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Keywords: Understanding the factors that affect bubble dissolution under pressure is crucial for the pneumatic transport of
Nanoviscosity dispersions. This study probes the kinetics of air dissolution, the air solubility at a given pressure, and the gas
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diffusion due to bubble dissolution to elucidate the molecular mechanisms of gas transport in liquid dispersions
with varied structures and viscosities. We achieve our aims by using water-glycerol mixtures, silicone oils with
different viscosities, surfactant solutions containing worm-like micelles and having different macroscopic vis-
cosities, particle suspensions, and surfactant solutions capable of forming a condensed adsorption layer on the
bubble surfaces at ambient conditions. The results show that the dissolution rate does not depend on the
macroscopic viscosity for silicone oils and solutions containing worm-like micelles, indicating that gas diffusion
occurs faster than the movement of big polymeric molecules and worm-like micelles. We could predict the
experimentally determined diffusion coefficients by accounting for free volume in these media and using the
equation for Knudsen diffusion. We show that one way to decrease the rate of bubble dissolution under pressure
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is to add surfactants, which can decrease the permeability of the adsorption layer formed on the bubble surface
by forming a condensed adsorption layer.

Nomenclature

a hydrodynamic radius of the dissolved gas molecules
D Diffusion coefficient, m?/s

D, Diffusion coefficient of gas molecule in the silicone oil
Dg,a Diffusion coefficient of gas molecule in air

Co Solubility of gas in a fluid medium, g.m > bar™*

Co,n2> Co,02 gas solubility, denoting the bulk concentration of
nitrogen and oxygen respectively

Conzs> Coo2s gas solubility, denoting the surface concentration of
nitrogen and oxygen around the bubbles

Cop Solubility of gas in a fluid medium under pressure
¢y gas solubility in pure water

C; gas solubility in electrolyte solution

Cz concentration of electrolyte

kscc solubility constant

kg Boltzmann constant, J.K!

Nsg Stokes-Einstein number (dimensionless)

R Radius of a bubble, pm

p Pressure, bars

T Temperature, K

a Rate of dissolution, pm?/s

Y Parameter for gas distribution around a bubble,
dimensionless

n Viscosity, Pa.s

Oy Intermolecular porosity (dimensionless)

Pg Mass density of gas, kg/m?

@,pmax  Volume fraction and close-packing fraction of solid
particles (dimensionless)

1. Introduction

The air bubbles dissolution under pressure is central to pneumatic
transport of dispersions, used in cosmetics, foods and beverages, safety
applications (e.g. fire extinguishing), and even 3-D printing of materials.
The dissolution leads to local supersaturation with gas and might trigger
subsequent nucleation or disproportionation via enhanced Ostwald
ripening. Critical examples include processing structural materials such
as concrete and polymer foams, where precise structural control is a
must. Local fluctuations in size and volume fraction can lead to signif-
icant fluctuations in material properties and failure during settling and
utilization.

Studies on gas solubility often employ isochoric saturation, a tech-
nique in which a specific volume is saturated with gas under pressure.
The subsequent decrease in pressure over time is measured to evaluate
the amount of dissolved gas [1,2]. Another approach involves gravi-
metric saturation at a constant pressure, where the mass of the dissolved
gas is measured following a typically prolonged waiting period [1,2].
For the characterization of gas solubility, micellar solutions are to be
considered non-isotropic. Micelles are proven to solubilize gas effi-
ciently in their hydrophobic core, depending on their tail size and the
nature of the dissolving gases [3-7]. It has been shown that the solubility
of gases increases linearly with surfactant concentration above the
critical micellar concentration for both anionic SDS and cationic CTAB
[3]. The gas distribution coefficients between the SDS micelles and the
surrounding water increased from 40 for oxygen to 350 for ethane [3].
The increase in carbon chain length of the gas from ethane to propane
further increased the solubility in SDS and CTAB micelles [4]. The dis-
tribution coefficient of nitrogen between water and C,TAB micelles was
determined to increase with the surfactant chain length from 66 for
DTAB to 70 for TTAB [6]. The high salt concentrations of up to 0.6 M
NaCl in the aqueous phase did not affect the solubility of ethane in SDS
micelles [7]. In these studies [3-7], the micelles were "classical" spher-
ical micelles, which have a discrete nature compared to the worm-like
micelles observed in some surfactant mixtures [8,9]. Such elongated
micelles have the potential to enhance gas diffusion depending on their
structure - a case that has been observed for Winsor I emulsions tran-
sitioning to Winsor III type [10]. However, as claimed, each gas’s
intermicellar solubility remains lower than its solubility in a typical
hydrocarbon, as shown in [3].

Different techniques to study the gas transport in fluids were recently

reviewed and classified in groups by Upreti and Mehrotra [11]. They
include gravimetric and volumetric methods with multiple variations, as
well as more sophisticated methods such as light or particle scattering
[12,13], nuclear-magnetic resonance [14], membrane-based methods
[15,16], computer modeling [17-19], and others [20-22]. Many of
these techniques require sophisticated and expensive equipment and
high specificity, limiting their use to several key substances. Therefore,
their use could be hindered by non-isotropic solutions and emulsions.

