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ARTICLE INFO ABSTRACT

Keywords: The formation, stability, and decay of foams occur under dynamic conditions. Given their inherent complexity,

Bubble an accurate description of these subprocesses necessitates an analysis of multiple factors, with a particular focus

Dynamic adsorption layer on the formation and structure of the adsorption layer. Single rising bubble techniques facilitate a deeper

Surfactant . . . . . . .

M lecul comprehension of the dynamics of diverse phenomena in foams, as they yield experimental data under dynamic
acromolecule P . . . . . . .

Velocity conditions. This review examines the subtle differences in the dynamic adsorption structures of low-molecular-

weight surfactants and proteins at the liquid/gas interface. These differences can significantly impact interfacial
properties and potentially alter our understanding of the mechanisms behind the formation of the Dynamic
Adsorption Layer (DAL). The primary techniques under consideration are local velocity profiles (LVPs) of single
rising bubbles and dynamic fluid-film interferometry (DFI) of the thin liquid film formed at the collision of a
bubble with a free liquid surface. We provide a summary of recent findings on the topic. Due to the limited
availability of comprehensive datasets on proteins, our discussion is partially supplemented by newly obtained
unpublished data. We highlight key differences in the behavior of bubbles in low-molecular-weight surfactant
solutions versus protein solutions that have previously been overlooked in the literature. We explore their po-
tential origins in the context of DAL dynamics and architecture.

1. Introduction

Understanding the formation, stability, and decay of foams is
essential across various industries, including mineral processing [1,2],
food production [3], firefighting [4], cleansing agents [5], and cosmetic
and pharmaceutical applications [6,7]. Foams are stabilized by surface-
active agents, primarily surfactants, which reduce surface tension and
promote the formation of stable bubbles. However, many synthetic
surfactants degrade slowly and pose potential environmental risks [8].
In response, research has increasingly focused on biodegradable and
environmentally benign alternatives [9,10], with proteins emerging as
one of the most promising candidates for stabilizing foams and emul-
sions [11,12]. Protein-based foaming agents are particularly relevant in
the food industry, where their natural origin and biocompatibility are
advantageous [3,13]. Proteins possess intrinsic surface activity, making
them well-suited for foam-based separation techniques such as foam
fractionation [14-17] and colloidal gas aphrons [18-22]. Foam
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fractionation, first developed in the 1960s [23,24], has since found
applications in diverse areas, including water treatment [25,26] and
product concentration during downstream processing [27,28]. Howev-
er, its primary role remains in protein purification and enrichment
[29-31]. The stability of foams is governed by interfacial phenomena at
liquid/gas boundaries, where adsorption processes influence the for-
mation and mechanical properties of interfacial films. A comprehensive
understanding of these adsorption dynamics is crucial for optimizing
foam performance in industrial settings [32].

Several experimental techniques are employed for probing soft in-
terfaces and to investigate adsorption at liquid/gas interfaces [33].
Traditional methods include surface tension measurements and surface
excess determination [34-36], as well as rheological assessments of
interfacial shear and dilatational properties [32,37]. More advanced
experimental approaches, such as microscopy [38], spectroscopy
[39,40] and reflectometry [33], have provided new insights into
adsorption kinetics and interfacial structuring. Additionally, studies on
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thin liquid films (TLFs) [32,33,41,42] help connect single-interface
properties to macroscopic foam behavior. TLF research has primarily
focused on quasi-static conditions, leaving dynamic processes such as
foam formation and decay less understood. The investigations, com-
plemented by modelling of experimental data [43,44] and together with
molecular dynamics simulations [45], provide accurate information
about fundamental, optical, mechanical and structural properties of
interfacial layers and surface forces in TLFs [32] and the process of
coalescence [46]. Addressing existing gaps is critical for improving
foam-related technologies and industrial applications [47].

Bubble formation and movement play a key role in foam dynamics,
influencing stability and longevity [48,49]. This is particularly relevant
in three-phase systems, such as flotation aggregates, where gas bubbles
facilitate the separation of dispersed particles [50,51]. The motion of
rising bubbles is significantly affected by the presence of surfactants,
which form dynamic adsorption layer (DAL) at the bubble interface
[52-56]. The literature on DAL formation at the surface of a single
bubble rising in a surfactant solution is extensive. It ranges from
experimental studies aimed at determining the kinetics of DAL forma-
tion [50,51,54,57-62] to theoretical works that quantify this phenom-
enon in terms of characteristic parameters that are sensitive to the
hydrodynamic and physicochemical conditions under which the bubble
motion proceeds [53,55,56,63-65]. It is accepted that DAL formation
alters interfacial properties, leading to variations in drag and changes in
bubble hydrodynamics. The redistribution of surfactant molecules along
the bubble’s surface creates surface convection patterns and generates
surface tension gradients [56], ultimately influencing the bubble’s rise
velocity and stability.

Bubble motion in solution of surface-active species typically pro-
gresses through four distinct stages: acceleration, peak velocity, decel-
eration, and terminal velocity (u), which can be revealed by
determination of a bubble velocity profiles (LVPs). These stages are
influenced by surfactant concentration, solvent conditions (such as pH
and electrolyte composition), and the physicochemical properties of the
surfactant [66]. The stagnant cap theory is commonly used to describe
bubble dynamics in surfactant-laden solutions [53,56,63]. According to
this model, the bubble interface contains both mobile and immobilized
regions, with surfactant molecules accumulating at the rear of the rising
bubble to form a stagnant zone (see Fig. 1A). This uneven distribution of
surfactant results in characteristic surface tension gradients that influ-
ence bubble motion. While analytical models exist to describe terminal
bubble velocity under steady-state conditions, capturing the full
complexity of DAL evolution remains challenging. The interplay be-
tween surfactant adsorption, desorption, and surface tension gradients
adds to the difficulty of developing a comprehensive framework that
accounts for bubble hydrodynamics across a wide range of Reynolds
numbers and physicochemical environments. This is why, despite
numerous studies, a fully predictive theoretical model that describes
bubble motion under varying flow and interfacial conditions remains
elusive.

