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ARTICLE INFO ABSTRACT
Keywords: We study how the composition of various surfactant mixtures affects the efficiency of mixed PDMS-silica anti-
Antifoam foam in foamed surfactant solutions. First, systematic experiments are performed to characterize the surface and
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foam film properties of the studied surfactant solutions. The spreading, bridging and entry coefficients are
calculated and the spreading ability of the antifoam is characterized by microscopy observations and by surface
tension measurements. Next, the initial antifoam activity and the antifoam durability are characterized in foam
tests. The obtained results reveal that the antifoam efficiency in solutions of low-molecular mass surfactants with
low surface dilatational modulus depends strongly on the density (area-per-molecule) of the respective
adsorption layer. The addition of nonionic surfactants, which increase the mean area-per-molecule in the mixed
adsorption layer, enhances significantly the antifoam activity and durability. In contrast, the addition of sur-
factants, which decrease the mean area-per-molecule, suppresses the antifoam activity. Furthermore, we found
that surfactant mixtures which form condensed adsorption layers on the solution surface suppress strongly the
antifoam activity. As an extreme, the condensed adsorption layer formed from the natural surfactant Quillaja
saponin suppresses the antifoam spreading even at highly positive spreading coefficient which results also in very
poor AF efficiency. The obtained results rationalize in a coherent way the observed differences in the AF activity
and durability in mixed solutions of various ionic, nonionic and zwitterionic surfactants.
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1. Introduction

The formation of excessive foam is a serious problem in many
technological areas, e.g. in pulp and paper production, industrial
painting, oil and gas production, motor lubrication, etc. [1]. Therefore,
antifoam (AF) substances are deliberately used to suppress the foam
formation in the respective technological processes. Antifoams are used
also as essential ingredients in numerous commercial products, incl.
detergents, pharmaceuticals, paints and many others [1].

Typical antifoam consists of hydrophobic oil, hydrophobic solid
particles, or a mixture of both [1,2]. The mixed oil-solid particle com-
pounds are usually much more efficient in comparison with their indi-
vidual components [1-4]. The synergy of the oil and solid particles in
such mixed compounds is explained with the “pinning” effect of the solid
particles which lowers the entry barrier for the mixed antifoam globules,
whereas the deformability and the spreading ability of the oil ensures
the formation of unstable oil bridges which eventually lead to foam film
rupture and foam collapse [1,3,4]. The solid particles, such as silica
particles, calcium soaps, etc. act through the so-called “bridging-de-
wetting mechanism” [1,5-7], while the oil-based antifoams usually
break the foam films via the “bridging-stretching” mechanism [8],
although the “bridging-dewetting” mechanism with oil lenses is also
possible [1]. The oil spreading on the surface of the foaming solution is
known to enhance strongly the antifoam effect and several
spreading-related mechanisms are discussed in the literature [4,9-11].

Two key physicochemical characteristics of the antifoams are (1) the
so-called “entry barrier” which shows how difficult it is for pre-dispersed
antifoam globules to enter the foam film surfaces and (2) the so-called
“bridging coefficient” which characterises the stability of the oil
bridges formed inside the foam films [1,4,12,13]. The antifoams which
have low entry barrier < 20 Pa usually act as fast antifoams, whereas the
antifoams with higher entry barrier act as slow antifoams [4,12-14].
The fast antifoams destroy the foam films within seconds in the early
stages of the film thinning process. As a result, the foams are usually
destroyed completely for less than 30 s in the presence of fast antifoams.
In contrast, the slow antifoams destroy the foams only after the antifoam
globules are first entrapped and compressed by the shrinking walls of the
Plateau borders and nodes, in the relatively slow process of foam
drainage which typically takes minutes and dozens of minutes [4,
12-14].

The entry barrier is governed by the stability of the asymmetric oil-
water-air film (often called “pseudo-emulsion” film), formed between
the surface of the oily globule and the foam film surface [1,12-16].
Therefore, the respective entry barrier depends on various factors which
affect the stability of these asymmetric films, such as the presence of
cosurfactants, electrolytes and solid particles; the size of the oily anti-
foam globules (the bigger in area films are less stable); and the chemical
nature of the oil [1,4,10,12-14,17,18]. In our previous studies [9,10,12,
19] we quantified some of these effects and showed that various co-
surfactants, such as the nonionic dodecanol and the zwitterionic
cocoamidopropyl betaine (CAPB), lead to significant increase of the
entry barrier for silicone oil drops, dispersed in solutions of the main
anionic surfactants, sodium dodecylsulfate (SDS) or sodium
dodecyl-trioxyethylene sulfate (SDP3S) [9,19]. These results were
explained with the attraction between the adsorbed molecules of the
anionic surfactant and the nonionic or zwitterionic cosurfactants inside
the adsorption layers, formed on the bubble surfaces — this attraction
leads to formation of more compact adsorption layers and to higher
entry barrier [19]. Clear positive correlation was observed between the
magnitude of the entry barrier of the oil drops and the foam stability [1,
4,12,19,20].

The addition of appropriately hydrophobized silica particles (typi-
cally ca. 4 wt. %) in the silicone oil decreases significantly the entry
barrier of the formed antifoam globules [4,14] with resulting much
higher antifoam activity in the foam tests, under otherwise equivalent
conditions. Such mixtures are often termed in the literature
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“PDMS-silica compounds”. Furthermore, in the course of foam
destruction, partial segregation of the solid particles and the oil was
observed, which resulted in loss of AF activity — process called in the
literature “AF exhaustion” while the persistence of the antifoam to
destroy newly formed foam is called “AF durability” [21]. In this process
of oil-silica segregation, two populations of inactive AF globules were
observed to form: (1) silica-free drops which have high entry barrier and
(2) gelled silica-enriched globules which cannot break the foam films,
because they are non-deformable and cannot realize the
bridging-stretching mechanism which requires stretching of the oil
bridges under the action of unbalanced capillary pressures [22].

The current paper builds over these previous studies by investigating
systematically how the main properties of the surfactant adsorption
layers affect the efficiency (activity and durability) of mixed antifoam
compounds. We selected a series of surfactant solutions which exhibit
different density and dilatational elasticity of their adsorption layers,
formed on the air-water interface, and quantify the antifoam efficiency
of typical PDMS-silica compound in these solutions. Comparing the re-
sults from the foam tests with the characteristics of the adsorption
layers, we reveal several important trends which can be used as guiding
rules for formulating surfactant mixtures with desired efficiency of a
given PDMS-silica compound.

Note that antifoams are used in many applications to keep the foam
under control, rather than to completely destroy it — obvious examples
are the powders for washing machines where certain foam is needed to
provide a visual clue for the washing activity of the surfactants. There-
fore, the revealed trends can be used for a rational design of surfactant
mixtures with desired level of foam under defined foaming conditions.

2. Materials and methods
2.1. Materials

Series of surfactant mixtures was carefully selected to provide a
variation of the key surface properties of the foamed solutions in wide
ranges. The individual surfactants in these mixtures include the anionic
surfactants Linear Alkyl Benzene Sulfonate (LAS, technical grade,
product of Aldrich), Sodium Lauryl Ether Sulfate with 1 EO group (SLES,
70 % active, product of Stepan) and Sodium Dodecyl Sulfate (SDS,
product of Acros Organics); the zwitterionic surfactant Cocoamido-
propyl betaine (CAPB, 40 % active, provided by In-Cosmetics OOD,
Plovdiv, Bulgaria); the nonionic surfactant Isotridecyl alcohol + 8 EO
groups (IT8); the natural surfactant Quillaja Saponin (QS, product of
Desert King); and the following series of fatty acids as cosurfactants:
myristic acid (MAc, C14Ac, product of Sigma-Aldrich, purity > 95 %),
palmitic acid (PAc, C16Ac, product of Riedel-de-Haén, purity > 98 %)
and stearic acid (StAc, C18Ac, product of Acros Organics).

