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In this paper we study the main surface characteristics which control the foamability of solutions of various sur-
factants. Systematic series of experiments with anionic, cationic and nonionic surfactants with different head
groups and chain lengths are performed in a wide concentration range, from 0.001 mM to 100 mM. The electro-
lyte (NaCl) concentration is also varied from 0 up to 100mM. For all surfactants studied, three regions in the de-
pendence of the foamability, VA, on the logarithmof surfactant concentration, lgCS, are observed. In Region 1, VA is
very low and dependsweakly on CS. In Region 2,VA increases steeplywith CS. In Region 3, VA reaches a plateau. To
analyse these results, the dynamic and equilibrium surface tensions of the foamed solutions are measured. A key
new element in our interpretation of the foaming data is that we use the surface tensionmeasurements to deter-
mine the dependence of themain surface properties (surfactant adsorption, surface coverage and surface elastic-
ity) on the surface age of the bubbles. In this way we interpret the results from the foaming tests by considering
the properties of the dynamic adsorption layers, formed during foaming. The performed analysis reveals a large
qualitative difference between the nonionic and ionic surfactants with respect to their foaming profiles. The data
for the nonionic and ionic surfactants merge around twomaster curves when plotted as a function of the surface
coverage, the surface mobility factor, or the Gibbs elasticity of the dynamic adsorption layers. This difference be-
tween the ionic and nonionic surfactants is explained with the important contribution of the electrostatic repul-
sion between the foam film surfaces for the ionic surfactants which stabilizes the dynamic foam films even at
moderate surface coverage and at relatively high ionic strength (up to 100 mM). In contrast, the films formed
from solutions of nonionic surfactants are stabilized via steric repulsion which becomes sufficiently high to pre-
vent bubble coalescence only at rather high surface coverage (N 90%) which corresponds to related high Gibbs
elasticity (N 150 mN/m) and low surface mobility of the dynamic adsorption layers. Mechanistic explanations
of all observed trends are provided and some important similarities and differences with the process of emulsi-
fication are outlined.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Surfactants are essential ingredients in laundry, household and per-
sonal care products, and in various technological processes. In many of
these systems, the foamability of the surfactant solutions appears as de-
sired or undesired phenomenon, depending on the specific application.
Therefore, understanding the process and revealing the key physico-
chemical and hydrodynamic factors which control the foaming process
is very important from both scientific and practical viewpoints.

To build a general and universal interpretation of the experimental
results about the foamability of surfactant solutions, one should con-
sider the processes of air entrapment and bubble coalescence which
have opposite effects on foam volume – see Fig. 1. The foam volume in-
creases when a newly entrapped air during mechanical agitation or gas
incorporation (via bubbling or from chemical reaction) is unable to co-
alesce with the large air-water interface. On the opposite, the coales-
cence between entrapped air bubbles and this large interface removes
the trapped air and keeps the foam volume low. On its turn, the bubble
coalescence depends on the competition between the rate of surfactant
adsorption on the bubble surfaces and the drainage time of the foam
films, formed between the air bubbles and the large air-water interface.
If the adsorption rate is faster, the coalescence may be suppressed, due
to the repulsion between the bubble and the large gas-liquid interface
which may arise only when the gas-liquid intefaces are covered with a
sufficient amount of adsorbed molecules. In contrast, if the rate of ad-
sorption is slower, the formed foam films rapidly thin to their critical
thickness at which the attractive forces between the film surfaces
Fig. 1. Schematic presentation of the main physicochemical processes which define the foam
processes of air entrapment and bubble coalescence with the large air-water interface. On
adsorption and foam film thinning to the critical thickness of film rupture.
dominate, the foamfilms break and the bubbles coalesce before the pro-
tective adsorption layer is formed.

The physicochemical analysis of the above concepts is complicated
by the fact that the various surfactantsmay have different stabilizing ef-
ficiency at the same surface coverage. For example, one may expect a
significant difference between the ionic and nonionic surfactants be-
cause the surface forces between the foam film surfaces (electrostatic,
steric) are expected to play a crucial role in foam film stabilization. Fur-
ther complication is that one should consider the surfactant adsorption,
surface properties (such as surface coverage and Gibbs elasticity) and
surface forces (disjoining pressure) of the dynamic adsorption layers
formed during foaming, which usually are very far away from the equi-
librium ones.

All these complications lead to the fact that there is no unifying and
self-consistent theoretical approach to include the above elements and
to describe the available results from the foaming tests. There are differ-
ent theoretical models which capture the role of one or another factor
for foam film rupture and bubble coalescence, but they are all developed
formore idealized dynamics of film thinning, e.g. forfilmswith constant
diameter and fixed capillary pressure like those formed in a capillary
cell or between a large air-water interface and a rising bubble, pushed
by buoyancy [1–10]. The relation between the results from such
model studies and the results from actual foaming experiments has
never been clarified convincingly, mainly due to the enormous com-
plexity of the dynamic processes of foaming.

In the various studies of foaming [11–35] several physicochemical
parameters were proposed to explain the variations in the foamability
volume upon foaming. The foam volume is determined by the interplay between the
its turn, the coalescence depends on the competition between the rates of surfactant
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of the surfactants solutions: surfactant concentration [11] and its rela-
tion to the critical micellar concentration (CMC); dynamic surface
tension (DST) [12–27]; surface mobility expressed through the
Marangoni effect [28], surface modulus [29] or surface elasticity [30]
of the adsorption layers; stability of the single foam films [31,32]
expressed through the disjoining pressure [33] and its components,
such as steric repulsion and structural forces [33–35]. Generally speak-
ing, each of these characteristics could be important and their interplay
should be understood much better if we want to describe and control
the complex process of foam formation.

Most often, it is assumed in the literature that the volume of the gen-
erated foam correlates with the rate of surfactant adsorption, which is
determined by measuring the DST, and with the amount of adsorbed
surfactant at the air-water interface. Many researchers showed in
their studies that lower dynamic surface tension often corresponds to
higher foaminess of the solutions [12–27]. Also, at concentrations
above the CMC, the kinetics of de-micellization and release of surfactant
monomers from themicelles was found to play a role [16,17]. Less foam
was generated in foaming processes with intensive agitation for surfac-
tants with very low critical micellization concentration (which reduces
the equilibrium concentration of monomers in the micellar solutions)
and stable micelles, such as those of the nonionic surfactants and with
longer chain length.

The observed correlation between the volume of generated foam
and DST could be attributed to the more efficient suppression of the
bubble coalescence in the case of rapidly adsorbing surfactants. One of
the main mechanisms for dynamic stabilization of the freshly formed
foam films is the Marangoni effect which may lead to significantly re-
duced rate offilm thinning [15,28]. TheMarangoni effect and the related
deceleration of film thinning depend strongly on the instantaneous
quantity of surfactant adsorbed on the film surface in the moment of
film formation. Marangoni effect is related to the surface Gibbs elastic-
ity, EG, which acts to restore the homogeneous distribution of surfactant
along the film surface. In [32] the properties of single vertical foam films
and the foamability of solutions containing different surfactants were
compared. The results showed that only the stability of black films
under dynamic conditions has some correlation with the foamability
of the same surfactant solutions for different surfactant types.

In other studies it was shown that the changes in the values of the
surface dilationalmodulus may exhibit similar trends to the foamability
of the respective solutions for surfactants with different molecular
structures [30]. This relation shows that the surface elasticity could be
an important factor for the processes of foam formation and stabiliza-
tion. Also, the bubble break-up is an intrinsic process of foam genera-
tion. In a previous article [29] we studied the factors controlling the
kinetics of bubble break-up in sheared foams and found that high sur-
face modulus of the surfactant solutions (above 100 mN/m) leads to
the formation ofmuch smaller bubbles due to a rapid breakup of the ini-
tial bigger bubbles. Furthermore, in a later study [36] we showed that
the higher viscoelasticity of the foam containing smaller bubbles may
reduce the volume of the formed foam, thus suppressing the solution
foamability. Thus we see that the effect of surface elasticity needs fur-
ther clarification.

Some authors reported an important relation between the foam and
surface properties, on one side, and the surfactant molecular structure,
on the other side. At concentrations below and above the CMC, the dy-
namic surface activity was shown to increase with the increase of the
molecular mass of the surfactant molecules, while the foamability was
found to decrease due to slower diffusion of the surfactant molecules
[11]. The length of the hydrophobic tail is identified as a parameter con-
trolling the rate of diffusion, adsorption and arrangement at the
interface [18,20–22]. For a given alkyl chain length, increasing the hy-
drophilicity of the molecules leads to boost in foamability [34]. For
foams produced from solutions of small amphiphilic single- and
double-tail surfactants, the number of the hydrophobic tails and their
length play a crucial role for the foaming while the head group was
reported to be of secondary importance [35]. The authors suggested
that the critical aggregation concentration could be used as a predictor
for the ability of the small amphiphilic molecules to enhance foaming.

All these results indicate that one should analyse much deeper the
properties of the dynamic adsorption layers, formed on the bubble sur-
face during foaming, in order to explain the observed trends in the
foaming experiments and to identify the key physicochemical factors
controlling this process.

Based on the above brief literature overview, we defined the follow-
ing major aims of the current study:

(1) To study systematically the role of the various physicochemical
factors on the foamability of surfactant solutions using a series
of seven surfactants which differ in their type (ionic and non-
ionic), chain length (12 and 16), head group structure and charge
(non-ionic Brij and Tween, cationic and anionic) and concentra-
tion (up to 100 mM). The role of ionic strength was also studied
by varying the concentration of a neutral electrolyte (NaCl) be-
tween 0 and 100 mM.

(2) To analyse the experimental data by considering the properties
of the dynamic adsorption layers, taking into account their
rapid change with the time of surface aging. On this basis, to re-
veal the key physicochemical characteristics of the adsorption
layers which govern the initial rate of foam generation and the
volume of accumulated foam for the various surfactants. The
idea is to identify those “universal”parameter(s)which could ex-
plain the data for the various surfactant solutions studied.