Computational fluid dynamics (CFD) represents a promising meth-
odology for future investigations of DAL kinetics. By simulating the
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interactions between surfactant molecules, flow fields, and interfacial
forces, CFD allows for a detailed examination of how bubble dynamics
evolve under various conditions. Several studies have successfully
modeled surfactant adsorption and transport, revealing intricate veloc-
ity profiles and interfacial stress distributions. For example, Tukovic and
Jasak [67,68], followed by Pesci et al. [69], developed models based on
two-fluid systems with a sharp interface and soluble surfactants. Using
the Finite Volume Method, they tracked bubble motion and interfacial
deformations, solving the Navier-Stokes equations to describe mass and
momentum conservation. Their approach linked surface tension to
surfactant concentration via the Frumkin-Langmuir equation of state,
offering insights into dynamic changes in surface coverage. These sim-
ulations gave direct insights into the velocities and flow lines of the
surrounding liquid (see Fig. 1B,C) and dynamic changes in the surface
concentration of surfactants, as well as demonstrated how different
surfactant concentrations and bubble sizes lead to distinct bubble tra-
jectories, such as zig-zag or helical paths. More recently, Wang et al.
[70] developed a model where a spherical bubble of fixed radius was
analyzed within a surfactant solution, providing angular dependencies
of near-surface velocity and shear forces. Such computational models
contribute to a deeper understanding of bubble-surfactant interactions,
complementing experimental studies and advancing theoretical de-
scriptions of DAL formation.

The state-of-the-art literature provides extensive experimental data
on the impact of surface-active substances with varying surface activities
and diffusion characteristics on DAL formation rates and kinetics. Our
goal, therefore, is to highlight seemingly largely overlooked subtle dif-
ferences in bubble dynamics in solutions of low-molecular-weight sur-
factants from one hand and, on the other hand, macromolecules
(proteins, in particular). These differences have apparently significant
implications on various interfacial properties and may alter our under-
standing of the mechanisms of adsorption and the architecture of DAL in
macromolecular systems. Due to the acute lack of data on rising bubbles
in protein solutions, we have utilized selected unpublished experimental
data obtained through collaborative research efforts of the authors of
this paper, which are referenced accordingly.

2. Experimental data on bubble velocity variations in aqueous
solutions

2.1. Low-molecular-weight surfactants

The motion of a single bubble (with radius R) in a liquid (with
density p and dynamic viscosity u) is typically analyzed in terms of two
limiting cases: a fully mobile (slip) interface or a fully immobilized (no-
slip) interface. In the first case, the liquid is free of any surface-active
species [52,58,65,72], or the liquid/gas interface has very low free
surface energy [73]. As a result, an “effective” adsorption layer is not
formed, thus, the interface remains stress-free, leading to a minimal drag
coefficient. Conversely, the adsorption of surface-active molecules can
impede the mobility of the bubble’s surface (either partially or fully),
increasing the drag coefficient and reducing the bubble’s rise velocity.

Fig. 1. Illustration of (A) dynamic adsorption layer at a single bubble rising in surfactant solution (scheme not to scale, compact zone, i.e. so-called “stagnant cap” is
defined by the angle y) and velocity fields around a rising bubble in (B) pure water and (C) high concentration of surfactant of relatively fast adsorption kinetics,
reproduced based on the computational algorithm by Tukovic and Jasak [67,68] implemented into OpenFOAM [71].
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For the first case (stress-free interface), Moore [74] theoretically
described the drag coefficient and the resulting bubble terminal velocity
u; (the constant velocity under given hydrodynamic conditions), taking
the bubble deformation into account:
H
G() [1 B o

e ()] @

where Re is the Reynolds number (Re = 2Rup; /u); G(y) and H(y) are
functions of a bubble deformation degree (y), typically reported as:

X =dy/d, (2)
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with d, and d, being the horizontal and the vertical diameters of the
bubble. These diameters can be used to calculate the so-called equiva-

lent bubble diameter d,; = (dhzdv) 1/3. The geometric parameters G(y)
and H(y) for y < 2 can be approximated by a second-order linear Eq.
[75]. Predicting the y-value for a given bubble size requires an under-
standing of its relationship with the Weber number (We = 2Ru,?p/0),
which can be approximated basing on the large number of experimental
data reported in ref. [76] as:
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Considering a dynamic equilibrium between buoyancy (Fp =

4/37R%pg) and drag (Fp = 0.57R?Cppu;?) forces for a bubble of radius

R = 0.5d,q, resulting in steady-state motion, the bubble terminal rise
velocity can be expressed as:
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where Cp is estimated from Eq. (1), which gives u, for a bubble with fully

mobile interface.
In the second limiting case, where a bubble interface fluidity is fully
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retarded by DAL [65], the Schiller-Naumann equation, valid for Re <
800, is commonly used to calculate the drag coefficient of a bubble
under steady-state motion [77]:

24
Co =25 (14 0.15Re%%) (5)

In practice, variations in the rising velocity of a single bubble are
most commonly determined through video observations and image
analysis of the captured bubble images. Although various precise
experimental methods are available, such as ultrasound measurements
[78], video recording remains the most frequently used and convenient
tool for determining bubble motion parameters. These parameters
include not only rising velocity but also variations in bubble size, shape,
and trajectory [54,59,79]. Fig. 2 presents examples of experimentally
determined bubble rising velocities (LVPs and u,) from the literature for
different types of either nonionic or ionic low-molecular-weight sur-
factants [54,78]. As an example, the LVPs for solutions of n-octanol (a
simple fatty alcohol) at different bulk concentrations are shown. In this
case, the data were collected from three independent experiments,
where bubble velocity calculations were performed frame-by-frame (i)
manually by two individuals (using image analysis software) and (ii) an
image analysis script written in Python. The u, values presented in
Fig. 2B were calculated from the sections of the velocity profiles where
the local velocity was constant. The scenario depicted in Fig. 2 can be
regarded as illustrative of the typical characteristics exhibited by low-
molecular-weight surfactants. It demonstrates the prevailing trends
and relationships between variations in bubble velocity with distance
and surfactant solution concentration.

As discussed in a substantial body of literature
[50,51,53,54,56,61,81-84], the characteristic shapes of LVPs during
different stages of bubble motion — acceleration, maximum velocity,
deceleration and constant velocity — can reveal information about the
kinetics of DAL formation. The presence of a DAL immobilizes the
liquid/gas interface, and notably, this effect proceeds in a gradual rather
than an abrupt manner (see Fig. 2B). This implies that the hydrodynamic
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Fig. 2. (A) Experimental local velocity profiles (LVPs) of an air bubble (R, = 0.74 mm) rising in n-octanol solutions in the pure water of different concentrations in
[mol/dm®] (hollow and full [54] symbols show results of manual image analysis performed by two different persons, lines denote results of analysis by Python
script). (B) Bubble terminal velocity values for different types of low-molecular-weight surfactants (nonionic and ionic — symbols denote experimental data, lines are
fits by Eq. (6) (with CMV as a fitting parameter); OTAB - octyl-trimethylammonium bromide [54], DDTAB - dodecyl-trimethylammonium bromide [54], CTAB —
hexadecyl-trimethylammonium bromide [54], octyl-Na — sodium octyl sulfate — unpublished data, pentanol [80], octanol [54]). In Fig. 2B error bars were not

included to maintain clarity in the picture.
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boundary conditions at the surface of a rising bubble change from
completely slip to partially slip or fully non-slip conditions, depending
on the bulk concentration of the surfactant, which in turn, dictates the
degree of liquid/gas interface immobilization and presumably de-
termines the DAL’s architecture. Kowalczuk et al. [85] recently pro-
posed a convenient method for analyzing these effects and obtaining
direct information about the limiting values of the surfactant concen-
tration, which characterize complete immobilization of the bubble
surface fluidity. A comprehensive dataset was collated from a number of
laboratories, comprising solutions of various low-molecular-weight
surfactants. This dataset was subjected to rigorous analysis, resulting
in the derivation of a general empirical model:

2
s (L)
Uy = Upin + (umax - umin)e My (6)

where Ui, and Uy are the minimum and maximum velocities of a
rising bubble with a fully mobile and fully immobilized interface. The
newly introduced characteristic parameter CMV (concentration at
minimum velocity) is defined as the critical concentration at which the
bubble velocity is minimized, i.e., the minimum surfactant bulk con-
centration required for complete immobilization of the bubble interface.
The proposed equation can be used not only to compare this novel
characteristic parameter (CMV) for different surfactants but also to
predict the bubble terminal velocity as a function of surfactant con-
centration for partially immobilized interfaces, provided umin and umgyx
are known (see the lines in Fig. 2B, which present results obtained using
Eq. (6)).

2.2. Proteins

Proteins are complex biomacromolecules that play critical roles in
living organisms. Furthermore, it is a well-known fact that proteins are
extensively used in a great variety of processes and applications in
medicine and traditional and modern technologies. Contrary to random-
coil proteins (e.g. caseins and gelatins), which are, in fact, simple linear
heteropolymers, globular proteins exhibit distinct secondary and ter-
tiary structures, which determine their unique physicochemical and
biological functionalities. From the perspective of the physical chemis-
try of interfaces, a protein can be viewed as a water-soluble macromo-
lecular surfactant with a complex adsorption mechanism determined by
various interrelated factors: from one hand, the nature of the interface
(solid or fluid, and its degree of hydrophobicity) [45,86,87], and on the
other hand, the intrinsic surface activity of a given protein, which in turn
is strongly modulated by the solvent conditions (pH/electrolyte)
[33,88].

Due to the inherent complexity of protein adsorption mechanisms
and the challenges in describing these phenomena under static condi-
tions, the literature on the influence of the protein concentration ¢, on
bubble motion is limited, with only a few studies addressing dynamic
adsorption layer formation. However, these studies often treat proteins
similarly to low-molecular-weight surfactants regarding the mecha-
nisms responsible for bubble surface immobilization. Analysis of the
available literature shows that bubble behavior, in terms of LVPs, is
quite similar regardless of the type of protein used in the experiments
[57,62,89-93] (bovine serum albumin - BSA [57,91], p-lactoglobulin
[62,89,93], powdered egg white - EWP [90], or f-casein [89]). For
example, LVPs obtained in BSA solutions (pH = 5.8) with ¢, ranging
from 1.5 x 1078 to 6 x 1077 mol/dm® are presented in Fig. 3A [91],
resembling those shown in Fig. 2A. Similar stages of bubble motion can
be distinguished in these profiles.