Two sub-series of surfactant mixtures were prepared. The first series
is based on the mixture of SLES + CAPB which is used in many personal
care products, e.g. shampoos and body washes. These personal care
formulations are typically used at a concentration of 0.5 wt. % and
natural pH ~ 6. The second series consists of several LAS-containing
mixtures which are used in machine-washing and hand-washing appli-
cations. These washing formulations are typically used at lower sur-
factant concentration of ca. 0.17 wt. % and higher pH ~ 8 to ensure best
efficacy at minimum surfactant level. Furthermore, the performance of
LAS-containing products is known to be strongly affected by the pres-
ence of Ca®" ions of low concentrations. Therefore, the foamed solutions
were prepared differently for the SLES + CAPB and LAS-containing
mixtures, as explained below, to reflect as close as possible the solu-
tion compositions during their actual applications. Note that the used
measure of the antifoam activity is weakly dependent on surfactant
concentration, as explained in Section 3.3.2. Therefore, the difference in
the total surfactant concentrations used in these two sub-series of solu-
tions, 0.5 wt. % vs. 0.17 wt. %, does not affect the final conclusions of
the current study.



N. Politova-Brinkova et al.

The following concentrated stock solutions of surfactant mixtures
were first prepared: 2:1 by weight of SLES + CAPB (abbreviated in the
paper as SC); 2:1:0.33 SLES + CAPB + MAc (SCM); 1:1 of LAS + SLES
(LS); 1:1:0.07 of LAS + SLES + MAc (LSM); 1:1:1 of LAS + SLES + CAPB
(LSC); 1:1:1:0.1 of LAS + SLES + CAPB + MAc (LSCM); 1:1:2.94 of LAS
+ SDS + IT8 (LSI); and QS. The total surfactant concentration in all these
stock solutions was 10 wt. %, except for LSI in which it was 28.3 wt. %.
All these concentrates were prepared with deionized water, purified by
Milli-Q Organex system (Millipore Inc., USA). In all LAS-containing
formulations: LS, LSM, LSC, LSCM and LSI, the pH was set to 8.0 +
0.2 by addition of 100 mM NaHCOs, except for LSI where 34 mM citric
buffer and 5.6 % 1,2-propanediol were present. The pH of the SC and
SCM concentrates was not adjusted and it was 6.0 + 0.2. The QS
concentrate had natural pH ~ 5 and it was also not adjusted before
dilution for the actual surface and foaming experiments.

The concentrated LAS-containing solutions were diluted for the actual
experiments down to 0.17 wt. % of total surfactant concentration using
Ca®" solutions of different concentrations (in most cases 0.54 mM or 0.71
mM). In the case of QS, we also used Ca?* solutions for dilution down to
0.17 wt. % surfactant. In some experiments with QS, we added also100 mM
NaHCOs in the diluting medium to obtain pH ~ 7 in the final working so-
lutions. As explained above, the SC and SCM concentrates were diluted with
deionized water (in the absence of Ca2+) to obtain working solutions with
0.5 wt. % total surfactant concentration and pH = 6.0.

In one series of experiments, aimed to investigate the role of sur-
factant concentration, we varied the total surfactant concentration in
the foamed solutions between 0.01 wt. % and 0.17 wt. %, while all other
conditions (pH, Ca®* concentration, temperature) were fixed.

The used AF compound (product of Wacker GmbH) contained linear
PDMS with viscosity of 8000 mPa-s and pyrogenic hydrophobic silica
particles. We dosed the AF into the foamed surfactant solutions at
different AF concentrations in the range between 3 x 10> wt. % and 3 x
1073 wt. %, as explained in the text. In some series of experiments, where
very low AF concentrations were needed, the AF was pre-dispersed at 10
wt. % in the solvent Ethyl Methyl Ketone (EMK, Valerus, Bulgaria) to
ensure more precise dosing into the foamed solution. Dedicated exper-
iments found no effect of the EMK on the foaming behaviour at the
concentrations used.

Most experiments were performed at temperature of 40 °C which is
typical for many machine-washing and hand-washing protocols. Some
experiments were performed at 25 °C, as explained in the text, either to
check for the effect of temperature or because of technical difficulties to
work at elevated temperature. For example, the interfacial tension
measurements by capillary tensiometry could not be performed at high
temperature, due to instability in the measured very low values of the
capillary pressures.

2.2. Methods and procedures

2.2.1. Equilibrium and dynamic surface tensions of the solutions

The equilibrium surface tension (SFT), oaw, of the surfactant solu-
tions was measured by the Wilhelmy plate method on a tensiometer
K100 (Kriiss GmbH, Germany). The surface tension was measured up to
900 s of surface age to reach equilibrium values. The dynamic surface
tension of the surfactant solutions, 6(t), was measured by the maximum
bubble pressure method (MBPM) on a tensiometer BP2 (Kriiss GmbH,
Germany). These measurements were performed at both T=25+ 0.5°C
and T = 40 £+ 0.5 °C.

2.2.2. Interfacial tension at the oil-water interface

In these systems we cannot apply the widely used drop-shape anal-
ysis (DSA) to measure interfacial tensions, cow, because PDMS and
water have very similar mass densities and the oil drops remain spher-
ical in the water phase, even when these drops are of millimetre size.
Therefore, the Capillary Pressure Tensiometry (CPT) was used which
includes formation of a spherical drop of PDMS in the aqueous
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surfactant solution and measuring its capillary pressure by a pressure
transducer [23-26]. We used the CPT module of the instrument
DSA100R (Kriiss GmbH, Germany). These measurements were per-
formed at T = 25 + 0.2 °C only, because CPT method gave scattered
results when tried at 40 °C, due to the high sensitivity of the pressure
measurements at O/W interface to small temperature fluctuations.

2.2.3. Surface dilatational modulus of the solutions

The surface dilatational moduli of the surfactant solutions were
measured by the oscillating drop method on DSA10 instrument, equip-
ped with ODM/EDM module (Kriiss GmbH, Germany) [25-27]. From
this experiment we obtain values for the surface elastic modulus (G,
related to surface elasticity) and surface viscous modulus (G", related to
surface dilatational viscosity, psp = G"/w) of the surfcodulus is defined
as:

G= [(G,)z n (G,,)Z] 1/2 'e))

The relative surface area amplitude was varied in the range of 2-10
% and the period of deformation was fixed at 5 s. The temperature
during the measurements was kept constant, T =40 + 0.2 °C or 25 + 0.2

°C, via a thermostating chamber TA10 (Kriiss GmbH, Germany).

2.2.4. Observation of foam films in capillary cell

Foam films were formed and observed in the capillary cell of
Scheludko-Exerowa [28]. The inner radius of the capillary which acts as
a film holder was R =1.5 mm and the typical radius of the foam films
formed in this capillary was Ry ~ 0.15 mm. The foam films were
observed in reflected light with optical microscope Axioplan (Zeiss,
Germany), equipped with a long-distance objective Zeiss Epiplan
20x%/0.40, CCD camera (Sony SSC-C370 P) and H-264 Digital Video
Recorder. By analysing the intensity of the reflected light, we deter-
mined the foam film thickness [28]. The behaviour and the stability of
the foam films were studied both in the presence and in the absence of
pre-dispersed AF entities in the surfactant solutions.