To achieve the above aims, we combine several experimental
methods to obtain complementary information about the surface and
foaming properties of the various surfactant solutions – foam tests, dy-
namic and equilibrium surface tension measurements. Self-consistent
interpretation of the results obtained by all these methods is proposed.
Note that we use a foamingmethod with very intensive mechanical ag-
itation (Bartsch shaking test) and that many of the studied solutions are
of relatively low surfactant concentration (below and around the CMC)
– as a result, the bubble coalescence plays a crucial role for the volume of
the foams studied. From this viewpoint, the current paper extends and
complements our previous study [36] in which only the range of high
surfactant concentration was investigated and the bubble coalescence
was completely suppressed.

The article is organized as follows: Section 2 describes the materials
and methods used. The experimental results are described in Section 3.
Their interpretation and discussion is presented in Section 4. The main
conclusions are summarized in Section 5.

2. Materials and methods

2.1. Materials

The following surfactants are studied: one anionic – sodium dodecyl
sulphate (SDS), two cationic – dodecyltrimethylammonium bromide
(DTAB) and cetyltrimethylammonium bromide (CTAB); and four non-
ionic – polyoxyethylene-23 lauryl ether (Brij 35); polyoxyethylene-20
cetyl ether (Brij 58); polyoxyethylene sorbitan monolaurate (Tween
20); polyoxyethylene sorbitanmonopalmitate (Tween 40). SDS is prod-
uct of Acros while all other surfactants were purchased from Sigma.
These surfactants have hydrophobic chain of either 12 carbon atoms
(SDS, DTAB, Brij 35, Tween 20) or 16 carbon atoms (CTAB, Brij 58,
Tween 40).

On purpose, all surfactants were used as received to reproduce the
real technical surfactant mixtures which are typically faced in the prac-
tical applications. The presence of different components in these techni-
cal surfactant samples (e.g. of dodecanol in the SDS sample) is explicitly
considered in the analysis of the experimental data.
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The aqueous solutions were prepared with deionized water purified
by Elix 3 purification system (Millipore, USA). To vary the ionic strength
we used NaCl with purity 99.8% (product of Teokom, Bulgaria).

2.2. Measurements of the equilibrium and dynamic surface tension of the
surfactant solutions

The equilibrium surface tension of the foaming solutions, σ, was
measured with the Wilhelmy plate method on tensiometer K100
(Kruss GmbH, Germany) at T = 20 °C. The dynamic surface tension of
the solutions was measured with the maximum bubble pressure
method on tensiometer BP2 (Kruss GmbH, Germany) at 20 °C.

2.3. Foamability of studied solutions

We characterized the foamability of the studied solutions using a
custom-made, automated Bartsch test (shaken cylinder). The apparatus
allows shaking of a 130mL glass cylinder,which is fixed to a holder - see
Figure 13 below. The holder is rotating, so that the axis of themeasuring
cylinder changes its anglewith respect to the vertical: from0° in the ini-
tial position, via 90° (horizontal cylinder), up to 135°, and back. Because
the inclination of the cylinder axis continuously changes during the ex-
periment, the solution moves inside the cylinder. The foam is produced
mostly in themoments when the solution hits the top and bottom ends
of the cylinder, when the cylinder changes its direction of motion. The
frequency of the cylinder cyclicmotion and the number of cycles are de-
fined via the control panel in the beginning of each experiment. In our
experiments, the shaking period was 1.23 s (frequency = 0.813 s−1),
the volume of the surfactant solution was 10 mL. We determine the
amount of the trapped air within 2–5 s after stopping the cylinder agita-
tion to exclude the effect of the possible subsequent collapse of the
formed foam at low surfactant concentrations. Due to the specific dy-
namics of the foaming test used, in which the cylinders hit an obstacle
at the end of each shake cycle, the foam is always collected on top of
the solution surface, viz. we have no contribution of the undesired “lac-
ing effect” in our measurements. If very big single transient bubble was
generated in the cylinder, its volume was excluded from the measured
foam volume, because such single bubbles are not integral part of the
foam. For each surfactant concentration, at least 3 measurements were
performed. For most low-surfactant concentrations, the number of ex-
periments was N 5 to ensure statistically robust results.

The foamability of the studied systemswas characterized via the vol-
ume of air, VA, trapped in the solution. VA was calculated by subtracting
the volume of the solution (10 mL) from the total volume (solution +
foam) measured after a given number of shake cycles. Note that the
value of themeasured quantity, VA, is not affected by thewater drainage
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Fig. 2. Surface tension isotherms for the studied nonionic surfactants: (A) Brij 35 and Tween 2
obtained without any additional electrolyte, the full symbols present data obtained in the pres
from the foam, because only the upper level of the foam is used to
determine it. We measured VA in foams generated after 3, 5, 10, 20,
30, 50 and 100 consecutive shake cycles. All experiments were per-
formed at T = 20 °C.

3. Experimental results

3.1. Surface tension isotherms

To determine the critical micellar concentration, surfactant adsorp-
tion at CMC, and themaximal adsorption, wemeasured the surface ten-
sion as a function of time (up to 900 s) of surfactant solutions with
concentration varied between 10−3 mM and 50 mM using the Wilhe-
lmy plate method. The values of σ(t) measured between 750 and
900 swere used to construct the dependenceσ(t−1/2) and to determine
the equilibrium surface tension at given surfactant concentration from
the intercept of the linear dependence in this plot at t → ∞.

From the data presented in Fig. 2 one sees that Brij 35 has the typical
behaviour of single surfactant without noticeable contribution of other
surface active additives (ad-mixtures), whereas the other nonionic sur-
factants exhibit a continuous decrease of the surface tension even above
the CMC. Similar continuous decrease of the surface tension above the
CMC was reported before for Tween 20 adsorption on oil-water inter-
face [37,38]; for nonionic surfactants it is related to a gradual change
in the composition of the adsorption layers. These surfactants are tech-
nical mixtures of different components which vary in their chain length
and in the number of ethoxy groups. Therefore, the composition of their
micelles and adsorption layers may vary in the concentration range
around and above the CMC [39–41].

As seen from Fig. 2, the presence of ad-mixtures in most of the stud-
ied surfactants has significant impact on the properties of the adsorption
isotherms and we can expect that these ad-mixtures will affect also the
foaming properties of these solutions. To gain information about
the properties of the formed mixed adsorption layers, we interpreted
the measured surface tension isotherms in the following way:

(1) Using the approach of Rehfeld [42] we fit the experimental data
for the surface tension vs. surfactant concentration around the
CMC by a linear dependance of lnCs:

σ ¼ z0 þ z1 lnCS ð1Þ

where z0 and z1 are numerical coefficients which are determined from
the best fit to the experimental data (see the straigth lines in Fig. 2);

(2) Weuse theGibbs adsorption isotherm to determine the total sur-
factant adsorption on the solution surface at the CMC;
ln[CS(mM)]
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0; (B) Tween 40 and Brij 58. In all graphs in the paper, the empty symbols represent data
ence of 10 NaCl, and crossed symbols present data obtained at 100 mM NaCl.
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(3) Using Volmer adsorption isothermwe determine the average ex-
cluded area per molecule in the adsorption layer.

The above approach is very appropriate formixtures of nonionic sur-
factant components (as in the case of technical nonionic surfactants).
Indeed, for multicomponent mixtures, the Gibbs adsorption isotherm
at fixed temperature reads [43]:

dσ ¼ −
XN
i¼1

Γidμ i ð2Þ

Here σ is surface tension, Γi is adsorption of i-th component on the
solution surface, and μi is its chemical potential in the bulk solution.
Under the assumption that the bulk surfactant solution can be consid-
ered as an ideal solution Eq. (2) takes the form [43]:

dσ ¼ −
XN
i¼1

ΓiRTd lnCi ð3Þ

where R is universal gas constant, T is temperature, and Ci is surfactant
concentration of the i-th component in the solution. Formost of the sur-
factants studied, we have no detailed information about the type and
concentration of the various surface active species present. On the
other hand, we know the total concentration of surfactant dissolved in
the solution, CS, which is related to the concentration of each surfactant
component in the solution, Ci, through its molar fraction in themixture,
xi = Ci/CS. Thus, Eq. (2) could be represented in the form:

dσ ¼ −
XN
i¼1

ΓiRTd lnCi ¼ −
XN
i¼1

ΓiRTd ln xiCSð Þ ¼ −ΓtotRTd lnCS ð4Þ

Note that in the derivation of Eq. (4) we used the fact that themolar
fraction of the surfactant components in the surfactant mixture, xi, does
not change upon increase of the total surfactant concentration, CS.
Hence, the differentiation of the molar fractions dxi = 0 and Eq. (4) fol-
lows as a rigorous corollary of Eq. (3), without any additional
approximation.

Here Γtot ¼
PN

i¼1 Γi is the sum of all adsorbed species on the solution
surface. Using Eq. (4) we can determine the total adsorption, Γtot, from
the available experimental data for σ(CS). The results from the
Table 1
Surface properties of the studied solutions (experimental results and literature data).

Surfactant Experimental results

CMC, mM σCMC, mN/m ΓCMC, μmol/m2 α, Å

Brij 35 + 10 mM NaCl 0.05 43.2 1.8 77

Brij 58 ± 10 mM NaCl 0.003 43.2 3.0 41
Tween 20 0.012 38.4 3.6 35

Tween 40 0.022 42.6 2.3 59

SDS 8.0 33.9 3.8 33

SDS + 10 mM NaCl 4.0 33.9 4.0 31

SDS + 100 mM NaCl 2.0 33.7 4.2 30
DTAB 10 34.7 5.3 21

DTAB + 10 mM NaCl 3.2 25.2 5.8 21

CTAB 0.82 37.8 2.9 46

CTAB + NaCl 0.27 40.0 2.9 45
interpretation of the experimental data for the various surfactants by
Eq. (4) are summarized in Table 1.

