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conducted an investigation using molecular dynamics (MD)
simulations. For pure water, both surface tension measurements
and MD simulations confirmed the adsorption of n-hexane molecules from the vapor phase to the stationary water interface, which is
consistent with the literature reports. However, the rising bubble velocity was not affected by n-hexane vapor. We discuss this
intriguing finding within the context of hydrodynamic forces. In the surfactant systems, a strong effect of coadsorption of surfactant
from the solution and n-hexane from the vapor phase was observed in all investigations. The surface tension isotherms were
theoretically described using a modified Frumkin adsorption model, additionally accounting for the ionic nature of C,TAB and the
coadsorption of n-hexane from the vapor. The free energy of adsorption exhibited a strong correlation with the free energy profiles at
the interface, as determined by MD simulations. The rising bubble data were theoretically analyzed in terms of the drag coefficient
and the extent of bubble deformation. However, studies of the bubble velocity profiles revealed some unusual features, particularly
during the dynamic layer formation phase.

1. INTRODUCTION pressure P up to the saturation pressure P, usually at
atmospheric ambient pressure, but, however, also at elevated
ambient pressures.” Such I1(P) isotherms were usually treated
theoretically by the Gibbs adsorption equation in order to
obtain the adsorbed amount.

The above-mentioned studies on pure water, as well as
investigations of coadsorption from surfactant solutions and
organic vapors, were further advanced by Miller and co-
workers."*™"? They demonstrated that adsorption of volatile
organic molecules at the surfactant solution/vapor interface
proceeds through four regimes.19 In the absence of surfactants,
the two liquid phases form a clean interface. At very low
surfactant concentrations, much lower than at the surfactant

Bubble motion is one of the key topics in fluid dynamics and
plays a crucial role in mass transfer applications, thereby
related processes are of importance to the chemical engineer-
ing of liquid/gas systems."” The presence of certain impurities
on the bubble interface, originating from the liquid and/or
gaseous phase, may affect its motion® and the formation and
stability of the thin liquid film formed during bubble
interactions with various interfaces.””> Adsorption of molecules
from aqueous solutions to a liquid/gas or a liquid/liquid
interface can be described by adsorption dynamics models that
have been applied to a plethora of experimental data.’ An
alternative scenario for liquid/gas interfaces is the adsorption
of molecules from the gaseous phase. In the second half of the

20th century, this topic attracted scientific attention, as Received: June 26, 2025 IREC
evidenced by several representative works’ "' and more recent Revised:  September 30, 2025 .
publications.'*~"? The main scientific approach was analysis of Accepted: September 30, 2025

measurements of the decrease of surface tension y (rise of Published: October 10, 2025

surface pressure II) due to adsorption of organic molecules at
the water/vapor interface as a function of the partial vapor
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Figure 1. Schematic of interface tension measurements for (A) water—air (W/A) and surfactant solution—air (S/A) interfaces, (B) water—air/n-
hexane vapor (W/V) and surfactant solution—air/n-hexane vapor (S/V) interfaces and (C) water—liquid n-hexane (W/H) and surfactant

solution—liquid n-hexane (S/H) interfaces.

solution/pure air interface due to interactions with the oil
phase, oil molecules cluster around the adsorbed surfactants,
markedly reducing interfacial tension (cooperativity). With
increasing concentration, surfactants progressively displace the
oil molecules from the interface (competition), until at
sufficiently high concentrations only a surfactant layer remains.

The problem of the adsorption/desorption process at the
water/organic vapor interface was further explored using
poorly soluble organic amphiphiles.”””" Extensive studies on
volatile amphiphiles have demonstrated that their adsorption—
desorption dynamics differ fundamentally from those of
classical surfactants: adsorption from the vapor phase proceeds
rapidly under mixed barrier—diffusion control, whereas
desorption is typically governed by convection-enhanced
mechanisms.””** Dynamic tensiometry further revealed that
adsorption from vapor dominates over liquid-side adsorption,
making volatile surfactants effective “temporal” regulators of
interfacial tension and foam stability.”*

A more practical perspective on this phenomenon was
presented by Drenckhan and co-workers in their studies on
foam formation and stability in the presence of organic
vapors.””*® They demonstrated that poorly water-soluble
organic vapors, such as fluorocarbons, strongly enhance foam
stability. These vapors suppress coarsening by hindering gas
transfer through aqueous films, thereby establishing an osmotic
pressure that counterbalances Laplace pressure differences. In
addition, fluorocarbon vapors slow down coalescence by
coadsorbing with surfactants at the gas/water interface, leading
to mixed interfacial layers or even macroscopic vapor films at
saturation. Consequently, even at low concentrations, fluo-
rocarbon vapors extend foam lifetimes and provide a versatile
means of controlling foam formation under dynamic
conditions. Similar effects have been observed for solubilized
flavor oils,27’28 which can coadsorb with surfactants at the gas/
water interface and thereby influence foam formation and
stability. These findings show that organic additives, whether
present as vapors or solubilized oils, can act as efficient
regulators of foam formation and lifetime.

In this study, we extend the problem of adsorption of
organic molecules from the vapor phase at a stationary liquid/
gas interface to the case of a nonstationary interface, namely
that of a rising bubble in surfactant solution.

In pure liquids, the rising bubble velocity depends on bubble
diameter and the viscosity and density of the continuous
phase; a fluid sphere can reach terminal velocities up to 50%
higher than a rigid sphere of the same size due to internal gas
circulation.”® In surfactant solutions, adsorption at the bubble
surface reduces interfacial mobility, lowering velocity.”* This
results from uneven surfactant distribution: depletion at the

front and accumulation at the rear create a stagnant cap,
inducing Marangoni stresses that oppose flow. The resulting
dynamic adsorption layer (DAL), characterized by a
concentration gradient along the bubble surface, is commonly
described by the sta%nant cap angle, which has been used in
theoretical modeling,‘o_g’2 with the general conclusion that an
increase in the stagnant cap angle leads to a decrease in the
bubble’s terminal velocity.

Unfortunately, there is no direct experimental method to
observe the formation and structure of the dynamic adsorption
layer; therefore, indirect methods based on monitoring bubble
motion or its collision with various interfaces are employed for
this purpose.”**

Bubble motion in a liquid can be divided into several
characteristic stages, which can be revealed by determining the
bubble local velocity profiles (LVPs).” In a clean liquid, a
bubble detaches from the capillary orifice, accelerates, and
attains its terminal velocity. However, in a solution containing
surfactants, the motion consists of four distinct stages:
acceleration, peak velocity, deceleration, and terminal velocity.
Moreover, there is a minimum degree of adsorption coverage
(concentration) that is required to fully immobilize the bubble.
Further increase in adsorption coverage above this ‘threshold’
level has little to no effect on the bubble’s terminal velocity.”*

While the adsorption of organic vapors on water and
surfactant solutions has attracted significant interest in the
context of stationary drops'”'> or bubbles,'” only a very few
studies have explored dynamic conditions, such as the cases of
a growing bubble,”'® and particularly, a rising bubble in
solution.” This paper presents a detailed analysis of the
influence of saturated n-hexane vapor on some key interfacial
characteristics of bubbles in aqueous surfactant solutions under
both static and dynamic conditions.