These experiments were performed in two configurations — with
closed and with open to the atmosphere capillary cell. In a closed cell,
the capillary pressure (the one that sets the equilibrium film thickness) is
around 50 Pa for foam films. As shown in ref. [29], in an open cell the
compressing capillary pressure could increase up to 50 000 Pa, due to
the water evaporation from the foam film. All these experiments were
performed at room temperature ~ 25 + 1 °C.

2.2.5. Determination of the spreading ability of the AF

2.2.5.1. Via surface tension measurements. We used the Wilhelmy plate
method to characterize the spreading dynamics of the AF on the solution
surface. In these experiments, we measured the surface tension of a
given surfactant solution (first, without AF added) for 200 s at 40 + 1 °C
or 25 £+ 1 °C. Afterwards, we deposited small amount of the studied AF
on the solution surface using a needle. The subsequent evolution of the
surface tension was monitored for at least 500 additional seconds.

2.2.5.2. Via microscope observations. We observed the process of anti-
foam spreading on the solution surface using optical microscope Axio-
plan (Zeiss, Germany), equipped with a long-distance objective Zeiss
Epiplan 20x/0.40, CCD camera (Sony SSC-C370 P) and H-264 Digital
Video Recorder. The surfactant solution was poured in a Petri dish and,
afterwards, small amount of AF was deposited on the surface using a
needle. The spreading of the oil on the solution surface was observed in
reflected light for about 5 min at magnification x20. These experiments
were conducted at ambient temperature (25 + 1 °C).

2.2.6. Foaming experiments

2.2.6.1. Preparation of the foaming solution. To characterize the
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foamability of the surfactant solutions without AF, we diluted the
concentrated surfactant solutions down to the working concentration
with deionized water or with Ca?* solution, as explained in Section 2.1.
The standard working surfactant concentration was 0.5 wt. % for the
SLES + CAPB solutions (SC and SCM) or 0.17 wt. % for all LAS-
containing and QS solutions. In the experiments aimed to clarify the
effect of total surfactant concentration, the latter was varied between
0.01 wt. % and 0.17 wt. %, at fixed ratio of the surfactant components.

In the foaming experiments with added AF, we pre-dispersed the
antifoam in the concentrated surfactant solutions and applied over-night
mild stirring on a magnetic stirrer. The AF was dosed in the surfactant
concentrate using a micropipette (Eppendorf® Multipette® M4). For the
actual foaming experiments, these concentrates were diluted down to
the working concentration. In the experiments in which the AF con-
centration was rather low, we pre-dispersed 10 wt. % of the AF com-
pound in EMK solvent (EMK) before dosing the AF into the surfactant
concentrate — thus, we ensured more precise dosing and better repro-
ducibility of the results from the foam tests, aiming to evaluate the AF
activity and durability. Depending on the specific aim of the experiment,
we either worked at fixed AF concentration of 3 x 10~ wt. % or varied it
in the range between 3 x 10 wt. % and 3 x 10" wt. %.

2.2.6.2. Foam tests and determination of the AF activity and durability.
We used automated Bartsch test [30] to evaluate the foaming ability of
the surfactant solutions and the effect of the antifoam. Custom-made
automatic device shakes 130 mL glass cylinder, mounted on a holder.
This holder is moved by a motor, so that the cylinder axis changes its
angle with respect to the vertical in a cyclic way: from 0° in the initial
vertical position of the cylinder, through 90° (horizontal cylinder), up to
135° (bottom higher) and back. Because the inclination of the cylinder
axis continuously changes during the cycle, the solution moves and
splashes inside the cylinder. The foam is produced mostly at the mo-
ments when the solution hits the top and the bottom of the cylinder, at
the end of each semi-cycle [30]. The frequency of the cylinder cyclic
motion and the number of cycles are pre-defined using the control panel
of the instrument. In these experiments, the volume of the surfactant
solution inside the cylinder was 10 mL and the shaking period was fixed
at 1.23 s (frequency of 0.813 s’l).

The foamability of the studied systems was characterized by the
volume of air trapped in the solution, calculated by subtracting the
volume of the solution (10 mL) from the total measured volume (solu-
tion + foam). Most of the experiments were performed at starting
temperature of 40 °C which gradually decreased during the experiment.

For given surfactant solution we performed up to 50 shaking cycles
in the absence of AF, because this number of cycles was sufficient to
reach maximum volume of the foam formed, and up to 1000 shaking
cycles in the presence of AF when the foam volume slowly increased,
due to the gradual exhaustion of the AF. To quantify the initial AF ac-
tivity in a given surfactant solution, we compared the foam volumes
with and without AF, after 10 and 50 shaking cycles. The AF durability
was characterized as explained in Section 3.3.3 below.

3. Results and discussion
3.1. Surface properties of the surfactant solutions

3.1.1. Surface tension isotherms

The surface tension isotherms were measured at 40 °C using the
Wilhelmy plate method. To determine the equilibrium surface tension at
given surfactant concentration, we assumed diffusion limited adsorption
and extrapolated to infinite times the experimental data for the surface
tension, as a function of the reciprocal square root of time, 1/+/t [31].
The equilibrium surface tension isotherms, determined by this proced-
ure, are shown in Fig. 1.

The surface adsorption and the average area-per-molecule in the
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equilibrium adsorption layers were determined using the simplest
version of the Gibbs adsorption isotherm to fit the steepest region in the
experimental isotherms, see Fig. 1:

doaw
dInC

= kT T (2)

Here oaw is the equilibrium surface tension, C is the total surfactant
concentration, kg is the Boltzmann constant, T is the temperature, and I’
is the total surfactant adsorption. Eq. (2) is strictly valid for mixtures of
nonionic surfactants [30].

Usually, Eq. (2) requires modifications when ionic surfactants are
involved. However, it turned out that for our systems we could use Eq.
(2) with reasonable accuracy even for the surfactant mixtures containing
ionic surfactants. The reason is that the Ca®" ions present in the LAS-
containing solutions are known to displace the sodium ions (intro-
duced with the surfactant) from the surfactant adsorption layers [32,
33]. A very illuminating illustration of this effect of Ca®* ions is Fig. 3 in
[32] which shows that the LAS adsorption isotherms do not change
while varying the concentration of NaCl as a background electrolyte. As
a result of this complete displacement of the Na™ ions from the
adsorption layers, the ionic surfactants in these solutions co-adsorb with
Ca®* counterions which have fixed concentration and, hence, (almost)
fixed chemical potential, while varying the surfactant concentration.
Therefore, the change in the surface tension upon variation of the sur-
factant concentration in Ca-containing solutions is due only to the
adsorption of the surfactant molecules, while the co-adsorbing Ca®* ions
do not contribute, because the term I'c,djica = 0, due to the fixed con-
centration of the Ca®* ions.

