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ARTICLE INFO ABSTRACT
Keywords: The surface, film, and foam properties of six polyvinyl alcohols (PVA) with different degrees of hydrolysis (DH)
Foams and molecular weights were studied and compared with the properties of nonionic Brij 35 and anionic SLES. Four

Polyvinyl alcohol
Surface coverage
Bartsch test

Foam rise method
Degree of hydrolysis

different foaming methods were employed: the fast foaming method (Bartsch test), intermediate tests (shake test
and Ultra Turrax), and slow foaming method (foam rise method) to assess the foamability at various bulk
concentrations. The foamability data obtained from different foaming tests, utilizing various surfactant and
polymeric concentrations, and differing foaming times, were shown to follow a universal master curve when
plotted as relative foamability vs. scaled concentration. A new simple theoretical equation was derived to
describe this universal curve, allowing for foamability prediction. The threshold surfactant concentration
required to achieve 50% of the maximal foam volume under given conditions (used for scaling the bulk con-
centration) was found to decrease with foaming time and increase from slow foaming methods to fast foaming
methods. When the experimental data are plotted against surface coverage, the results for PVA solutions exhibit
intermediate behavior between nonionic surfactants, where a threshold surface coverage of 95% is required to
achieve 50% of maximal foamability and anionic surfactants, where 30% surface coverage is sufficient to reach
50% of maximal foamability due to the action of electrostatic repulsion. This intermediate behavior observed in
PVA solutions is attributed to the presence of a long-range steric repulsion arising from the adsorption of PVA
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molecules onto the bubble surfaces. This work advances the foam field by showing that the approach developed
in Petkova et al. 2020 can be used for polymeric molecules and by deriving a new equation for foamability which
is expected to be applicable for wide range of systems.

1. Introduction

The foams are widely studied in the literature due to their impor-
tance in different industries [1-5] and can be formed by various
methods able to ensure the required energy for creation of new bubble
surface area such as bubbling [6-11], rotating cylinders [12-14],
shaking test [9,15-20] or pouring the liquid [21-23]. In all methods the
foaming process consists of several consecutive stages: (1) gas entrap-
ment or injection; (2) coalescence of trapped gas with ambient atmo-
sphere; (3) fragmentation of large gas bubbles into smaller bubbles; (4)
coalescence of smaller bubbles, forming larger bubbles with reduced
surface area. First two processes determine the foam volume, whereas
the last two processes define the mean bubble size in the formed foam
[24]. The air entrapment and the coalescence of entrapped air depend
on the rates of surfactant adsorption and bubble formation [15,16]. In
our previous studies [15,16] we found that the foam volume increases
almost linearly when dynamic surface coverage increases above 30% for
ionic surfactants (anionic and cationic), whereas a step wise increase in
foam volume is determined at surface coverage > 95% for nonionic
surfactants. This difference is explained by the mechanism of films sta-
bilization: short range steric repulsion for non-ionic surfactants and
long-range electrostatic repulsion for ionic surfactants [15].

The characteristic time for bubble formation depends significantly
on the applied method for foam generation and, as a consequence, the
dynamic surface coverage for given surfactant varies in the different
methods. Long chain nonionic surfactants (such as Brij 58 and Tween
60) are unable to create voluminous foams in the fast foaming methods,
such as Bartsch test, in which the characteristic time for bubble gener-
ation is very short and the bubble formation is accompanied with sig-
nificant surface expansion, while the same surfactants form voluminous
foam with small bubbles when Kenwood mixer is used, in which the
characteristic time is much longer and the surface expansion is inter-
mediate [16].

It is not clear in advance whether the developed approach for low-
molecular mass surfactants can be directly applied to foams formed
from polymeric solutions. Most of the polymers are slow adsorbing
substances, due to their higher molecular mass as compared to low-
molecular mass surfactants. The polymers can also interact strongly
after their adsorption on the bubble surface and provide adsorption
layers with various surface properties, such as surface elasticity, surface
viscosity and surface yield stress — it is not known in advance how these
properties will affect the air entrapment, bubble-bubble coalescence and
bubble breakage in the course of foam generation [25-32].

Polyvinyl alcohols (PVA) are water-soluble polymers with wide
range of applications because of their non-toxicity, biocompatibility and
biodegradability [33]. These polymers are reaction products of polyvi-
nyl acetate hydrolysis and can be synthesized with different molecular
masses and different degrees of hydrolysis (DH). The foam behavior of
four PVA polymers is studied in Ref. [34]. It was shown that the PVA
solutions with a moderate degree of hydrolysis can be used to prepare
foams with air volume fraction between 60% and 80% by high-speed
mechanical agitation.

The aim of the current study is to compare the foamability of PVA
solutions with those of low-molecular mass surfactants in several
foaming methods and to analyze whether the proposed approach for low
molecular mass surfactants in Refs. [15,16] could be applied to describe
the behavior of foams formed from PVA solutions. The surface and foam
properties and the role of hydrodynamic conditions are also analyzed.
Several foaming methods are used which differ significantly not only in
the timescale for bubble formation but also in the hydrodynamic

conditions during foaming.
2. Materials and methods
2.1. Materials

Two groups of molecules were used as foam stabilizers: low
molecular-mass surfactants and polymers from polyvinyl alcohols (PVA)
series. The first group includes the anionic sodium lauryl ether sulfate
(SLES) which is widely used in detergent formulations for home and
personal care and the nonionic polyoxyethylene-23 lauryl ether (Brij
35). The second group consists of PVA with different molecular masses
and degrees of hydrolysis, see Table 1.

To characterize the foamability and surface properties of the low
molecular mass surfactants (SLES, Brij 35), initially a stock solution with
10 g/L concentration was prepared on a magnetic stirrer for 15 min at
40 °C and then it was diluted down to the working concentration with
deionized water. For the polymers with 88% degree of hydrolysis (PVA
4-88, PVA 8-88, PVA 18-88, PVA 40-88) a 50 g/L stock solution was
prepared by stirring for 4 h at 65 °C. Afterwards the samples were
diluted down to the working concentration and stirred on a magnetic
stirrer for 15 min at room temperature. The initial polymer solutions
with 98% DH (PVA 4-98, PVA 10-98) were prepared at 10 g/L con-
centration and stirred on a magnetic stirrer for 2 h at 95 °C.

2.2. Methods

2.2.1. Dynamic and equilibrium surface tensions

The equilibrium surface tension (SFT), oaw, was measured by Wil-
helmy plate method on a tensiometer K100 (Kriiss GmbH, Germany) up
to 1800 s. The equilibrium value for each measurement was determined
from the intercept of the linear fit of the experimental data plotted as ¢ ~

% assuming diffusion limited adsorption [35]. The dynamic surface

tension was measured by maximum bubble pressure method (MBPM) on
BP100 (Kriiss GmbH, Germany). Hydrophobized glass capillary with a
hydrophilic tip was used to ensure bubble attachment to the capillary
[36]. The air bubbles were blown through the capillary dipped inside the
studied solution. The surface tension was measured as a function of a
surface age, which is defined as the time from the start of the bubble
formation to the occurrence of the pressure maximum. The dependence
of surface tension on surface age was measured by varying the speed at
which bubbles were produced.

