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A B S T R A C T   

Aqueous nanobubble (NB) dispersion of gaseous species has been studied and applied for various processes near 
atmospheric pressure, but its fundamental properties are not well understood at elevated pressures. This paper 
presents an experimental program that measures the gas content of aqueous NB dispersion of nitrogen (N2) at 
pressures up to 277 bara. The parameters directly set in the experiments were temperature, external pressure, 
and total volume while the overall composition of aqueous NB dispersion was obtained by constant mass 
expansion with material balance. The experimental data were analyzed by using a thermodynamic model for 
calculating an internally consistent set of properties at the experimental conditions. 

Results show that the N2 content in aqueous NB dispersion increased significantly with the system pressure. 
For example, the N2 content at 277 bara was 0.29 mol/L for aqueous NB dispersion with deionized (DI) water, 
which was 2.3 times greater than the inherent solubility of N2 in DI water at the same pressure. The effect of 
salinity was studied by using 0.88 M NaCl brine in place of DI water, but the N2 contents were similar to those 
with DI water for the pressures tested in this research. Application of a thermodynamic model using the GERG- 
2008 equation of state to the experimental data indicates that NBs themselves were unlikely the main storage of 
N2, but the existence of NBs enabled the supersaturation of the aqueous phase by N2 because of capillary 
pressure.   

1. Introduction 

Aqueous nanobubble (NB) dispersion has been studied to increase 
the amount of the water-immiscible gaseous species (e.g., nitrogen, 
oxygen, and carbon dioxide) in an aqueous fluid beyond its inherent 
solubility. Two types of aqueous NB dispersions are surface nanobubbles 
and bulk nanobubbles. While the former refers to gas-filled cavities 
attached to surfaces in the form of spherical caps, the latter refers to gas- 
filled cavities freely suspended within a bulk liquid [1,2]. This paper is 
concerned with bulk NBs in the context of aqueous nanobubble 
dispersions. 

NBs are classified as having diameters smaller than 1 μm. Studies 
have shown that their size depends on various parameters, such as 
gaseous species, pressure, pH, and other operating conditions of their 
generation [3–5]. The unique properties of NBs, such as enhanced gas 
concentration beyond the inherent solubility, kinetic stability, and 
enhanced interfacial area, have made them the subject of research in 
various fields [6–10]. Most industrial applications are for low-pressure 

open systems, such as agricultural applications [11], wastewater treat
ments [12–16], surface cleaning, and separation of materials [17–20]. 
Comprehensive reviews of NB generation techniques exist in the liter
ature [3,10,21–24]. Commonly used techniques include cavitation 
(acoustic and hydrodynamic) [25–27], water electrolysis [28–30], 
compression-decompression [31–33], gas injection through porous 
(glass, ceramic, stainless steel) membranes [34–36], repeated 
compression of microbubbles [37,38], and mixing of gas and water [39]. 

The existence and long-term stability of NBs in low-pressure open 
systems have been discussed in the literature; for example, Alheshibri 
et al. [1] introduced the concept of Laplace Pressure Bubble Catastrophe 
(LBPC) regarding unstable nanobubbles. They suggested that, based on 
classical theories like the Young-Laplace equation and Epstein-Plesset 
theory [40], the significant pressure difference between the inside and 
outside of nanobubbles would cause them to dissolve rapidly in milli
seconds or less. As the bubble radius decreases, the Laplace pressure 
increases exponentially, leading to accelerated dissolution. 

Long-term stability of NBs has been observed even for low-pressure 
open systems for days [7,41,42], weeks [25,43,44], and months 
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[26,36,45]. Light scattering techniques (e.g., dynamic light scattering or 
DLS and nanoparticle tracking analysis or NTA) [20,26,32,36,37,41], 
resonant mass measurements [46,47], high-resolution imaging tech
niques (e.g., transmission electron microscopy and scanning electron 
microscopy) [5,48,49], and spectral techniques have been used to verify 
the existence of NBs [25,39]. These techniques, however, have been 
limited in differentiating between nanobubbles and nanoparticles. They 
are also not easily adapted to measurements of high-pressure aqueous 
NB samples because of the requirement of specially designed experiment 
rigs. 