To access both the gas solubility and the gas diffusion within ho-
mogeneous and heterogeneous dispersions, here we combine optical
observation of single micrometric bubble dissolution under pressure
[23-26] with independent measurement of the gas solubility via
gravimetry [1,2]. This bubble dissolution technique was first developed
by Epstein & Plesset in 1950 and demonstrated to work well for evalu-
ating gas solubility in water [25-30] and oily drops in surfactant solu-
tions [31,32] and ambient pressures. The gas diffusion in water for
different gases was studied in [27] at temperatures between 10 and 60
°C at ambient pressure by measuring the bubble size decrease over time
in the thermostated cell by using the method developed by Houghton
et al. [26]. It was shown [27] that the diffusion coefficients of dissolved
air can be estimated from those of oxygen and nitrogen at all tempera-
tures. In a recent study of Cadogan et al. [33] the gas diffusivity was
measured by Taylor dispersion method [34] at different temperatures
and pressures, and it was shown that the results from Taylor dispersion
method were 40 % lower as compared to the results obtained by the
method of Wise & Houghton [27]. The effect of pressure up to 45 MPa
was negligible on the measured diffusion coefficients [33]. The good
agreement between experimental data obtained by Taylor dispersion
method and the correlation based on the Stokes-Einstein equation was
established in [33]. To our knowledge, the gas diffusivity of air in
water-glycerol mixtures has not been tested, and it is unclear whether
the Stokes-Einstein equation can be applied to these systems. In the
current study, we applied the bubble diminishing technique to deter-
mine the gas dissolution kinetics in various complex media by applying
different pressures during the dissolution stage.

It was shown in [35] that the oxygen mobility in cured poly(dime-
thylsiloxane) films is 5 orders of magnitude higher than that estimated
by Stokes-Einstein when the macro-viscosity was used. The difference
between micro-viscosity and macro-viscosity of polymer films explained
the observed discrepancy. In [36], the molecular mobility in a series of
silicone oils with different viscosities ranging between 1 and 2.5 x 10°
mPa.s was determined by measuring the quenching rate constant of
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pyrene fluorescence by phthalic anhydride. It was shown that the
quenching rate constant is proportional to n_°'4 for silicone oils with
macro-viscosity, 1 < 50 mPa.s and the effect of macro-viscosity of sili-
cone oils became even less pronounced for silicone oils with > 50 mPa.
s giving the dependence of quenching rate constant on 1-%%* [36]. The
estimated diffusion coefficients of phthalic anhydride in used silicone
oils based on the measured quenching rate constants were found to vary
between 1.4 x 1072 m?/s and 2.2 x 1071° m?/s, whereas the estimated
viscosities based on Stokes-Einstein equation by using the measured
macro-viscosities varied between 9.3 x 1071° m2/s and 3.7 x 1076
m?/s [36]. This considerable difference was explained by the difference
between macro-viscosity and micro-viscosity [36], where the
macro-viscosity arises from the movement of the complete PDMS
molecule. In contrast, the micro-viscosity depends on the motion of a
part of the molecule (segmental or side group movement) [36]. The
introduction of silyl or siloxane structures in ionic liquids also increased
solute diffusivity in these systems, but the effect is much smaller than in
silicone oils [37]. The deviation of solute diffusivity in ionic liquids from
the Stokes-Einstein equation was explained by three factors: flexibility,
interaction energy, and free volume [37]. In [38], it was shown that the
ratio between experimentally measured diffusion coefficient and pre-
dicted by the Stokes-Einstein equation depends on the nature of the
solute molecules and solvent molecules. For neutral solutes, the empir-
ical equation for predicting the deviation from Stokes-Einstein predic-
tion is proposed based on the ratios of the solute-to-solvent van der
Waals volumes. A similar approach is used in [14] to describe the
experimental data for diffusion coefficients measured at different pres-
sures. It is unknown whether the approach developed for ionic liquids
can be used for other systems and for what systems we can expect large
deviations from Stokes-Einstein prediction and for which we can apply
it.

Therefore, the primary aim of the current study is to use the simple
bubble diminishing technique to investigate gas dissolution at room
temperature at different pressures in various types of systems: water,
water-glycerol mixtures, silicone oils, surfactant solutions with different
types of micelles having very different macroscopic viscosities, saponin
solution which ensures the formation of dense adsorption layer on the
diminishing bubble [39,40] and silica suspension.

2. Materials

We prepared the solutions using deionized water purified via the Elix
3 module (Millipore). We used sodium chloride to adjust the electrolyte
concentration and analytical grade glycerol for its aqueous solutions
(both from Teokom, Bulgaria). We used the following surfactants: Escin -
a product of Sigma (Cat. No. 50531) and purity > 95 %. We mixed 10 wt
% sodium laureth sulfate, SLES (Steol CS270, Stepan, 70 % activity) and
cocamidopropyl betaine, CAPB (Tegobetain F50, Evonik, 40 % active) in
2:1 wt:wt ratio. Their mixtures are abbreviated as BS in the text from this
point on. Then, the calculated amount of sodium chloride was added as a
powder to the solutions and homogenized for a couple of hours before
use.

We purchased polydimethylsiloxane or PDMS with various viscos-
ities, AK10, 100, 1000, 2000, and 30000 cSt from Wacker, and silica
nanoparticles Ludox TM50 from Sigma Aldrich.

We used Nj (Sol Bulgaria) and ambient air with 20-50 % relative
humidity for the dissolution experiments. All experiments were per-
formed at 25 + 3°C.

3. Methods
3.1. Gas solubility
10-25 g of fluid was placed in a sapphire tube (26 mm inner diam-

eter, 2.5 mm thickness, 100 mm height; Saint Gobain Crystals) and
sealed with Teflon-coated alumina plates. A manual ball valve on top
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sealed the cell under pressure. The cell’s mass was measured ( & 0.01 g
accuracy; Precisa 165 BJ Series, BJ 2200 C). To measure the gas solu-
bility, we designed a procedure that resembles gravimetric solubility
measurements used for hydrogen sorption [41]. We measured the cell’s
mass with the fluid before and after compression with nitrogen between
10 and 50 bars, depending on the expected gas solubility. Higher pres-
sures were used for lower gas solubility to achieve higher masses. The
mass under pressure was measured immediately after compression, and
the fluid within the cell was stirred continuously during the saturation
with a magnetic stirrer. The mass of the fluid increased gradually and
reached a constant value after equilibrium saturation. The final change
in the mass under pressure was recorded and divided by the saturation
pressure and the initial sample mass to yield the gas solubility, Cp, in g.
m~>.bar~!. We removed the excess pressure and measured the mass of
the supersaturated fluid again. Then, we stirred the fluid to remove the
excess gas, which nucleated into bubbles. We recorded the mass for the
third time when all the bubbles coalesced with air. In the end, we
averaged the three measurements.