However, notable and intriguing features, which have never been
mentioned before in the literature, have distinguished the behavior of a
bubble in solutions of proteins from that of low-molecular-weight sur-
factants. As shown in Fig. 3A, regardless of the BSA solution concen-
tration, the bubble velocities in the final stage of motion consistently
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reach the lower velocity limit (up, ~ 15 cm/s) for the given bubble size
(R = 0.73 mm). This observation is, in fact, an important finding that
reveals that a steady-state protein, DAL, is not fully capable of creating
conditions that result in partial immobilization of the bubble interface.
Furthermore, two distinct cases can be observed in the initial stages of
bubble motion: for the lower BSA concentrations used, the maximum u
in the LVPs virtually reaches the upper velocity limit for pure water
(Umax =~ 35 cm/s), while at the higher BSA concentrations used, the
maximum u in the LVPs drops, which is indicative of partial immobili-
zation of the liquid/gas interface. At a ¢, = 4.5 x 1078 mol/dm?, the
noticeable decrease in u did not result in the establishment of u; due to
experimental limitations — the LVP was incomplete because the liquid
column was too short. Similar behavior has been reported in all studies
involving various types of proteins. This effect is clearly illustrated in
Fig. 3B, where u; of bubbles of different sizes versus the solution con-
centration are compiled from various literature sources [57,62,90,91].
Full data point symbols represent u,(R) values undoubtedly identified in
experiments, while empty symbols indicate the last u-values recorded in
incomplete LVPs (just before the end of the liquid column). As shown, no
intermediate u-values (suggesting partial immobilization of the bubble
surface) were reported, and the “true” u, data reasonably follow the
Schiller-Naumann model’s predictions.

Another distinctive feature, unique to relatively high ¢, is a
comparatively slight but noticeable increase in u after the deceleration
stage has ended up at u,. For low-molecular-weight surfactants, the
establishment of u; at up;, indicates that the DAL is fully formed, and as
seen in Figs. 2, there are no further changes in u; ~ uy;; with distance
(time). On the contrary, this phenomenon is observed for BSA concen-
trations of ¢, = 4 x 1077 and cp=06x 1077 mol/dm?® (Fig. 3A) and it is
depicted further in Fig. 4 for several proteins studied in the literature: 1)
BSA (¢, = 4 x 1077 mol/dm®, pH 5.8) [91]; 2) p-lactoglobulin (¢, = 2 x
107% mol/dm?3, solution prepared in 10 mM citric/phosphate buffer at
pH7,andc, =5 x 10°° mol/dm3) [62,93]; and 3) egg white (c, = 8.6 x
1077 mol/dm®) [90]. Apparently, the way u increases above Uy, is
virtually identical across all those results for the different protein types
and c,, with a distinct increase of approximately 2 cm/s, which is well
above the typical standard deviation of about +0.5 cm/s. For example,
for the BSA solution in Fig. 3A, the bubble velocity of u ~ 14.2 cm/s
(average value over the distance of 5-15 cm), which should be thought
of as the value for u;, gradually increases to 16.5 cm/s (average value
over the distance of 30-35 cm). Fig. 4B compares the experimental LVP
for that BSA solution with the average u; (14.9 &+ 0.4 cm/s), calculated
from the data for the various low-molecular-weight surfactants in
Fig. 2B for R = 0.73 mm, and this comparison will be discussed further
below.

3. Discussion

As mentioned earlier, the two identified features that distinguish the
motion behavior of bubbles in protein from that in low-molecular-
weight surfactant solutions have not been previously discussed in the
literature, despite their potentially intriguing origins and implications to
the general problem of the rising bubble dynamics. These phenomena
warrant further investigation to understand better the mechanisms of
the protein DAL formation at the rising bubble surface. Below, some
hypotheses related to possible causes of this atypical bubble behavior
are presented.

3.1. Potential bubble size increase in a liquid column

In experiments aimed at determining variations in the rising velocity
of a single bubble and the kinetics of DAL formation, a bubble of air is
typically generated using an orifice, such as a steel needle or glass
capillary. The size of the orifice, under constant physicochemical con-
ditions of the solution, determines the bubble’s diameter. To calculate
the diameter of the detaching bubble, a simple assumption balancing
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buoyant (Fp) and capillary (F¢) forces can be considered, with F¢ defined
as:

F¢ = nd.ocosd @]

where 0 is a contact angle and d, is an orifice diameter. Further, R can be
calculated as:

1/3
- (e

As reported earlier, Eq. (8) predicts the R value with high accuracy
[78,94-96], assuming that the walls of the steel needle or glass capillary,
used in typical experiments, are hydrophilic (air/orifice material contact
angle equals to 0). That is typically the case in pure water or diluted
aqueous solutions of surface-active species. While the orifice size re-
mains constant throughout the experiment, the contact angle of the
material from which it is constructed can vary depending on the solu-
tion’s composition and surfactant concentration, particularly in the case
of ionic surfactants. An increase in 6 for a given d. theoretically causes a