2. MATERIALS AND METHODS

2.1. Materials. Dodecyltrimethylammonium bromide
(C,TAB, Sigma-Aldrich, >98%), n-octanol (Sigma-Aldrich,
>98%), and n-hexane (Sigma-Aldrich, > 95%) used in the
experiments were commercially available reagents. While n-
octanol and n-hexane were used as received, C,,TAB was
recrystallized three times from acetone containing traces of
ethanol (analytical grade solvents). Ultrapure Milli-Q water
(Merck Millipore, with resistivity of 18 MQ-cm at 25 °C) was
used without the addition of any electrolytes. Consequently,
the ionic strength of n-octanol solutions was negligible,
whereas for C;,TAB solutions, the ionic strength was
determined by the surfactant molar concentration, cg, assuming
C,,TAB was fully ionized in solution.
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All experiments in this study were carried out at room
temperature, approximately 24 + 1 °C.

2.2. Methods. 2.2.1. Surface Tension of Stationary
Bubbles. Dynamic surface tension y(t) measurements were
performed with a bubble profile analysis tensiometer PAT-1
(Sinterface Technologies, Germany); the y-values were
measured with an accuracy of about + 0.15 mN/m. Details
about the method can be found in previous work.*® An air
bubble was formed at the tip of a U-shaped steel capillary of 1
mm inner and 2 mm outer diameters immersed in a standard
glass cuvette filled with ca. 23 mL of aqueous surfactant
solution. The tubing connected to the capillary was partially
filled with ca. 100 uL of water in the manner shown in Figure
1A). This way, the air bubble was in equilibrium with saturated
water vapor in a gas reservoir of ca. 300 uL (bubble volume is
~7.1 yL with corresponding surface area of ~#17 mm?). Figure
1B shows a scheme of an equivalent experiment, but here, the
water in the tubing was replaced by liquid n-hexane; this way,
the air bubble was exposed to n-hexane/water vapors.
Hereafter, the water/air interfaces without and with n-hexane
vapor are denoted as W/A and W/V, respectively, while the
surfactant solution/air interfaces without and with n-hexane
vapor are denoted as S/A and S/V, respectively. In such an
experiment, right after sucking liquid n-hexane into the tubing,
it was quickly connected to the empty capillary. Then, the
capillary was immersed in the solution, and a fresh bubble
(hereafter called the ‘1st’ bubble) was immediately formed,
and surface tension measurement started. Such a ‘1st’ bubble
was initially not in equilibrium with saturated n-hexane/water
vapors. Hence, with the gradual increase of n-hexane vapor
pressure until saturation, we could monitor the change in the
dynamic surface tension of the bubble. For a typical tubing
length (L,) of 20—30 cm and a gas-phase diffusion coefficient
(D,) of n-hexane in air of 8 X 107> m?/s, the estimated
diffusion time (td,-ff = L?/D,) is on the order of 8—19 min,
consistent with the ~15 min time scale for surface tension
stabilization. Accordingly, the second and subsequent bubbles
were formed when the gas phase was already saturated with n-
hexane vapors. The interface tension measurement time scale
was up to 8 h, depending on the stabilization of the adsorption
process. Once vapor saturation was established in the gas
reservoir (after ca. 20 min), a couple of subsequent bubbles
(2nd’, ‘3rd’ bubble, etc.) were formed, and their y(t)
dependence was measured, showing overlap dependence
within experimental uncertainty.

The obtained data were used to construct the surface
tension isotherms y(cg), which can also be presented in terms
of the surface pressure, I = y, — y, where y, is the surface
tension of pure water against the gas phase, for water vapor in
air 734 = 72.0 + 0.2 mN/m. As discussed in detail in Section
3.1, this value changes in the presence of saturated n-hexane
vapor. In this case, the surface tension of water against mixed
water/n-hexane saturated vapors in air was 73/’ = 68.3 + 0.3
mN/m. Additionally, comparative interfacial tension measure-
ments were performed using liquid n-hexane drops in
surfactant solutions. The interfacial tension between liquid n-
hexane and pure water was measured to be y/" = §2.0 + 0.2
mN/m. Hereafter, the water/liquid n-hexane interface and the
surfactant solution/liquid n-hexane interface are denoted as
W/H and S/H, respectively. In the whole following discussion,
surface tension y and surface pressure II are used interchange-
ably.

The obtained experimental surface tension isotherms y(c)
were theoretically treated using an adsorption model that
considers the coadsorption of n-hexane from the vapor.

For the nonionic surfactant (n-octanol), we used the
Frumkin isotherm with the modification accounting for the
presence of n-hexane adsorbed layer:°

C
S(1 = 6 — 0y) = Ogexp[—2Hb,]
Ag (1)

where ag is the ‘surface activity’ of the surfactant, which is a
measure of the free energy of the adsorption; 05 = I'g/I'g, is
the relative surfactant surface concentration, where I’y is the
excess surface concentration of surfactant, and [g, is its
limiting value for a closely packed monolayer; @y is the surface
blocking parameter, which accounts for restricted geometrical
and conformation freedom of hydrophobic chains of surfactant
molecules penetrating n-hexane adsorbed layer; and Hg is the
interaction parameter accounting for the attractive lateral
interactions among the adsorbed surfactant hydrophobic
chains. We emphasize that in the present analysis, the
parameter Oy is assumed constant, and this issue is discussed
further below. Finally, we assumed that the adsorption layer of
n-hexane at the interface of a stationary bubble is formed
instantaneously for saturated vapor, as discussed further below
in Section 3.1.

The adsorption of the cationic surfactant (C,TAB) is
described in terms of the extended ‘surface quasi-two-
dimensional electrolyte’ (STDE) model, which, for the sin%le
charge surfactant in water, exploits the set of equations:*””

s el/’sr) &

S5 M)y — g, — 6, - 0,) = Oexp[—2HbJexp| =

as( T ( s c ) sexp( S s]eXP(kT
2)

for surfactant cation (subscript ‘S’), and

ac el‘USt) _ &

Ge_Hst) (1 Z g, — )% = Gpexp| <

ac( KT ( s — 6c) CeXP(kT 3)

for surfactant counterion (subscript ‘C’). Here, g, is the
electric potential of the Stern layer, k is the Boltzmann
constant, a; = fi; are the activities of surfactant ion and
respective counterion in the solution, where f; are activity
coefficients, and ¢; are molar concentrations. The activity
coefficients f; can be calculated using the extended Debye—
Hiickel theory.”” The parameter g is the ‘surface activity’ of
the surfactant cation, a measure of the adsorption’s free energy
after separating the electric components’ contribution. The
parameter @ is the ‘surface activity’ of the surfactant
counterion, which is a measure of their penetration into the
Stern layer due to van der Waals interactions, image forces and
hydration, 85 = I'¢/T'¢,, is the relative counterion concen-
tration, where I'; is the surface excess concentration for
surfactant counterion and Iy, is its limiting surface
concentration, and gcg = 'so/Icoo-