For the CAPB-containing solutions (SC and SCM), which do not
contain Ca*, the arguments are different but lead to a similar conclu-
sion. The formation of mixed SDS + CAPB adsorption layers in the
presence of Na™ counterions is studied in detail by Danov et al. [34].
These authors showed that at concentrations approaching the critical
micellization concentrations (CMC) of the surfactant mixtures, the
adsorption layers contain around and above 90 % of the zwitterionic
CAPB molecules, whereas the relative fraction of the anionic surfactant
in the adsorption layer is around 10 % or lower. Accordingly, the oc-
cupancy of the Stern adsorption layer by Na* ions is very low, typically
5-10 %. Thus, we see that such mixed adsorption layers are dominated
by the electroneutral zwitterionic surfactants, with very small contri-
bution in the total adsorption (5-10 %) by the co-adsorbing Na™ ions.
The addition of fatty acids in these systems would not change this
feature, because these fatty acids are protonated (nonionic) at the
working pH = 6.0 in the studied solutions.

Table 1 summarizes the obtained parameters for the equilibrium
adsorption layers in the studied surfactant formulations. No significant
effect of the increase of Ca%t concentration from 0.54 to 0.71 mM is seen
for most of the systems studied. The myristic acid in the LAS-containing
mixtures, LSM and LSCM, does not change significantly any of the
adsorption parameters, which is due to the relatively low fraction of
myristic acid in these surfactant mixtures (around 3 %), the relatively
high pH of 8.0 at which the myristic acid is partially ionized and cannot
pack well within the adsorption layer of ionic surfactants as shown in
our previous study [35], and due to the presence of Ca®" ions which
form soap precipitates with the myristic ions in the bulk and thus reduce
their adsorption. Note that the SLES + CAPB mixture which contains
myristic acid (SCM) has higher fraction of myristic acid (10 %), the pH ~
6.0 is lower, and no Ca?" is added to the foamed solutions. Under these
conditions, no precipitates are formed in the solution and the myristic
acid acts as a cosurfactant which decreases the equilibrium surface
tension, critical micellar concentration (CMC) and area-per-molecule in
the adsorption layer. Furthermore, the myristic acid in these systems
causes condensation of the adsorption layer and leads to high surface
visco-elasticity, as found in [36] and confirmed in sub-section 3.1.2
below.
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Fig. 1. Surface tension isotherms of (A) LSM, (B) LSCM, (C) LSI, (D) QS and (E) SCM mixtures. These data are measured at 40 °C in the absence of Ca?" and at pH=~6
for SC and SCM solutions, or in the presence of 0.54 mM or 0.71 mM Ca?" at pH ~ 8 for the other solutions, as indicated in the graphs. Results at pH ~ 5 and pH ~ 7
are presented for the QS system.

Table 1

Critical micellization concentration, CMC; surface tension at CMC, ccmc; average area per molecule at CMC, Acyic, as determined from the surface tension isotherms
using Eq. (2); and total surface dilatational modulus, G; all measured at 40 °C in the presence of 0.54 mM or 0.71 mM Ca®" in the LAS-containing solutions, while no
Ca®" is added in the SC and SCM formulations.

Properties of the adsorption layers

System pH Ca2+, mM CMC, mg/L 6cme,mMN/m Acvcs A? Universal surface age, t, =10 ms
G, mN/m

o,mN/m T, pmol/m? Eg, mN/m
LS 0.54 35+5 26.4 +0.2 46 + 4 2.0+0.2 31.4+ 0.6 3.5+0.0 159.9 + 4.5
0.71 47 +5 26.4 +£0.2 51+4 22+0.2 31.4+ 0.0 3.2+0.0 176.8 + 0.2
LSM 0.71 40 +5 26.4 +£ 0.2 53+ 4 22+0.2 31.8 £0.1 3.1 +0.0 180.2 + 0.8
LSC 8.0+ 05 0.54 13+2 25.8 £0.2 31+3 1.0 £0.2 30.0 +1.3 52+0.1 116.4 + 6.2
0.71 13+2 25.8 +£0.2 33+3 1.0 £0.2 29.0 £ 0.1 4.9+ 0.0 128.7 £ 0.4
LSCM 0.71 15+2 25.8 £ 0.2 38+3 1.7 £ 0.2 28.8 £ 0.3 4.3 +0.0 1495 + 1.6
LSI 0.54 43 +3 27.0 £0.2 60 + 5 1.3+0.2 28.7 + 0.4 2.8+0.1 234.2 +£ 3.8
0.71 43+3 27.0 £0.2 64 +5 1.3+0.2 27.6 £ 0.1 2.6 £0.0 262.0 +£ 0.9

SC 6.0 £ 0.0 0.0 18+2 25.4+0.2 30+3 4.4+0.4 33.6 £ 0.1 52+0.1 96.5 + 0.6
SCM 0.0 13+2 22.0 £0.5 27 +2 88.4 + 5.2 29.0 + 0.2 5.8 +£0.0 108.5 + 1.1

0s 5.0+ 0.1 0.71 100 + 20 359+ 0.5 130 £ 10 110 + 10 62.8 + 2.0 0.9+0.1 20.1 £ 9.5

7.3+04 0.71 210 + 20 36.2 £ 0.5 110 £ 10 130 + 10 61.1 +£1.2 1.2+0.1 24.8 £ 6.0
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The presence of the zwitterionic surfactant CAPB in the LSC and
LSCM formulations leads to significant change in the adsorption pa-
rameters, as it decreases strongly both the CMC and the area-per-
molecule when compared to the LS and LSM systems. Thus, we ob-
tained area per molecule of ~ 0.3 nm? for SC and LSC, compared to ~ 0.5
nm? for LS solutions. These results indicate clearly that the zwitterionic
CAPB leads to formation of much denser (but not condensed) adsorption
layer, compared to the LS or LSM systems. The presence of both CAPB
and nonionized myristic acid in the SCM formulation provides both high
adsorption density and high surface modulus of the respective adsorp-
tion layer.

In contrast, the presence of the nonionic surfactant IT8 with volu-
minous head-group of 8 ethoxy-units in the LSI formulation leads to
bigger area-per-molecule of ~ 0.6 nm?, when compared to the other
mixtures of synthetic surfactants. Thus, we were able to vary the mean
area-per-molecule in the mixed adsorption layers of synthetic

LS

(A)
LSC
HHITTIE
020%0°020°0% i

(E)
SC

HHHIH
0°0°0°0°0°0°0°0

%%

LAS
SLES ~@® IT8

)

MAc

. MAc
anion

Colloids and Surfaces A: Physicochemical and Engineering Aspects 610 (2021) 125747

surfactants from ~ 0.3 nm? to ~ 0.6 nm?,

The largest area-per-molecule ~ 1 nm? was determined for the QS
system, see Table 1. This result, however, is not related to the formation
of loose adsorption layer, but to the much bigger size and the specific
lay-on orientation of the aglycon of the QS molecules, as clarified in
[371.

The observed differences in the structure of the adsorption layers of
the studied solutions are schematically illustrated in Fig. 2.

3.1.2. Surface dilatational modulus of the adsorption layers

As one can see from Table 1, the total surfactant concentration of
0.17 wt. % for the LAS-containing mixtures and 0.5 wt. % for SLES +
CAPB mixtures, used in the foaming experiments, are between 1 and 3
orders of magnitude higher than the CMC of the respective surfactant
solutions. For these foaming solutions we measured the surface dilata-
tional moduli and the obtained results are shown in Table 1 and in

(B)

(F)

Fig. 2. Schematic presentation of the structure of the surface adsorption layers, formed on the air-water interface: (A) LS, (B) LSM, (C) LSC, (D) LSCM, (E) LS, (F) QS,
(G) SC and (H) SCM solutions. The higher surfactant density in the adsorption layer shown in (H) reflects the surface phase transition leading to condensed adsorption
layer, as evidenced by the high surface modulus of the SCM surfactant system [35,36].
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Fig. S1 in the Supporting Information.