Table 1
Characteristics of the studied foam stabilizers.
Type Name MW, g/ mMin5 5 g/L solution Supplier
mol g/L viscosity, mPa.s
Anionic SLES 332 15.06 0.85 Stepan
Nonionic Brij 35 1225 4.08 0.88 Sigma-
PVA 31,000 0.16 0.96 Aldrich
4-88
PVA 67,000 0.07 1.02
8-88
PVA 130,000 0.04 1.18
18-88
PVA 205,000 0.02 1.38
40-88
PVA 27,000 0.19 0.92
4-98
PVA 61,000 0.08 1.09
10-98
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The experiments for measuring equilibrium and dynamic surface
tensions were performed at T = 25 + 1 °C by using thermostated cells.

2.2.2. Thin foam films in capillary cell

Foam films were formed and observed in the capillary cell of
Scheludko-Exerowa [37]. The films were formed in a capillary with
radius R = 1.5 mm by sucking out the solution through side orifice and
were observed in reflected light with optical microscope Axioplan (Zeiss,
Germany), equipped with a long-distance objective Zeiss Epiplan
20 x /0.40, CCD camera (Sony SSC-C370P) and 5.1 M Video Biological
Microscope Digital Camera 55FPS LCMOS. The typical radius of the
foam films formed in this capillary was Rg ~ 0.15 mm. By analysing the
intensity of the reflected light, the foam film thickness was determined
[37]. The film thinning pattern and the stability of the foam films were
studied first with closed cell in which the capillary pressure was around
50 Pa then the cell was opened to the atmosphere which leads to
capillary pressure increase up to 50,000 Pa due to induced water
evaporation [38]. The experiments were performed at ambient condi-
tions at 25 £ 2 °C.

2.2.3. Vertical foam films

The experimental setup for vertical films consists of a table, a vessel
and a rectangular glass frame. First the frame is hanged on a hook, then
the table is moved upwards until the solution covers the upper edge of
the frame. The films are formed by moving the table downwards. Special
precautions are taken to prevent evaporation from the film surfaces
during the experiment. The films are observed by means of a video
camera (5.1 M Video Biological Microscope Digital Camera 55FPS
LCMOS) through the optical glass wall of the experimental cell. During
the liquid drainage a particular pattern of the film thinning, is observed
due to the combined action of the capillary suction of the bottom
meniscus and gravity until a spot of thin black film is formed at the top of
the frame [38]. Depending on the composition of the aqueous solution, a
film rupture can be observed during the thinning process or after
reaching its final equilibrium state. Under appropriate conditions (e.g. at
high surfactant concentrations, mixture of surfactants, etc.) the formed
films could remain stable for a very long period of time.

2.2.4. Foam tests for foam formation and stability
In the present work four different foaming methods were used for
comparing the foam properties of surfactant and PVA solutions.

2.2.4.1. Bartsch test. In the current study we used new Bartsch test, in
which 6 cylinders simultaneously are shaken, see Fig. S1 in supporting
information. The principle of the method is the same as that explained in
our previous papers [15,16], in which only 1 cylinder is shaken. In the
new Bartsch test the time scale for bubble expansion is longer as
compared to the previous test, because of the heavier construction - the
air entrapment occurs under lower hitting force of the cylinder. The time
scale is found to be of ~ 1.8 s in the presence of bubble expansion, which
is ~ 5 times longer as compared to the previous test. The maximal
amount of foam formed in this test is also lower as compared to the
previous one (95 mL vs 120 mL). To be sure that the approach that has
been developed in Ref. [16] can be applied for the new Bartsch test, we
performed experiments with SDS, Brij 35, Brij 58 and Tween 20 with the
new experimental set-up and compare them with the results obtained
with the previous set-up. The comparison is shown in Fig. S2. One sees
that after accounting for the longer time scale for foam generation in the
new test and for the smaller amount of air that can be incorporated in the
foams, the results from the previous and the current test follow the same
trends for the studied surfactants, see Fig. S2B. Note that according to
the model developed in Ref. [16], the milder conditions in the current
test lead to higher amount of entrapped air in solutions of slow
adsorbing surfactants (such as Brij 58) and to smaller foams in solutions
of fast adsorbing surfactant due to the lower hitting force (such as SDS).
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Indeed, such behavior is observed in the current test, see Fig. S2A.

In the current study all experiments are performed with 10 mL sur-
factant solution in a 120 mL glass cylinder. The amount of entrapped air
was determined as a function of the shaking cycles in the range between
10 and 1000 cycles. The volume of entrapped air was calculated by
subtracting the volume of the solution (10 mL) from the total measured
volume of the foam (solution + bubbles). The total measured volume
was accounted first on every 10 cycles up to 200 cycles, then on every 50
cycles up to 1000 cycles.

2.2.4.2. Vertical shake test. A vertical shake machine Bioblock Scientific
was also used to evaluate the foaming ability of the surfactant and PVA
solutions, see Fig. S1B. This automatic device performed vertical shakes
of 50 mL plastic tubes filled with 20 mL surfactant solution at 700 rpm
for up to 1000 s and the foam volume was accounted first on every 10 s
up to 200 s and then on every 50 s up to 1000 s [9]. The amplitude in the
shake test is much smaller compared to that in Bartsch test and thus the
deformation in the bubble area is smaller. Also, the free volume for
bubble formation in the container is confined, leading to limited
foamability.

2.2.4.3. Ultra Turrax. T25 digital Ultra Turrax was used to study the
foamability of different surfactants. The principle of this method differs
significantly from the other two methods described above. Here the air
entrapment is due to the stirring by rotor instead of shaking. There is no
big surface deformation and area expansion. The entrapment of small
bubbles leads to much smaller mean bubble size in the formed foams, as
compared to the other two methods. The studied solutions (20 mL) were
placed in a 100 mL glass cylinder cut to 80 mL. When the tool is
immersed in the liquid, the level goes up to 50 mL, so that the maximal
foam volume is 30 mL. Then the solution is stirred at 20,000 rpm for
120 s. The foam volume was accounted after 30, 60 and 120 s

2.2.4.4. Foam rise. Dynamic Foam Analyzer DFA100 (Kriiss GmbH,
Germany) was used as foam rise (or bubbling method) and its principle
is described elsewhere [16]. The main difference with the other used
foaming methods consists in the much milder conditions during the
foam generation - slower bubble formation without significant surface
deformation. The bubbles are blown through a membrane and mono-
disperse foam is formed. After the bubble formation, there is an addi-
tional period for surfactant adsorption due to the floating of the bubbles
through the entire solution. The foaming procedure was the same as
described in [16]: 50 mL surfactant solution was poured into the cyl-
inder and the gas with flow rate of 0.3 L/min was supplied through a frit
of porosity G2 (40-100 um pore size) under pressure. The foaming curve
starts with an initial jump in the frame of several hundred milliseconds
due to the gas supply, but the foamability is accounted after 1 s, where
the foam level is well defined as described in ref [16]. The bubbling
continued for 10 s and afterwards the foam decay was recorded for 600 s
after stopping the gas supply.
All foaming experiments were performed at 25 + 0.5 °C.