The second step in our analysis includes the assumption that we can
apply Volmer adsorption isotherm todescribe (approximately) the rela-
tion between the surface tension and surfactant adsorption. Indeed, it
was shown in ref. [44] that Volmer adsorption isotherm can be used
to describe the experimental data for a two-componentmixture of non-
ionic surfactants via the relation:

π
kBT

¼ Γtot
1−αΓtot

ð5Þ

Here π is the surface pressure, π = σ0 − σ, where σ0 is the surface
tension of the aqueous phase without surfactant, σ(CS) is the equilib-
rium surface tension at a certain surfactant concentration, Γtot is the
total adsorption of the various species, and α is an average excluded
area per molecule, which for binary mixture was found to be given by
the expression [45]:

α ≡ α11X
2
1 þ 2α12X1X2 þ α22X

2
2 ð6Þ

Here Xi is the molar fraction of i-th component in the adsorption
layer (i= 1 or 2), αii is the excluded area per molecule for this compo-
nent and α12 is defined as [45]:

α12 ¼
ffiffiffiffiffiffiffiffi
α11

p þ ffiffiffiffiffiffiffiffi
α22

p
2

� �2

ð7Þ

One sees from Eqs. (5)–(7) that α plays the role of an apparent ex-
cluded area per molecule in the mixed adsorption layer of binary
solutions.

In our mixtures we have larger number of components and we do
not know their molar fractions on the interface. Therefore we used
Eq. (5) to determine the value of αwhich is considered below as an ef-
fective average area permolecule in themixed adsorption layer. For this
purpose we determine Γtot from the slope of the surface tension iso-
therm around the CMC, as shown in Fig. 2. Then, we determine the
value of π at CMC and, finally, we determine the value of α from the
measured value of σ at CMC using Eq. (5).

The results from the above analysis are shown for the nonionic sur-
factants in the first four rows in Table 1, along with representative re-
sults from literature [41–53]. One sees that our results are in a
Literature data

2 CMC, mM σCMC, mN/m ΓCMC, μmol/m2 α, Å2

0.030 [46] 42.0 [46] 1.65 [48,47] 88 [49,50]
0.078 [47] 43.0 [47]
0.090 [48]
0.0028 [46] 41.2 [51] 2.7 [51] 61 [49]
0.011 [46] 33.0 [46] 3.05 [52] 54.4 [52]
0.060 [52] 38.5 [52]
0.067 [46] 43.0 [52] 3.0 [52] 55.3 [52]
0.027 [53]
0.030 [52]
8.2 [61–64] 30.0 [65] 4.0 [44] 35 [66]

6.0 [44] 30 [43–44]
5.0 [66–67] 37.0 [66] 4.6 [66] 32 [66]

30 [44]
1.5 [67] 30.0 [67] 4.3 [67] 30 [44]
10 [61] 40.0 [61] 3.3[61] 37.8 [43]

36.5–39.5 [68–71]
– – – 37.8 [43]

36.5–39.5 [68–71]
0.98 [72] 35.0 [72] 3.0 [72] 37.8 [43]

36.5–39.5 [68–71]
0.15 [72] 36.0 4.4 [72] 37.8 [43]
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relatively good agreement with the literature results with respect to all
characteristics studied – CMC, surface tension at CMC, surfactant ad-
sorption at CMC, and average excluded area per molecule.

The only exception is the results for Tween 20. The excluded area per
molecule for this surfactant is significantly smaller in our experiments,
as compared to the values reported in literature. This difference is
most probably due to the presence of surfactant components with
smaller number of ethoxy groups in our surfactant sample, which are
able to adsorb in between the bulky head groups of Tween 20. This ex-
planation is in a good agreement also with the lower value of the CMC,
determined in our study. As shown in Ref. [54] such behaviour could be
explained with the presence of surface active components which are
able to form compact adsorption layers even before the micelle forma-
tion in the bulk solution.

Similar series of experiments were performed with the ionic surfac-
tants, see Fig. 3.

For the ionic surfactantswe used the procedure proposed in Ref. [55]
to determine the surfactant adsorption at CMCwhich consists of the fol-
lowing steps:

(1) We determine the activity coefficients at each surfactant and
electrolyte concentrations;

(2) We assume that the excess of surfactant in the diffuse part of the
electric double layer can be neglected, as shown in Ref. [55];

(3) We determine the total concentration of the counterions in the
bulk which come from the surfactant and the background elec-
trolyte;

(4) By plotting the surface tension as a function of the total counter-
ion activity, multiplied by the surfactant activity, we determine
the adsorption at CMC;

(5) To determine (approximately) the limiting adsorption we use
again the Volmer model, Eq. (5), as in the case of nonionic
surfactants.

Below we present explicitly the equations used to realize the above
procedure of data interpretation.

Themean activity coefficient is determined using the semi-empirical
formula of Debye-Huckel theorywhich accounts for thefinite size of the
ions [55–57]:

lgγ� ¼ −
A
ffiffi
I

p

1þ Bdi
ffiffi
I

p þ bI ð8Þ

Here I is the total ionic strength,while the values of the constants are
A=0.5246M−1/2, Bdi = 1.316M−1/2, b=0.055M−1 for NaCl solutions
at 20 °C.
Empty: no NaCl
Full: + 10 mM NaCl
Crossed: +100 mM NaCl
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Fig. 3. Surface tension as a function of (A) surfactant concentration and (B) ln[atas] for SDS so
symbols) and with 100 mM NaCl (crossed symbols). The curves in (B) are fits by Eq. (10).
The total ionic activity and surfactant activity are calculated by the
equations:

at ¼ γ� CS þ CELð Þ
aS ¼ γ�CS

ð9Þ

Here CS is the surfactant concentration and CEL is the concentration
of the additional inorganic electrolyte.

The experimental data for σ(CS) are plotted versus ln(ataS). The lat-
ter dependence is fitted with the linear dependence around CMC:

σ ¼ z0 þ z1 ln atasð Þ: ð10Þ

The total surfactant adsorption at CMC is determined from the
equation [55]:

dσ ¼ −ΓtotRTd ln atotaSð Þ ð11Þ

The values of Γtot obtained via Eq. (11) are introduced into Eq. (5) to
determine the respective values of the average area per molecule, α.

The results from the above analysis are shown in Table 1 and they
are in a reasonably good agreement with the experimental results re-
ported in literature [43,44,61–72]. Exception is the solution of DTAB ±
NaCl. For the latter systemswe observed a deepminimum in the surface
tension isotherm around the CMC which indicates the co-adsorption of
nonionic components. As a result, the total surface adsorption is higher
as compared to the values determined in the literature with pure DTAB.
The area per molecule in this layer, α ≈ 0.23 nm2, is very close to the
cross-sectional area of the hydrocarbon chain≈ 0.21 nm2. Most proba-
bly, the nonionic component is a fatty alcohol or acid, remaining from
the industrial DTAB synthesis. It is known [58–60] that the long-chain
fatty alcohols and acids form dense adsorption layers with low surface
tension as observed with this DTAB sample.

Thus we conclude that all our experimental results are in agreement
with the values reported in the literature, after accounting for the pres-
ence of nonionic components in the commercial sample of DTAB.

3.2. Dynamic surface tension

To obtain information about the dynamic surface properties of the
non-equilibrium adsorption layers, formed on the bubble surfaces dur-
ing foaming, we measured the dynamic surface tension of the solutions
studied. The concentration range between 0.1 mM and 100mM surfac-
tant was covered in these experiments.

The obtained experimental results are treated in the following way:
(1) We calculate the universal surface age of the bubble surface using
ln[atas (mM)2]

-6 -4 -2 0 2 4 6 8 10

m/
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m,noisnet
ecaf ruS

30
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80

Empty: no NaCl
Full: + 10 mM NaCl
Crossed: +100 mM NaCl
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(B)

lutions without added background electrolyte (empty symbols); with 10 mM NaCl (full
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the approach from Ref. [73]. (2) The experimental data for the dynamic
surface tension are fitted by Eq. (13) shown below and from the best fit
we determine the characteristic time for surface tension decrease, the
initial surface tension, and the equilibrium surface tension; (3) Assum-
ing that in eachmomentwe have a unique relation between the surface
tension and surfactant adsorption, as presented by Eq. (5), from the
measured dynamic surface tensions we determine the respective dy-
namic surfactant adsorption as a function of time, Γ(t); (4) The data
for Γ(t) are fitted with a model based on the assumption for diffusion-
controlled adsorption to determine the values of the initial adsorption,
equilibrium adsorption and characteristic adsorption time; (5) From
the parameters, determined in this procedure, we calculate the surface
tension, surfactant adsorption, surface elasticity and surface coverage
after 2 and 10 ms of (universal) surface age, which are used in the
next section to analyse the results from the foaming tests.

The above procedure is based on the following series of equations.
The universal surface age is determined by the expression proposed in
Ref. [73]:

tu ¼ tage=λ2 ð12Þ

Here tage is the nominal surface age, as indicated by the MBPM ten-
siometer, tu represents the universal surface agewhich does not depend
on the specific tensiometer, and λ2 is an apparatus constant which
removes the effect of the bubble surface expansion during the MBPM
measurements on the dependenceσ(t)which depends on various char-
acteristics of the specific instrument. As shown in Ref. [73], λ can be
expressed via explicit integrals over the apparatus function which rep-
resents thedependence of the bubble surface area on time.λ is indepen-
dent of the surfactant type and concentration but depends on the
specific MBPM apparatus. For our MBPM tensiometer this constant
was determined as λ2 ≈ 37 [73].

From physicochemical viewpoint, the main difference between tage
and tu is that tage corresponds to the actual lifetime of the bubbles at
the tip of the capillarywhich releases the bubbles in theMBPM,whereas
tu corresponds to an imaginary bubble with constant surface area (in
contrast to the expanding area of the real bubbles in the MBPM)
which would obtain the same surface tension after tu. From Eq. (12)
we see that the dependence of the surface tension on the universal sur-
face age can be found simply via dividing the time tage (given by the ap-
paratus) by 37.

The obtained experimental data were fitted by the following equa-
tion which describes very well the experimental data for not-too-
Fig. 4. (A) Surface tension and (B) surfactant adsorption as a function of the universal surface a
contain 10 mM NaCl. The universal surface age tu is shown in ms.
small values of tu (viz. for not-too-low surface coverage) [73]:

σ ¼ σeq þ sσ

aσ 1þ ffiffiffiffiffiffiffiffiffiffiffiffi
tu=a2σ

p� � ð13Þ

Here σeq is the equilibrium surface tension, aσ2 is the characteris-
tic time for surface tension decrease for fixed surface area (i.e. for
non-expanding bubble), and sσ is a parameter which accounts for
the difference between the initial and the equilibrium surface
tension [73].