For all LAS-containing mixtures with pH ~ 8 and T = 40 °C, we
measured relatively low surface dilatational moduli of several mN/m,
which is due to the very fast adsorption-desorption process of the main
surfactants. These results show that there is no significant attraction
between the surfactant molecules within the adsorption layer and that
no condensed adsorption layer is formed in the LAS-containing systems.
Under these conditions, the myristic acid is ionized and is unable to
promote the formation of condensed surface layer.

In contrast, much higher surface modulus, G > 100 mN/m, indi-
cating the formation of condensed adsorption layer, was measured when
adding MAc to the SC solution at pH =~ 6 and 25 °C [35]. The adsorption
layer in the SCM system is highly viscoelastic, with the surface loss
modulus being higher than the surface elastic modulus (see Fig. S1 in the
Supporting Information). To clarify the effect of temperature in these
systems, we performed experiments at 40 °C and 20 °C and at natural pH
~ 6 without Ca*, see Fig. S4 in the Supporting Information. For SC we
measured low surface moduli, as expected, in the range of 5.5 + 0.1
mN/m at 20 °C and 4.4 4+ 0.4 mN/m at 40 °C (both measured at ~ 1 %
surface deformation). For the SCM system at 20 °C we obtained surface
modulus of 237 + 11 mN/m (at 2 % deformation) which indicates the
formation of condensed mixed adsorption layer on the water-air inter-
face. The increase of the temperature up to 40 °C leads to significant
decrease of the surface modulus of the SCM solution down to 88 + 5
mN/m, due to disturbed packing of the surfactant molecules in the
adsorption layer. Such value, however, is still much higher than that of
the basic surfactant formulations, LS and SC, used in the current study.

To check whether longer-chain fatty acids could increase the surface
modulus and induce surface phase transition at higher pH and temper-
ature (T = 40 °C and pH ~ 8), we added palmitic acid (PAc), stearic acid
(StAc) or mixture of these both acids to the LSC mixture and measured
the respective surface moduli. Again, very low moduli of the respective
adsorption layers (see Fig. S2 in the Supporting Information) were
measured which means that even fatty acids with longer chain-length
are unable to increase the dilatational surface moduli at pH ~ 8 and T
=40°C.

Summarizing, a transition between fluid and condensed adsorption
layers could be induced by adding myristic acid to SLES + CAPB solution
at pH 6. The increase of the temperature up to 40 °C reduces the surface
viscoelasticity of the adsorption layer, while still maintaining a rela-
tively high value.

QS solutions also show very high surface modulus, G > 100 mN/m,
even at 40 °C. However, the elastic component is predominant for QS —
the surface elastic modulus is more than 5 times higher than the surface
loss modulus, see Fig. S1 in the Supporting Information. Measurements
of the surface moduli of QS solutions with different pH values and
electrolyte levels showed that these factors do not affect significantly the
surface rheological behaviour in the studied range of conditions, see
Fig. S3 in the Supporting Information.

0.17wt.% Surfactant + 0.54mM Ca®
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3.1.3. Surface properties of dynamic adsorption layers

In a recent study [30] we showed that the foamability of surfactant
solutions depends strongly on the rate of adsorption of the surfactant
molecules on the air-water interface. On this basis, we proposed a new
theoretical approach to quantify this effect. Very good correlation be-
tween the foamability and the transient surface coverage or the Gibbs
elasticity of the dynamic adsorption layers was found in [30].

Therefore, we measured the dynamic surface tension (DST) of the
studied solutions, see Fig. 3, and determined the main characteristics of
the dynamic adsorption layers, formed on the bubble surfaces, using the
approach from Ref. [30]. As in the previous study, we used 10 ms surface
age (see Table 1) as a characteristic time for the creation of new bubble
surface in the used foaming test.

The DST results showed significant difference in the kinetics of
adsorption for the mixtures of synthetic surfactants, on one side, and the
natural surfactant QS, on the other side. For the latter we determined
much higher DST > 60 mN/m, even at t, =10 ms, compared to ~ 30
mN/m for the mixtures of synthetic surfactants, see Table 1 and Fig. 3.
The main reason for this difference is the much bigger size and mass of
the saponin molecules, compared to those of the synthetic surfactants.
For the saponin system we determined relatively low adsorption of ~ 1
pmol/m? and low dynamic Gibbs elasticity of ~ 20—25 mN/m at t, =10
ms, which is by 4-10 times lower than those of the other surfactant
solutions studied, see Table 1. Among the synthetic surfactant mixtures,
highest dynamic Gibbs elasticity was determined for LSI, see Table 1,
which was observed to have faster adsorption compared to the other
formulations, see Fig. 3. On the other hand, LSI is the system for which
the loosest equilibrium adsorption layer was observed, due to the
presence of the nonionic component with large head-group in this
mixture.

Again, the presence of MAc in the LSM and LSCM solutions does not
lead to any significant change in the DST curves under these conditions,
T = 40 °C and pH ~ 8. In contrast, the presence of MAc in the SCM
mixture reduces the DST when compared to SC solution, due to the
lower pH ~ 6 and the absence of Ca%* in the respective solutions.

3.1.4. Thin liquid films

To obtain information about the behaviour of the foam films, formed
between two colliding bubbles, we observed the foam films in capillary
cell. The foam films in the systems with low dilatational surface moduli
drained to their equilibrium thickness very rapidly, within 60—80 s, and
remained stable for > 600 s in closed capillary cell and for > 300 s in
open cell. These foam films are electrostatically stabilized with equi-
librium thickness of around 30 nm at Pc =50 Pa. For the natural sur-
factant QS saponin, however, we observed a different behaviour - its
foam films thin down very slowly, for many minutes, and dimple
(thicker central region) is observed even after the cell opening to the
atmosphere. This slower drainage for QS saponins is due to the very high
surface elastic modulus of its adsorption layers.

0.17wt.% Surfactant + 0.71mM Ca**

70
000000% QS(pH=5) 40°C
0000, Empty: No MAc
60 | 00005220%0000 Full: + MAc
QS(pH=7) 000080000
(®)
L 00
50 o 00

H
o
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o

A(B)

[\
o
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Fig. 3. Dynamic surface tension as a function of surface age for surfactant solutions prepared with (A) 0.54 mM Ca®* and (B) 0.71 mM Ca>" (no Ca2" in the SC and

SCM solutions). These data are measured at 40 °C by the MBPM.
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Fig. 4 presents illustrative images of the foam films of different
surfactant solutions, 60 s after their formation, and the measured
drainage time to the film equilibrium thickness. One sees that the higher
surface moduli of the saponin adsorption layer result in more than one
order of magnitude longer drainage time of the foam films (note the
logarithmic scale of the graph in Fig. 4E).

During the observations of the MAc containing systems, some crys-
tals were observed in the solutions containing Ca®" ions, due to the
formation of precipitated calcium soaps. Such soap crystals could have
some antifoam effect, as clarified by Miller, Garrett and co-workers
[38-40].