linear decrease in R. However, in practice, for sufficiently concentrated
solutions, this increase in 6 is often accompanied by an increase in the
contact perimeter between the bubble and the capillary walls, which can
lead to additional and sometimes significant increase in the size of the
generated bubble. Such a situation was observed, for example, by
Wiertel and Zawala [97,98], who studied the kinetics of single bubble
attachment to a quartz surface in CTAB solutions. They controlled the
initial adsorption coverage over the interface of the detaching bubble
and observed that once a sufficiently high solution concentration was
used, the size of the generated bubbles grew enormously. This finding
was explained by the increase of the contact angle at the capillary wall
surface due to electrostatically driven adsorption of positively charged
CTAB molecules onto the negatively charged glass surface. This effect
was particularly pronounced because a thick-walled capillary was used
for bubble generation, with an inner diameter of only 0.075 mm but an
outer diameter of 5.35 mm, which significantly increased the bubble/
capillary attachment perimeter. A similar situation might be faced in the
case of proteins. However, protein adsorption at hydrophilic solid sur-
faces often exhibits so-called overshooting adsorption kinetics, and the
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adsorbed amounts for ¢, in the pM range are relatively low [86,99].
Hence, the effect of solid surface hydrophobization by proteins is pre-
sumably comparable to the one exerted by CTAB, and therefore, it
cannot be the reason for the observed subtle differences in the bubble
motion behavior.

Moreover, typical experiments conducted to determine the LVPs of a
bubble as a function of solution concentration are typically performed
with the camera maintained in a stationary position and raised in
discrete, short distances, dependent on the camera magnification. The
camera captures images of successive bubbles released from the orifice.
This method means that each LVP is created from segments determined
by different bubbles. If present, the effect of increasing d. values (¢ in-
crease) could explain a smooth and continuous increase in bubble ve-
locity. Initially, at the beginning of the experiment, the surface may be
hydrophilic, but over time, it may gradually become hydrophobic,
particularly at high c,.

To test the validity of this hypothesis, an analysis of the rising bub-
ble’s geometric parameters was performed using available (unpub-
lished) data for both low-molecular-weight surfactants and BSA at ¢, =
4 x 1077 mol/dm? (solution pH 5.8). The results are shown in Fig. 51,
The data points represent experimentally determined bubble geometric
parameters (dp, dy and d,q), while the solid line is a linear regression
fitted to the dg; data to estimate the existence and magnitude of any
potential bubble size increase. Values for water are included for
comparison.

Using the parameters obtained by the fitted linear regression, the d,q
values were compared at two distances from the orifice (L): L = 0 cm
(detaching bubble) and L = 30 cm (the limit of the liquid column used).
The magnitude of the bubble size increase was estimated, and the results
are presented in Table 1., alongside the fitting parameters. As shown, the
bubble size increase across the liquid column in various surface-active
substances ranged between 1 % and 3 %. These values are reasonable,
considering the accuracy of manual image analysis, slight deviations of
the bubble trajectory from the focal plane, and consistency with the
expected bubble expansion caused by the decrease in hydrodynamic
pressure (which can be estimated using the ideal gas law as not larger
than 1 %).

On the other hand, the increase in terminal velocity (from approxi-
mately 14 cm/s to 16.5 cm/s) observed at higher ¢, (see Fig. 4) is around
15 %. Using the Schiller-Naumann model, it is seen that such a velocity
increase would only be possible due to a corresponding bubble diameter
change (15 %), which is not observed here. Therefore, our opinion is
that the observed distinct velocity increase anomaly shown in Fig. 4
originates from a different cause and cannot be explained by changes in
the bubble size, which can be safely neglected, as discussed above.
Consequently, this intriguing effect should be entirely attributed to
additional surface phenomena that influence the hydrodynamic
boundary conditions at the liquid/gas interface. Such phenomena
obviously originate from specificities of the protein DAL, which are still
to be elucidated.

3.2. Adsorption dynamics and interfacial structure

It is well-known that the adsorption mechanism of proteins at in-
terfaces is more complex than that of conventional surfactants. This
complexity requires the development of complicated models for quan-
tifying the protein adsorption process [35]. Generally, protein adsorp-
tion at a static liquid/fluid interface is considered to involve three main
steps [36]: (i) diffusion of macromolecules from the bulk solution to the
interface, (ii) adsorption and penetration into the adsorption layer, and

! The determination of bubble size and velocity through image analysis is
usually subject to an error of approximately 1-2 pixels. In our experiments
(unpublished data used in the paper), this uncertainty ranged from 10 to 70 pm,
depending on the camera magnification.
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Fig. 5. Variations of the rising bubble geometrical parameters (dy — full
squares, d, — open circles, d.q — full green triangles) as a function of distance
from the orifice in solutions of several low-molecular-weight surfactants and
BSA (unpublished data). The solution concentrations are given in Table 1.

(iii) rearrangement of the adsorbed proteins at the gas/liquid interface;
the latter two steps may induce structural deformations of protein
globules due to interactions with the surface [33]. Moreover, unlike low-
molecular-weight surfactants, whose adsorption at the liquid/air inter-
face is reversible, protein desorption is governed by a barrier mechanism
and slow desorption kinetics, suggesting that protein adsorption is
largely irreversible [100-102].