To determine the main characteristics of the dynamic adsorption
layer, formed in the process of bubble generation, we assume that the
surfactant adsorption Γ(t) can be determined from the measured dy-
namic surface tension σ(t) using Eq. (5). Most of the studied surfactant
concentrations are around and above the CMC. Therefore, we assume
that the initial surfactant adsorption is controlled by surfactant diffusion
and linear relation between Γ(t) and the subsurface surfactant concen-
tration C(z = 0, t). Under these assumptions we fit the data for Γ(tu)
using the expression [43]:

Γ ¼ Γeq þ Γ 0ð Þ−Γeq
� �

exp
tu
tΓ

� �
erfc

ffiffiffiffiffi
tu
tΓ

r� �
ð14Þ

Here Γeq is the equilibrium adsorption, Γ(0) is the initial adsorption
at t=0 and tΓ is the characteristic adsorption time. For diffusion control
and surfactant concentrations below the CMC, this characteristic time is
defined as [43]:

tΓ ¼ 1
D

∂Γ
∂C

� �2
					
Ceq

ð15Þ

whereD is the surfactant diffusion coefficient in the aqueous phase. The
above equation is strictly valid only for non-ionic surfactants, whereas
for ionic surfactants there is an additional electrostatic repulsion
which can slow down the rate of adsorption, but for comparison we
use Eq. (14) for both ionic and non-ionic surfactants.

In Fig. 4 we show illustrative examples for the fits of the experimen-
tal data for σ(tu) and Γ(tu) by Eqs. (13) and (14), respectively. One sees
that these equations describe very well the experimental data and the
regression coefficients are N 0.99 for most systems.

The experimental data for the equilibrium surface tension, deter-
mined from the MBPM experiments, are in a good agreement with the
results obtained by Wilhelmy plate method for most of the surfactants
studied. The equilibrium adsorptions determined from the best fit to
the data for Γ(tu) are also very close to the values of Γeq, determined
from the surface tension isotherms measured by Wilhelmy plate
ge, tu, for Brij 35 solutions at different concentrations, as shown in the graphs. All solutions
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method. Exceptions are DTAB ±10 mM NaCl which contain significant
amounts of nonionic admixtures, as explained above. These admixtures
adsorb slowly on the solution surface, especially below the CMC, and
lead to lower equilibrium surface tension measured by Wilhelmy plate
method, as compared to the tensions determined from the best fit to
the dynamic MBPM data.

The main surface characteristics of importance for the foamability of
the surfactant solutions are the dynamic (instantaneous) surfactant ad-
sorption and the related surface elasticity, surface coverage, Γ/Γ∞, and
the ratio between the instantaneous adsorption and the equilibrium
adsorption at CMC, Γ/ΓCMC. These characteristics are used in Section 4
below for analysis of the results from the foam tests.

The instantaneous surface elasticity can be calculated using the fol-
lowing equation:

EG ¼ kBTΓ∞
θ

1−θð Þ2
ð16Þ

where kB is Boltzmann constant, T is temperature, and θ(t) is the surface
coverage:

θ tð Þ ¼ Γ tð Þ=Γ∞ ¼ αΓ tð Þ ð17Þ

while Γ∞ = 1/α is the maximum adsorption (Table 1).
The results for the various dynamic surface parameters, determined

for a surface age tu = 10ms are shown in Fig. 5, as a function of surfac-
tant concentration, CS. The same results are shown in Fig. S1 as a func-
tion of the normalized surfactant concentration CS/CMC. The
comparison of the results for the various surfactants reveals the follow-
ing trends.

Dynamic surface tension, DST, for C12 nonionic surfactants (Brij 35
and Tween 20) is lower as compared to the dynamic surface tension
for C16 nonionic surfactants (Brij 58 and Tween 40). For all nonionic
surfactants the studied concentrations are at least 10 times above
CMC, whichmeans that the controlling factors for dynamic surface ten-
sion are themonomer concentration and themonomer release from the
micelles [74]. The lowest DST for nonionic surfactants is measured for
Brij 35, which has the highest CMC and, consequently, the monomer
concentration is much higher for this surfactant above the CMC as com-
pared to the other surfactants studied. In addition, themonomer release
from the micelles is known to be faster for the surfactants with shorter
chain at the same head group. It is worth to note also the plateau in the
dependence surface tension vs. time for Brij 58 during the first 60 ÷
400ms (depending on the concentration) – no such plateau is observed
for Brij 35. This plateau indicates that the rate of Brij 58 adsorption in the
first period of surface formation is controlled predominantly by the ki-
netics of de-micellization, as shown in [75].

On the other hand, the dynamic surface tension for ionic surfactants
with 12C-atoms in the hydrophobic tail havemuch higher dynamic sur-
face tension as compared to CTAB, which has 16C-atoms in the tail. The
effect is very prounced in the lower concentration range (below 2mM),
see Fig. 5B. The two ionic surfactants with tails of 12C-atoms (SDS and
DTAB) do not lower significantly the surface tension below the value
of pure water, σ0, in the range of low surfactant concentrations. On
the other hand, the nonionic Brij 35, which also has 12C-atoms in the
hydrophobic chain, lowers σ down to 50 mN/m within 10 ms. This
slower adsorption of the ionic surfactants could be (at least partially) at-
tributed to the pronounced electrostatic repulsion with the already
adsorbed molecules of SDS and DTAB which is missing in the systems
of the nonionic surfactant. The addition of 10 mM electrolyte partially
suppresses the electrostatic repulsion and leads to faster decrease of
the surface tension for SDS and DTAB.

CTAB has the same hydrophilic head but longer hydrophobic tail
than DTAB. For these two homologues, CTAB adsorbs faster on the inter-
face. The energy of adsorption and the molecule size (both bigger for
CTAB) affect the kinetics of adsorption in opposite ways. The bigger
molecules have smaller diffusion coefficient and, therefore, would ad-
sorb slower under otherwise equivalent conditions (for diffusion-
controlled andmixed regimes of adsorption). On the other hand, higher
adsorption energy would lead to shorter characteristic distance and
faster adsorption for barrier-controlled andmixed adsorption. The com-
parison between CTAB and DTAB shows that the energy of adsorption is
more significant than themolecule size for these two ionic surfactants –
the surfactant with longer chain adsorbs faster.

The calculated values of the surfactant adsorption, as a function of
surfactant concentration (Fig. 5C,D), show that the adsorption of the
nonionic surfactants is the highest for Tween 20, followed by Brij 58,
Tween 40 and Brij 35. Note that these adsorptions correspond to differ-
ent surface coverages, θ = Γ/Γ∞, due to the different maximum adsorp-
tions, Γ∞, that can be reached by these surfactants. Therefore, the Gibbs
elasticity which depends very strongly on θ (see Eq. (16)) is very high
for Brij 35, whereas the other three surfactants have much lower
elasticities.

For the ionic surfactants, the dependence of surfactant adsorption on
surfactant concentration contains two distinct regions. Below the CMC,
the dynamic surfactant adsorption increases almost linearly with lnCS
and remains almost constant afterwards, at a value which is very close
to the value determined from the surface tension isotherm, ΓCMC. The
latter result means that the ionic surfactants form (almost) equilibrium
adsorption layers at these higher concentrations. This can be seen also
from the data presented in Fig. 5G,H and in Fig. S1 where the ratio Γ(tu
= 10 ms)/ΓCMC are shown. For the ionic surfactants, ΓCMC is reached at
concentrations ≈ 5 × CMC, except for DTAB +10 mM NaCl for which
Γ remains of around 0.9 × ΓCMC at concentrations as high as 10 × CMC.

In the nonionic systems, Brij 35 reaches Γ ≈ ΓCMC within 10 ms at
concentrations above 10 mM, whereas for the other nonionic surfac-
tants the maximum value of Γ is up to 0.95 × ΓCMC even at surfactant
concentration of 100 mM. As expected, the neutral electrolyte NaCl
has no any noticeable effect on the properties of the solutions of non-
ionic surfactants, whereas it accelerates significantly the adsorption of
the ionic surfactants.

From these results we can conclude that Brij 35 with concentrations
N 1 mM is able to form equilibrium adsorption layer within 10 ms sur-
face age, whereas the other nonionic surfactants reach 0.95 × ΓCMC at
concentrations above 20mM. All studied ionic surfactants reach surface
coverage of 0.95 × ΓCMC at concentrations between 10 and 30 mM.

3.3. Kinetics of foam generation

To quantify the rate of air entrapment during foaming, wemeasured
the volumeof the entrapped air, VA, as a function of the number of shake
cycles, see Fig. 6 for illustrative results. As expected, VA increases with
the increase of surfactant concentration and number of cycles (see
Fig. 6A). Typically, an initial fast increase of the foam volume is followed
by a slower increase of VA and a plateau could be reached at large n. For
convenience, we describe these data with the following empirical equa-
tion which contains two fit parameters with clear physical meaning:

VA ¼ VAMAX 1− exp −n=nAð Þð Þ ð18Þ

VAMAX is themaximum volume of the air whichwould be entrapped
after a very large number of cycles, n is the number of the respective
cycle atwhich VA ismeasured, and nA is the characteristic number of cy-
cles atwhichVA reaches≈ 63% ofVAMAX. Illustrative examples of the de-
scription of our experimental data by Eq. (18) are shown in Fig. 6A.

In Fig. 6B the average liquid volume fraction in the formed foams is
shown as a function of the number of shake cycles. At low surfactant
concentrations, the average liquid volume fraction remains high, N
60%, whereas it decreases down to 8% at high surfactant concentrations
and n N 20. There is no further possibility to decrease the average liquid
volume fraction, below 8%, because the cylinder is full with foam in the
latter case.
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To characterize quantitatively the foaming process, we may use dif-
ferent characteristics. Eq. (18) suggests the use of two characteristics
which bring complementary information. The initial rate of air
Fig. 5. (A, B) Dynamic surface tension at 10 ms; (C, D) Surfactant adsorption at 10 ms; (E, G)
nonionic surfactants (A, C, E, G) and ionic surfactants (B, D, F, H) without electrolyte (empty sy
entrapment is characterized by the gradient dVA/dn∣n→0 ≈ VAMAX/nA.
The overall foamability of the surfactant solutions at long times is char-
acterized by the volume of the entrapped air after 100 cycles which for
Gibbs elasticity at 10 ms; (G, H) Surface coverage, Γ/ΓCMC, vs. surfactant concentration for
mbols), with 10 mM NaCl (full symbols) and with 100 mM NaCl (crossed symbols).
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most systems is≈ VAMAX (except for thosewith intermediate surfactant
concentrations). These foaming parameters are compared in Fig. 7 for
the various surfactants, in the entire range of surfactant concentrations
studied.