3. Results and discussion
3.1. Surface tension isotherms

The surface tension as a function of time was measured for 30 min by
Wilhelmy plate method. The results for the surface tension were plotted
as a function of 1/t/2 for t > 800 s and from the intercept the equilib-
rium surface tension, ogg, was determined, see Fig. S3. The surface
tension isotherms for PVA and surfactant solutions are shown in Fig. 1.

The surface tension isotherms for PVA solutions differ significantly
from those of low molecular mass surfactants, where a clearly defined
plateau region is reached above the critical micellar concentration. In
contrast, for PVA solutions, the surface tension diminishes with
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Fig. 1. Surface tension isotherms for the systems studied: (A) PVA solutions with different degrees of hydrolysis and different molecular masses: PVA4-98 (cyan
stars), PVA10-98 (green crosses), PVA40-88 (dark green triangles), PVA18-88 (pink diamonds); PVA8-88 (dark red hexagons), PVA4-88 (dark blue inverted tri-

angles); (B) surfactant solutions: Brij 35 (red circles) and SLES (blue squares).

increasing PVA concentration in the entire concentration range. The
lowest surface tension achieved at the highest PVA concentration, Cp, is
significantly higher for PVA with a 98% degree of hydrolysis (DH) in
comparison to PVA with 88% DH. The surface tension of PVA with 98%
DH (PVA 10-98 and PVA4-98) remains above 65 mN/m up to 0.1 g/L
and starts to decrease afterwards. However, for PVA with 88% DH, the
decrease in ogg against InCp is more pronounced at low concentrations,
while PVA with 98% DH exhibits a notably smaller initial slope in
comparison to the steeper slope observed at higher polymer concen-
trations. The lack of a plateau in 6gg versus InCp for polymeric solutions
is well-documented in the literature [39-43]. The presence of two
distinct regions with different slopes in the surface tension isotherms of
polymers has been frequently observed experimentally and attributed to
different factors. These include the depletion of polymer molecules at
lower concentrations [44], preferential adsorption of rapidly adsorbing
molecules with lower molecular weight at lower polymer concentra-
tions, and the preferable adsorption of higher molecular weights at
higher polymer concentrations [40]. The point of transition, referred as
the transition concentration (Ctr), shows the PVA concentration at
which the slope of 6gg against InCp undergoes distinct alteration. It was
shown that the structure and composition of adsorption layers formed at
Cp < Crgr and Cp > Crg differ significantly [40] for PVME (polyvinyl
methyl ether). At low Cp the layer is thinner and contains mainly lower
MW polymer molecules, whereas thicker adsorption layer is formed at
high Cp.

The experimental data obtained in the current study shows that PVA
with lower MW have lower Ctr which is in a good agreement with the
predictions proposed in [40]. Therefore, we can conclude that at Cp
< Crg the polymeric molecules with lower molecular weight are pref-
erentially adsorbed on the solution surface, due to their faster adsorp-
tion. At C > Crg the adsorption of the higher molecular mass polymers
takes place and the slope decreases for PVAs with 88% DH.

To characterize the formed adsorption layers in these two regions we
determined the slopes of ogg vs InCp for Cp < Ctg and Cp > Crg and by
applying the Gibbs adsorption isotherm we determined the apparent
adsorption of polymer on the air-water interface:

dﬂEQ _
dinC

—kgTT (@)

Here ogq is equilibrium surface tension, C is surfactant (Cs) or
polymer (Cp) concentration at which this surface tension is measured, kg
is Boltzmann constant, T is temperature and I" is apparent adsorption.
The results for the transition concentration, Crgr, surface tension at
transition concentration, o, the adsorption at low concentration range
Cp < Ctgr and high concentration range C > Crg are shown in Table 2.

Table 2

Isotherm parameters: critical threshold concentration for polymer solutions,
Crg, Or critical micellar concentration, CMC, for low molecular mass surfactants;
surface tension at Crgr, o1g; adsorption, I', and area per molecule, a, as deter-
mined from Eq. (1) at C < Crg and at C > Crg. All measurements are performed
at 25 °C in deionized water.

System R, MN/ Crr, mg/ 'y, pmol/m? a, A%
m L c c c c
< Crr > Crr < Ctr > Crr
PVA 4-88 53.2 12 2.3 0.7 52 240
PVA 8-88 54.3 10 1.6 0.6 82 240
PVA 55.2 12 1.7 0.7 72 235
18-88
PVA 53.3 57 1.2 0.5 120 287
40-88
PVA 4-98 63.3 560 0.3 1.2 434 117
PVA 64.4 940 0.3 0.5 592 290
10-98
SLES 35.7 88* 4.3 N.A. 38 N.A.
Brij 35 35.5 41~ 3.2 N.A. 52 N.A.

N.A. - not applicable
" - threshold concentration for SLES and Brij is the critical micellar concen-
tration CMC

One sees that Ctg =~ 10 mg/L for PVA4-88; PVA8-88 and PVA 18-88,
approximately 5-times higher for PVA 40-88 with Crgr ~ 50 mg/L and
more than 100-times higher for PVA with 98% DH where Ctg > 500 mg/
L. The much higher values of Ctg for PVA with 98% shows that the
polymeric molecules from these samples have much lower surface ac-
tivity due to the very limited amount of polyvinyl acetate groups in these
molecules.

The weight efficiency of Brij 35 and SLES is very high because these
two surfactants are able to decrease the surface tension down to 35 mN/
m at CMC ~ 40 mg/L for Brij 35 and 88 mg/L for SLES. The transition
surface tension varies between 53 and 55 mN/m for PVA with 88% DH
and it is much higher (63 mN/m) for PVA with 98% DH. The apparent
adsorption varies between 1.2 umol/m2 (PVA 40-88) and 2.3 pmol/m2
(PVA 4-88) at Cp < Crg for PVA with 88% DH. These values are rela-
tively high for polymeric solutions, showing again that the molecules
with the lowest molecular mass are adsorbing initially on the solution
surface. The values of I' decrease at Cp > Ctg and become between 0.5
and 0.7 pmol/m? for PVA with 88% DH. These values are in a good
agreement with the results reported by De Feijter & Benjamins [41] for
PVA solutions with similar MW and DH (88% DH and MW between 42
and 200 kDa) for which I between 0.5 and 0.6 pmol/m2 were deter-
mined from the surface tension isotherms.
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Therefore, depending on the foaming method we could expect that
the composition of the adsorption layers will be different — for fast
adsorbing methods we could expect that the smaller molecules will
adsorb on the bubble surface because of their faster diffusion, whereas in
the slow foaming methods larger molecules will prevail in the adsorp-
tion layer.

