make the assumption that the contact angles be
	(S - angle of the oil-water-glass film;
	(S - angle of the wetting glass-water-air film;
	( - angle of the curved asymmetric film.
	are known and have some small (fictitious) values. Since these angles are of the type liquid film-meniscus, they are typically below 5 degrees. The numerical calculations revealed that the estimated disjoining pressure, (AS, is virtually insensitive t
	4.1.3. Derivation of the Basic Equations. The shapes of the water-air and oil-water interfaces is described by solutions of the Laplace equation of capillarity, which can be presented in the following form for axially symmetric system:42,43
	, (6)
	,(7)
	Here ( is the running slope angle of the interface, and PC is the capillary pressure. The index i denotes the following interfaces:
	i = 1 for the oil-water interface; PC1 \( POI�
	i = 2 for the air-water interface; PC2 \( PC 
	Let us consider the shape of the drop interface d
	(8)
	Substituting \(1\(RS\) = \(S in eq 8, one d
	(9)
	Similarly, one can express the angle (C, which is complementary to the slope angle of the drop generatrix at the contact line of the asymmetric film, (1(RC)
	(10)
	The angles (C and (C (Figure 5) can be expressed through (C in the following way
	(11)
	(12)
	The last equation is a corollary of the horizontal and vertical balances of the interfacial tensions acting on the contact line26,44 of the asymmetric film, with neglected effect of the line tension:45
	�
	,
	Here ( is the membrane tension26 of the asymmetric film. From the geometric relation
	(13)
	one obtains the radius of the film curvature, RF. Therefore, if one knows the capillary pressure at the oil-water interface, PC1, and the contact radius, RC (which are still unknown at that stage) the disjoining pressure, (AS, can be calculated by mea
	An equation for calculating RC can be derived from the balance of the vertically resolved forces acting on the trapped drop (the horizontal force balance is trivial, because the system is axially symmetric). Since the drop size is very small, one can n
	Along with the contribution of the disjoining pressures, the force balance includes the contributions of the linear forces acting on the contact lines of the films, due to so called "transversal line tensions".26,42 The vertical projection of the force c
	�
	The linear excess force acting on the contact line of the film with the glass substrate is where (S is
	�
	Thus one obtains the following balance of forces acting on the drop surface
	(14)
	The left-hand side of eq 14 presents the force acting in the region of the asymmetric oil-water-air film: the first term accounts for the disjoining pressure in the film, while the second term accounts for the transversal tension acting on the contact li
	Finally, we should define a procedure for determination of the capillary pressure at the oil-water interface, PC1. The procedure is based on the necessary geometrical condition for matching the generatrix of the air-water meniscus with the drop surface a
	\(2\(r\) = \( \(C ;    r = RC,  z = ZC,�
	This meniscus has to intersect the plane of the substrate at the following angle
	\(2\(r\) = \( \(S ;   r = RS,  z = \( �
	Explicit expressions for ZC = z\(RC\) and ZS 
	(17)
	where R1, q and ((r) are defined as
	(18)
	F((,q) and E((,q) are elliptic integrals of the first and second kind, respectively46
	,(19)
	.(20)
	Note that k1 depends on PC1 (eq 6), which allows one to use eqs. 15-17 for determination of PC1 (see the following subsection).
	4.1.4. Numerical Iterative Procedure for Calculation of (AS. On the basis of the above analysis, one can calculate the disjoining pressure of the asymmetric film, (AS, by means of an iterative procedure whose block-scheme is shown in Figure 7. One star
	4.2. Numerical results. In Figure 8, the calculated dependence of (ASCR as a function of the inverse film radius for 3.2 mM SDDBS, 12 mM NaCl, and hexadecane drops (clean water-air surface) is shown by a solid line. The contact angles are taken as equ
	(21)
	where AF is the actual area of the asymmetric film. As seen from Figure 8, (ASCR is a linear function of 1/REFF. It is worth noting that such a linear dependence is obtained also if (ASCR is plotted against 1/RC or 1/RF, i.e. this is not a particular p
	The observed dependence (ASCR on REFF is by no means a trivial fact. The isotherm (AS(h) is not expected to depend on either the film size or the film curvature, because the film thickness h is much smaller than both REFF and RF. Therefore, if the fi
	One possible explanation of the observed dependence might be related to the relatively small size of the asymmetric films. As shown previously for micrometer sized liquid films,55-58 the interaction force and energy across the film might be comparable in
	5. Conclusions.
	A systematic experimental study of the entry barriers for several oils of different chemical structure in SDDBS solutions is performed by means of the Film Trapping Technique. First, the critical capillary pressure, PCCR, which leads to rupture of the as
	The entry barrier increases with the surfactant concentration. Close to the CMC, the increase of the entry barrier is relatively slow, whereas at about 9 mM (45(CMC, effective volume fraction of the micelles ( 6 %) the increase becomes much steeper. 
	The presence of a spread oil layer on the surface of the solution was shown to reduce significantly the entry barrier for decane and dodecane. Remarkably, the presence of hexadecane on the solution surface (which makes a mixed adsorption layer with the 
	The entry barriers for a series of n-alkanes are measured in the presence of a spread oil layer. The barriers increase with the molecular mass of the alkane. Again, additional studies are needed to clarify the main factors, which govern this trend.
	The calculations show that for micrometer sized oil drops, like those in the real oil-containing antifoams, there is a big difference between the numerical values of PCCR and (ASCR (unlike the case of planar films where PCCR = (ASCR). The reason is t
	The experiments show that PCCR is a weak function of the oil drop size and of the asymmetric film radius, while (ASCR scales as (film radius)-1 for all of the studied systems. The strong dependence of (ASCR on the film radius shows that the rupture o
	When discussing the foam stability, PCCR is a more convenient quantity for description of the entry barriers, because its magnitude correlates with the foam height,5,25 whereas the magnitude of (ASCR does not.
	Let us conclude that the Film Trapping Technique is a powerful and versatile tool for quantifying the entry barriers of oil drops. The obtained new experimental results have posed several interesting questions concerning the general mechanism of film sta
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