One sees in Fig. 7 that the dependence VAMAX(CS) contains 3 clearly
defined regions: (1) At low surfactant concentrations VAMAX increases
very slowly with CS. In this region, the volume of entrapped air is
below 20mL. (2) Intermediate region in which VAMAX sharply increases
with the surfactant concentration, from 20 up to 100mL,within a 3-fold
increase of concentration; (3) Plateau region in which VAMAX remains
almost constant around 120 mL. The latter value is determined by the
volume of the cylinder used in the foam test – the maximum amount
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Fig. 7. (A, B) Initial rate of air entrapment, and (C, D) maximum volume of trapped air for
of air which can be entrapped is around 120 mL (added to the 10 mL
surfactant solution present in the cylinder).

To clarify how VAMAX depends on the CMC of the various surfactants,
we plot in Fig. S2 the volume VAMAX versus CS/CMC. One sees that the
transition from region 1 to region 2 occurs at a concentration of around
CMC/10 for the solutions of the ionic surfactants SDS, CTAB and DTAB,
while the same transition occurs at much higher values of CS/CMC for
the nonionic surfactants. This comparison confirms our conclusion
[76] that the relative surfactant concentration, CS/CMC, cannot be used
as a characteristic for solution foaminess.

The initial rate of foaming dVA/dn∣n→0 also exhibits 3 regions:
(1) At low surfactant concentration the foaming rate is very low, ≈
0.5 mL/cycle; (2) At intermediate concentrations we observe a rapid
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increase from 1 to 10 mL/cycle; (3) In the range of high surfactant con-
centrations, the maximal value≈ 10 mL per cycle remains almost con-
stant with the further increase of concentration.

From these series of experimentswe can conclude that nonionic sur-
factants with 16C-atoms in the hydrophobic tail are not able to stabilize
the dynamic bubbles in this method and, as a consequence, the amount
of formed foam is very low of≈ 20mL, whereas the foamability of non-
ionic surfactants with 12C-atoms is much better and they are able to
form foamwith volume of≈ 100 mL at high surfactant concentrations.
The foamability of ionic surfactant with 16C-atoms is much better as
compared to the foamability of surfactants with 12C-atoms at low sur-
factants concentrations and becomes comparable at concentrations
above the CMC.

4. Data interpretation and discussion

In the current sectionwe systematically check how the foaming data
(initial rate andmaximum foaming) correlatewith those characteristics
of the dynamic adsorption layers which have clear physical meaning
and play a role in the processes of foam film thinning and stabilization.
The major aim of this effort is to identify those key parameters which
are able to explain all available experimental data on foaming, shown
above. If such key parameter(s) are identified, they can provide predic-
tive power for other systems and, furthermore, can be used as a basis for
constructing a detailed theoretical model which captures all important
phenomena. The latter task is rather complex and goes beyond the
aims of the current study.

4.1. Characteristic time of the foaming process

To construct appropriate correlation plots we need to choose a char-
acteristic surface age which represents the specific foaming method. In
the following analysis we use the dynamic quantities corresponding to
universal surface ages between tu = 2 ms and tu = 10 ms. This range
corresponds to a bubble surface age, tage = 37tu, between ca. 75 and
370ms in theMBPM. Thiswide range of bubble surface ageswas chosen
for two main reasons:

First, the optical observations of the foaming process showed that
the onset of bubble coalescence in the used foaming test is observed
within ≈ 60 ms after the entrapment of a new portion of air in each
shake cycle. Due to the fact that there is a significant expansion of the
air-water interface in the process of bubble generation in the foaming
method used, we take as a lower boundary the characteristic surface
age of the bubbles in the MBPMmethod (tage ≈ 60 ms) and the related
value of tu≈ 2ms. On the other hand, the bubble coalescence could con-
tinue until the next shaking cycle is initiatedwhich corresponds roughly
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Fig. 8. Correlation between the foaming parameters and the dynamic surface tension at tu = 10
100 shake cycles. Note the different shapes of these curves and the different values of DST at
≈ 50 mN/m, for ionic surfactants a steep increase of the accumulated foam is seen at DST b 70
to half of the shaking period, viz. to ≈ 600 ms. Thus, with the chosen
range of values 2 ms ≤ tu ≤ 10 ms we cover the range of the surface
ages of main interest for the used foaming test 75 ≤ tage ≤ 370 ms.

Second, the data analysis showed that all main results and conclu-
sions remain unaffected in this entire range of surface ages – only the
experimental points on the graphs shift slightly up or down. In other
words, all main results and conclusions of the current study are robust
with respect to the specific choice of the values of tu and tage if the latter
fall in the range characterizing the specific foaming method.

We use the universal surface age, tu, in the following analysis for two
main reasons:

(1) Toworkwith parameters which characterize the surfactant solu-
tion only and do not depend on the specific MBPM instrument
used for measuring σ(t). This would not be the case if tage is
used, as explained in Section 3.2 and in Ref. [73];

(2) To be able in the future to check directly whether the approach
and the final conclusions of the current analysis would be appli-
cable to results from other foamingmethods inwhich the bubble
dynamics could be very different. Indeed, a continuation of the
current study is under preparation inwhich the same surfactants
and the same approach to data analysis are used to interpret re-
sults from other foaming methods. Interestingly, we found that
the foaming trends observed in the other tests could be very dif-
ferent and these differences could be explained by considering
properly for the different surface dynamics, accounted for by dif-
ferent values of tu for each foaming method.

4.2. Correlation between foam volume and dynamic surface tension

Dynamic surface tension is sensitive to the rate of surfactant adsorp-
tion. Therefore, this parameter is often suggested as a key parameter to
characterize foaming.

To checkwhether the observed variations in the solution foamability
could be explained with differences in the dynamic surface tension of
the respective surfactant solutions, we plot in Fig. 8 the dependences
of VA(n= 10) and VA(n= 100) on the DST at tu = 10 ms. The comple-
mentary graphs for dVA/dn and VAMAX vs. DST at tu = 10 ms are shown
in Fig. S3 of the Supplementary information. For comparison, the re-
spective graphs for DST at tu = 2ms are shown in Fig. S4 of the Supple-
mentary information.

One sees in Fig. 8 a reasonable correlation between VA andDST for the
solutions prepared with the same surfactant at different concentrations.
However, the results obtained with surfactants of different types do not
merge around a singlemaster curve. The comparison between the differ-
ent systems shows that usually the solutions of the ionic surfactants SDS
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and CTAB generate larger foam, compared to the nonionic Brij 35, Brij 58,
Tween 20, Tween 40 at the same value of DST. In other words, solutions
containing nonionic surfactants have usually lower foamability at the
same dynamic surface tension. An important exception is observed
with the solutions of C12-chain nonionic surfactants Brij 35 and Tween
20 which abruptly increase their foaminess when the DST becomes b
50 mN/m – an effect which is explained below, after discussing the
other correlation plots. At DST ≈ 45 mN/m these two nonionic surfac-
tants have foaminesswhich is even somewhat higher than the foaminess
of the solutions of ionic surfactants with the same DST.

The (generally) higher foaminess, defined as the volume of entra-
pped air after 100 shaking cycles, of the solutions of ionic surfactants
is further reinforced by the fact that their DST could reach much lower
values, down to ca. 35 mN/m, whereas the nonionic surfactants have
DST ≥ 45 mN/m even at very high surfactant concentrations. Therefore,
the solutions of ionic surfactants produce foam of around 120 mLwhen
their dynamic surface tension is below ca. 40mN/m,whereas the foams
produced by nonionic surfactants are limited to 100 mL due to their
higher DST. The addition of 10 and 100mMof NaCl to the foaming solu-
tions affects both the DST and foaminess of the solutions of ionic surfac-
tants but the correlation points remain around the same master curve.
These results confirm the existence of a significant qualitative difference
between the ionic and nonionic surfactants with respect to the foami-
ness of their solutions, with and without external electrolyte, Fig. 8B.

The ionic surfactant DTAB shows somewhat intermediate behavior
between that of the ionic and nonionic surfactants. At low surfactant
concentrations, corresponding to highDST, its foaminess is low and com-
parable to that of the nonionic surfactants. With the increase of DTAB
concentration and the related decrease of DST below ca. 60 mN/m, the
foaminess of the DTAB solutions becomes similar to that of the other
ionic surfactants. Most probably, this peculiar behavior is affected by
the noticeable fraction of nonionic admixture present in the DTAB sam-
ple, as evidenced by the minimum observed in the surface tension
isotherm.

We conclude from these results that the foaminess correlates well
with DST for surfactants of the same type (ionic or nonionic of the
same chain length), but differs significantlywhen the ionic andnonionic
surfactants are compared. These differences are particularly noticeable
for the volume of accumulated foam after long foaming time. There is
also a noticeable difference between the nonionic surfactants with
C12 and C16 chains in the region of high surfactant concentrations
(10–100 mM) and low DST (between ca. 45 and 50 mN/m).
Fig. 9. Correlation between the foaming parameters and the surface coverage, Γ(tu)/ΓCMC at tu=
100 shake cycles. The curves in (B) are guides to the eye. The other measures of the initial and
Supplementary materials.
4.3. Correlation between the foamability and surface coverage

To analyse deeper the relation between the foaminess and the prop-
erties of the dynamic adsorption layers, formed on the bubble surfaces
during foaming, in Sections 4.3–4.5 we continue with investigation of
the role of surface coverage, surface elasticity and surface mobility.
These surface characteristics are not independent from each other and
we discuss their relation after showing the respective correlation plots.