The experimental data obtained with low molecular mass surfactants
SLES and Brij 35 are also shown in Table 2. Note that values obtained for
Brij 35 differ significantly from the data shown in the literature [15]. In
this reference it is shown that Brij 35 area per molecule is around
80-90 A2, while the measured area in the current study is ~ 50 A% The
surface tension is also much lower, 42 mN/m vs. 36 mN/m. A possible
explanation is the difference in the products composition, despite the
fact that both samples are purchased from Sigma -Aldrich as Brij 35. A
closer look reveals that the one used in our work is with product number
1254, denoted as suitable for Stein-Moore chromatography, which im-
plies a single component sample, while the one used in the work of
Petkova et al. [15] was with product number 16005 denoted as main
component: tricosaethylene glycol dodecyl ether, which probably means
that it contains different components. This difference could be the
reason for the much smaller area per molecule, higher adsorption and
lower surface tension in the current study compared to the previously
reported. However, as shown in Fig. S2 when we re-plotted the relative
foamability as a function of surface coverage for the new and the old
batch of Brij 35 in the new and the old Bartsch test, they fall on the same
universal master curve, which means that the impurities in the new
batch of Brij 35 do not affect the general trends, probably because they
have significant impact not only on the equilibrium adsorption layer, but
also on the dynamic surface layer. The data determined for SLES are in
good agreement with the results reported in the literature for the CMC,
the surface tension at CMC [45] and adsorption at CMC [46].

To determine the surface coverage during foaming we have to know
what is the relation between the measured surface tension and surfac-
tant adsorption. In our previous studies [15,16] we used the Volmer
adsorption isotherm to define this relation:

n r

L 2
kgT 1 —al 2

Here = is the surface pressure defined as a difference between the
surface tension of pure water, 6y and the measured surface tension, c; o
is the limiting area per molecule in the adsorption layer. For low mo-
lecular mass surfactants used in our previous study, the value of a was
determined from the measured surface tension at CMC and the value of I'
at CMC by using Eq. (1). For the current study we used the same
approach for Brij 35 and SLES, see Table 2.

For polymeric solutions, however, as discussed above there are two
slopes in 6gq vs InCp below and above Crr, which are related to different
compositions of adsorption layers formed at low and high polymer
concentrations. To account for this difference, we applied Eq. (2) in the
two regions independently, assuming two different values of @ and I'y; in
these two regions. At C > Crp the value of « is determined by applying
Eq. (2) for C = 10 g/L, whereas for C < Ctg the value of a is determined
by applying Eq. (2) for C = Ctr. The obtained results for I'y; and o in
these two regions are presented in Table 2. These values are used af-
terwards to determine the surface coverage from the experimental data
obtained with MBPM.

At C < Crg, the limiting area per molecule, a, is much higher for
polymers with higher DH, as compared to those with low DH, but at high
polymer concentrations this difference disappears. At low concentra-
tions, the increase of the molecular mass at given DH leads to increase in
the area per molecule, whereas there is no such effect at C > Cry.

3.2. Dynamic surface tension

The dynamic surface tension, DST, was measured by MBPM, as a
function of the nominal surface age (tage) which is defined for expanding
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bubble and one should transfer it to the universal surface age (t,) which
does not depend on the specific tensiometer and characterizes the ki-
netics of adsorption from the same surfactant solution on non-expanding
solution surface [15,47]. For the used tensiometer, the relation between
tage and ty is ty= tage/37 [47]. The obtained results are shown as a
function of time in Fig. S4 in supporting information. The comparison of
the dynamic surface tension at C = 5 g/L is shown in Fig. 2A, whereas
DST at universal time of t, =50 ms corresponding to tyge = 1.85s,
which was found to be the characteristic time for foam generation in the
new Bartsch test is shown, as a function of C, in Fig. 2B.

The dynamic surface tension is the lowest when low molecular mass
surfactants Brij 35 and SLES are used. The DST for 5 g/L SLES and Brij 35
measured after 10 ms for these surfactants is ~ 50 mN/m and it de-
creases to ~ 37 mN/m after 10° ms. The highest DST is measured for
PVA samples with 98% DH, it starts from 71 mN/m and decreases to
~ 69 mN/m only after 10° ms. An intermediate behaviour is observed
for PVA with 88% DH. For 5 g/L PVA with 88% DH, DST starts from 67
mN/m and reaches the value of ~ 55 mN/m after 10° ms. The PVA
samples with lower MW at fixed DH have lower DST, which supports the
hypothesis that the smaller polymer molecules adsorb preferentially at
shorter times. Note that even at this high polymer concentration of 5 g/L
the lowest value of DST which is reached after 10° ms is around the
threshold surface tension where the transition between the first and
second concentration regions occurs. Therefore, for determination of the
adsorption and surface coverage of the bubbles formed in the fast
foaming methods, the parameters obtained from the surface tension
isotherms at C < Crg are used.

The effect of polymer concentration on the properties of the
adsorption layers was also studied and the results from these measure-
ments are shown in Fig. 2B. DST decreases steeply with C for SLES so-
lutions, whereas an almost linear decrease of DST vs InC is determined
for Brij 35 and PVA solutions. The DST for Brij 35 is much lower at all
studied concentrations as compared to PVA solutions. DST is the highest
for PVA with 98% DH and intermediate for PVA with 88% DH for which
the molecular mass has some impact on the measured DST — higher MW
at fixed DH leads to higher DST, due to the slower adsorption of the
bigger molecules. The observed lower surface activity of PVA with 98%
DH, as compared to that for PVAs with 88% DH is in a good agreement
with the results in literature [48,49]. Note that higher degree of hy-
drolysis corresponds to bigger fraction of alcohol groups at the expense
of acetate groups. The increase in DH leads to increase in polymer sol-
ubility and to formation of hydrogen bonds, decrease in surface activity,
and thus higher surface tension and lower adsorption is observed [48,
49].

From the measured DST we calculated the instantaneous adsorption.
This was done by using the calculated parameters for the equilibrium
surface layers, given in Table 2 (for the first region C < Ctgr), and
assuming that the adsorption layers are similar to the layers formed at
low polymer concentrations where the polymer molecules with lower
molecular mass are preferentially adsorbed on the air-water interfaces.
The estimated surface adsorption is shown in Fig. S5 and compared for
5 g/L solutions in Fig. 3 A. The calculated adsorption is very low = 0.3
pmol/m2 for PVA with 98%, but it is reached for less than t,ge < 10 ms.
On the other hand, the adsorption for PVA with 88% DH depends
significantly on the PVA concentration and on the surface age. The
adsorption starts from very low values for 0.1 g/L solutions and in-
creases almost linearly with Int,ge. The increase of PVA concentration in
the solution increases significantly the adsorption at t,ge = 10 ms, while
slightly increases the adsorption at tage = 10° ms, which means that the
effect of PVA concentration is more important for the foamability in the
fast foaming methods as compared to the slow foaming methods.

The effect of bulk polymer concentration on the adsorption deter-
mined after t,= 50 ms is shown in Fig. 3B. The adsorption is the highest
for SLES, followed by Brij 35. The adsorption of PVA solutions with 88%
DH varied between 0.8 and 2 pmol/m? — the adsorption increases with
decreasing the average molecular mass of the polymer. Significantly
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lower adsorption is determined for PVA solutions with 98% DH.