The electric potential of the Stern layer can be found using

v =y + 2
. ¢ Eost 4)

where 0 is the thickness of the Stern layer, €, is the vacuum
permittivity, and &g, is the dielectric constant of the Stern layer.
The surface charge density ¢ and the diffuse layer potential y;

https://doi.org/10.1021/acs.iecr.5c02608
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at the boundary between the Stern layer and the diffuse part of
the electric double layer can be calculated as

oc=FI;-I) (3)

ZkT . 1—1 oe
yy = —sinh | ———
e 2e,ekTk (6)

where F is the Faraday constant, e is the elementary charge, € is
the dielectric constant of the solution, and « is the reciprocal
Debye screening length. The activity corrections for the
electrostatic interactions in the Stern layer, ¢, for surfactant
ion and counterion can be found from

¢ ¢ Ks

KT~ 8meekT 1 + Kt (7)
where r; has the meaning of an effective ionic radius in the

interfacial layer and kg is the two-dimensional surface
equivalent of k defined as*’

2
e

- £,ekT (I +10) (8)

Further details of the STDE model can be found in previous
37,38,41,42
works.
The numerical procedure for the calculation of the
theoretical surface tension isotherms y(cg) is based on three
steps:

(1) the solution of eq 1 for n-octanol or the system of eqs
2—8 for C,,TAB for the values of the surface
concentrations I's(cs) and T'c(cg)

(2) substitution into the Gibbs adsorption equation

(3) fit to the experimental data for the respective surface
tension isotherm. The fit qualitgr was analyzed in terms

of the parameter y* defined as’

& Iy () = 7, ()
)(2 — Z yex ¢ 7 \6
p f, ©)

where 7.(c;) and 7.(c) are the experimental and

theoretically evaluated y-values, respectively, m is the
number of experimental points and f, = (m — n — 1) is
the number of degrees of freedom with n being the
number of fitting parameters.

2.2.2. Molecular Dynamics Simulations. The simulation
protocol was described in our previous paper.”” The Gromacs
2022.3 package,44 with the CHARMM36 force field,” was
used. Briefly, the CHARMM36-saturated lipid model was used
for C,,TAB,* while the compatible CHARMM General Force
Field was applied to n-octanol and n-hexane.*” The structure
and topology of molecules were generated using the
CHARMM-GUI web server.”® For water, the 4-point rigid
water model, OPC4 was applied,”” as it enables the reliable
determination of surface tension.”

Molecular dynamics (MD) simulations at the air/water
interface were performed using constant number of particles,
volume, and temperature (NVT ensemble). Temperature
coupling was controlled via a V-rescale thermostat at a
temperature of 298 K and a coupling constant of 0.5 ps.”' The
van der Waals interactions were described by the Lennard-
Jones potential, smoothly shifted to zero between 1.0 and 1.2
nm. The electrostatic interactions were modeled using the
Partial Mesh Evald (PME) method,”” with a 1.2 nm cutoff,

0.12 nm grid spacing, fourth-order splines, and a correction for
the slab geometry.”” In the case of C,,TAB, an adequate
number of Br~ ions were added to make the simulation
systems charge neutral in all simulations. The equations of
motion were integrated using the leapfrog integration scheme
and a 2 fs time step. Bonds involving hydrogen were
constrained using LINCS and SETTLE algorithms.”**> The
VMD software package was used for visualization purposes.®

A periodic rectangular simulation box with dimensions 8 X 8
X 24 nm® was used, containing a water slab approximately 8
nm thick, separated by a vacuum or n-hexane vapor region.
Initial configurations, generated using PACKMOL,”” were
constructed by randomly placing surfactant molecules into two
monolayers at opposite orientations. Surfactant headgroups
were oriented toward the water slab, while the exact angle
between the tail and the interface was chosen randomly.
Amounts of surfactant on the surface were set arbitrarily to 50
molecules per surface, while the number of n-hexane molecules
was 400. For both surfactants, two systems were investigated,
i.e., with and without n-hexane vapor. We performed 200 steps
of energy minimization followed by a 140 ns long production
run. In the case of simulations with n-hexane vapor, the
equilibration of the system was estimated based on the changes
in the mass distribution profiles.

Separately, we determined the free energy of a single
surfactant molecule desorption from an interface. The final
configurations were used to compute a potential of mean force
(PMF). First, the pulling simulation protocol was initiated.
The force was applied to the center of the selected surfactant
molecule in order to enforce its desorption from the interface
to the bulk solution. The value for the corresponding force
constant was 1000 kJ/mol/nm? The distance between the
selected surfactant’s center of mass and the interface was
chosen as the reaction coordinate, along which 25—40
windows were selected, depending on the system. Free energy
was calculated using the umbrella sampling procedure. The
data within each window were collected every 10 ps for a
duration of 10 ns per window. The free energy profiles were
constructed with the weighted histogram analysis method as
implemented in GROMACS (gmx wham tool).”® Statistical
uncertainties were estimated using the Bayesian bootstrapping
of complete histograms.>” For the sake of comparison between
the systems, the free energy was set to 0.0 kJ at a separation
distance of 2.5 nm.

2.2.3. Rising Bubble. Figure 2 schematically presents the
setup of the rising bubble experiment. In brief, the experiment
was conducted in a square borosilicate glass column (40 mm X
40 mm) with a height of 400 mm, filled with the studied
surfactant solution. A capillary with an inner diameter of 0.075
mm was mounted at the bottom of the column. The capillary
was connected to a gastight glass syringe (Hamilton, S mL)
mounted in a vertically positioned, high-precision syringe
pump. The mean time required for bubble formation at the
capillary was determined to be approximately 1.6 s. A high-
speed camera (SpeedCam MacroVis, 100 frames per second)
was used to monitor bubble movement. For experiments with
n-hexane vapor, 1 mL of n-hexane was placed inside the syringe
and kept in contact for 30 min to ensure saturation. Both
experiments, conducted with clean air and the air/n-hexane
vapor system, were performed sequentially in the same
surfactant solution to minimize experimental errors caused
by additional solution preparation (dilution from the stock
solution) and minor variations in surfactant concentration (cg).

https://doi.org/10.1021/acs.iecr.5c02608
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Figure 2. Schematic of the rising bubble setup.

To obtain absolute dimensions, an image of a nylon sphere
with a diameter of 3.89 mm, inserted into the column after
each experiment, was recorded.

The frame-by-frame analysis of the collected movies was
automated by an in-house-written Python script (using
OpenCV 3.4.13 and PIL 7.2.0 modules). The local velocity
of the bubble (U,) at a given position was calculated as

V&= %)+ O -y )
At (10)

where (%, y) are the coordinates of the subsequent positions of
the bubble, and At = 10 ms is the time interval between
subsequent frames of the camera. As a rising bubble deforms,
its size is characterized by the equivalent diameter (d,,),
defined as the diameter of a sphere having the same volume as

U, =

the bubble. By approximating the bubble as an oblate spheroid
with a horizontal diameter (d;,) and a vertical diameter (d,), its

volume can be expressed as V = %dfdv and thus:

/

deq = (dlfdu)1 ’ (11)

Furthermore, the ratio of the bubble deformation (E) was
calculated as

v (12)

For the capillary used in our experiments (d, = 0.075 mm),
the equivalent bubble diameter in pure water was 1.48 + 0.02
mm, whereas for surfactant solutions, a detailed discussion of
this parameter is provided in Section 3.2.2. Rising bubble
velocity and deformation.