As seen from Fig. 9, for nonionic surfactants VA is relatively low and
depends very weakly on θCMC = Γ/ΓCMC, for θCMC b 0.95, while it in-
creases very sharply at θCMC N 0.95. The latter value is reached only in
the solutions of the C12 nonionic surfactants, Brij 35 and Tween 20.
This result shows that there is a sharp transition value for the surface
coverage of the bubbles, θCMC ≈ 0.95, which ensures stabilization of
the dynamic foam films against coalescence and allows the entrapment
of air bubbles. This very high value of the surface coverage indicates that
almost complete adsorption layer of nonionic surfactant molecules is
needed to ensure significant foaming of the respective solutions.

In contrast, air is entrapped and the foams are stabilized at much
lower surface coverage, ca. θCMC N 0.4, for the solutions of ionic surfac-
tants. Indeed, the ionic surfactants are expected to form more stable
foam films at the same surface coverage, due to the strong electrostatic
repulsion between the foam film surfaces [43,77,78]. The films formed
by nonionic surfactants are stabilized mainly via steric interactions
which are of very short range and complete adsorption layers are
needed to stabilize the foam and emulsion films [43,77,78].

The data for the initial foaminess of the solutions of ionic surfactants,
Fig. 9A, do not merge around a single master curve – the foaminess de-
pends not only on θCMC, but also on the presence of electrolyte and the
specific ionic surfactant. In contrast, the data for the accumulated
foam in Fig. 9B merge around two distinct master curves for the ionic
and nonionic surfactants, respectively. Approximately linear increase
is observed in the dependence VA(θCMC) for all ionic surfactants, with
and without added NaCl, in the range 0.3 b θCMC b 1. Only DTAB has in-
termediate behavior – similar to nonionic surfactants at low coverage
and to ionic surfactants at high coverage. As already discussed in
Section 4.2, this behavior is most probably related to the high quantity
of nonionic additives in this system.
4.4. Correlation between the foamability and dynamic surface elasticity

The surface elasticity is related to the Marangoni effect which, in its
turn, is one of the key factors controlling the hydrodynamic boundary
conditions at the foam film surfaces [2,79]. Hence, the surface elasticity
affects the surface mobility and the rate of foam film thinning.
10ms: (A) Volume of entrapped air after 10 shake cycles; (B) Volume of entrapped air after
maximum foaming, VAMAX/nA and VAMAX, show very similar trends as shown in Fig. S5 in
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For this reason, in Fig. 10 we present plots of the initial and the long
term foaminess of the surfactant solutions versus the Gibbs elasticity of
the dynamic adsorption layers, formed at tu = 10 ms. For brevity, we
call this characteristic of the dynamic adsorption layer “the dynamic
Gibbs elasticity” which is not perfectly precise term but saves space
and time when used.

As seen from Fig. 10B, for all nonionic surfactants we observe a very
low foaminess until the dynamic Gibbs elasticity reaches values of
150 mN/m. Sharp increase of the foam volume is observed at higher
Gibbs elasticity for Tween 20 and Brij 35. Somewhat surprisingly, no
any correlation is seen between the initial foaminess and the dynamic
Gibbs elasticity for ionic surfactants – each surfactant has very different
behavior.

In contrast, all data for the accumulated foam pack very well around
two master curves for the ionic and nonionic surfactants, respectively,
Fig. 10B. The addition of NaCl up to 100 mM does not change the type
of behavior of the ionic surfactants – all data are grouped very well
around the respective master curve. The latter result shows that this
high electrolyte concentration does not suppress completely the
electrostatic repulsion between the film surfaces, despite its strong
quantitative effect on the range and magnitude of the electrostatic in-
teractions. Correlations like that in Fig. 10B can be used as a firm basis
for development of new and rigorous theoretical models of foaming
which should include both the properties of the dynamic adsorption
layers and the electrostatic repulsion between the foam film surfaces
during foaming.

4.5. Correlation between the foamability and surface mobility

The relation between the surface elasticity (Marangoni effect) and
surfacemobility is well established in literature. However, the hydrody-
namic flow in foam and emulsion films is strongly affected by the inter-
actions between the film surfaces and especially by the complex
processes of mass transfer of surfactant, including adsorption, bulk
and surface diffusion, and bulk and surface convection. Various elabo-
rated theoretical approaches were proposed to describe these complex
processes [80–82] but all of them require extensive numerical simula-
tions of the interplay between surfactant mass transfer and adsorption,
on one side, and the hydrodynamics of film thinning, on the other side.
Such a numerical effort is not justified in the current context, because
the dynamics of foam film thinning is muchmore complex in the actual
foaming process, when compared to the idealized assumptions used to
develop these theoretical models.

Therefore, following our approach, in the current subsection we
compare the foaminess of the surfactant solutions with surface charac-
teristics which are shown theoretically to account for the effect of
surfactants on the rate of foam film thinning. Due to the nature of the
surfactants used in our study, we focus our search on parameters char-
acterizing the low-molecular mass surfactants: bulk and surface diffu-
sion, Marangoni effect, etc. We do not consider the effect of the real
surface viscosity, as it is expected to play a role for surface active species
withmore complexmolecular structure (e.g., saponins or polymers incl.
proteins, hydrophobized polysaccharides and other natural or modified
polymers) which were found to form viscoelastic adsorption layers
[83,84].

Parameters characterizing the effect of low molecular mass surfac-
tants on the rate of foam film thinning were defined in the theoretical
approach developed by Ivanov and collaborators [85]. These authors
considered the rate of thinning of foam films with an explicit account
for the effect of soluble surfactants on the surface mobility and the
rate of foam film drainage. Assuming the presence of adsorption layers
which are not far away from equilibrium (which is one of the serious
limitations of this approach) these authors showed that the rate of
foam film thinning can be approximated by the following expression:

VDR

VRE
¼ 1þ bþ hs

h
ð19Þ

Here h(t) is the instantaneous film thickness, b and hS are character-
istics of the surfactant solution which account for the surface mobility,
VDR is the rate offilmdrainage in thepresence of surfactants in the aque-
ous phase, and VRE is the Reynolds velocity of thinning of planar film
with tangentially immobile surfaces [86]:

VRe ¼ 2Fh3

3πηcR
4
F

¼ 2PCh
3

3ηcR
2
F

ð20Þ

F in Eq. (20) is the external force, pushing the bubble against a large
interface, ηC is the viscosity of the surfactant solution, and RF is the ra-
dius of the foam film, RF ≈ (FRb/πσ)1/2, which is determined from the
force balance. As seen from Eq. (20), the driving force for film thinning,
F=πRF2PC, could be expressed through the capillary pressure of the bub-
ble, PC ≈ 2σ/Rb.

Both the experiments and theoretical modelling have shown that
the foam films rupture and the bubbles coalesce (unless strong repul-
sive forces are able to stabilize the film) after reaching a certain critical
thickness [87]:

hCR ¼ 0:21
A2
HR

2
F

σPC

 !1=7

ð21Þ
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where AH ≈ 4.1 × 10−20 J is the Hamaker constant for aqueous films in
air. The critical film thickness is typically of the order of 30 nm for amil-
limeter sized foam films [8,9]. Eq. (21) is derived under the assumption
that the van derWaals forces prevail over all other forces. This is a very
reasonable assumption for bubbles which coalesce with each other, like
those in the foams studied, because the coalescence confirms that the
attractive forces prevail.

Assuming that the bubble coalesces with the large interface under
the buoyancy force, F ≈ ΔρgVB, combining Eqs. (20) and (21), one ob-
tains the following expression for the lifetime of a filmwith tangentially
immobile surfaces [88,89]:

tRe ¼ 4:1 Δρgð Þ5=7ηCR25=7
b A−4=7

H σ−8=7 ð22Þ

whereΔρ is themass density difference between the surfactant solution
and air, g is the gravity acceleration, VB = (4/3)πRb3 is the bubble vol-
ume, and Rb is the bubble radius.

If the surfaces of the foam bubbles were immobile (blocked by the
adsorbed surfactant molecules) we would have b bb 1 and hs/h bb 1 in
Eq. (19), which corresponds to rate of film thinning described by Reyn-
olds equation, VDR ≈ VRe, and film lifetime described by Eq. (22). Note
that for the typical foaming solutions, like those used in the current
study, Δρ ≈ 103 kg/m3, ηC ≈ 1 mPa.s and AH ≈ 4.1 × 10−20 J are
fixed. Therefore, the specificity of the surfactants is reflected in
Eq. (22) only in the bubble size, RB (which could be different) and the
dynamic surface tension, σ. If only these two parameters were impor-
tant, one could expect that the dynamic surface tension would serve
as the only governing parameter, because RB is also expected to depend
primarily on the values of σ under such conditions. However, as seen in
Fig. 8, no general correlation is observed between the foaming results
and the dynamic surface tension. The reason is that Eq. (22) neglects
both the surface mobility of the foam films (which may vary signifi-
cantly for the different solutions) and the surface forces (e.g. the electro-
static repulsion for ionic surfactants).

Tomake a step further and to include explicitely in our consideration
the effect of surfactants on the surface mobility and on the rate of foam
film thinning, we analyse below the role of the parameters, accounting
in Eq. (19) for the mobility of the foam film surfaces:

b ¼ 3ηDBC

haEG
ha ¼ ∂Γ

∂C
ð23Þ

hS ¼ 6ηDSC

EG
ð24Þ

HereDBC andDSC are the bulk and surface diffusion coefficients of the
surfactant molecules, EG is the Gibbs elasticity of the instantaneous (dy-
namic) adsorption layer, ha accounts for the surface activity of the sur-
factant. As shown by Radoev et al. [85], higher values of b and hS
correspond to faster diffusion from the film interior (characterized by
b) or along the film surface (characterized by hS). Both the bulk and sur-
face diffusion act to restore the homogeneous distribution of surfactant
molecules on the film surfaces, thus suppressing the Marangoni effect,
increasing the surface mobility and accelerating the foam film drainage.