From these series of experiments, we can conclude that PVA with
88% DH has much higher surface activity as compared to PVA with 98%
DH which leads to much lower equilibrium and dynamic surface tension
measured and much higher instantaneous adsorption for PVA with 88%
DH. There are two slopes in ogg vs InCp showing the different compo-
sition of the adsorption layers formed at low and high PVA concentra-
tions: at low Cp < Crp the preferential adsorption of low molecular mass
polymeric molecules occurs, whereas at Cp > Crg the higher molecular
weight molecules adsorb and further decrease the surface tension. The
transition concentration is lower for PVA with 88% DH as compared to
PVA with 98% DH.

3.3. Foam films in capillary cell

The behavior of horizontal foam films was studied in Sheludko cell.
The illustrative pictures from these experiments are shown in Fig. 4 and
Fig. S6 in Supplementary information. The rate of film thinning is much
faster for films formed from SLES and Brij 35 solutions and the final
thickness that is reached in closed cell at capillary pressure of P¢ ~ 50 Pa
is much lower, h ~ 30 nm as compared to the thickness of the films
formed from all PVA solutions. At this pressure thicker films are formed
from PVA 40-88, h > 100 nm, which has the highest average molecular
mass. This large film thickness evidences that the adsorbed polymers
ensure long range steric repulsion. The decrease of average molecular

Fig. 4. Illustrative images of foam films formed in capillary cell after opening it to the atmosphere for films formed from 5 g/L solutions of (A) PVA40-88; (B)

PVA18-88 and (C) PVA 8-88.
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mass leads to formation of films with smaller equilibrium film thickness
which means that the steric repulsion is induced from smaller polymeric
molecules.

All formed films remain stable in closed cell. After cell opening to the
atmosphere, the compression pressure increases and the film thickness
decreases for all polymers and surfactants studied. The films formed
from PVA solutions with 98% DH are unstable at that stage, which
means that the lower adsorption on the surface is insufficient to induce
steric repulsion which could overcome the compressing pressure of 10°
Pa. Fraction of the films formed from PVA 4-88 which has the lowest
average molecular mass, was also unstable despite the higher adsorption
determined from surface tension measurements, which shows that the
lower molecular mass polymeric molecules can adsorb faster on the
bubble surface but cannot create sufficient steric repulsion to prevent
the film rupture after compression to 10° Pa. All films stabilized by
PVA8-88; PVA18-88 and PVA 40-88 and those by SLES and Brij 35
remain stable even after opening the cell, which means that the repul-
sive barrier in the disjoining pressure isotherm is higher than 10° Pa.
However, the equilibrium film thickness at 10° Pa differs significantly
for various surfactants — it is the smallest for Brij 35 implying that a
short-range steric repulsion is responsible for stabilization of these films,
intermediate for SLES show that the electrostatic repulsions are opera-
tive for those films and much thicker for PVA40-88 meaning that a long-
range steric repulsion is responsible for stabilization of PVA with 88%
DH and relatively high molecular mass.

3.4. Vertical foam films

The behavior of films formed in capillary cell is relevant for deter-
mining the forces that stabilize the bubbles in the slow foaming
methods, because the rate of film expansion in the capillary cell is
relatively low and the time for adsorption of surfactant and polymer
species is long enough to ensure the equilibrium adsorption at a given
concentration. In the fast foaming methods, the rate of bubble expansion
is much higher and the foam films are usually bigger, due to the
entrapment of large bubbles. To compare the ability of low molecular
mass surfactants and PVA solutions to stabilize the foam films during the
surface expansion we performed experiments by using the procedure
described in Section 2.2.3. The illustrative images of the film thinning
behavior are shown in Fig. S7 in supporting information.

For surfactant systems the highest dynamic film stability is observed
with the anionic surfactant SLES for which the films succeed to drain and
to reach smaller thickness before rupture. On the other hand, for Brij 35
the film rupture occurs at much larger thickness. The least stable films
are those stabilized by PVA 18-88 which rupture almost immediately
after their formation, which is in a good agreement with the slower rate
of PVA adsorption as compared to Brij 35 (as determined by DST mea-
surements, see Fig. 3 A). The probability for film rupture is shown in
Fig. 5. One sees that 100% of the formed films from PVA 18-88 solutions
rupture for less than 1 s after their formation, whereas all studied films
from SLES remain stable for at least 80 s after their formation.

From these series of experiments, we can conclude that the instan-
taneous adsorption of PVA is lower as compared to SLES and Brij 58 and,
as a consequence, the stability of the vertical films is also lower. The
horizontal films formed from PVA solutions are stable at low com-
pressing pressures and the equilibrium thickness increases with the
molecular weight at a given DH. The small horizontal films rupture
when higher compressing pressure is applied for PVA with 98% DH. The
higher molecular weight of the PVA leads to formation of thicker hori-
zontal films, due to the action of long-ranged steric repulsion between
the film surfaces.

3.5. Foam properties

The foam properties were evaluated by using 4 different tests which
differ significantly in the rate of bubble expansion during the air
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Fig. 5. Probability for rupture of vertical films formed from 5 g/L SLES (red
symbols), 5 g/L Brij 35 (blue symbols) and 5 g/L PVA18-88 (green symbols)
solutions after a certain time.

entrapment and bubble formation. Bartsch test (BT) is a fast foaming
method, foam rise method (FRM) is a slow foaming method with limited
expansion of the surface area upon bubble formation, whereas the shake
test and UT homogenization are intermediate between the Bartsch test
and FRM.

3.5.1. Foamability in Bartsch test

The experimental results for the volume of entrapped air,Vy, as a
function of the number of shaking cycles, n, for the studied PVA and
surfactant solutions are shown in Fig. 6 and Fig. S8. Foamability of PVA
4-98 is very low at all studied Cp and n. Some increase in V with n is
observed for PVA 10-98 with Cp > 5 g/L, whereas V, remains very low
(~ 10 mL) even after 1000 cycles for 1 g/L PVA 10-98 solutions. For
PVA with 88% DH, Vj remains very low (=~ 10 mL) even after 1000
cycles only for Cp = 0.1 g/L, whereas significant increase in V5 with n is
determined at higher concentrations (the exception is 0.5 g/L PVA 4-88
where Vj remains ~ 10 mL). The initial fast increase of V, in the first
100 cycles is usually accompanied with much slower further increase in
V4 in the last 900 cycles for most of these solutions. For some of them Vp
remains almost constant after 100 cycles. The behavior of Brij 35 sta-
bilized foams is very similar to that of PVA solutions with 88% DH,
whereas the foamability of SLES solutions is much higher and the rate of
foam generation is very fast for Cs > 0.5 g/L. To compare the initial,
intermediate and final foamability of the studied solutions we deter-
mined the values of V, after 10, 100 and 1000 cycles and the results are
shown in Fig. 6B and S9 in supporting information.