3. RESULTS AND DISCUSSION

3.1. Pure Water. As a first step in our study, we
investigated the influence of n-hexane vapor on the pure
water—air interface. For stationary interfaces, this problem has
been extensively studied, though the outcomes are not always
consistent. Mys et al.'® used bubble pressure tensiometry with
a specialized cell for generating saturated n-hexane vapor and
measured dynamic surface tension over a time range of 0.01—
30 s. Their results were compared with data from bubble
profile analysis tensiometry. Notably, both methods showed no
significant decrease in surface tension within approximately 1
min of interface formation. Nguyen et al.'” employed bubble
profile analysis tensiometry and found that perfluorohexane-
saturated vapor reduced the surface tension of bubbles in water
by about 4 mN/m. However, the kinetics of this process was
not discussed. Our detailed experiments with n-hexane vapor
revealed a similar scenario, which is discussed in the following
sections.

Figure 3A presents results for the dynamic surface tension
7(t) of bubbles with and without n-hexane vapor in pure water.
When a ‘Ist’ bubble is formed in an experiment with n-hexane
vapor, the initial surface tension is virtually the same as that for
bubbles without n-hexane vapor (y§/4 ~ 72 mN/m). The
subsequent decrease in surface tension is attributed to the
adsorption of n-hexane molecules from the gas phase, where
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Figure 3. Dynamic surface tension measurements of stationary air bubbles in the absence or presence of n-hexane vapor; (1st) denotes the first
bubble formed under unsaturated gas-phase conditions and (2nd) denotes the second bubble formed after vapor saturation (for details see in the
text). (A) Pure water (W/A or W/V interface). (B) 0.4 mM C,,TAB solution (S/A or S/V interface).
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the partial vapor pressure P of n-hexane gradually increases
over time up to the saturation pressure P,,. After approximately
20 min, the surface tension reaches a value of y & 68 mN/m.
The obtained y(t) curves resemble the adsorption kinetics
behavior of amphiphile molecules adsorbing from solution.
However, in this case, the gradual increase of the surface excess
of n-hexane is determined by the gradual increase of P in the
gas reservoir. When a “2nd’ bubble is formed at P, the surface
tension immediately stabilizes at y & 68 mN/m and remains
constant for at least half an hour. The same behavior of
virtually instantaneous establishment of a steady-state surface
tension was also observed in experiments with a pendant water
drop grown in a presaturated n-hexane vapor atmosphere."
Furthermore, the steady-state surface tension values of y ~
66—68 mN/m (P, at 22—24 °C) obtained in those
experiments, together with data (y & 68 mN/m, P, at 25
°C) measured by the methods of maximum bubble pressure
and capillary rise are in very good agreement with our results.”
Therefore, the surface tension value for the pure water/air
interface in the presence of saturated n-hexane vapor (P, =~
19.3 + 0.8 kPa at 24 + 1 °C) was determined to be 7§/"= 68.3
+ 0.3 mN/m. For surfactant solutions, this value for 7§’V was
used later on to recalculate the surface tension isotherms y(cg)
in terms of the surface pressure I1(cg).

The observed surface tension decrease of % 4 mN/m in the
presence of saturated n-hexane vapor is attributed to the
formation of an adsorption layer of n-hexane molecules. This
has been demonstrated by experiments with ellipsometry and
neutron reflectometry for planar surfaces.””®" The latter study
reported a surface excess value of about 0.6 ymol/m?* for n-
hexane on pure water measured at P, (at 25 °C), which is
comparable to the P, used in the present study. The free
energy of adsorption of n-hexane vapor on water in the “near-
zero” coverage regime was reported to vary in the range of ca.
11-14 kJ/mol with temperature (0—25 °C).'’ Further
information came from our MD simulation results (Figure
4), which revealed that n-hexane molecules, initially present in
vapor form, began to accumulate at the water/gas interface.
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Figure 4. Molecular dynamics simulations of n-hexane adsorption
from the vapor phase onto the pure water surface: (A) density profiles
across the z-axis (perpendicular to the interface) and (B) visualization
of the adsorption layer.

Interestingly, this layer does not reach an equilibrium thickness
but continues to grow as molecules from the gas phase saturate
it, forming a thin condensed n-hexane layer on the water/air
interface. This phenomenon, observed in the MD simulations
has been discussed by Hauxwell and Ottewill with formation of
an organic thin liquid film between the water and the vapor
phases,” which apparently leads to the observed further
decrease in the interfacial tension below y;”V at “long” times
(see Figure 3). Very similar trend was observed in the time
evolution of the ellipsometric signal in the experiments by
Pfohl et al.®’ Together with Brewster angle microscopy
observations, the ellipsometry results at “short” times (on the
order of an hour) were interpreted as indicative for a “dilute”
hexane monolayer (where gaseous and liquid expanded two-
dimensional phases coexist). Apparently, such state is
characterized by nearly constant surface tension (here defined
as y¢’V). At longer times, the monolayer evolves as a
homogeneous liquid condensed phase and further to a
multilayer structure topped with micrometric liquid hexane
droplets.”” For a pendant water drop, the accumulation of a
condensed organic phase proceeds with the formation of an oil
lens over the drop’s apex area, which causes strong deviations
from a Laplacian shape.'” We believe that in the present case
of a static buoyant bubble, accumulation of a liquid n-hexane
phase presumably does not occur at the bubble’s surface,
because if any such liquid phase is formed it should leak down
into the capillary that supports the bubble. This scenario is
proved by the fact that we did not observe any deviations from
a Laplacian shape for the bubbles under investigation and the
standard deviation of the Laplace equation fitting to the
experimental bubble profile of about 1 ym (typical for the
drop/bubble shape analysis method) remained constant in all
the experiments performed in this study (data not shown).'
Hence, as discussed above, the observed decrease of the
surface tension below y¢/" may be attributed to the formation
of a thin liquid film of n-hexane, which does not have the
properties of a bulk liquid phase. While there is no doubt that
these phenomena require further investigation, they fall
beyond the scope of this study and are therefore not discussed
in detail here.

Focusing on the results of the rising bubble experiments,
Figure SA and B present comparisons of the variations of the
bubble’s local velocity and degree of the shape variations with
distance from the capillary in water for clean air and air/n-
hexane vapor systems. In both cases, the bubble velocity
profiles consist of two stages, namely acceleration and terminal
velocity. The terminal velocities were 35.2 + 0.4 cm/s and 34.8
+ 0.3 cm/s for the W/A and W/V systems, res}gectively.
Unlike the very recent literature report by Lotfi et al,”* which,
to our best knowledge, is so far the only one dealing with rising
bubbles of organic vapors, we were unable to clearly detect any
effects of n-hexane vapor on the movement of an air bubble in
pure water. Additional experiments performed with water
conditioned with n-hexane (water shaken with liquid n-hexane
in a flask and left to rest overnight prior to measurements) did
not affect the rising velocity of air bubbles, whether n-hexane
vapor was present or not.