We measured the solubility in surfactant solutions from the foam
volume generated from supersaturation, decompression, and mixing for
20-30 seconds. The difference in the solution height before decom-
pression and the foam maximum height after decompression and stirring
was measured to estimate the air volume.

3.2. High-pressure optical observation cell

To study the dissolution of bubbles under pressure, we built a custom
observation cell, like the one designed by Nishiyama in 2017 [42], but
with a gas cylinder pressurization [43], see Fig. 1. We attached an un-
coated sapphire with a 25 mm diameter and 3 mm thickness (WG30530,
Thorlabs) to a stainless-steel mount via Norland optical adhesive 68TH.
A 2 mm observation window with 1 mm internal height was left for
optical observations in transmitted light (Nikon Labophot 2) via x 5 LD
objective (Nikon E Plan). Manual ball valves (BKR up to 350 bars, Hansa
Flex) were attached on both sides of the cell to allow sample injection,
cell cleaning, compression, and decompression. We set the pressure in
the outer tubing to the desired value via a pressure regulator (HD250,
Hornung), and pressure was applied by opening the electromagnetic
solenoid valves (1/4, AC 220 v, NPT) with 1.5 mm orifices that allow up
to 300 bars pressure.

We recorded the bubble dissolution via a high-speed camera (Chro-
nos 1.4, Kron Technologies). The high-speed camera allowed for 17500
frames to be recorded at 1240 x 1080 resolution and different frame
rates (typically between 1000 and 100 fps), allowing for a recording
between 17.5 and 175 seconds. We also used a regular microscope
camera (Levenhuk M200) for simultaneous observation of slower
dissolution that allowed unrestricted duration of the observation at 25
fps.

We prepared dispersions with a typical volume of 100 mL trapped
and mixed them manually to trap a few bubbles. Then, we injected
20 mL of the fluid in the cell to rinse it. Another 20 mL was injected via
syringe until a bubble settled in the observation window. Then, the
bubble was left for at least 30 s to cream to the sapphire wall, and hy-
drostatic pressure was equilibrated. Afterward, we initiated the high-
speed camera and compressed the fluid. We injected new solutions for
each experiment and measured 3-5 bubbles for each system. We pro-
cessed data for bubbles with a radius under pressure between 20 and
150 um. We cleaned the cell after each dispersion using repeated flow
injection of hot water, isopropanol, and ethanol (96 %). We used a
cleaning solution of Decon 90 to soak the cell for several hours/days
after using polymers. Finally, we dried the cell via continuous air
pumping.

3.3. Dissolution rate evaluation and diffusion coefficient determination

We processed the video by isochronous slicing into 100 images using
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Fig. 1. Cell for optical observation of bubbles dissolution via under pressure. (A) A stainless-steel optical observation cell with pressure-resistant sapphire windows.
(B) The pressure setup: The observation cell (1) is filled with bubbles-containing liquid by opening the ball valves (2). After filling the cell, valves (2) are closed, and
ball valves (3) are opened towards the atmosphere to allow hydrostatic pressure equilibration. Then, the valve 5-in is opened to allow pressure simultaneously at both
sides of the observation cell while the high-speed camera is used for recording the dissolution process. Pressure is applied via a gas cylinder with a pressure regulator

(HD250, Hornung).

VideoProc Converter. Then, we used the images to estimate the pro-
jected area of the bubbles for each image using Fiji software (ImageJ).

Next, we calculated the bubble radius vs time.

We processed the experimental results using three different theo-
retical procedures with different levels of complexity:

3.3.1. Steady-state approximation

The experimental data presented in the main text are obtained from
the determined slope of bubble size decrease in the range R/Ry < 0.8
and R/Ry > 0.5, where R is the bubble’s radius at time t, and Ry is the
initial radius of the bubble. The upper limit of 0.8 is chosen based on
considerations in [28]. To minimize errors from data processing, data
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Fig. 2. (A) The evolution of scaled bubble radius R/Ry as a function of scaled time t/R% for bubbles placed in water and observed at different pressures. The dashed
lines indicate the region that is used to plot the data in (B) Bubble area as a function of time for air bubbles dissolved in water at different pressures. The points are
experimental data obtained at different pressures, whereas the curves are calculated following Eq. (1) with s; = 40.6 pm?/s; (C) The best description of experimental
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for bubbles smaller in radius than 10 um was measured but not used in
the fitting procedures as error increased exponentially beyond this point
at the magnification used. Thus, we discarded the data for R/Ry < 0.5
for bubbles in water at higher pressures (Fig. 2). The experimental data
followed a linear dependence when (R%—RZ) was plotted as a function of t
with a slope s1:

RZ-R*=st @

According to the steady-state analysis given by Epstein & Plesset
[25], the determined slope, s, is proportional to the diffusion coeftfi-
cient. However, because the studied bubbles are much lighter than the
surrounding liquid, they float up close to the upper side of the cell wall,
which restricts gas diffusion. Liebermann introduced an empirical
correction of 0.693 in [44] that varied up to 0.852 in [28]. Wise and
Houghton [27] present a value of 0.686, which is in excellent agreement
with our results:

S1

= (2)

a

Where a; is the dissolution rate, and k; is the correction coefficient ac-
counting for the solid wall above the bubble, equal to 0.69. From the rate
of dissolution, we calculate the diffusion coefficient via [25]:

Pg
Co—Ci @

Dexp =
Where C; is the initial gas concentration dissolved in the media, Cy is the
dissolved gas concentration in the media for a saturated solution at a
given temperature and pressure, and py is the mass density of gas at a
given pressure - a textbook value that is known for various gases and gas
mixtures [45]. The value of C; is neglected compared to the value of Cy
because the experiments are performed at least 20 bars, which means
that even if the saturation solubility is reached at ambient pressure, the
value of C; is at least 20 times lower compared to Cy.