In a following study, Stoyanov andDenkov [90] revealed that the dif-
fusion coefficients entering Eqs. (23) and (24) should be the collective
diffusion coefficients which include contributions from the interactions
with the other surfactant molecules present in the bulk and in the ad-
sorption layer, respectively. These interactions are particularly impor-
tant for the surface diffusion of the molecules, characterized by DSC,
because the molecule density in the adsorption layer is usually high
and the intermolecular interactions are very significant. In contrast,
the interactions in the bulk are usually negligible due to the low surfac-
tant concentration. Accounting for the role of interactions, the follo-
wing expressions for the bulk and surface diffusion coefficients were
proposed [90]:

DBC ¼ DB0
KB ϕ1ð Þ
1−ϕ1

≈ DB0 DSC ¼ DS0KS Γ1ð Þ EG
kTΓ

ð25Þ

Here DB0 and DS0 are the bulk and surface diffusion coefficients, re-
spectively, of single surfactant molecules which do not interact with
other surfactant molecules. Therefore, DB0 and DS0 do not depend on
surfactant concentration and adsorption. KB(ϕ1) is the dimensionless
mobility function of the surfactant molecules which accounts for the
changes in the hydrodynamic friction between the fluid and surfactant
molecules within the bulk and ϕ1 is the surfactant volume fraction in
the bulk. In the systems considered here ϕ1 bb 1, KB(ϕ1) ≈ 1 and DBC

≈ DB0. Therefore, to use this approach we need approximate expres-
sions for DB0, DS0 and KS(Γ). Such approximate expressions with the re-
spective argumentation are presented in Section S2 in Supplementary
material and lead to the following final equations for the parameters
controlling the surface mobility of the foam films:

b ¼ C

2πr
Arccoshpffiffiffiffiffiffiffiffiffiffiffiffiffi

p2−1
p Γ2

hS ¼ 1−θð Þ
2rΓ

ð26Þ

where r is the radius of the hydrophilic headgroup, p = r/l is the ratio
between the length of the hydrophobic tail and the headgroup radius
(determined as explained in Section S2 in Supplementary material),
while C and Γ are expressed in molecules/m3 and molecules/m2,
respectively.

One sees from Eq. (26) that both diffusion-related factors (in the
bulk and in the surface layer) which affect the film drainage rate, de-
crease strongly with the increase of surfactant adsorption, which
means that the higher adsorption would lead to slower film thinning
and longer drainage time.

When we tried to apply Eq. (19) to account for the surface mobility
of the foam films, we found that for all realistic parameters of the used
surfactants and all realistic film thicknesses, h ≥ hCR, both mobility pa-
rameters b bb 1 and hS/h bb 1. In otherwords, Eqs. (19) and (26) predict
that the foam film surfaces should always behave as tangentially immo-
bile. The latter assumption could not be true and themost probable rea-
son for this discrepancy of the theoretical model with the reality is that
the model is heavily based on the assumption that the surfactant ad-
sorption layers on the foamfilm surfaces are close to equilibrium. As ev-
idenced very clearly by the dynamic surface tension data, for most
surfactant solutions studied, especially those for which the bubble coa-
lescence is important, the dynamic adsorption determined at tu is very
far from the equilibrium one.

Therefore, instead of trying to apply directly Eqs. (19) and (26) for
data interpretation, we use the fact that the two factors accounting for
the surfacemobility of the foam films provide convenient combinations
of physicochemical parameters which probe these effects. In other
words, we checked whether we can correlate the foaming results with
the values of b and hS, as defined in Eq. (26). To work with dimension-
less quantities, in the correlation plots we have normalized hS with
the critical thickness for film rupture, hCR, because this is the natural
film thickness when considering the drainage time and rupture of
foam films – see e.g. Refs. [7,9,43,86,91–93]. Furthermore, we found
that for all solutions studied, b bb hS/hCR, which means that the surface
mobility and the film thinning in these systems is governed predomi-
nantly by the diffusion of the surfactant molecules along the surfaces
of the foam films (the effect of bulk diffusion is of secondary impor-
tance). Therefore, in the analysis below we consider only the effect of
the surface diffusion through the values of hS/hCR, which express the
main effect of the various surfactants on the rate of film thinning.

The respective correlation plots are shown in Fig. 11. As with the
other characteristics accounting for the surface mobility (dynamic
Gibbs elasticity and surface coverage), no master line is seen for the
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ionic surfactants when the amount of generated foam after 10 cycles (a
measure of the initial foamability of the solutions) is plotted versus hS/
hCR. The data for ionic surfactants are scattered and, for a given ionic sur-
factant, the curves depend on the electrolyte concentration. For the non-
ionic surfactants, as in the previous subsections, we observe low
foaming until the surface mobility drops to a certain critical value, at
which the data for Tween 20 and Brij 35 rapidly jump up to high foam
volume.

In contrast, whenweplot the amount of foam formed after 100 cycles
against hS/hCRwe observed twomaster curves –one for the nonionic sur-
factants and another one for the ionic surfactant. This result confirms
that the electrostatic repulsion additionally suppresses the bubble coa-
lescence for ionic surfactants, thus facilitating the accumulation of foam
at longer foaming times.

4.6. Comparison of the main trends and main governing factors

In this subsection we compare the various correlation plots and, on
this basis, draw conclusions about the role of the various factors studied
in the foaming phenomenon.

The comparison of the correlation plots in Figs. 8–11 shows that in
all cases we should clearly distinguish between the initial foaming,
expressed as the foam volume after 10 cycles or as the initial rate of
foaming, and the foaming at long times, expressed as the foam volume
after 100 cycles or as VAMAX. Also, in all cases we observe clear quantita-
tive difference between the nonionic and ionic (± NaCl) surfactants –
the data for these two types of surfactants group around two very dis-
tinct master curves.

Excellent differentiation of the foaminess at long time, for all systems
studied, is observed with the dynamic Gibbs elasticity, EG(Fig. 9B), sur-
face coverage, θCMC (Fig. 10B), and film surface mobility, hS/hCR (Fig.
11B). All these parameters characterize the surface mobility and the re-
lated rate of film drainage. Thus we can conclude firmly that the most
important key factor in the formation of voluminous foam is the surface
mobility – it should be reduced significantly to ensure sufficiently long
time for the surfactant to adsorb on the foam film surfaces and to stabi-
lize thefilmby repulsive forceswhen its thickness approaches the critical
film thickness, hCR. The main difference between the ionic and nonionic
surfactants is that the ionic surfactants are able to stabilize the foam
films at much lower surface coverage (viz. at higher surface mobility)
due to the strong electrostatic repulsion between the film surfaces, cov-
ered with charged surfactant molecules. In contrast, very high surface
coverage, θCMC N 0.95, related to high dynamic Gibbs elasticity, EG
N 150 mN/m, is needed to ensure low surface mobility and steric stabili-
zation of the foam films for nonionic surfactants. These important effects
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show very similar trends as seen in Fig. S7 in Supplementary materials.
of the surface coverage and surface mobility on the foaming for ionic
and nonionic surfactants are schematically illustrated and compared in
Fig. 12.

Note that the addition of NaCl (up to 100 mM) affects strongly the
characteristics of the adsorption layers of ionic surfactants – the adsorp-
tion is faster, the DST is lower, and the foam is bigger at higher electro-
lyte concentration. Nevertheless, the clear differentiation between the
ionic and nonionic surfactants is not affected by the addition of NaCl –
the data always fall around the respectivemaster curves, independently
on the electrolyte concentration in the studied range of ionic strengths.
This effect of NaCl confirms unambiguously that there is a
qualitative difference between the foaming properties of the ionic
and nonionic surfactants. In other words, the electrostatic repulsion in
the presence of ionic surfactants ensures additional stability of the
foam films which is missing at low concentrations of the nonionic
surfactants.

We note that long-range electrostatic repulsion was reported for
foam films of some nonionic surfactants [94–96]. This electrostatic re-
pulsion is created by the adsorption of hydroxyl groups on the bare
air-water interface [94]. However, this repulsion is unable to stabilize
the bubbles during foaming in the absence of surfactants – otherwise,
we would be able to generate foams without any surfactant. Increasing
the adsorption of nonionic surfactants on the air-water interface was
found to decrease the electrical surface potential and, thus, to suppress
even further these electrostatic effect for nonionic surfactants [5].
Therefore, this effect has negligible contribution to the foaminess of
the surfactant solutions studied.

The various correlation plots for the initial foaming show that group-
ing of the experimental data is observed onlywhen the initial foaming is
plotted against the dynamic surface tension (DST). In this plot, almost
all experimental data group around twomaster curves with very differ-
ent shapes – one for the ionic and another one for the nonionic surfac-
tants. In all other correlation plots the data for the ionic surfactants
are scattered and differ for the specific surfactants and NaCl concentra-
tions. This comparison shows that the initial stage of foaming is strongly
affected by the ability of the air-water interface to rapidly stretch upon
agitation, as the lower DST corresponds to lower energy demand for
surface stretching at the same mechanical perturbation. The different
shapes of the curves for nonionic and ionic surfactants reflect the addi-
tional important effect of the stabilization of the newly formed dynamic
foam films by the surface forces – electrostatic for the ionic surfactants
and steric for the nonionic ones.

The initial foaming for the nonionic surfactants correlates well with
all other characteristics studied: θCMC, EG and hS/hCR. In all cases, a well-
defined threshold value, ensuring rapid increase in the initial rate of
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at tu = 10 ms, which accounts for the mobility of the film surfaces upon film thinning:
ake cycles. The other measures of initial and maximum foaming, VAMAX/nA and VAMAX,



Fig. 12. Schematic presentation of the twomain phenomena, surfacemobility and foam film stabilization, in dynamic films during foaming: (A) For nonionic surfactants, very high surface
coverage is needed to suppress the surfacemobility, reduce the rate offilm thinning (thus ensuring longer time for surfactant adsorption) and stabilize thefilmby steric forces. (B) For ionic
surfactants, the faster adsorption and the strong electrostatic repulsion ensure film stabilization atmuch lower surface coverage. Note that the foam films could be very inhomogeneous in
thickness and surfactant adsorption during foaming. Therefore, they could break locally, at some thinner regions with lower surfactant adsorption, even if the average film thickness and
the average surfactant adsorption are relatively large.
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foaming, is observed (e.g. θCMC N 0.95 and EG N 150 mN/m). The reason
for these relations is that both the surface mobility rapidly decreases
and the steric repulsion sharply increases above these threshold values,
with the formation of dense adsorption layer of non-chargedmolecules.