After 10 shaking cycles, the foamability of PVA and Brij 35 solutions
at C <1 g/Lis very low (V4 < 20 mL), whereas it is much higher when
1 g/L SLES is used (V4 = 65 mL). The further increase of PVA concen-
tration in the solution to 10 g/L leads to different values of V4 depending
on the type of PVA used. The volume of entrapped air at 10 g/L after 10
shaking cycles is the lowest for PVA 4-98 and the highest for PVA 40-88,
which shows that the higher molecular mass and the lower DH facilitate
the air entrapment at short times for polymeric solutions.

At 100 and 1000 shaking cycles, V4 for PVA 4-98 remains constant as
a function of C and does not increase with the number of shaking cycles.
The increase of molecular mass in PVA10-98 at the same DH increases
the foamability, especially at C > 1 g/L. Almost linear increase of Va vs
1gC is observed for PVA (except for PVA 4-98) and Brij 35. Much steeper
increase in V, is observed for SLES solutions - the maximal V, is reached
at C =1 g/L after 1000 cycles.

From this series of experiments, we can conclude that SLES is the
most efficient surfactant for the formation of voluminous foam in the
initial stage of the foaming process in the fast foaming method such as
Bartsch test. Brij 35 and PVA 40-88 are unable to entrap sufficient
amount of air in the initial stage of the foaming process, but at higher
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concentrations and longer foaming times these solutions can incorporate
more than 85% of the maximal volume of air that can be incorporated
under these conditions. PVA 4-98 is very inefficient as foam stabilizer in
this method, because the entrapped air remains below 20 mL even at
10 g/L. The higher molecular mass and lower degree of hydrolysis
facilitate the air entrapment in PVA solutions in Bartsch test.

3.5.2. Foamability in shake test

In both the Bartsch test and the shake test the foam is generated by
vertical periodical shakes (of the cylinder in Bartsch test and centrifugal
tube in shake test). However, in Bartsch test the cylinder is moved at
more than 90 degrees and, during the foam generation, there is a
splashing of the liquid over the liquid surface when the cylinder hits the
stopper in the equipment. In contrast in the shake test the angle of
rotation is around 6° only, as a consequence, the rate of expansion of the
newly created surface is smaller and the time during which the surfac-
tants can adsorb on the bubble surface is longer. The other difference is
that, in the Shake test the maximum entrapped air is constrained by the
tube capacity (50 mL plastic tube) to 30 mL, while in Bartsch test the
maximum Vj is 110 mL. Note, however, that the later volume cannot be
reached in the current version of the experimental set-up due to its
heavier construction - the maximum volume of entrapped air is 95 mL,
as explained in section 4.5.1 above. The experimental data obtained in
the shake test are shown in Fig. S10 in Supporting information.

After 10 shaking cycles, the foamability of SLES with C > 0.5 g/L
reaches the maximum V) for this equipment of 30 mL. The dependence
of V vs C is very similar for Brij 35 and PVA18-88 as can be seen from
the data presented in Fig. S10. The foamability of PVA 10-98 is lower as
compared to that of PVA 18-88, while being higher as compared to PVA
4-98. Therefore, similar rating of the foamability of the studied solu-
tions is observed — faster foam generation with SLES solutions, inter-
mediate with PVA at 88% DH and Brij 35, and the lowest with PVA at
98% DH. The higher molecular mass leads also to better stabilization of
the foams formed.

The concentration dependences after 50, 100 and 1000 cycles are
somewhat different as compared to that determined after 10 cycles. The
main difference arises from the fact that the foamability of Brij 35 and
PVA 18-88 increases with increasing the number of shaking cycles,
becoming close to that observed with SLES solution, whereas the
foamability of PVA with 98% DH remains lower even after 1000 cycles.
Some increase in the foamability of PVA with 98% DH is also observed
with the increase of the shaking cycles, but this foamability remains
lower as compared to that of the intermediate group (Brij 35 and
PVA18-88). The difference between PVA4-98 and PVA10-98 which is
well pronounced up to 100 cycles also disappears after 1000 cycles.
Therefore, the difference between the studied solutions diminishes with
the number of shaking cycles.

3.5.3. Foamability in Ultra Turrax

The foams prepared in Ultra Turrax contain much smaller bubbles as
compared to the previous two methods (shake test and Bartsch test). The
foam formation take place inside the solution due to the element rota-
tion and is accompanied with much smaller surface deformation when
compared with to the shaking methods. The mean bubble size is deter-
mined by the gap between the rotor and stator and after their formation
the bubbles float through the solution up to the surface, thus ensuring
additional period for adsorption of surfactant or polymer on the surface
of the created bubbles. The experimental results from this method are
shown in Fig. S11.

The foamability of SLES and Brij 35 after 30 and 60 s of solution
stirring are very similar at C > 0.05 g/L, whereas at C = 0.01 g/L again
the best foamability is observed with SLES solution. After 30 s of stir-
ring, there is no significant difference in the foamability of the PVA
solutions with 88% and 98% DH, whereas after 60 s of stirring PVA
18-88 shows better ability to stabilize the formed bubbles as compared
to PVA 4-98 and PVA 10-98, but it is still lower when compared to Brij
35. At 10 g/L concentration the maximal available foam volume
(30 mL) is reached for all systems, which means that even PVA with 98%
DH can stabilize the small bubbles formed in UT.

3.5.4. Foamability in bubbling method (foam rise method)

The conditions for foam generation in the bubbling method are the
mildest. It creates bubbles via blowing air into the solution through a
membrane with defined pore size. This method ensures the formation of
nearly monodisperse bubbles, which during floating through the solu-
tion can be covered by adsorbed surfactant molecules. The characteristic
time for this process is ~ 50 s during Wilhelmy plate measurements as
shown in ref [16].

The experimental results for the foam volume as a function of time
during the gas injection up to 10 s and after stopping the gas injection
(after 10 s) is shown in Fig. S12 and Fig. 7. The amount of stable gas
bubbles increases with time at concentrations above 0.01 g/L. At lower
concentrations, the surfactants are unable to stabilize the injected
bubbles even in this slow-foaming method. Best bubble stabilization is
observed with SLES solutions, followed by Brij 35 and the lowest sta-
bility is determined for PVA 18-88, see Fig. 7B.

3.6. Comparison of the results, obtained in different methods

To compare the foaming ability of the studied surfactant and PVA
solutions in the various methods, we used the approach developed in
Ref. [16] and determined the relative foamability defined as the foam
volume divided by the volume of the foam generated from 10 g/L SLES
solution in a given test after the longest time used in this test. For Bartsch
test Vpax is 95 mL; for the shake test and UT it is 30 mL and for the FRM



V. Georgiev et al.

70

FRM
r10 sec SLES Brij 35
gas injection
r PVA 18-88

60

50
40
30 |

Viax: ML

20 ¢
10 ¢

(A)

10!