3.2. Oil spreading and determination of the Spreading, Entry and Bridging
coefficients

3.2.1. Surfactant adsorption layers on the oil-water interface

To study the surfactant adsorption layers formed on the oil-water
interface, we measured the interfacial tension at the interface with the
PDMS oil used to prepare the AF compound, at different concentrations
of the LSI and LS mixtures in the aqueous phase. We determined the
interfacial tension isotherms shown in Fig. 5. For comparison, the cor-
responding surface tension isotherms for the air-water interface are also
presented. From these isotherms we determined the CMC, the interfacial
tension at CMC, and the average area-per-molecule in the adsorption
layer at the CMC using Gibbs equation, Eq. (2). In both LS and LSI sys-
tems, the CMC values determined from the interfacial tension isotherms
at oil-water interface were found to be somewhat higher than the
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corresponding ones obtained from the surface tension isotherms (air-
water interface). The latter difference is most probably due to partial
solubility in the oily phase of some admixtures, present in the surfac-
tants. For the LSI mixture we obtained significantly larger mean surface
area-per-molecule for the oil-water interface, compared to the air-water
one.

3.2.2. Spreading ability of the AF

We characterized the affinity of the studied AF to spread on the
surface of the various surfactant solutions which is governed by the
balance of the respective A/W, O/W and O/A interfacial tensions.
Fig. 6A presents the results from the surface tension measurements of the
synthetic surfactant solutions with low surface modulus (0.17 wt. % LS,
LSM, LSC, LSCM and LSI, and 0.5 wt. % SC). One sees from Fig. 6A that
the surface tension sharply decreases upon deposition of AF on the so-
lution surface, thus indicating the instant oil spreading on the solution
surface. The spreading on the SC system was slightly slower and the
decrease of the surface tension was smaller when compared to the other
surfactant mixtures in this series.

Very different spreading behaviour was observed with the solutions
having high surface modulus: QS and SCM (see Fig. 6B). Delay in the AF
spreading on the QS surface is seen and practically no spreading was
observed on the SCM surface. These results are discussed below, after
presenting the values of the spreading coefficients.

The optical observations of the spreading process agree with the
results from the surface tension measurements. For the surfactants
exhibiting distinct jump in the surface tension upon AF deposition, we

Fig. 4. Foam films as observed 60 s after their
formation from (A) LS, (B) LSC, (C) LSI, and (D)
QS solutions. (E) Drainage time of the foam
films to their equilibrium thickness, tpg, for the
various surfactant systems, measured in closed
and in open capillary cell. The experiments are
performed at room temperature to avoid the
water evaporation from the foam films. The
lines connecting the symbols in (E) are drawn
only to visualize the trends observed when
adding cosurfactants to the main surfactant
system LS = LAS + SLES.

2017-07-12 17:01

(B)
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measured at 25 °C.

observed the formation of continuous AF layer on the solution surface.
For the SCM system, for which no change in the surface tension was
detected, we observed sharp boundary between the AF lens, deposited
on the solution surface, and the neighbouring solution surface which
was clean of spread AF, see Fig. 6B. Similar sharp boundary was
observed with the solutions of QS saponin as well. From these experi-
ments we conclude that the studied AF spreads well on the surface of
solutions with low surface dilatational moduli, while the spreading is
either suppressed or it is very slow on the surface of solutions with high
surface dilatational modulus (QS and SCM).
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3.2.3. Determination of the entry, spreading and bridging coefficients
Spreading, entry and bridging coefficients are defined by the ex-
pressions [1,14,41-45]:

Entry coefficient E = caw + 6ow — Ooa 3
Spreading coefficient S = 6aw — Gow — Goa @
Bridging coefficient B = o5y, + gy — Opa (5)

To calculate their values for the studied AF in the various surfactant
solutions, we need the interfacial tensions of all three interfaces — A/W,
O/W and O/A. We measured the oil-air interfacial tension to be 20.6 +
0.1 mN/m which agrees with the values reported in literature [46]. This
tension is too low to be affected by the presence of hydrocarbon sur-
factants, like those used in the current study - they do not adsorb on the
respective oil-air interface.

The W/O interfacial tensions at the working surfactant concentration
of 0.17 wt. % in the case of LS, LSM and LSI were all measured to be in
the range between 5 and 6 mN/m, while for the LSC-PDMS and LSCM-
PDMS interfaces we measured lower interfacial tensions of 2.4 + 0.3
and 1.6 + 0.1 mN/m, respectively. Therefore, the presence of CAPB in
the surfactant mixtures decreases strongly the interfacial tension. For
the QS solution we measured higher interfacial tension of 10.2 + 0.3
mN/m. The surface tension of this solution, 37.3 + 0.2 mN/m, is also
higher than that of the other solutions studied.

The calculated values of the E, S and B coefficients are compared in
Table 2. All calculated entry coefficients are positive, E > 0, which
means that the formation of oil lenses on the solution surface and the
formation of oil bridges between the foam film surfaces are thermody-
namically possible processes. All bridging coefficients are also positive,
B > 0, which means that, if oil bridges are formed in the foam films, both
the bridges and the foam films would be unstable.

The spreading coefficients for most of the studied systems are also
positive which reflects the ability of the studied PDMS-based AF to
spread on the solution surface. The only negative value of S is calculated
for the SCM solution, which agrees well with the results from the actual
spreading experiments, cf. Fig. 6B.

Interestingly, we measured highly positive spreading coefficient in
the QS solution, S = 6.5 + 0.8 mN/m, whereas a tiny instantaneous
decrease in the surface tension, followed by very slow spreading were
detected with this system, cf. Fig. 6B. This suppressed spreading is
probably due to the specific property of the QS adsorption layer to form
highly elastic, well packed adsorption layer. Most probably, the silicone
oil cannot spread directly over this adsorption layer and, at the same
time, the oil is unable to displace rapidly the saponin molecules from the
solution surface - the saponin adsorption layer behaves as two-
dimensional elastic solid layer. To the best of our knowledge, no such
resistance to spreading has been reported so far in systems with positive
spreading coefficient.
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Fig. 6. Surface tension vs. time for surfactant mixtures with (A) low and (B) high surface moduli. Small drop of the AF was deposited on the solutions surface using a
needle at t = 200 s. Data are presented for 0.17 wt. % LS, LSM, LSC, LSCM and QS, or for 0.5 wt.% SC and SCM surfactant solutions. These experiments are performed
at 40 °C, pH = 8.0 and 0.71 mM Ca>*, except for SC and SCM where pH = 6.0 and no Ca®* was present.
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Table 2
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Measured interfacial tensions (IFT) and calculated Entry (E), Spreading (S) and Bridging (B) coefficients for the PDMS oil used to prepare the studied AF and 0.17 wt. %
surfactant solutions in the presence of 0.54 mM Ca?" (0.5 wt. % and no Ca®* for SC and SCM solutions). The interfacial tensions are measured at 25 °C.