As noted above, the initial curve integration for R/Ry > 0.8 effec-
tively increases the dissolution coefficient s; by around 10 %, while k;
decreases it by =~ 45 %, meaning that the two corrections lead to a
typical value of o; ~ 1.30 when compared to a steady state integration
over the whole curve.

3.3.2. Accounting for non-steady state distribution of gas around
diminishing bubble

Epstein and Plesset [25] used steady-state approximation to derive
eq. [1]. However, a non-stationary contribution is present during the
initial stages of dissolution around the shrinking bubble [25]. To ac-
count for this effect, we solved numerically the equation accounting for
non-stationary distribution, which is given in Ref. [25]:
dy «x

yox @

Where vy is determined from the known values of Cq and p, for each
system:

2(Cy — G
. (Co - C) (5)
g
From the best fit of experimental data plotted as R/Ry vs. t/R3 and
numerically determined dependence of y(x) at a given value of y we
determined the value of oy considering that:

R Sot
Y TR TR ©)

The values of oy and Dgxps from determined values of s5 are calcu-
lated by using Egs. (2) and (3) above. Usually, the calculated values of oy
are =~ 30 % smaller than those of a; calculated from steady-state
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approximation.

3.3.3. Accounting for the presence of two gases in the diminishing bubble

The air is a mixture of nitrogen and oxygen. Oxygen has higher
solubility in the aqueous solutions than nitrogen and a slightly higher
diffusion coefficient. That is why, in the initial stages, oxygen dissolves
faster in the surrounding media than nitrogen. The equations that
describe the evolution of a bubble containing multiple molecules are
derived in [29] to be:

2 2
1 1 1 1
Do, C —+——| =Dy,G e 7
0,Co,s (R \/ﬂTOZt> N, CN,s (R \/M) )
COQG CNzcs
+ =1 ®
Co,s  Cnys

dr 1 1 1 1
PL = KTDy,Cryo |2+ o | —kTDo,Cope [ 2 +—— | (O
dt Na Nz (R \/ﬂDNZt) 027020 <R 7Do,t ) ©

Coas and Cyas are the saturation concentrations of Oy and Ny at
pressure P. Those are the values known from the literature, Cpy, and
Cna2o are the concentrations of O and Ny at the boundary of the bubble
on the solution side. Note that for one component system Cpas = Co2s- R
is the bubble radius, k is the Boltzmann constant, T is the temperature,
Dy and Dg; are the diffusion coefficients of Ny and O,.

3.4. Viscosity measurements

We measured the viscosity of solutions and dispersions via rotational
rheometer Bohlin Gemini with cone and plate geometry 40 mm diam-
eter and 4° cone angle. We used the viscosity interval between 0.01 and
300 57! for micellar solutions and fit the experimental data with the
Carreau model to extract the zero-shear viscosity. The other dispersions
we used were Newtonian liquids, and their viscosity was independent of
the shear rate.

4. Experimental results and discussion
4.1. Solutions viscosity

The experimental results for measured viscosities of the media used
for bubble dissolution are shown in Fig. S1 in the Supporting Informa-
tion. The chosen media have very different rheological responses: (1)
Silicone oils, water-glycerol mixtures and silica suspensions have nearly
Newtonian behavior with viscosities ranging between 0.89 mPa.s up to
30 x 10° mPa.s; (2) BS solutions with low electrolyte concentrations
also show nearly Newtonian behavior, see red circles in Fig. S1C; (3) BS
solutions with high electrolyte concentrations have shear thinning
behavior, see Fig. SIA and S1B. For these solutions, the viscosity de-
creases with the increase of shear rate, and it is not clear in advance
which viscosity the gas molecules "feel" during their diffusion through
such media.

4.2. Gas solubility in studied systems

Table 1 summarizes the experimental data for gas solubility in
studied dispersions. Our method yields reasonable results compared to
various literature sources, apart from glycerol and 70 % glycerol-water
mixture. As presented in the methods section, our gravimetric method
has a resolution of + 0.01 g, equivalent to + 8 g.m™>.bar™* for 50 bars
pressure and 25 mL solution. To improve the measurement accuracy, we
modified the procedure to measure the volume of the dissolved gas with
a resolution of + 3 g.m >.bar !: we measured 20 mL of 1 wt% escin
(which had a negligible effect on gas solubility in water) in 70 wt%
glycerol solution. We saturated the solution at 20 bars under continuous
stirring overnight. Then, we decompressed the samples and stirred them
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Table 1

Gravimetric air solubility at 25 °C in different dispersions. The symbol “+”
represents the ranges of data scattering across the different literature sources,
given in the brackets. The error bars in the experiments represent the data
scattering for a resolution of + 8 g.m3.bar 1.