[T Lol Lol 1
102 101 10°
Concentration, g/L

0 ]
103

Colloids and Surfaces A: Physicochemical and Engineering Aspects 681 (2024) 132828

70
60 |

FRM

Brij 35

50 -
40 f
30 ¢

20 | PVA 18-88

V. after 900 sec, mL

10

(B)

L1l

10°

| lgalll (NENTI 1 Lol 1
102 10 100
Concentration, g/L

o 1
103

Fig. 7. (A) Maximum foam volume reached after 10 s of gas injection and (B) Final foam volume at 900 s after stopping the gas injection, as a function of surfactant

concentration in Foam Rise Method.

it is 55 mL. The relative foamability as a function of surfactant or
polymer concentration for PVA 18-88; SLES and Brij 35 in the 4
different tests is shown in Fig. 8 (after 1000 cycles) and Fig. S13 (after 10
cycles). One sees that the relative foamability is lowest in Bartsch test,
intermediate in shake test and UT and the highest in FRM for all studied
surfactants and all studied foaming times at a given concentration. In all
tests the curves have similar shape — very low foamability below a
certain concentration, an almost linear increase with the logarithm of
bulk concentration at intermediate concentrations, and 100% foam-
ability above a certain concentration. To compare the concentration
dependence in the different tests we scale the actual concentration with

the concentration required to reach 50% of the relative foamability in a
given test, Csp.

The values of Csq for all studied tests are shown in Table 3 and
Fig. S14. It can be seen that Cs( decreases with increasing the number of
shaking cycles in Bartsch and shake tests, and with stirring time in UT.
The lowest values of Csq in all tests are determined for SLES. For this
surfactant, the values of Csy varied between 0.01 g/L in FRM and
0.28 g/L in Bartsch test after 10 cycles. The effect of foaming time is
relatively small for SLES solutions. The value of Csy decreases by
approximately 2-times with the number of shaking cycles in Bartsch test
from 10 to 1000.
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Concentration, Cso, at which the solutions form foams with 50% volume when compared to the maximum foam volume that can be reached in a given test under certain
foaming conditions and estimated concentration, Ca, required to ensure formation of dense adsorption layer with I' = I'rg.

Cso, 8/L

Bartsch test, cycles Shake test, cycles UT, s FRM, s
Foaming time 10 100 1000 10 100 1000 30 60 10
SLES 0.37 £ 0.14 0.16 0.15 0.16 0.15 0.1 0.03 0.01 0.01
Brij 35 5.6 2.9 2.3 1.26 0.16 0.15 0.09 0.03 0.02
PVA 18-88 20.0 5.0 2.0 1.20 0.29 0.18 0.57 0.15 0.03

Ca, 8/L

Bartsch test Shake test uT FRM
SLES 0.04 0.01 0.01 0.02
Brij 35 0.11 0.02 0.04 0.04
PVA 18-88 6.30 1.00 1.99 2.43

In all tests, the values of Cso for PVA 18-88 are the highest. In Bartsch
test after 10 cycles, the value of Csq for PVA is 20 g/L, which is by 70-
times higher as compared to SLES concentration (0.28 g/L). The effect
of the number of shaking cycles is more important for PVA 18-88 as
compared to SLES. The increase of the number of shaking cycles from 10
to 1000 in Bartsch test decreases by 10 times Csy for PVA 18-88,
whereas only 2-times decrease is observed for SLES. The values of Cs for
Brij 35 are intermediate between those of SLES and PVA 18-88.

The values of Cso are used to determine the dependence of the
relative foamability as a function of the scaled concentration, C/Cs,
shown in Fig. 9. The obtained results show that in the intermediate
concentration range around C~Csg the experimental data group around
the master curve independently of the method used for foam generation.
At C < Cs0/10 the relative foamability in FRM is significantly lower as
compared to the relative foamability measured in the other three
methods. To determine the reason for this effect, we calculated the
threshold concentration required to ensure the formation of dense
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adsorption layer, Ca, on the bubble surface for a foam with volume equal
to 50% of the maximum air that can be entrapped in the given method
using the equation derived in Ref. [50]:

60I"

T dyn(1- o) ®

Ca

Here @ is the bubble volume fraction, I is the surfactant adsorption,
and ds; is the mean volume-surface bubble diameter. To estimate Cp we
assumed that ® = Vgg0,/(Vs500 + Vsol), Where Vsqo, is the half of the
maximum volume of the air that can be entrapped under these condi-
tions, I' = 't is given in Table 3 and d3 ~ 1 mm for the bubbles formed
in BT and ST; d3s = 500 pm for bubbles formed in UT and FRM. The
estimated values of Ca for the different methods are presented in
Table 3.

The estimated values of Ca for PVA solutions are much higher as
compared to those for low molecular mass surfactants, which is related
to the much higher molecular mass of PVA. This comparison supports
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Fig. 9. Relative foamability as a function of scaled surfactant concentration C/Cs for (A) Brij 35; (B) SLES and (C) PVA 18-88. The curves are plotted according to
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the hypothesis that adsorption of lower molecular mass substances from
PVA solutions occurs in the initial stage of bubble formation. The
comparison of Ca for Brij 35 in the different methods shows that the
values of Csg > > Cj for Bartsch and shake tests, which means that the
prevailing effect that controls the rate of foam generation in these two
methods is the kinetics of adsorption on the bubble surface, whereas Csg
< Cp for foams formed in FRM which means that there is no enough
surfactant to ensure bubble stabilization in this method at these very low
concentrations. As a consequence, the foamability of the solutions in
FRM decreases steeply with the decrease of bulk concentration and the
respective results deviate from the master curve for Brij 35 and PVA
18-88. In the higher concentration range, the foamability in BT deviates
from the master curve for SLES solutions at 10 shaking cycles. This de-
viation is related to the fact that additional increase in foam volume is
observed for SLES in Bartsch at longer shaking cycles, see Fig. S8G.

It is seen that the shape of the relative foamability as a function of
scaled concentration C/Cs is very similar for SLES, Brij 35 and PVA
18-88 in the different foaming tests. To check whether all obtained data
in these tests can be represented by universal master curve we re-plotted
the data shown in Fig. 7, 89, S10, S11 in the scale V/Vpax vs C/Cso, see
Fig. 10. All experimental data obtained in different methods, at different
foaming times and with different foam stabilizers followed the same
dependence well represented by sigmoidal equation:

VAMAX - VAMIN

1+ exp< _ ('g(c/isn)*h)>

Here V, is the volume of entrapped air; Vamax is the maximum air
that can be entrapped in a given test; Vayn is the volume of air that is
entrapped even at very low surfactant concentrations, C is the bulk
concentration at which the test is performed, Csg is the threshold con-
centration required for entrapment of 50% of maximum foam volume in
the test,and b and d are free adjustable parameters. From the best fit of
all experimental data the adjustable parameters were determined as
Vamin/Vamax = 10.1% =+ 1.6%; b = 0.13 + 0.03; d = 0.44 + 0.02. The
regression coefficient is 0.95, which means that the proposed equation
describes well the obtained experimental results in all studied tests with
different surfactant and PVA solutions when Csg > Ca. When Csg < Ca,
the foamability is controlled by the amount of surfactant that is present
in the solution and could adsorb on the bubble surface during the foam
generation, that is why, the data for FRM at low surfactant concentra-
tions deviate from the general proposed dependence, Eq. (4).