Note that the DST is not a good discriminator for the foaming
after long time (viz. for foam accumulation) neither for ionic nor
for non-ionic surfactants. Indeed, the data in Fig. 8B show not only
a difference between the ionic and nonionic surfactants, but also a
significant difference between non-ionic surfactants with 12 and
with 16 carbon atoms chain-lengths. Interestingly, no significant dif-
ference is seen in the size of the bubbles formed from ionic and non-
ionic surfactants after 10 shake cycles, Fig. 13. .

4.7. Comparison with emulsification

In a series of previous studies [97–99] we have clarified the role of
surfactant type and concentration for the efficiency of emulsification,
expressed through the size of the formed emulsion drops in turbulent
Fig. 13. (A) Picture of the apparatus used and (B, C) Foams generated a
flow. Although very significant differences in the dynamics of foaming
and emulsification could be easily identified, it is worthy to compare
the effects of the surfactants on these two processes and to define
clearly the similarities and differences.

In both processes, foaming and emulsification, qualitative difference
was observed between the ionic and nonionic surfactants. In both pro-
cesses stabilization of the bubbles and drops by nonionic surfactants
was achieved only when the surface coverage approached very high
values, ca. θ N 90%. These results are easily explained by considering
the need of very high surface coverage to ensure steric stabilization by
the non-ionic surfactants. In contrast, in both foaming and emulsifica-
tion the ionic surfactants ensure bubble/drop stabilization at much
lower surface coverage, due to the important contribution of the elec-
trostatic repulsion between the film surfaces which prevents the bub-
ble/drop coalescence.

Thus we conclude that the main phenomena and the general effect
of surfactants are very similar in both types of processes. Evenmore im-
portant is the conclusion that the results of foaming and emulsification
fter 10 shaking cycles from (B) 10 mM Brij 35 and (C) 10 mM SDS.
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should be analysed by considering the dynamic adsorption layerswhich
protect the drops and bubbles against coalescence. Simpler characteris-
tics, such as total surfactant concentration or the scaled surfactant con-
centration, CS/CMC, which do not account for the dynamic surface
properties of the surfactants, cannot be used to explain the results of
foaming or emulsification.

However, when we consider the specific surface characteristics
which were successfully applied to explain the experimental data, we
see some subtle differences between foam and emulsion systems. For
example, emulsification in the presence of ionic surfactants was ob-
served at extremely low surface coverage (below 1%) [97], whereas
we observed that at least 20% surface coverage by ionic surfactants is
needed to observe noticeable volume of foam in the foam test used in
the current study. All these differences reflect the very different size of
the drops and bubbles, as well as the very different hydrodynamic con-
ditions in these experiments. As a result of these differences, the size of
the foam and emulsion films and the hydrodynamic forces pushing the
drops and bubbles differ by orders of magnitude and these dissimilar-
ities explain the quantitative differences observed in the description of
the effect of surfactants in foaming and emulsification.

Thuswe conclude that the same key phenomena – the surfacemobil-
ity and the surface forces in the dynamic foamand emulsionfilms govern
the coalescence processes during foaming and emulsification, as illus-
trated in Fig. 12. However, any quantitative analysis of these processes
requires a proper account for the very different sizes of the main entities
(bubbles and drops) and the different hydrodynamic conditions.
5. Main results and conclusions

Systematic series of experiments with seven anionic, cationic and
nonionic surfactants of various molecular structures are performed. The
foamability, and the equilibrium and dynamic surface tensions of the
surfactant solutions are measured in wide range of surfactant and elec-
trolyte concentrations. From thedynamic surface tensionwedetermined
the dependence of the surfactant adsorption, surface coverage, and in-
stantaneous surface elasticity on the surface age of the bubbles, viz.
along the formation of the dynamic adsorption layer during foaming.

The foaming data revealed that one should distinguish between two
characteristics of the foam formation process – the initial rate of
foaming and the foaming at long times (foam accumulation). These
two characteristics exhibit different trendswhen related to the physico-
chemical properties of the dynamic adsorption layers and should be
analysed separately. Qualitative difference was observed also between
the nonionic and ionic surfactants.

All results from the foaming tests could be explained conceptually by
considering two key properties of the dynamic foam films, formed dur-
ing the foaming process: (1) the surface forces which could stabilize the
foamfilms and (2) the surfacemobilitywhich affects strongly the rate of
film thinning and, thus, controls the time available for surfactant ad-
sorption before the film thins down to its critical thickness for rupture.
The ionic and nonionic surfactants affect in different ways these film
properties, as illustrated in Fig. 12, which explains their different behav-
iour upon foaming.

The films formed from solutions of nonionic surfactants are stabi-
lized via steric repulsion which becomes sufficiently high to prevent
bubble coalescence only at relatively high surface coverage on the sur-
faces of the dynamic foam films, θCMC N 95%. This latter result is mecha-
nistically similar to the observed stabilization of the emulsion drops in
presence of nonionic surfactants at similarly high values of the surface
coverage [7,99]. The transition is very sharp – all solutions with lower
surface coverage produce small amount of foam whereas the solutions
with higher surface coverage produce voluminous foam. The reason is
that all key characteristics of the dynamic adsorption layers which gov-
ern the surface mobility and the steric repulsion in the dynamic foam
films increase very sharply when the surface coverage approaches that
of the dense adsorption layer. The related threshold value of the Gibbs
elasticity of the dynamic adsorption layers is ≈ 150 mN/m.

The data for the ionic and non-ionic surfactants merge around differ-
ent master curves when plotted as a function of the various surface
characteristics. This difference between the ionic and nonionic surfac-
tants is explainedwith the important contribution of the electrostatic re-
pulsion between the foam film surfaces for the ionic surfactant which
additionally stabilizes the dynamic foam films during foaming. There-
fore, much lower surface coverage (θCMC N 30%) and Gibbs elasticity
(EG N 50 mN/m) are sufficient to observe a noticeable foam volume for
ionic surfactants. A gradual increase of the volume of trapped air, VA, is
observed with the increase of θCMC and EG. Interestingly, VA, is approxi-
mately a linear function of θCMC in a verywide range of surface coverages.
All data for the ionic surfactants, without and with added up to 100 mM
NaCl, group around the same master curves. The latter result supports
the conclusion that the ionic surfactants have qualitatively different
properties when compared to the nonionic ones.

No simple correlation is observed between the foaminess of the sur-
factant solution and the surfactant concentration, either total or scaled
by the CMC. The dynamic surface properties, explained above, are
much more important than the bulk concentration (per se) of the sur-
factant. On the other hand, the surface properties are intimately related
to the bulk concentration, demicellizaton rate and other properties of
the bulk surfactant solutions. In the current approach, this relation is
accounted for explicitly by using the data for the dynamic surface ten-
sion at the appropriate surface age in the data analysis – this dynamic
surface tension reflects the rate of surfactant adsorption and all other re-
lated properties of the bulk solution.

All observed trends with ionic and nonionic surfactants have clear
physicochemical explanations and can be used as a solid basis for the
development of future detailed models of foaming in systems, in
which the bubble coalescence has significant contribution.
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Notation

Capital latin letters

AH: Hamaker constant
C: concentration
CS: total surfactant concentration
Ci: surfactant concentration of the i-th component in the solution
CEL: concentration of the additional inorganic electrolyte
D: diffusion coefficient
DBC: bulk diffusion coefficient of the surfactant molecules
DSC: surface diffusion coefficient of the surfactant molecules
EG: Gibbs elasticity
F: external force, pushing the bubble against a large interface, Eq. (20)
I: total ionic strength
KB(ϕ1): the dimensionless mobility function of the surfactant molecules, Eq. (25)
PC: capillary pressure
R: universal gas constant
RF: radius of foam film
Rb: bubble radius
T: temperature
VA: volume of trapped air
VAMAX: themaximum volume of the air whichwould be entrapped after a very large num-
ber of cycles, Eq. (18)
VA(n): volume of trapped air after n shaking cycles
V: velocity of film thinning
VDR: rate of film drainage in the presence of surfactants in the aqueous phase, Eq. (19)
VRE: Reynolds velocity of thinning of planar film with tangentially immobile surfaces, Eq.
(20)

Small latin letters

a: ionic activity
at: total ionic activity, Eq. (9)
aS: surfactant ionic activity, Eq. (9)
aσ
2: characteristic time for surface tension decrease, Eq. (13)

b: parameter accounting for diffusion from the film interior, Eq. (23)
h: film thickness
hCR: critical film thickness for film rupture, Eq. (21)
hS: parameter accounting for film surface mobility, Eq. (24)
ha: accounts for the surface activity of the surfactant, Eq. (23)
n: number of shake cycles
nA: characteristic number of cycles at which VA reaches ≈ 63% of VAMAX, Eq. (18)
sσ: parameter which accounts for the difference between the initial and the equilibrium
surface tension, Eq. (13)
t: surface age
tage: nominal surface age
tu: universal surface age, Eq. (12)
tΓ: characteristic adsorption time, Eq. (15)
z0 and z1: numerical coefficients in Eqs. (1) and (10)

Capital greek letters

Γ: adsorption
Γtot: the sum of all adsorbed species on the solution surface at given surfactant
concentration
Γi: the adsorption of i-th component on the solution surface
Γ∞: maximal surfactant adsorption in dense adsorption layer
ΓCMC: total surfactant adsorption at CMC
Γ(t): dynamic total surfactant adsorption
Γeq: the equilibrium total surfactant adsorption at given surfactant concentration
Γ(0): the initial adsorption at t = 0, Eq. (14)
Φ: air volume fraction

Small greek letters

α: an average excluded area per molecule, which is equal to 1/Γ∞
αii: excluded area per molecule for i component
α12: defined by Eq. (7)
ϕ1: surfactant volume fraction in the bulk, Eq. (25)
γ±: mean activity coefficient defined by Eq. (8)
ηC: dynamic viscosity of surfactant solution
λ2: an apparatus constant for MBPM
π: the surface pressure
θ: surface coverage, Eq. (17)
θ(t): dynamic surface coverage defined as Γ(t)/Γ∞
θCMC: surface coverage defined as Γ(t)/ΓCMC

σ: surface tension
σ(t): dynamic surface tension
σ0: the surface tension of the aqueous phase without surfactant
σ(CS): the equilibrium surface tension at a certain surfactant concentration
σCMC: equilibrium surface tension at CMC
σeq: equilibrium surface tension
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