The tendency of a protein to adsorb irreversibly at a static liquid/gas
interface may also be valid in the case of the surface of a rising bubble.
This hypothesis can explain the absence of a “transient zone” (partial
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Table 1

Linear regression fitting parameters used to estimate the magnitude of bubble
size increase along a liquid column of length 30 cm for different surface-active
species, based on the data presented in Fig. 5.

c ax b [mm] dgq. [mm] % of
[mol/ 107° (deg for L = (for L = 30 increase
dm?) 0) cm)
water - 6.27 1.46 1.48 1.3
octanol 3x107° 8.85 1.44 1.47 1.8
octyl- 1x 1072 13.9 1.42 1.46 2.9
Na
OTAB 5x 1072 8.98 1.42 1.45 1.9
BSA 4x1077 4.61 1.45 1.46 1.0

surface immobilization) in the u,(c,) dependencies (as shown in Fig. 3
and discussed therein). Due to the inhibited desorption of protein mol-
ecules, their continuous accumulation on the bubble surface leads to a
gradual increase in the adsorption coverage and the formation of an
extended stagnant cap over the bubble surface (y — 180°). This effect is
expected to weaken eventual surface tension gradients and thus to
decrease the drag coefficient, resulting in partial and slight re-
mobilization of the bubble surface. This hypothesis is strongly sup-
ported by results on the dependence of the travel distance Lpa;, (at which
u, is established under steady-state conditions and a complete DAL
structure is formed) as a function of c,. Such results, based on selected
literature data, are shown in Fig. 6. The observed differences in the Lpay
vs. ¢, data clearly confirm that rate of accumulation of protein molecules
at a bubble surface is concentration dependent and distance (time)
needed for u; establishment decreases when solution concentration
increases.

Similar conclusions were drawn in a recent theoretical study by
Wang et al. [70], who examined the effects of adsorption, desorption,
and diffusion characteristics of surfactants on the hydrodynamic prop-
erties of a bubble in a surfactant solution at moderate Reynolds
numbers. Based on CFD simulations, it was demonstrated that an in-
crease in the Langmuir number (La), defined as La =k, ® ¢/kg4, where k,
and kq are adsorption and desorption rate constants, respectively, i.e.,
either an increase of k, or a decrease of kg leads to an increase of the
stagnant cap angle y and thereby of the interfacial concentration. It was
reported that when La increased from 0.02 to 0.09, y increased from 60°
to 180° (i.e. the entire bubble surface is covered by an adsorption layer
in the geometry used in the study). Further increase in La from 0.09 to

ref. [57]
ref. [62]
ref. [89]
ref. [90]
ref. [91]

Lpa, [mm]

c [mol/dm?]

Fig. 6. Distance (Lpay), at which terminal velocity (u,) is established (full DAL
architecture is formed) as a function of protein solution concentration (c,) for:
BSA (crosses [57] and full triangles [91]) g-lactoglobulin in 10 mM buffer pH 4
[62] (open squares), egg white protein in water [90] (open circles) and $-casein
in water [89] (full circles). Error bars were not included to maintain clarity in
the picture.

Advances in Colloid and Interface Science 340 (2025) 103447

0.6 did not change v, but were associated with a pronounced increase in
the interfacial concentration. With an increase in La from 0.09 to 0.28,
the interfacial concentration continuously increased while the interfa-
cial tangential velocity remained almost unchanged. However, when the
La number increased from 0.28 to 0.6, the interfacial tangential velocity
also increased, indicating an increase in the bubble’s rising velocity.

Concerning the molecular structure of a protein DAL and its impli-
cations for bubble motion dynamics, relations to the current state-of-the-
art of our understanding of protein architectures at static liquid/gas
interfaces [33] are still to be identified and investigated. It is well
accepted that a protein globule may undergo structural deformation
upon adsorption at a static liquid/gas interface. The intensity of this
process depends on intrinsic molecular properties such as flexibility/
rigidity of the tertiary protein structure and the protein net charge as
modulated by changes in the environmental conditions [33]. Further-
more, the time evolution of such structural molecular transformations is
expected to vary for different proteins and environmental conditions,
however, the relevant rate constants are yet unknown. The main prob-
lem with translating these interfacial processes from the condition of a
static interface to the surface of a rising bubble is the much shorter time
scale and the intense hydrodynamics in rising bubble experiments. In
this connection, we performed a dedicated experiment, which is
explained in the following paragraph.

Fig. 7 presents a comparison of the LVPs for air bubbles in a BSA
solution at relatively high ¢, = 6 x 1077 mol/dm>, measured using the
setup described in detail in [94,97,98]. This setup allows for precise
control of the initial adsorption coverage on the surface of the releasing
bubble. Briefly, the setup enables a bubble to be held static for a
controlled time in a trap (a glass dome attached to a stepper motor).
During this period, the bubble surface is continuously exposed to
surface-active molecules diffusing from the solution. After the selected
adsorption time, the bubble is released to rise in the liquid column. Fig. 7
includes data from [91], which are compared with a new set of results
(unpublished data) obtained with and without adsorption time control
in a significantly longer liquid column (65 cm). Notably, an excellent
correlation was found between the literature data and the newly ob-
tained data for the case of no-trap experiments, which reveal a clear
increase of u following the establishment of u;. It can be noted that once
a terminal velocity of approximately 16-16.5 cm/s is reached at L =~ 20
cm, it remains constant until the end of the experiment. When a bubble
trap is used, the bubble’s velocity profile differs significantly. The
acceleration-deceleration peak at the LVP disappears, and terminal ve-
locity is reached almost instantly after the moment of the bubble’s

30
—©— ref. [91] (no trap)

25 —— new results (no trap)
0 = new results (trap 5 min)
€
—
>
=
(9]
o
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>
9
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=
Q

0 100 200 300 400 500 600
distance [mm)]

Fig. 7. Comparison of LVPs for air bubbles in a BSA solution at ¢, = 6 x 10~7
mol/dm® in pure water measured in the bubble trap setup with and without
adsorption time control (for details see in the main text). Literature data re-
ported in [91] are shown alongside the recently obtained new results in a 65 cm
long liquid column (unpublished data).
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release, matching the velocity observed after the increase in the no-trap
scenario. In both cases, however, terminal velocity is higher than that
expected for a bubble with full no-slip surface. These findings support
the results of simulations presented in [70] characteristics under dy-
namic conditions in light of interfacial mobility.