1

System Cop, g.m 3.bar™
Experiment Reference data
Water-glycerol Water 19+5 18 (15+-20) [1,
mixtures 46]!
42 (26+-45) [46,
477
70 % glycerol 18+8 6.0 (5.2+6.7) [2,
48,4911
> 99 % glycerol 13+4 5.7 (2.3+9.0) [2,
48,491V
Silicone oils AK10 270 + 50 160 [50]Y
AK100 250 + 50 260 [50]"
AK1000 250 + 50 169 + 6 [51]"i
100 + 9 [15]Vi
232 + 13 [15]
285 [52]*
Surfactant wt% BS 225+ 3 204
solution wt% BS 2349 44
+ 220 mM NacCl
Silica dispersion 50 wt% Ludox 16.6 + 1.3 total 16.5 [53]ii

13.2 in water 13.2
3.4 sorption at 3.3 [53]*Y
particle surface

The number in the parenthesis shows the reference from which the data are
taken. iNz in water at 25 °C; ﬁOz in water at 25 °C; i“Nz in 67-70 wt% aqueous
solution of glycerol at 15-25 °C; IV N, in glycerol at 15 °C; "N, in AK100 at 25 °C;
vio, in AK100 at 25 °C; V0, in PDMS with a viscosity of 26 Pa.s at 30 °C; “iN, in
PDMS film cross-linked at 35 °C; *O, in PDMS film cross-linked at 35 °C; *Air in
silicone fluids KF96 at 25 °C; ! Calculated solubility of N5 in BS+NaCl solution at
25 °C without accounting for Laplace pressure in the micelles; *Calculated
solubility of O, in BS+NaCl solution at 25 °C without accounting for Laplace
pressure in the micelles; XiiCalculated, assuming 35 % air sorption at particles
interface, using data for activated carbon at 20 °C at 5 bars.

at low speed to trigger bubble nucleation. As a result, foam grew from
the dissolved supersaturated gas. We measured the final foam volume
and estimated the amount of dissolved gas, corresponding to 13 + 3 g.
m~3.bar™! for 70 wt% glycerol. This value is in line with our gravimetric
measurements (18 + 8 g.m~>.bar 1) and showed higher gas solubility in
the used glycerol and glycerol-water mixtures than those presented in
the literature. There are two possible explanations for the observed
discrepancy between our data and those reported in the literature for
glycerol solutions: (1) insufficient accuracy of our experimental method
or (2) insufficient saturation time in the methods used in the literature.
Currently, we cannot conclude which is the primary reason for the
observed discrepancy. On the other hand, the discrepancy is much lower
for all other systems in which the gas solubility is higher. Therefore, we
can make unambiguous conclusions about the gas diffusivity in the
complex mixtures with gas solubility higher than 10 g.m >.bar 1.

The solubility in silicone oils is much higher than in aqueous solu-
tions, and the obtained results are in the order of magnitude of values
reported in the literature. An increase in solubility within the experi-
mental error is measured in surfactant solutions, which agrees with re-
sults reported in the literature [3-7].

To calculate the maximal solubility of oxygen and nitrogen in the
SLES-CAPB (BS) solutions at different salt concentrations, we used the
expressions known from the literature for the effect of salt concentration
on the solubility of Oy and Ny in the water. We used the following
expression [2,46,47]:

o
log -1 kscch (10)

(&}

Where Y is the gas solubility in pure water, C; is the gas solubility in the
electrolyte solution, C, is the molar concentration of electrolyte, and
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kscc is 0.141 L/mol [47] for Oy and 0.129 L/mol [2,46] for Ns. To ac-
count for solubility inside the surfactant micelles, we used the molar
ratios of 1.23 x 1073 [2] for N5 and 2.1946 x 1073 [47] of 0O, dissolved
in C12H26. To account for the Laplace pressure of the micelle interior, we
used the model proposed in [3], which shows that the actual solubility of
gas molecules in micelles interior will be =~ 50 % smaller as compared to
their solubility in bulk alkanes. The estimated values of Cop for 10 wt%
BS+ 220 mM NaCl are shown in Table 1. Note that CAPB in BS contains
1.12 mol NaCl for each mole of CAPB [9]. The calculated value for the
solubility of Ny is very close to that measured by our experimental
method.

4.3. Kinetics of air bubble dissolution in water

We measured the dissolution of at least two bubbles in pure water at
four different pressures of 20, 50, 70, and 90 bars. The experimental
results are analyzed using the three approaches described in section 2.2
to determine the diffusion coefficients. The experimental data and their
description by the used approaches are shown in Fig. 2, whereas the
determined diffusion coefficients and the used values for gas solubility
are shown in Table 2. One sees that the description of the experimental
results accounting for the presence of two gases in the bubble is better as
compared to the case when only one gas is accounted for, see red and
pink curve in Fig. 2 C, because the initial slope is higher as compared to
the final slope showing that the oxygen is dissolved first.

The determined values for diffusion coefficients in water do not
depend on the applied pressure in the frame of our experimental accu-
racy. The value of the diffusion coefficient determined from the linear
regression is slightly higher than that determined from the description of
the results using Eq. (4). This is because the value of y in Eq. (4) becomes
negligible when the bubble radius becomes smaller than 20 pm, which is
close to the minimal bubble radius we processed. Therefore, neglecting y
in Eq. (4) and using Eq. (1) for the description of experimental results,
we overestimated the value of s; by 15 %.

The determined values of the diffusion coefficients of nitrogen and
oxygen molecules in water agree with the results reported in the liter-
ature. The value of 2.0 x 10~° m?/s is reported for diffusion of Ny in
water at pressures between 12 and 45 MPa in [33]. A slightly higher
value of 2.6 x 10~2m?/s at 20 °C is reported in [27], but in that case the
experimental data for bubble dissolution are described by Eq. (1) by
using the initial slope of the curve, which further overestimated the
diffusion coefficient value. The value of 1.75 x 10~? m?/s was used in
[28] to describe the air bubble dissolution in water. We use Eq. (1) to
determine the diffusion coefficients for air molecules in different media.