Keeping in mind that variations in the hydrodynamic
boundary conditions at a liquid/gas interface (retardation of
the bubble surface fluidity) are caused by motion-induced
surface tension gradients, this lack of observed effects on the
bubble movement indicates deficiency of dynamic adsorption
layer formation from n-hexane molecules, ie., the bubble
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Figure S. (A) Local velocity and (B) bubble deformation profiles as a
function of distance from capillary for clean air (W/A interface) and
air/n-hexane vapor (W/V interface) system in pure water (d,, = 1.48
+ 0.02 mm).

surface remains fully mobile.”” The fact that no effect on
bubble velocity was detected is rather surprising, as bubble
velocity typically shows greater sensitivity to changes in the
water/air interface properties (such as adsorption layer
formation) compared to surface tension measurements with
a static W/A interface.” However, based on literature data,®” it
can be shown that a surface tension difference of the order of 4
mN/m has almost negligible influence on deformation
(approximately 1%). Therefore, it can be hypothesized that
the n-hexane layer at the pure water/air interface does not

affect its fluidity. The physical background of this intriguing

finding is unknown at the moment and further detailed
experimental and theoretical investigations are needed to
clarify it. At this stage, we can only speculate that the inability
of n-hexane vapor molecules to generate surface tension
gradients on the bubble surface arises from the dominance of
aerodynamic forces, which exceed the free energy of
adsorption of n-hexane at the water/air interface (ca. 11-14
kJ/mol in the “near-zero” coverage regime,’ ie, ~5 KT).
Molecular dynamics simulations further indicate negligible
penetration of n-hexane into the aqueous phase, and the
relatively small adsorption energy compared to the hydro-
dynamic drag on a rising bubble supports this interpretation.
As a consequence, n-hexane molecules can readily desorb from
the rear of the bubble, circulate within the gas phase, and
readsorb at the top. This mechanism is additionally supported
by the high diffusivity of #n-hexane in air, which is several orders
of magnitude greater than that of typical surfactants in water.
Such rapid redistribution likely prevents the establishment of
stable surface concentration gradients, which are usually
responsible for stagnant cap formation in the case of
surfactants adsorbing from the liquid phase.

3.2. Surfactant Solutions. 3.2.1. Stationary Bubble.
Literature data suggest that in the presence of surface active
substances, the influence of organic vapor on the water/gas
interface is much more pronounced than in pure water."”~ "
Thus, we performed a series of measurements using two
surfactants: (i) the cationic one C,,TAB and (ii) the nonionic
n-octanol.

Figure 3B presents results for the dynamic surface tension,
7(t), of bubbles with and without n-hexane vapor in C,,TAB
solution of ¢g = 0.4 mM. Apparently, the presence of surfactant
at this concentration has minimal effect on the surface tension
of the S/A interface (IT ~# 1 mN/m), whereas in the case of the
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Figure 6. Surface tension data for n-octanol and C;,TAB solutions against air (S/A), n-hexane vapor (S/V), or liquid n-hexane (S/H); symbols
represent experimental data, while lines indicate the best-fit of the STDE adsorption model: eq 1 for n-octanol and eqs 2—8 for C,TAB. (A1)
Surface tension isotherms y(cg); (A2) corresponding surface pressure isotherms I1(cg); (A3) adsorption isotherms 6s(cs), dotted lines indicate 8
for both S/V interfaces; (A4) dependences AII(cg) obtained from the data in (A2), for denotations and definitions, see eqs 13a—13c.
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S/V interface, the effect is much stronger (IT & 6 mN/m),
which should be attributed to synergistic coadsorption of
surfactant and n-hexane molecules at the interface. It is worth
mentioning that, similar to the pure water system shown in
Figure 3, the ‘1st’ bubble required some time to reach a
constant surface tension value of y & 62 mN/m, while for the
2nd’ bubble, this value was established immediately after its
formation.

Figure 6-Al presents the experimental and theoretical
surface tension y(cs) isotherms for both surfactants at the
different interfaces studied. For illustrative purposes, Figure 6-
A2 presents these data in terms of the corresponding IT(cg)
isotherms. The evaluated theoretical adsorption isotherms
I'(cg) are presented in Figure 6-A3 in the form of
dimensionless surface coverage, 6 = I'(cg) /T s, which provides
a more meaningful basis for comparison between the studied
systems. For reference, experimental data from the literature
were also included.”® It should be emphasized that for fitting
the isotherms at the S/V interface, the parameter I'g,, was kept
fixed at the value obtained from the best fit of the isotherm at
the S/A interface, as it is determined by the size of the
hydrophilic headgroup of the surfactant. The parameter values
used for the best fit of each data set are listed in Table 1.

Table 1. Best-Fit Parameters of STDE Adsorption Models:
eq 1 for n-Octanol and eqs 2—8 for C,;,TAB

Interface o [mol/m®] T, [mol/m?]  Hg Oy * [(mN/m)?]

n-octanol

S/A 7.5 % 107! 6.0 X 107° 32 0.0 0.10

S/V 1.1 x 107! 6.0 X 107° 00 013 0.17
C,,TAB*

S/A 3.5 % 1072 5.6 X 107° 62  0.00 0.27

S/V 5.0 x 107 5.6 X 107° 00 0.16 0.54

S/H 40 x 107* 5.6 X 107° 00 018 0.12

“Additional STDE model parameters for C,,TAB, i.e., @, = 2.8 X 10°
mol/m?, ges = 0.64, § = 0.34 nm, and &g, = 26, were taken from work
of Para et al.*®

As mentioned above, in the present analysis, the so-called
blocking parameter @y was set constant. This parameter
reflects the fraction of the total surface area occupied by
adsorbed n-hexane molecules, and thus, it is unavailable for
surfactant adsorption. In reality, the n-hexane partial surface
coverage is indeed dependent on the partial surface coverage
by other molecules (here denoted 6;) at the interface, e.g,
either spread insoluble molecules at different surface
concentrations or soluble surfactants adsorbed from solutions
with various bulk concentrations.'” However, the theoretical
estimations (based on experimental surface tension data) in
those studies, as well as direct neutron reflectometry
measurements,’’ revealed that the effect of the surface
concentration of other molecules on 0y of n-hexane is
relatively weak.

Analyzing the best-fit parameter values (Table 1) reveals
that, for both surfactants, the values of the ‘surface activity’
parameters, ag, for the S/A interface increased with
introduction of n-hexane vapor (S/V interface) and the
corresponding increase of free energy of adsorption can be

/A

evaluated as kTIn —7=4.8 kJ/mol for n-octanol and
s

S/A
kT In %~ = 17.8 kJ/molfor C,,TAB. Such an increase in the

v
aSS/\

adsorption free energy can be predominantly attributed to the
van der Waals interactions between surfactants’ hydrocarbon
chains and adsorbed hexane molecules. On the other hand,
interactions between surfactant chains are screened by the
presence of n-hexane molecules, which impose conformational
restrictions on adsorption, thereby Hg = 0. For C,TAB, the
free energy of adsorption increases by

kT In o

= 18.8 kJ/mol when air (S/A interface) is replaced

(lSS/H
by liquid n-hexane (S/H interface). Apparently, the free energy
of C,TAB adsorption at the S/H interface is not significantly
higher than that at the S/V interface. This finding is well
illustrated by the overlapping surface pressure isotherms for
the S/H and S/V interfaces shown in Figure 6-A2. This
suggests the thin liquid film of adsorbed n-hexane is capable of
imposing the same intermolecular interactions at the interface
as in the case of a bulk liquid n-hexane phase.