IFT, mN/m (at 25 °C)

Oily Water Entry coefficient, E, mN/ Spreading coefficient, S, Bridging coefficient, B, mN2%/
phase phase Qil / pure Oo/W W/A O/A m mN/m m?
water
LS 5.2+ 0.1 5?2'6 * 142+ 0.6 3.8+ 0.6 479 £19
LSM 6.1+0.2 (2).9‘;4 * 14.9 £ 0.9 2.7+0.9 477 £ 25
LSC 2.4+0.3 ;62‘3 * 8.1+0.8 33+08 273 £ 17
LSCM 1.6 +0.1 33 * 206 4 7.3+0.8 41+08 270 + 21
PDMS 37.2+ 0.3 271 4 o1
LSI 52+£03 " 11.7 £ 0.8 1.3+ 0.8 337 + 27
10.2 + 37.3 +
Qs 0.3 02 26.9+ 0.8 6.5+ 0.8 1071 + 21
sC 7.2+0.1 371'9 * 145+ 0.5 0.1+0.5 406 + 5
SCM 5.9+0.1 530 * 7.3+04 ~4.5+0.4 94+3
3.3. AF efficiency in the surfactant solutions studied adsorption layer of the respective solution. One sees that the ratio of the
foam volumes rapidly decreases with the increase of the area-per-
3.3.1. Effect of surfactant type on the AF activity at fixed surfactant molecule in the adsorption layer which indicates much higher anti-
concentration foam activity in surfactant solutions with larger area-per-molecule. The
First, we measured the foamability of the various surfactant solutions antifoam is almost inactive, Var/Vsg =~ 1, for SC and SCM solutions, both
(without AF), applying a series of 50 shaking cycles, Fig. 7A. This containing SLES + CAPB with relatively small mean area-per-molecule
number of cycles was chosen to ensure that the maximum foam volume, in the respective mixed adsorption layers.
V5o, is reached for each surfactant solution in the absence of AF. We excluded the data for QS from the linear dependence shown in
The comparison of the results shown in Fig. 7A reveals that the Fig. 7B, because the strong attraction between the saponin molecules
presence of MAc and Ca®" in the LSM solution leads to significant within the respective adsorption layer leads to surface condensation, an
reduction in the foam volume, certainly due to the formation of soap extra-high surface dilatational elasticity, and related very low activity of
precipitates which can act as antifoam entities [38-40]. Foaming ex- the studied AF. Therefore, the systems with highly elastic adsorption
periments with the SC and SCM solutions, in the absence of Ca®", layers do not obey the linear dependence shown in Fig. 7B.
showed no effect of MAc on the foamability, because no precipitates Combining all experimental results discussed so far, we can conclude
were formed in these solutions. All other formulations had also rela- that: (1) The in situ formed MAc + Ca?* soaps have significant antifoam
tively high foamability, except for QS which adsorbs very slowly (cf. effect even in the absence of PDMS-based AF. (2) The activity of the
Fig. 3) and, hence, the foamability of this solution was relatively low, PDMS-silica AF in solutions of synthetic surfactants depends strongly on
although the formed foam was very stable. the ability of the surfactant molecules to form dense adsorption layer,
The addition of 3 x 10~* wt. % AF in these solutions had significant with small mean area-per-molecule, on the bubble surface. The denser
impact on the foamability of LS, LSM, LSCM and LSI solutions, inter- adsorption layers increase the stability of the pseudo-emulsion film,
mediate effect for LSC, and practically no effect for QS, SC and SCM formed between the antifoam globules and the air-water interface, thus
solutions, Fig. 7A. To quantify the AF activity, we determined the ratio suppressing the entry of the AF globules on the solution surface. (3) The
between the foam volumes formed in the presence and in the absence of AF activity is very low also in QS solutions, because this saponin forms
AF after 50 shaking cycles — the ratio of these two foam volumes, condensed adsorption layers with very high surface elasticity. This
measured with and without AF, can be used as a quantitative measure of peculiar behaviour of the triterpenoid saponins is due to strong attrac-
the initial AF activity in the respective surfactant solution. The obtained tion between the adsorbed saponin molecules which leads to the for-
results are shown in Fig. 7B, as a function of the area-per-molecule in the mation of highly elastic, tightly packed adsorption layers, even at
2+ 120 .
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_, 1201 Blue: +0.71 mM Ca™
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Fig. 7. (A) Foam volume for different surfactant solutions in the absence (empty symbols) and in the presence of AF (full symbols) after 50 shaking cycles in the
Bartsch test. (B) Ratio between the foam formed in the presence of AF, Var, and in the absence of AF, Vs, after 50 shaking cycles, as a function of the area-per-
molecule in the adsorption layers. The AF concentration is 3 x 10~* wt. % and the experiments are performed at 40 °C.
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relatively large area-per-molecule, see Fig. 2F and Ref. [47].

3.3.2. Effects of the surfactant and AF concentrations of the AF activity

To study the effects of surfactant concentration on the AF activity (at
fixed AF concentration) and of AF concentration (at fixed surfactant
concentration), we selected the solutions of LSI and LSC in 0.54 mM
Ca?* at pH ~ 8.0, because these solutions are characterized with rela-
tively large and relatively small area-per-molecule, respectively (cf.
Table 1). The foam volumes in the presence of AF were measured after
10 shake cycles in the Barstch test and, then, compared to those
measured after 10 cycles in the absence of AF.

The results for the effect of surfactant concentration at fixed AF
concentration are shown in Fig. 8. One sees that the foam volume in-
creases with the surfactant concentration for both studied solutions,
with and without AF, as expected [30]. For the LSC solution, the ratio
Var/Vio = 80 % for the two highest concentrations and ~ 60 % for the
lower concentrations. Such a trend is also expected, because the density
of the adsorption layers is lower at the lower surfactant concentrations
which facilitates the entry of the AF globules and enhances the overall
AF activity. Note that the ratio Vap/Vio varies in a relatively narrow
range within the range of surfactant concentrations of interest, whereas
both Var and Vi increase by > 5-fold with the increase of surfactant
concentration. Therefore, due to this relatively weak dependence on the
surfactant concentration, the ratio Vag/Vig is a rather convenient mea-
sure of the AF activity for a given solution.

Similar experiments with LSI again showed less foam in the presence
of antifoam: Vap/Vig = 25 % for the three highest concentrations. It was
difficult to determine precisely the ratio Vag/Vio for the two lowest
concentrations, because the value of Vjg is very small and uncertain,
which creates a relatively large error in the value of Var/Vio.

To quantify the effect of AF concentration, we performed another
series of experiments in which this concentration was varied between 3
x 107% and 3 x 103 wt. %. Surfactant concentration was fixed at 0.17
wt. % and 0.54 mM Ca®" solution was used to dilute the surfactant
concentrates in this series. One sees from Fig. 9 that the foamability of
LSI is strongly reduced, even at very low AF concentration of 3 x 107>
wt. %, which shows that the AF is very active in this surfactant solution.
Due to the large area-per-molecule in the adsorption layers formed on
the bubble surface, the antifoam globules can enter easily the air-water
interface and break the respective foam films.

In contrast, when the LSC formulation is used, the foamability is
affected strongly only when the AF concentration increases up to ca. 3 x
1073 wt. %. This more important impact of the AF concentration in the
LSC solution is explained with the higher entry barrier which reduces
the probability for AF globule entry. Therefore, higher concentration of
AF globules is needed to ensure breakage of significant fraction of the
foam films formed during foaming.

Note that the studied antifoam acts mostly during the foaming

120

[ Empty: no AF 0.54 mM Ca**

b Full: +3x10* AF in EMK
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o

Foam volume, mL
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process when the foam films between the colliding bubbles are relatively
thick. Therefore, the foam film rupture by the antifoam occurs in the
process of foam film thinning when the Marangoni effects are control-
ling the rate of film thinning [30,31]. The antifoam entities rupture the
thinning foam films via the so-called “bridging-stretching mechanism”
as explained in Section 3.4.

From these series of experiments we conclude that the antifoam ac-
tivity, expressed through the ratio Vap/Vio, depends strongly on the
antifoam concentration, while it is weakly affected by the surfactant
concentration in the range of interest.