The next stage was to compare the obtained diffusion coefficients
with the predicted on the base of the Stokes-Einstein equation [33]:

kBT

sE = 1n
Ngsgna

Where kg is Boltzmann constant, T is temperature, 1 is the solvent vis-
cosity, a is the hydrodynamic radius of the solute, ngg is the

Table 2

Determined diffusion coefficients of gas molecules from best fit of experimental
data for bubble size decrease at different pressures using three approaches
described in Section 2.

Gas  pg/ y s,um%s™!  Dgxp, m%/s
Co

Steady-state Air 61.5 0 40.6 £ 1.6 (1.8 £0.1)x
107°

Non-steady state Air 0.102 36.7 £22 (1.6 £0.1)x
10°°

Non-steady state N, 62.6 0.101 33.4+22 (1.5+0.1)x
Two components 107°

(02 30.7 0.144 61.5+ 4.5 (1.4 £0.1)x
107°
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Stokes—Einstein number. For non-slip boundary conditions, the value of
ngg = 6 for spherical particles, whereas for slip boundary conditions ngg
= 4. In [33], the value of ngg = 4 is used to calculate the diffusion co-
efficient of nitrogen in water, but the overall view is that a value of 4
should be used for self-diffusion coefficients, whereas a value of 6 for
diffusion of solute in solvents with different molecular structure [54,55].
Here, we use ngg = 4 to calculate the diffusion coefficients by Eq. (11) to
avoid underestimating the diffusion coefficient as suggested in [55]. The
value of a is 190 pm for nitrogen molecules, as in [33]. The calculated
value of Dgg is 1.9 x 1072 m?/s, which is close to one estimated from the
best fit of experimental data by Eq. (1).

4.4. Kinetics of air bubble dissolution in water-glycerol mixtures

We performed the experiments to determine the bubble dissolution
in water-glycerol mixtures at 50 bars. The comparison between diffusion
coefficients determined from the bubble diminishing experiment and
Eq. (11) are shown in Table 3. The values determined from bubble
diminishing experiments for water and water-glycerol mixtures seem
close to ones estimated from SE equation. The slight increase in Dgxp/
Dgg with the increase of glycerol content is very close to the frame of our
experimental accuracy, considering the uncertainties in the measured
gas solubility in glycerol solutions. One possible reason for the observed
increase in Dgxp/Dgg could be the higher free volume around one glyc-
erol molecule, when compared to the free volume around one water
molecule, which increases the rate of gas transport in the glycerol-water
mixture.

4.5. Kinetics of air bubble dissolution in surfactant solutions

Next, we focused on heterogeneous structures, starting with micellar
solutions. We investigated the effect of the transition from elongated to
worm-like micelles. We prepared SLES-CAPB (BS) solutions in a 2:1 wt
ratio and varied the electrolyte concentration to obtain elongated mi-
celles, and worm-like structures [9]; see Fig. S1 in SI. As shown in
Ref. [9], elongated micelles are formed at low electrolyte concentration
in 10 wt% BS which transform into worm-like micelles at higher elec-
trolyte concentrations. Clear indication for this transition is the change
in the rheological properties of the micellar solutions. The solutions
containing spherical or slightly elongated micelles exhibit Newtonian
behavior with viscosity of the order of that of pure water, whereas the
solutions containing worm-like micelles exhibit very high zero-shear
viscosity at low shear rates, with a linear decrease above a certain
critical shear rate. From the studied solutions, 10 wt% BS and 1 wt%
BS+ 300 mM NaCl exhibit Newtonian behavior and, hence, contain
slightly elongated micelles. In contrast, the solutions of 5 wt%
BS+ 300 mM NaCl; 10 wt% BS + 100 mM NacCl; 10 wt% BS+ 200 mM
NaCl; and 10 wt% BS+ 1 wt% tetradecanoic acid exhibit a very well
pronounced plateau region at low shear rates and a linear decrease at
high shear rate, viz. they contain worm-like micelles.

We determined the bubble dissolution rates, @, for micellar solutions
with different concentrations of surfactant and salt concentrations. The
experimental results are presented in Table 4. One sees that the deter-
mined diffusion coefficients for all studied systems are very close to each

Table 3
Diffusion coefficients of gas molecules, estimated from best fit of experimental
data for bubble size decrease vs predicted values from Stokes-Einstein equation.

n, mPa.  pg/Co Dgxp, m?/s Dsg, m%/s Dgxp/

s Dgg

Water 0.89 61.5 (1.8 + 0.1)x 1.9x10° 09
107° +0.3

70.0 % 17.7 65 (1.5 + 0.8)x 9.7 x 1071 1.6
glycerol +29 10710 +0.8

99.5 % 775 90 (4.6 £ 1.4)x 22x10712 21
glycerol + 28 10712 + 0.6
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other and very close to diffusion coefficients determined for water so-
lutions alone. In these media, the increase of apparent viscosity of the
media does not change the diffusion coefficient of gas molecules. This
unexpected result means the gas molecules travel between the worm-
like micelles without filling them. Further discussion on this point is
given in Section 4.7 below.

4.6. Kinetics of air bubble dissolution in silica suspensions

The next stage was to determine the rate of bubble dissolution in the
silica suspensions, which had Newtonian behavior, as seen in Fig. S1.
The obtained results from this series of experiments are summarized in
Table 5. One sees that the diffusion coefficient is also very close to one
determined for water solutions, and it decreases 2 times upon increase of
the silica concentration from 0 to 50 wt%.