The effect of the nature of the interface on the surfactant
adsorption energy can be conveniently illustrated by visualizing
the surface tension or surface pressure shifts in the isotherms
for the S/V (or S/H) interface relative to the corresponding
values for the S/A interface, taken as the reference. The surface
pressure shift is defined as

AT (g ) = I (cg,) — T¥4(c ) (132)
AHH_A(CS,i) = HS/H(CS,i) - HS/A(CS,i) (13b)
AT (e ) = M (cg ) — T (c,) (13¢)

The obtained experimental and theoretical dependences
ATI(cg) are presented in Figure 6-A4.

The same approach was already used by other authors in
experiments with the systems C,,TAB solution/n-hexane
vapor and dioctanoylphosphatidylcholine solution/perfluoro-
hexane vapor.'>'® In the latter study, the authors found that
AITY™* increased linearly with the logarithm of the lipid
concentration ¢g. In contrast, our results for both surfactants
revealed nonmonotonic dependences with a maximum of
about AITV ~ 9 mN/m for n-octanol and AITV ~ 14 mN/m
for C,TAB, emerging at intermediate surfactant concen-
trations. Notably, our data for C,TAB are in good agreement
with those by Javadi et al.'® for an equivalent system probed by
the pendant drop technique (maximum at AITV* ~ 16 mN/
m). This shows that at lower surfactant surface coverages,
where spatial obstacles and intermolecular interactions
between surfactant molecules are relatively weak, the free
energy of transfer of hydrocarbon chain from water into n-
hexane layer is higher than into air as the desorption of
surfactant molecules is likely reduced by the presence of n-
hexane molecules at the S/V interface. That is reflected in the
magnitude of ag parameter, and leads to greater surface
coverage compared to the hexane-free system. However, at
high surfactant concentrations, the surfactant monolayer
becomes densely packed, and the situation changes signifi-
cantly. Here, the presence of n-hexane molecules hinders
surfactant adsorption due to geometrical and conformational
constraints, resulting in lower surfactant coverage compared to
the hexane-free surface (Figure 6-A3). Hence, one may
distinguish between two distinct effects in the interactions of
surfactant and n-hexane molecules at the S/V interface —
synergism (low cg) and blocking effect (high cg), which appear

relevant for both types of surfactants investigated in the
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present work. A similar concept was discussed by Campbell at
al.%" in their neutron reflectometry study. These two effects are
responsible for the observed maximum in the ATTV*(c)
dependencies in Figure 6-A4, which virtually coincide with the
crossover of the respective adsorption isotherms I'"A(¢g) and
V() in Figure 6-A3. Recalling our assumption that the
surface coverage of n-hexane @y is taken constant and
independent of the surfactant surface concentration, it should
be mentioned that more detailed analysis might be achieved by
employing 0y as an adjustable parameter in the fitting
procedure. This, in turn, would alter the position of the
crossover between the IT'(cg) and I'V(c;) isotherms, as well
as the extent of the shift of '™V from I'¥/A (Figure 6-A3). Note
that the discussed crossover was also observed in previous
theoretical works that have accounted for variation in y."

The more pronounced maximum in the AITV*(cg) depend-
ence for C;,TAB compared to the one for n-octanol implies
that n-hexane molecules interact stronger with longer alkyl
chains. Moreover, the overlap of the ATT*V(cg) and AITYH(cg)
isotherms, resulting in a weak AIT"™Y dependence, provide
further evidence that a thin n-hexane film was formed on the
water/air interface. Such thin liquid film makes the bubble
surface identical to the n-hexane drop surface in terms of the
adsorption process of surfactant.”®

Molecular dynamics simulations provide further insight into
adsorption and desorption processes of surfactants depending
on the presence of n-hexane. Figure 7 illustrates differences in
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Figure 7. (Al, B1) Free energy profiles for surfactant molecule
removal from the interface. (A2, B2) Visualizations of the adsorption
layer for S/A and S/V interfaces for C;,TAB (A1) and (A2) and n-
octanol (B1) and (B2). n-Hexane molecules are highlighted in orange.

the desorption free energy of a surfactant molecule. The
displacement of the molecule from the interface into the bulk
water requires more energy when the interface is enriched with
n-hexane molecules compared to hexane-free surfaces for both
studied surfactants. This effect is more pronounced for
C,TAB, due to the longer hydrocarbon chain compared to
n-octanol, leading to stronger van der Waals interactions
between n-hexane and C,, alkyl chains, and the differences are
in good agreement with the ones for the free energy of
adsorption calculated using model isotherms. The MD

simulations provide a molecular-level explanation of the
experimental outcome observed in Figure 6-A4, where the
maximum in the AITV*(c;) dependencies is more pronounced
for C;,TAB. Hindrance of the surfactant desorption process by
n-hexane is the origin of the described above synergistic effect,
which leads to the greater surfactant surface excess at the S/V
interface observed for a given bulk concentration, and this
situation is illustrated by the MD simulations presented in
Figure 7, where the surfactant surface excess was set at I'y= 1.3
pmol/ m>.

3.2.2. Rising Bubble Velocity and Deformation. The
pronounced effect of n-hexane vapor on the stationary
water/gas interface provided a reason for conducting measure-
ments on a nonstationary water/gas interface. Therefore, a
series of rising bubble experiments was performed in solutions
of C;,TAB and n-octanol, respectively.

It was found that, unlike in pure water, the presence of n-
hexane vapor inside a rising bubble in a surfactant solution
significantly impacts its movement. Figure 8 presents bubble
velocities and deformations in solutions of both surfactants at
concentrations where the differences in bubble dynamics
between the S/A and S/V systems were most pronounced. For
the air/n-hexane system, we observed a decrease in bubble
maximum velocity, terminal velocity, and deformation. More-
over, in the concentration ranges where the deceleration stage
occurred, a reduction in the distance required to reach terminal
velocity was noted (see Figure 8-Bl). The data in Figure 8
clearly indicate that the formation of the dynamic adsorption
layer (DAL), which eventually leads to bubble surface
immobilization, occurs more rapidly in the presence of n-
hexane vapor inside the bubble. This occurs despite the fact
that n-hexane molecules themselves do not directly affect the
fluidity of the liquid/gas interface (see data for pure water in
Figure SA). This suggests that a synergistic interaction
between n-hexane and surfactant molecules may be responsible
for altering the kinetics of DAL formation, ultimately
modifying the hydrodynamic drag.