3.3.3. Role of surfactant composition and surface properties for the AF
durability

The AF durability characterises for how long the AF can destroy
newly generated foam under given conditions. To quantify the foam
evolution in the studied solutions, we fitted the experimental data for
the foam volume vs. the number of shaking cycle by the empirical
equation [30]:

V(n) = Vo (1 — exp(—n/ny)) (6)
Here V,, is the maximum volume of air which would be entrapped after a
very large number of cycles, n is the number of the respective cycle at
which V(n) is measured, and ny is the characteristic number of cycles at
which V reaches ~ 63 % of V. We found that this equation describes
very well the data both in the absence and in the presence of AF. As
expected, typically the value of V,, in the presence of AF is lower while
ng is larger, reflecting the fact that the AF decreases both the final foam
volume and the rate of foam generation.

In Fig. 10A we show the results for the ratio Vap../V,, determined in
the presence and in the absence of AF for the different solutions. One
sees that the studied AF is very active even after 1000 shaking cycles in
LSI solution and has some activity in the solutions of the other surfac-
tants with low Ca®" concentration, whereas almost the same foam vol-
umes are measured with and without AF after 1000 shaking cycles for
the solutions with higher Ca®" concentration.

To quantify the AF durability, we compared the values of ng in the
presence and in the absence of AF, however, this time defined as the
number of cycles which are required to reach 63 % of the final foam
without AF, viz. V. The ratio of these two values, shown in Fig. 10B,
gives information on how many times we should increase ng in the
presence of AF to reach 63 % of V. One sees that this ratio is relatively
small for LSC, QS, SC and SCM solutions, i.e. the AF durability is rather
low in these four solutions at 3 x 10™* wt. % AF (longer durability is
expected at higher AF concentrations). Intermediate durability is
determined in LS, LSM and LSCM solutions in which ~ 5-fold increase of
the shaking cycles is needed to reach 63 % of V. More than 50-fold
increase of the shaking cycles is required for LSI, thus illustrating the
very high durability of the AF in this solution.

100 -

E0.54 mM Ca LsC
80 |
60 |
4f

C LSI
20 F

1 1 1 1 1 1 1 1 (B)

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Surfactant concentration, wt. %

Fig. 8. (A) Foam volume as a function of surfactant concentration in the absence (empty symbols) and in the presence of 3 x 10~* wt. % AF pre-dispersed in EMK
(full symbols), at fixed surfactant concentration of 0.17 wt. % in the presence of 0.54 mM Ca®". (B) Same data plotted as a ratio of the foam volumes with and without
antifoam, Vap/Vy0. Data are obtained after 10 shaking cycles in the Bartsch test at 40 °C.
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0.17 wt % surfactant
0.54 mM Ca*'
10 shaking cycles

(B)

102

102

AF concentration, wt. %

Fig. 9. (A) Foam volume, V,p, versus antifoam concentration at fixed surfactant concentration of 0.17 wt. %, in the presence of 0.54 mM Ca>". The arrows show the
foam volume, V;, of the same solutions in the absence of AF. (B) Same data plotted as Vap/V1. Foam volumes are measured after 10 shaking cycles in the Bartsch

test at 40 °C.
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100 [g— —x \ i dispersed in EMK) and the maximum foam
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> w0l 10° 3 5\\5 reach 63 % of the maximum foam volume, V.
Green: no Ca?* F Green: no Ca?* The arrows for the LSI system in (B) indicate
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LS LSM LSC LSCM LSI QS SC SCM LS LSM LSC LSCM LS QS SC SCM values were not determined for this system,

We conclude that the surfactant type significantly affects the AF
durability under otherwise equivalent conditions. In the solutions with
dense adsorption layer and/or with high surface dilatational modulus,
both the AF activity and durability are much lower when compared to
those in solutions with loose adsorption layers and low surface modulus.

3.4. Mechanism of AF action in the studied surfactant solutions

To determine which mechanism is operative in the studied systems,
we performed microscope observations of foam films in the presence of
AF globules. In these experiments we observed the formation of a
characteristic circular pattern in the foam films (series of bright and dark
concentric fringes of diameter ca. 10 pm), just before the foam film
rupture —see Fig. 11 for illustrative image. This pattern, called “fish-eye”
due to its specific appearance [8], was identified in the literature to
reflect the formation of an oil bridge between the two foam film surfaces
which rapidly expands in radial direction, due to uncompensated

2018-01-30 17:4

LSI

4

(A)

because of the very long duration of the
respective experiment.

capillary pressures at the various interfaces, thus leading to a
bridging-stretching mechanism of foam film rupture [8]. The illustrative
image in Fig. 11 presents such an oil bridge in foam film formed from LSI
solution and similar observations were made with LS and LSC solutions.
Fig. 11B compares the characteristic life-times of the formed oil bridges
which turned out to be very short — the foam films ruptured within
20-100 ms after the formation of the first oil bridge in their interior.
Thus, we conclude that the bridging-stretching mechanism was
responsible for the foam film rupture in the systems studied.

4. Summary and conclusions
The main results from this study could be summarized as follows:
1 The most important and interesting result is the observed strong

correlation between the initial antifoam activity and the mean area-
per-molecule in the mixed surfactant adsorption layers, formed at the

®
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Fig. 11. (A) Image of a foam film with an oil bridge, shown by arrow, just before the foam film rupture; this foam film is formed from 0.17 wt. % solution of LSI
mixture. (B) Probability for rupture of the oil bridges, as a function of the bridge lifetime. The AF concentration in these experiments is 3 x 107> wt. %, i.e. higher
than in the main foaming experiments, to increase the probability for observation of film rupture in the capillary cell.
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air-water interface. The antifoam is much more active in solutions
which form adsorption layers with larger area-per-molecule for all
studied synthetic surfactants with low molecular mass. With this
trend we could explain the opposite effects of surfactants which lead
to denser adsorption layers and reduce the antifoam activity (e.g. the
zwitterionic CAPB) versus the nonionic surfactants with large head-
group which enhance the antifoam action (e.g. alkylethoxylated
nonionic surfactants) under otherwise equivalent conditions.
2 Several other effects related to the AF activity deserve to be
emphasized:
The presence of myristic acid and Ca2* ions in the solution can lead
to precipitated calcium soaps which also have antifoam effect, even
in the absence of silicone-based antifoams.
The presence of myristic acid at room temperature and pH ~ 6,
without Ca?' in the solution, leads to formation of condensed
adsorption layer which blocks the spreading of the PDMS-based
antifoam on the surface and, also, strongly decreases the antifoam
activity and durability.
The natural surfactant QS (triterpenoid saponin) adsorbs relatively
slowly on the bubble surface but forms highly elastic condensed
adsorption layers which hinder the spreading of PDMS even at highly
positive spreading coefficient, S ~ 6.5 mN/m, and suppress the
antifoam activity of the PDMS-silica compound.
6 The exhaustion of the AF is much faster in the solutions with denser
adsorption layers, due to the higher entry barriers in these systems.
7 Although the effect of surfactant concentration on the antifoam ac-
tivity is rather strong, the relative decrease of the foam volume
caused by the antifoam is a weak function of the surfactant con-
centration (though it varies strongly with the surfactant composi-
tion). On the other hand, as expected, the increase of the antifoam
concentration significantly increases the antifoam activity and
durability, under otherwise equivalent conditions.

3)

4

—

5

—~

All these results and conclusions provide self-consistent explanations
of the observed experimental trends and suggest approaches for rational
design of surfactant mixtures with desired foam control in the presence
of PDMS-based antifoams.
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