4.7. Kinetics of air bubble dissolution in silicone oils

The experimental results for bubble dissolution in used silicone oils
are summarized in Table 6. One sees that the dissolution rate is much
faster in silicone oils than in aqueous solutions, but the estimated
diffusion coefficients in different silicone oils are very close to those
measured for water solution. It should be mentioned that these diffusion
coefficients are in excellent agreement with the results reported in the
literature. In [15], the diffusion coefficient of 3.4 x 10~° m%/s was re-
ported for oxygen and nitrogen in PDMS film at 35 °C. In [56], the
diffusion coefficient of air molecules in 500 cSt silicone oil is measured
ar12d it was found that the diffusion coefficient at 303 K is ~ 5.1 x 10™°
m</s.

4.8. Comparison between different diffusion coefficients

The determined diffusion coefficients in water and silicone oils agree
well with the experimental results reported in the literature. The com-
parison between measured and theoretically predicted diffusion co-
efficients based on the Stokes-Einstein equation for the slip case shows
good agreement between measured and theoretically calculated results
for water and water-glycerol mixtures and a deviation for other more
viscous solutions and oils. The higher the viscosity, the larger the de-
viation between measured and estimated diffusion coefficients.

Such differences are already discussed in the literature for diffusion
coefficients of different gas molecules in hydrocarbons [57], polyatomic
liquids [58], ionic liquids [37-39,59], etc. Ref. [60] used molecular
dynamics simulations to demonstrate that the diffusion coefficient of
small solutes is significantly higher than predicted by the
Stokes-Einstein equation when calculated using the mean square
displacement of moving molecules. However, it aligns closely with the
prediction of the SE equation when estimated using the time correlation
function of the force acting on fixed solutes. This discrepancy arises
because the solvent structure relaxes more quickly through solute mo-
tion, while the motion of solvent molecules is necessary for fixed or
larger solutes. Additionally, Ref. [58] explicitly stated that the SE
equation fails when the solute molecule’s size is much smaller than that
of the solvent molecule. It was shown in [58] that the ratio between the
actual diffusion coefficient and one determined via SE depends on the
ratio of the excluded volume of a solute molecule with the volume per
solvent molecule expressed as no3, where n is the number density of the
solvent and o714 is the sum of the radii of the solvent and solute mole-
cules. The deviation from SE becomes negligible when no3 approaches
unity. These authors [58] proposed a rigid particle model to account for
deviations from SE, but as they stated, the proposed model is inappli-
cable to predicting the diffusion through H-bonding liquids and n-tet-
radecane. We applied this approach for the diffusion of air molecules in
silicone oils, but the values of ns3, are very similar for different oils,
whereas Dgxp/Dgg, varies significantly, showing that this is not the main
effect. A similar conclusion is drawn if we plotted Dgxp/Dsg as a function
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Table 4
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The experimental data for viscosity at plateau region, the rate of bubble dissolution, s,, the ratio between gas density and its estimated solubility pg/Co, the measured
diffusion coefficient, and SE diffusion coefficients for aqueous surfactant solutions. BS stands for the mixture of SLES:CAPB in 2:1 wt ratio.

Surfactant concentration 1, mPa.s pg/Co o, pm2.s~! Dgxp, m?/s Dgg, m%/s Dgxp/Dsg

wt% BS + 300 mM NaCl 4.2 55.3 26.5 + 2.5 (1.5 +0.1)x 107° 4.1 x 10710 3.74+0.3

wt% BS+ 300 mM NaCl 1750 52.1 39.1+ 2.6 (2.0 £0.1)x 107° 9.8 x 10713 2000 + 400

wt% BS 22.0 51.9 23.3+1.8 0.9+ 0.1)x 107° 8.6 x 107! 10.1 +1.2

Wt% BS + 1wt% tetra-decanoic acid 350 45.0 25.9 + 2.1 1.2+ 0.1)x 107° 49 x 10712 245 + 20

wt% BS + 100 mM NaCl 3300 46.1 32.6 +£1.9 (1.5 +0.1)x 107° 5.2 x 10713 2900 + 200

wt% BS + 200 mM NaCl 28000 47.3 30.6 + 2.6 (1.4 +£0.1)x 107° 6.1 x 1071 23000 =+ 2000

wt% Escin 1.0 58.3 14.3 £ 0.4 (0.8 +0.1)x 107° 1.7 x 107° 0.5 + 0.05

bl diffusivity in free air, 6 is the porosity. Calculations after Bondi [63]
Table 5

The experimental data for measured viscosity at plateau region, the rate of
bubble dissolution, o, gas solubility, Cop, estimated diffusion coefficient from
measured values of a Cop and calculated diffusion coefficient from Stoks-
Einstein equation for aqueous Ludox suspensions.

Ludox n, a, Cop, Dgxp, Dgg, m%/s Dgxp/
concentration mPa. umz. g. m?/s Dgg
s s1 m3.
bar!
wt% 2.3 20.9 20.8 1.2 75x1071° 16
+27 +3 +0.3)x +0.4
107°
wt% 5.1 19.8 21.7 11 33x1071° 32
+19 +3 +0.3)x +0.8
107°
wt% 32.9 12.6 22.6 0.7 52x 10711 125
+07 +3 +0.2)x +2.0
10°°
Table 6

The experimental data for measured viscosity at plateau region, the rate of
bubble dissolution, «, the gas solubility, Cop, estimated diffusion coefficient
from measured values of a and Cop and calculated diffusion coefficient from
Stoks-Einstein equation for PDMS oils.