In summary, based on the state-of-the-art knowledge of the motion
dynamics of air bubbles in aqueous solutions of low-molecular-weight
surfactants, new features were identified in the general LVP of air
bubbles in protein solutions (schematized in Fig. 8):

e Lack of intermediate terminal velocities, i.e., a protein DAL is not
capable of creating partial slip conditions at the rising bubble
surface;

e The terminal velocity at fully developed protein DAL cannot be
explained by existing theories — new theoretical approaches are ur-
gently needed;

e Alocal minimum in the LVP is observed at relatively high c,, which
should be related to a transient stage in the bubble motion dynamics
induced by specificities of the protein DAL dynamics and structure.

These new findings necessitate phenomenological development of
the physicochemical problem of a rising bubble in solution accounting
for additional interfacial processes and phenomena induced by macro-
molecules, which are not observed for low-molecular-weight surfac-
tants. Despite the evident effect of re-mobilization of the bubble surface
in protein solutions at relatively high ¢, — likely due to weakened surface
tension gradients on the rising bubble surface - there are still open
questions that need to be addressed in future investigations involving
macromolecular surfactants (such as proteins and polymers). Some of
these pending questions, which await experimental and/or theoretical
verification, are listed below:

e Is the increase of u; above the theoretical predictions (valid for the
case of low-molecular-weight surfactants) solely caused by weak-
ened surface tension gradients and a distinct DAL structure
(compared to low-molecular-weight surfactants)? Is this the only
mechanism involved?

If this velocity increase is due to weakened surface tension gradients
that lead to a reduced drag coefficient, why is it limited to ~2 cm/s
(to ca. 16-16.5 cm/s, even for longer distances, as shown in Fig. 7)?
Does a viscoelastic network form over the bubble surface when the
compression zone is gradually built up? Could this be the reason for
the decrease in the drag coefficient and the increase in interfacial
tangential velocity?

In general, how do influencing factors such as size, charge, and the
molecular structure of a protein globule impact the dynamics of these
new processes and phenomena?

& .
Z E ________________________ full slip
‘S
o
[
>
partially slip
\ :
rf: n
/ksu actant
U
A no slip
i (DAL theory)
>
distance

Fig. 8. Schematic representation of the general shapes of LVPs for bubbles in
solutions of low-molecular-weight surfactants or proteins. The boundary con-
ditions of full-slip and no-slip, defined by models (verified by experimental data
for low-molecular-weight surfactants), are depicted by dashed lines; solid lines
are virtual LVPs; u, is bubble terminal velocity. The question marks emphasize
specific features in the protein LVP.
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4. Additional proof for different DAL structure in protein
solution and its consequences for single foam films stability

In the case of low-molecular-weight surfactants, the presence of DAL
was confirmed in experiments that evaluated the stability of an indi-
vidual foam film [48,49,103-106] or wetting film [51,97,107,108]
formed at the collision of a bubble with a liquid/gas or a liquid/solid
interface. The model system of a single liquid film has been employed as
a sensitive tool to probe the properties of liquid/gas interfaces,
providing experimental evidence for the existence of the DAL at the
rising bubble interface and its impact on the process of film drainage. In
these experiments, the travel distance (L) between the bubble formation
point (orifice) and the liquid/air or liquid/solid interface was varied to
monitor different stages of the DAL development (see Fig. 9). For foam
films, which form between a bubble and a liquid/gas interface, two
liquid column lengths were tested: a “short” column (L of a few centi-
meters) and a “long” column (L ranging from 15 to 40 cm). The findings
showed that the lifetime of the foam film created by the colliding bubble
was notably shorter in the “long” column, even though it was antici-
pated that a longer travel distance through the liquid column would lead
to a higher equilibrium adsorption coverage at the bubble’s surface. This
finding suggests that, despite the increased surface coverage, the liquid
film drained faster in the “long” column, which fact was used to argue
for greater interface mobility and the existence of a region with lower
surfactant coverage at the bubble’s apex. This scenario is illustrated in
Fig. 10 by literature data on the lifetime of foam films as a function of the
solution concentration for several low-molecular-weight surfactants. It
is essential to note the rich statistics gained in these experiments — each
data point in Fig. 10 represents an average value calculated from 100 to
250 individual bubbles. This achievement was made possible by
employing a setup with automatic lifetime registration via a video
camera and a precise protocol for releasing subsequent bubbles from the
orifice, with the release interval adjusted to match the lifetime
magnitude.