Va = Vauv + @

120
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Fig. 10. Relative foamability, Va/Vamax, as a function of the scaled concen-
tration, C/Cso, for foams formed in four different foaming methods with
different PVA and surfactant solutions. The continuous curve is calculated by
Eq. (4) with Vayin/Vamax = 10.1% £ 1.6%; b = 0.13 £ 0.03; d = 0.44 £ 0.02.
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3.7. Relation between foam and surface properties

In our previous studies [15,16] we showed two master curves, one
for anionic and one for nonionic surfactants, describe the foamability
when plotted as a function of dynamic surface tension for foams pre-
pared in Bartsch test. The initial tests show that in the new Bartsch test
used in the current study, the appropriate time scale for obtaining the
representative master curves is t, = 50 ms. To test whether the previous
observed dependences hold also for the polymeric solutions, we plotted
the data from the foaming experiments shown in Fig. 6B as a function of
the dynamic surface tension shown in Fig. 3B, see Fig. 11A. The results
for V, after 10 and 100 cycles as a function of DST at t, = 50 ms are
shown in Fig. S15. One sees that the results for PVA solutions lay be-
tween the data for the nonionic surfactant Brij 35 and the anionic sur-
factant SLES. The shape of the obtained curves for PVA resemble to some
extend those for the nonionic surfactant, as expected, but show higher
foamability at higher surface tension in comparison to Brij 35. From this
plot we can conclude that the dynamic surface tension is not an
appropriate parameter to interpret the data for polymeric solutions,
because it depends very much on the presence of polymeric molecules
with low molecular mass which adsorb faster on the bubble surface
while being unable to ensure sufficient steric repulsion to prevent the
bubble coalescence. That is why, at a given dynamic surface tension for
PVA with 88% DH, the highest foamability is achieved when PVA with
highest molecular mass is used (PVA 40-88) and the lowest foamability
is determined when PVA 4-88 is used.

The experimental data for the dynamic surface tension were used to
determine the instantaneous surface coverage during the foam genera-
tion by following the approach developed in Ref. [15]. The dependence
of V vs I'(ty = 50 ms)/I'tr is shown in Fig. 11B. One sees that the data
for different PVA solutions are grouped around a master line which is
very close to the master curve for Brij 35, while the increase of foam-
ability starts at surface coverage of 80% instead of 95% as in the case of
Brij 35. Therefore, an intermediate behavior is observed with PVA so-
lutions. The better foamability at the same surface coverage for PVA
solutions (as compared to Brij 35) can be explained by the long-range
steric repulsion between the PVA stabilized surfaces as seen from the
images shown in Fig. 4. This long-range steric repulsion is less efficient,
as compared to the electrostatic repulsion acting between SLES stabi-
lized surfaces but it is more efficient when compared to the short-range
steric repulsion acting between Brij 35 stabilized surfaces. The higher
molecular mass of the polymer at given DH leads to formation of thicker
foam films and lower dynamic surface coverage sufficient to boost the
solution foamability as seen from the data shown in Fig. 11B.

4. Conclusions

Systematic series of experiments with one nonionic (Brij 35), one
anionic (SLES) and 6 polyvinyl alcohol (PVA) solutions with two
different degrees of hydrolysis (DH), 88% and 98%, and molecular
weights (MW) varied between 27,000 and 205,000 g/mol are performed
to compare their surface, film and foam properties. The foam properties
are evaluated in four different foaming methods which differ in the rate
of foam generation and in the way by which the gas is introduced in the
solution, namely Bartsch test (fast foaming method), shake test and Ultra
Turrax (foaming methods with intermediate rate of bubble expansion)
and Foam rise method (slow foaming method with gas injection). The
effect of surfactant and PVA concentration was also studied.

The dynamic and equilibrium surface tensions of PVA solutions
strongly depend on the degree of PVA hydrolysis. The surface activity of
PVA with 88% DH is much higher as compared to that of PVA with 98%.
The average molecular mass of the polymers has almost no effect on the
surface properties for samples with given DH. The foam films formed
from PVA with 98% DH are unstable, whereas the film thickness and
stability increase with increasing the MW for PVA with 88% DH due to
the action of long range steric repulsion between the adsorbed polymeric
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Fig. 11. Volume of entrapped air after 1000 shaking cycles in Bartsch test, as a function of (A) dynamic surface tension measured t, = 50 ms in MBPM, and (B)
dynamic surface coverage I'(t, = 50 ms)/I'rg for various surfactants and PVA samples. as indicated in the figures.

molecules on foam film surfaces.

The foamability increases with increasing the surfactant or polymer
concentration in the solution for all used methods. The milder the
conditions for gas entrapment, the lower concentration is required to
prepare stable foams. The foamability in all foaming methods is the best
for SLES, intermediate for Brij 35 and PVA with 88% DH, and the lowest
for PVA with 98% DH. The concentration, Csg, required to entrap 50% of
the maximum air in a given method decreases with increasing the
number of shaking cycles in Bartsch test and the shake test, and with the
stirring time in Ultra Turax. For a given surfactant, Cs is the lowest for
the foam rise method, intermediate for shake test and Ultra Turrax, and
the highest in Bartsch test. The value of Csp in a given method is the
lowest for SLES, intermediate for Brij 35 and PVA with 88% DH, and the
highest for PVA with 98% DH. The relative foamability for all studied
surfactant and polymeric solutions followed the same master curve
when plotted as a function of scaled surfactant concentration, C/Cs.
Simple equation is proposed to describe the obtained experimental data
for all studied surfactant and polymeric solutions in the different
foaming methods, and at different times of foam generation. The de-
viations from this master curve at low surfactant concentrations for the
foams formed in the FRM are explained with the insufficient amount of
surface active molecules in the solution — they cannot cover the newly
created bubble surface.

The foamability of PVA samples in different foaming methods can be
explained under the assumption that these samples behave as nonionic
surfactants and a threshold surface coverage is required for foam sta-
bilization. However, this surface coverage (~ 85%) is lower as compared
to that for Brij 35 (= 95%). This difference is explained by the fact that a
long-range steric repulsion acts between the foam film surfaces stabi-
lized by PVA molecules. This long-range steric repulsion is more effi-
cient to stabilize the foam films as compared to the short-range steric
repulsion for Brij 35, while less efficient when compared to the elec-
trostatic repulsion for SLES during the foam generation.

In the current study for first time it was shown that the approach
developed in Ref. [15] for low molecular mass surfactants can be applied
for foamability of PVA solutions. A new simple equation proposed in the
current study for predicting the foamability is expected to be applicable
for wide range of systems, although the characteristic times of each
specific foam test could vary, depending on the test type and the specific
hydrodynamic conditions (flow rate, rotation speed, frequency and
amplitude of oscillations, etc.). One could expect future studies to
expand and deepen this approach to a variety of other foam tests and
surfactant systems.
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