Most discussions on NB stability were made for open systems near 
atmospheric pressure, and many did not even specify the system for their 
analysis. Unlike those studied in the literature, the current paper is 
focused on a high-pressure closed system of aqueous NB dispersion. As 
will be shown in this paper, the enhanced gas content by aqueous NB 
dispersion tends to be more significant at a higher pressure (therefore, a 
closed system); hence, this research was motivated by potential appli
cations of aqueous NB dispersion for subsurface processes, such as 
enhanced oil recovery (EOR) and geological carbon sequestration (GCS). 
For example, carbonated water injection has been studied for EOR 
[50–62] and also has attracted attention for CO2 in-situ mineralization 
as GCS since the CarbFix project in Iceland [63–67]. An obvious limi
tation of carbonated water is the CO2 concentration limited by the 
inherent solubility (e.g., 1 mol/L). 

Although aqueous NB dispersion has the potential to enhance the gas 
content in aqueous fluid as widely studied for open systems near at
mospheric pressure, its fundamental properties are not well understood 
especially at elevated pressures relevant to subsurface applications. This 
is at least in part because it is not easy to directly measure properties of 
aqueous NB dispersion under elevated pressure, such as gas content, 

bubble size, bubble number density, phase composition, capillary 
pressure, and interfacial tension, which are expected to vary for different 
pressure, temperature, gas species, salinity, and operation conditions of 
NB generation. Hence, there is a critical need to generate fundamental 
experimental data on aqueous NB dispersion at elevated pressures. To 
this end, we started by using nitrogen (N2), instead of CO2, as the 
gaseous species in this research since CO2 dissolution in water gives 
additional complexities associated with a pH change. 

This paper presents an experimental program that measures the gas 
content of aqueous N2 NB dispersion at pressures up to 277 bara and 
analyzes the data using a thermodynamic model. The parameters 
directly set in the experiments were temperature, external pressure, and 
total volume, while the overall composition of aqueous NB dispersion 
was obtained by constant mass expansion. The limited amount of data 
that were directly measured was supplemented by a thermodynamic 
model, which generated a consistent set of properties, including those 
not directly measurable, such as bubble size, number density, and 
capillary pressure. The depressurized samples were subjected to mea
surement of bubble size distribution and bubble number density using 
DLS and NTA. 

To the best of our knowledge, this is the first experimental study of 
NB generation and gas content measurement at high pressures, 
addressing a critical research gap in the literature. Furthermore, the 
enhancement of gas content in water in the form of nanobubble dis
persions holds immense potential for accelerating storage security in 
GCS applications and enhancing oil recovery. 

2. Experimental methods 

2.1. Materials 

The aqueous samples used in the experiment were deionized (DI) 
water and sodium chloride (NaCl) brine with a salinity of 50,000 ppm 
(equivalent to 0.88 M NaCl). The DI water had a resistivity of 18.2 MΩ- 
cm. NaCl salt (Thermo Scientific Chemicals, purity of 99.0 %) was dis
solved in DI water to formulate the brine solution. The aqueous solutions 
were checked for impurities using a NanoSight NS500 instrument and no 
particles (impurities) were confirmed. Nitrogen gas of research-grade 
(Linde Gas & Equipment, purity of 99.9999 %) was used. 

2.2. Gas content measurement 

The N2 gas content measurement was performed in two stages. The 
first stage was the generation and preparation of the NB sample while 

Nomenclature 

Abbreviations 
CO2 carbon dioxide 
DFM dark-field microscopy 
DI deionized 
DLS dynamic light scattering 
EOR enhanced oil recovery 
EOS equation of state 
GCS geological carbon sequestration 
LPBC Laplace Pressure Bubble Catastrophe 
N2 nitrogen 
NaCl sodium chloride 
NB nanobubble 
NC number of components 
NTA nanoparticle tracking analysis 
PDI polydispersity index 

Symbols 
D diffusion coefficient 
dh hydrodynamic diameter 
kB Boltzmann constant 
m mass 
MW molecular weight 
P pressure 
T temperature 
V volume 
x gas content 
Z compressibility factor 
ρ density 
η dynamic viscosity 

Subscripts 
b brine 
cell sapphire cell 
w water  

Table 1 
Experiment variables for the gas content measurement.  