Figure 9A presents data on the terminal velocity of bubbles
as a function of surfactant concentration. To quantify the effect
of n-hexane vapor inside the bubble, the experimental data
were analyzed using the equation proposed by Kowalczuk et
al.:

U=U, + (U, — U, )e /M (14)

min

where U, . and U, . are the minimum and maximum terminal

min max
velocities, respectively and CMV (concentration at minimum
velocity) is the surfactant concentration required to reach
minimum velocity, i.e., CMV indicates the conditions required
for fully immobilizing the bubble surface fluidity. In our
considerations, we assume that minor variations of the gas
density in the investigated bubbles due to the presence of n-
hexane vapor have a negligible effect on the bubble
buoyancy.'”

For our experiments, values of the minimum and maximum
terminal velocities are well-known: U,,,, is the terminal velocity
observed in pure water (%~ 35 cm/s), while U,,;, was measured
to be 14.8 cm/s, which is in good agreement with literature
data for the same bubble diameter.” The CMV values for the
studied systems were fitted using Eq. 14, and the best fit results
are presented in Table 2. For clean air systems, the CMV values
showed very good agreement with the literature data.’*
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Table 2. Concentrations at Minimum VelociOty (CMV) for
Studied Systems

CMV [mM]
C,,TAB n-octanol
S/A 0.450 0.013
S/V 0.092 0.006

Moreover, the effect of n-hexane presence on the dynamic
adsorption layer over the rising bubble could be illustrated by
visualizing shifts in the bubble’s terminal velocity, defined as

AUA_V(CS,i) = US/A(CS,i) - US/V(CS,i) (15)

Reaching the minimum velocity by the bubble means that
further increase of the surfactant concentration has no
influence on the bubble terminal velocity. In other words,
the coverage of the bubble interface becomes sufficient to fully
immobilize the bubble surface. Therefore, the observed
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decrease in the CMV values may indicate that, at the same
cs, surfactant coverage over the rising bubble surface is
significantly greater in the presence of n-hexane vapor.
Regardless of the type of surfactant used, the bubble terminal
velocity is always lower in the air/n-hexane vapor system than
in the clean air system, but the magnitude of this effect varies
with the type of surfactant (see Figure 10B) and its cg. Similarly
to the AITY*(cg) dependence (see Figure 6-A4), a maximum
in the AUV(cg) dependence is observed.

The initial increase in AU (cs) is associated with greater
surfactant coverage on the bubble surface in the air/n-hexane
vapor system, leading to a significant reduction in the bubble’s
terminal velocity. It worth mentioning that the maximum
AU is observed at the CMV/V value. Further increasing the
surfactant concentration beyond the CMV value determined in
the hexane-free system reduces AUV to zero, as full
immobilization of the bubble surface is achieved (bubble
terminal velocity is U,,;, = 14.8 cm/s) in both studied systems.

min
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Based on the presented data it is observed that (i) the CMV
decrease is greater in case of C;,TAB (Table 2) and (ii) the
terminal velocity difference is more pronounced, again, for
C,,TAB (Figure 9B). These findings correlate well with surface
tension measurements and MD simulations, which also
demonstrated a stronger synergistic effect of n-hexane vapor
and surfactant for C;,TAB compared to n-octanol.

When collecting experimental data on bubble velocity, it is
crucial to measure the bubble diameter for each experiment, as
changes in bubble volume significantly impact the buoyant
force. Therefore, the bubble equivalent diameter should be
carefully estimated using eq 2, with d, and d, obtained from
image analysis. Additionally, theoretical bubble diameter values
can be predicted using Tate’s law:**

[ 6dy ]1 /3

db =

Apg (16)
where d, is the capillary inner diameter, Ap is the density
difference between water and the gas used, and g is the
gravitational acceleration.

Both, experimental and theoretical values of bubble diameter
as a function of surfactant concentration, are shown in Figure
10A. As it is seen, the theoretical values of bubble diameter
show good consistency with experimental data for the hexane-
free air bubble, while theoretical data for the air/n-hexane
vapor systems (dashed lines) underestimate bubble diameter.
It means that for the air/n-hexane vapor system, the process of
the bubble growth on the capillary tip is not influenced by the
presence of organic vapors. Without any doubt, the increase in
gas density due to n-hexane vapor presence is not great enough
to compensate for the decrease of surface tension. On the
contrary, even a small increase of the effective capillary inner
diameter (ca. S um, i.e., 7%) caused by condensation of n-
hexane on the capillary tip may lead to an observed increase of
bubble size for clean water and low surfactant concentrations.
However, this hypothesis fails for higher surfactant concen-
trations: for 0.1 mM C,,TAB, surface tensions are 69.1 and
55.5 mN/m for S/A and S/V interfaces, respectively. To
compensate for this surface tension difference and obtain the
same bubble diameter, the effective capillary inner diameter
needs to increase by ca. 20 ym (i.e., 25%). While small changes
(up to S pm) of the effective capillary inner diameter might be

20357

hard to observe with the optical lens used in our setup, the 20
pum increase of the bubble neck size can be easily recognized
from image analysis. Therefore, this explanation should be
rather rejected. Another possible explanation of this surprising
effect might be related to the time of bubble formation on the
capillary tip before it detaches and starts rising to the top of the
column. In our case, the time of bubble formation is in the
range 1.5—2 s, and this time scale might be too short for the
immediate formation of the n-hexane layer over the bubble
interface.

A thorough interpretation of this intriguing issue requires
further studies for a quantitative description of the
phenomenon, particularly through dynamic surface tension
measurements and bubble LVP measurements under con-
trolled bubble growth and detachment conditions.

Besides bubble velocity, changes in bubble motion are
always reflected in another characteristic quantity, i.e., bubble
deformation ratio (E). It is clearly observed for surfactant
solutions that a decrease in the bubble velocity is followed by a
decrease in the bubble deformation ratio. Legendre et al.*®
proposed a simple formula describing the bubble deformation
in pure water for E < 3:

-1
E= (1 - iWe)
64

(17)
where We is the Weber number:
d,UzA
We = Db 2P
Y (18)

Figure 10B presents a comparison between experimental
data and theoretical values calculated using eqs 17—18 for
bubble deformation ratio at the terminal velocity as a function
of the Weber number. Regardless of the limitations of eq 17 for
pure water only,°° the theoretical model follows the
experimental results quite well up to the concentrations at
minimum velocity. Above the CMV (corresponding to a low
Weber number value in our system), bubble deformation tends
to a constant value of E & 1.06. Under these conditions, the
theoretical model may deviate from the experimental data,
primarily because the bubble’s terminal velocity reaches its
minimum and remains constant despite increasing surfactant
concentration, while surface tension continues to decrease. It is

https://doi.org/10.1021/acs.iecr.5c02608
Ind. Eng. Chem. Res. 2025, 64, 20347—-20361


https://pubs.acs.org/doi/10.1021/acs.iecr.5c02608?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c02608?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c02608?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.5c02608?fig=fig10&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.5c02608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

worth mentioning that there is no significant difference in
bubble shape deformation between a pure air bubble and an
air/n-hexane vapor bubble at the same terminal velocity. This
may confirm that the adsorbed n-hexane layer does not
influence the fluidity of the rising bubble.