PDMS 0il 7, a, Cop, Dgxp, Dgg, m?/s Dgxo/
mPa.s  pm2 g m?/s Dgg
s71 m~3,
bar™!
AK10 10 420 270 1.8 1.7 x1071° 106
+130  +50 + 0.6)x +37
10°°
AK100 100 540 250 2.4 1.7 x10711 136
+ 60 + 50 + 0.5)x +29
107°
AK1000 1000 500 250 2.2 1.7 x 10712 1270
+100  +50 + 0.6)x + 360
107°
AK30000 30000 460 250 (2.0 5.7 x 107* 34600
+70 + 50 +0.5)x + 8240
107°

of the volume ratio between solute and solvent molecules as proposed in
[38].

The results reported in Table 6 show that the diffusion coefficients
are practically independent of the macroscopic viscosity, showing that
the diffusion of gas molecules is decoupled from the diffusion of the
silicone molecules, as suggested in [60]. Therefore, the gas molecules
diffuse around the silicone molecules as in Knudsen diffusion, see
Fig. 3C. Note that a similar explanation is given in [61] for the diffusion
of hydrogen molecules through modified rubbers. Assuming that we can
use the equation that has been derived for gas diffusion through the
undisturbed soil [62], which is given by the expression:

Dy = 0.4562D;, 12)

Where Dy is the diffusion coefficient through the silicone oil, Dy , is the

show that 6 — 0.30 + 0.03 (see Supplementary Information). Molecular
simulations in cured PDMS show a value of 0.19 that increases to 0.43
with decreasing the volume of the solute molecules [64]. Using Dy =
2.2 x 10™° m?/s and Dg,=1.1 x 107 m?/s., we obtain 0g around
0.343, which practically coincides with averaged data for 6500 homo-
polymers used in membrane separation techniques for gases [65].

The next stage is to explain the results for silica suspensions. In that
case, the solid particles affect the diffusion of the gas molecules through
the water phase, as discussed for the self-diffusion coefficient in colloidal
dispersions [66-68]. Assuming that the cell model that was shown to
describe well the experimental data for the self-diffusion of colloidal
silica can also apply to the diffusion of gas molecules inside the water,
the following expression can be used [68]:

D, 17 2
DZ-W (1 (pmax> (13)

Where ¢ is the volume fraction of suspended particles, @max is the
volume fraction of the particles at close-packing ~ 0.64, Dy is the gas
diffusion coefficient in the bulk water. The predicted values of Dy via Eq.
(13) for Ludox suspensions are 1.2 x 1072 m?/s (25 wt% Ludox with @
= 12.8%); 0.8 x 10~° m?/s (37.5 wt% Ludox with ¢ = 21 %) and
0.5 x 10™° m?/s (50 wt% Ludox with ¢ = 30.7 %) are in excellent
agreement with the experimental data shown in Table 5 showing steri-
cally limited diffusion of the gas, which resembles the self-diffusion of
colloidal particles [68].

The experimental results for micellar solutions are more challenging
to predict with high precision because the gas molecules can diffuse
through the aqueous media and the interior of the worm-like micelles.
The diffusion coefficients of oxygen through water and hexadecane were
found to be close to each other at 22 °C (2.1 x10~° m?/s in water and
2.5 x107° m?/s in hexadecane) in [69]. Therefore, as a first approxi-
mation, we can expect that the diffusion coefficient of worm-like mi-
celles will be very close to one measured in water and hexadecane,
which is &~ 2 x 107 m?/s. The data presented in Table 4 shows that the
determined values for different surfactant solutions are close to that one,
which shows that the gas molecules diffuse through both media, and
that is why there is no significant difference between them. A higher
accuracy of the gas solubility measurements might allow better
discrimination of the structural effects currently within the experi-
mental error.

The experimental results for water-glycerol mixtures are in relatively
good agreement with predicted diffusion coefficients from the Stokes-
Einstein equation, see Table 3. This suggests that the free volume
around the water and glycerol molecules, through which the gas mole-
cules can diffuse, is much smaller than that of the silicone oils. We used
the approach developed in [63,70] to calculate the free accessible gas
volume. We estimated the difference between the molecular volume and
the van der Waals volume that we compared with the nitrogen molecule
with a value of 28 A3 [63,70]. The calculated volumes are shown in
Table S1. The free volume per water molecule is 13 A%, much smaller
than the van der Waals volume of nitrogen. Thus, the water can be
considered as continuous media for the diffusion of nitrogen, and the
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Fig. 3. Schematic representation of nitrogen diffusion through (A) silica suspensions; (B) solution of worm-like micelles; (C) silicone oils; (D) escin solution.

diffusion coefficient of nitrogen can be predicted using SE. The free
volume around the glycerol is ~ 38.52 A3, which is comparable to a
nitrogen molecule’s van der Waals radius. Therefore, for this glycerol
solution, the measured diffusion coefficient is 2-fold higher than the one
predicted by SE.

Finally, we will discuss the lower diffusion coefficient measured for
Escin solutions as compared to one predicted by SE. In fact, this is the
only diffusion coefficient with a lower value than one predicted by SE.
This lower value can only be explained via a condensed surfactant layer
at the bubble interface that reduces the gas migration rate from the
bubble interior into the solution. A similar effect was shown to be
operative for the rate of Ostwald ripening in escin-stabilized foams [39].

5. Conclusions

The study reveals that the micro- and nanostructures within disper-
sions significantly influence the gas diffusion rates. The water-glycerol
solutions that are typically used in cosmetics and foam applications
conform to traditional models, whereas worm-like micellar solutions
and polymer melts (such as PDMS) exhibit accelerated dissolution rates
due to nanoviscosity effects. These findings suggest that we need new
methods to evaluate the nanoviscosity and the media structural effects
whenever mass flows are to be considered.

Future research should focus on the detailed molecular mechanisms
driving these observations and their implications for industrial appli-
cations involving pneumatic transport and material processing. Manu-
facturers can achieve better control over product quality and
performance by understanding and manipulating the factors that affect
bubble dissolution and gas diffusion.
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