Direct quantitative evidence demonstrating this effect was presented
in reference [106] basing on drainage kinetics data obtained using the
Dynamic Fluid-Film Interferometry (DFI) technique in a setup with
modified geometry (with freely rising bubbles). Selected data on the
evolution of the liquid film thickness for both “short” (1 cm) and “long”
(40 cm) columns from ref. [106] are presented in Fig. 11. The horizontal
dashed line (set at 100 nm) is included for clarity and highlights the

4

liquid/gas
interface™~

)
L (long or short)

aqueous solution

Fig. 9. Illustration of an experiment designed to assess the stability of a foam
film by measuring the lifetime of a single bubble at the free surface of an
aqueous solution. The experiment involved the following steps: a bubble was
grown and detached from a capillary or needle (1), followed by its free rise (2)
through a liquid column of varying lengths (“long” or “short”). Upon reaching
the free surface of the solution, the bubble collided with it and formed a liquid
film (3). The bubble’s lifetime, directly linked to the drainage dynamics of the
film, was measured using an automated acquisition system [48,49,103-106].
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Fig. 11. Time evolution of the foam film thickness for short and long columns
(solution of n-octanol of two chosen concentrations) for R = 1 mm. Redrawn
basing on data taken from ref. [106]. Horizontal dashed line denotes thickness
equal to 100 nm (thickness accuracy measurement +20 nm).

faster drainage of the liquid film in the “long” column compared to the
“short” one. In addition, it was shown in [106] that for “short” column,
the reestablishment of uniform adsorption coverage — and the corre-
sponding decrease in interfacial mobility — is related to the reorganiza-
tion of surfactant molecules induced by higher bubble impact velocities
and an increased tendency for bouncing.

Similar data to those shown in Figs. 10 and 11, obtained under
comparable conditions, have never been reported for protein solutions.
To enable a comparison of foam film stability between different groups
of surface-active species, as discussed in this paper, we present unpub-
lished data from our laboratories. The experiments with BSA solutions in
pure water and at varying c, replicate those described in ref. [30] (all
details about the equipment used, experimental protocol and the data
analysis methods can be found in ref. [106] and in the supplementary
information provided in Appendix A of the referenced paper). A BoD
(Bubble-on-Demand) generator [94] was used to control the time in-
terval of bubble release from a steel needle with a diameter of 0.21 mm.

The equivalent bubble radius was 1.04 + 0.04 mm.

Fig. 12 presents sequences of photographic snapshots (DFI method)
taken during the drainage of films (BSA concentration of 5 x 10~ mol/
dm?®) in experiments with the “short” and the “long” columns. The im-
ages correspond to comparable drainage times, and the color scale bar
on the right-hand side illustrates the film thickness distribution in mi-
crons. The time of bubble/solution surface collision was set to t = 0 s. As
observed, the foam films formed in both cases (L = 1 cm and L = 40 cm)
are highly inhomogeneous in thickness. Similar characteristics of foam
films in protein solutions have been reported previously for films formed
under quasi-static conditions [109-112]. A relatively large, thick area
initially located in the film’s center shifts toward its rim over time,
exposing thinner regions. Eventually, at the point of rupture (as seen in
the last images of each row), black areas become visible in the film,
indicating that the thickness in these spots has dropped below approx-
imately 50 nm. Moreover, it is evident that film drainage occurs faster in
the “long” column (as seen in the images around 14-15 s), which is the
opposite of what is typically observed in solutions of low-molecular-
weight surfactants (see Figs. 10 and 11, and results in [106]).

Fig. 13 presents the average film lifetimes for BSA solutions at
different concentrations. These values were obtained using the repro-
duced method described in references [49, 105]. For each concentra-
tion, the average lifetime was calculated based on 100 individual
measurements. The bubble size and the two positions of the solution
surface relative to the orifice were identical to those used in the DFI
experiments. The effect is evident: above a certain threshold concen-
tration (¢, > 107% mol/dm?), the film lifetime, and thus its stability, is
significantly higher for the “long” column. That supports the hypothesis
that the structure of protein DAL differs from of what is typically ex-
pected for low-molecular-weight surfactants. In particular, likely, the
depletion zone at the bubble apex does not exist in this case, and instead,
the apex is covered by protein molecules. The degree of coverage, which
determines the surface mobility, depends on the time the bubble travels
in the liquid column.

5. Conclusions

This review has highlighted significant differences in the motion
behavior of rising bubbles in solutions of low-molecular-weight
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Fig. 12. Images of foam films formed by a bubble (R = 1 mm) colliding with the free surface of a BSA solution (¢, = 5 x 10~% mol/dm®), captured using the DFI

method (unpublished data).
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Fig. 13. Average lifetimes of single floating bubbles (R = 1 mm) at the free
solution surface (foam film) in BSA solutions of varying concentrations (“short”
column L = 1 cm - solid symbols, “long” column L = 40 cm — hollow symbols;
unpublished data). Lines are guides to the eye.

surfactants or proteins, providing deeper insights into the formation of
the Dynamic Adsorption Layer (DAL) at liquid/gas interfaces. The dif-
ferences in the DAL architecture between surfactants and proteins are
emphasized, based on available literature and supported by recently
obtained (unpublished) experimental data from our laboratories. In
surfactant solutions, DAL formation occurs more predictably, with par-
tial immobilization of the interface, allowing for a gradual transition in
bubble mobility. In contrast, protein solutions can induce complete
immobilization of the bubble surface without any transient zones, likely
due to irreversible adsorption. Moreover, bubble behavior in protein
solutions — particularly the re-mobilization of the bubble surface at
relatively high protein concentrations — suggests complex interfacial
dynamics. This re-mobilization seems to arise from weakened surface
tension gradients and results in unique velocity profiles. Furthermore,
there are indications that the protein molecular properties may play a
significant role. However, this hypothesis needs to be verified by more
detailed investigations. We believe that combining experimental tech-
niques with Computational Fluid Dynamics (CFD) offers promising op-
portunities for deeper exploration, particularly in understanding the
complex interactions between surface-active molecule adsorption,
bubble dynamics, and DAL formation. Furthermore, the study encour-
ages further investigation of the adsorption properties of macromolec-
ular surfactants with diverse molecular structures to enhance
comprehension of the structure-property relationships associated with
the rising bubble phenomenon.
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