3.2.3. Drag Coefficient and Reynolds Number Depend-
ence. When a bubble reaches terminal velocity, its motion is
driven by the balance between the buoyancy and the drag
force. As the bubble size stayed almost constant (ca. 1.48 mm)
for the studied concentration ranges, changes in the buoyant
force are negligible. Thus, the decrease of the bubble terminal
velocity as a function of the surfactant concentration is
reflected in changes of the drag coefficient (Cp). Based on the
experimental data, the drag coefficient can be found from™

4d,Apg 53200

~ 2

D=

3Usp, Re (19)
Re = —dbprL
s (20)

where Re is the Reynolds number and #; is the water viscosity.
Figure 11 presents the calculated drag coefficient values for
experimental data using eq 19 as a function of the Reynolds
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Figure 11. Drag coefficient as a function of Reynolds number;
symbols present Cp, values calculated using experimental data and eqs
19 and 20.

number. As shown, the experimental data lie between the two
theoretical curves representing the boundary conditions of fully
mobile and tangentially immobile interfaces.

For mobile interface, which corresponds to pure water and
very low surfactant concentrations and, consequently, high
terminal velocities and high Reynolds numbers, the exper-
imentally determined drag coefficients align well with the
theoretical relation proposed by Moore:®”

2.21H(E)}
vRe (21)
where G(E) and H(E) are functions of the bubble deformation

degree:68
VE* =1 — (2 — E)sec ' E
(E’sec’'E — VE* = 1)
(22)

48
C —G(E)[1 +
0= 2a0e)

1
G(E) = gE“”(E2 - 1)*?
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H(E) = 0.0195E* — 0.2134E® + 1.7026E — 1.5732
(23)

On the other hand, for a fully immobile bubble surface and
Re > 130, a drag coefficient of 0.95 has been proposed by
Nguyen.”” As shown, the experimental Cp, values determined
for high-concentration surfactant solutions approach this
limiting value.

Across the entire Reynolds number range, no deviations are
observed for air/n-hexane vapor systems. This consistency may
indicate that the same mechanism surface bubble
immobilization by a dynamic adsorption layer — causes the
terminal velocity decrease for both studied systems. An analysis
of the bubble velocity profiles in pure water indicates that n-
hexane vapor alone does not immobilize the bubble surface.
Therefore, in both systems, it is the surfactant adsorption that
is responsible for altering the bubble surface fluidity. Since the
adsorption flux at the same surfactant concentration is similar
regardless of the presence or absence of n-hexane vapor in the
gaseous phase, the observed differences in surface coverage are
most likely due to changes in the desorption process.
Hindrances in the desorption process can effectively influence
surfactant coverage on the rising bubble interface, causing a
significant decrease in bubble velocity. Similar conclusions
were drawn in the theoretical paper by Wang et al,,”” dealing
with effects of adsorption, desorption and diffusion character-
istics of surfactants on the hydrodynamic characteristics of a
bubble in a surfactant solution at medium Reynolds numbers.
It was shown that an increase in Langmuir number (La)

defined as

_ ku.CS

ky

La
(24)

where k, and k; are adsorption and desorption rate constants,
respectively, either by an increase of k, (as well as ¢5) and/or a
decrease of k; leads to an increase in the stagnant cap angle
(B) and interfacial concentration, and consequently, a decrease
in the bubble velocity. This mechanism is schematically
presented in Figure 12.

4. CONCLUSIONS

The influence of organic vapor on the physicochemical
properties of water/air interface has long been debated, as
overviewed in the introduction, but only a few studies have

adsorption flux

surface diffusion

}

desorption flux

Figure 12. Schematic view of the immobilization mechanism in the
presence of n-hexane vapor.
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examined directly dynamic adsorption layer formed over the
rising bubble.”® In our study, the influence of n-hexane vapor
on rising bubbles in pure water and in surfactant solutions of n-
octanol or C,TAB was thoroughly examined and interpreted
based on supporting interfacial tension measurements and
molecular dynamics simulations.

It was found that the presence of n-hexane vapor
signiﬁcantly influences surface tension, even in pure water
systems. A thorough analysis of the obtained data using the
STDE isotherm revealed two major adsorption regimes. In the
first regime, which includes low and medium surfactant
concentrations, cooperative adsorption of surfactant and n-
hexane molecules was observed, leading to a distinct increase
in surface coverage compared to the hexane-free system. The
second regime began at the surfactant concentration
corresponding to the crossover point of surface coverages.
Beyond this concentration, the surface coverage in the air/n-
hexane system was lower than in the hexane-free system. This
effect was attributed to hindered surfactant adsorption caused
by geometrical and conformational constraints.

In the case of rising bubble experiments, no effect of n-
hexane vapor was detected in pure water, whereas its presence
significantly influenced bubble velocity profiles in surfactant
solutions. This suggests that surfactant molecules adsorbed at
the bubble interface play a crucial role in altering bubble
mobility, and that the synergistic effect of surfactant and n-
hexane molecules is essential for reducing the bubble’s terminal
velocity. It should be emphasized that the observed crossovers
in surface coverage did not affect the bubble rise velocity, as
the measured concentrations at minimum velocity (CMV)
remained well below the crossover concentrations.

Measurements of both static and dynamic bubbles support
the conclusion that the primary cause of the observed
differences in bubble terminal velocities at water/air and
water/vapor interfaces — under identical surfactant concen-
trations — was the higher surfactant coverage at the bubble
interface in the presence of n-hexane vapor. Since the
adsorption flux remains constant at a given surfactant
concentration regardless of the presence of n-hexane vapor in
the gas phase, the differences in surface coverages were likely
due to changes in the desorption process. This finding has
been confirmed by all-atom molecular dynamics simulations,
which revealed that the presence of n-hexane in the interfacial
layer hinders the desorption of surfactant molecules.

The presented results clearly demonstrate a significant
influence of organic vapors on the enhancement of adsorption
layer formation kinetics. This finding serves as a valuable
starting point for further investigations into bubble dynamics,
the formation of individual foam films, and the behavior of
complete foam systems, all of which hold significant potential
for a wide range of chemical engineering applications.
Systematic investigations involving a diverse range of volatile
compounds (e.g., natural) could pave the way for the design of
multicomponent systems in which foam film stability and
foaming efficiency are preserved — even when the concen-
tration of surface-active agents is substantially reduced. Such
an approach holds promising applications in industries such as
cosmetics and pharmaceuticals, where the formulation of stable
foams is essential. Moreover, this phenomenon can be
strategically exploited in separation technologies that operate
at gas/liquid interfaces, for instance foam fractionation for
protein recovery or froth flotation in mineral processing. In
these applications, the controlled presence of organic vapors

within bubbles could significantly enhance recovery rates and
enable a marked reduction in the amount of frothers required.
Minimizing the use of synthetic surfactants without com-
promising process efficiency brings notable economic and
environmental advantages. It also facilitates a transition toward
greener alternatives, such as biosurfactants — biodegradable
and less toxic substances that, despite their many benefits,
remain prohibitively expensive for widespread adoption. In our
opinion, the results presented in this paper provide a strong
starting point for the development of a new generation of
foam-based technologies that combine high performance with
the principles of green chemistry and sustainable engineering.
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