Variable Variations Other conditions 

Salinity DI water, NaCl brine 35–277 bara; 5 μm 
Co-injection ratio 50 % N2; 50 % DI water (or NaCl 

brine) 
35–277 bara; 5 μm 

60 % N2; 40 % DI water 70, 139, 208 bara; 5 
μm 

Total injection flow 
rate 

100 mL/h 35–277 bara; 5 μm 
500 mL/h 70, 139, 208 bara; 5 

μm 
Membrane pore 

diameter 
2 μm 70, 139, 208 bara  
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the second stage was the depressurization and measurement of the N2 
gas content. Several variables—pressure, salinity, volumetric co- 
injection ratio, total injection flow rate, and membrane pore diameter
—were tested for the gas content measurements. Table 1 shows the 
variables investigated for the gas content measurements. All the ex
periments were conducted at room temperature (295.15 K). The control 
experiments used DI water, a co-injection ratio of 50 % N2 + 50 % DI 
water, a total injection flow rate of 100 mL/h, a membrane pore 
diameter of 5 μm, and pressures ranging from 35 to 277 bara. 

Stage 1: Generation and preparation of NB sample. 
Fig. 1 shows a schematic of the experimental setup for generating the 

N2 NB. The setup consists of five accumulators: two accumulators for N2 
and DI water (or NaCl brine) and three receiver accumulators; three 
stainless-steel porous membranes; one Hassler-type core holder with a 
70 Durometer Viton sleeve to house the membranes; spacers on either 

side of the membranes; a hydraulic manual pump to maintain confining 
pressure on the core holder; pressure gauges to monitor experiment 
pressures; Teledyne ISCO syringe pumps to control pressure and flow 
rates; and a sapphire visualization cell. 

The stainless-steel porous membrane had a porosity of 37 %, an 
average pore size of 5 μm (with a maximum size of 10 μm), an outer 
diameter of 25.4 mm, and a length of 3 mm. The spacers on either side of 
the membranes had fluid dispersion channels engraved on the cross- 
sectional surface to allow for full distribution of fluid across the entire 
face of the membranes. A confining pressure of 35 bara greater than the 
experiment pressure was applied to the core holder for each experiment. 
The pressure gauges were zeroed before each experiment to ensure ac
curate and consistent pressure readings across all experiments. The 
sapphire cell was used to visually monitor the behavior of the NB sample 
and has a known volume (including all connection lines), Vcell, of 13.69 
mL. It can withstand pressures up to 350 bara and temperatures up to 
423.15 K. To prevent gas trapping in any of its connections, the sapphire 
cell was configured to simulate a single-inlet single-outlet cell by con
necting valves to all its connection ports. Upon completion of each 
experiment, the entire system was thoroughly cleaned with DI water and 
dried with air before proceeding to the next experiment. 

Before generating the NB, the entire system was evacuated for 1 h. 
The system was saturated with DI water (or NaCl brine) up to receiver 
accumulator #1 (2c in Fig. 1) at the experiment pressure. The sapphire 
cell and the top of receiver accumulators #2 and #3 (2d and 2e in Fig. 1) 
were filled with N2 at the experiment pressure. To generate the NB, N2 
and DI water (or NaCl brine) were co-injected (per the different con
figurations shown in Table 1) at a constant flow rate through the porous 
membranes at the specified pressure, co-injection ratio, and total in
jection flow rate. The co-injected fluids were received downstream of 
the porous membranes at a constant refill flow rate (maintaining the 
system pressure) into receiver accumulator #1 until a steady state was 
reached. After reaching a steady state (approximately 3 min for 500 mL/ 
h and 15 min for 100 mL/h), the co-injected fluids were then received by 
receiver accumulator #2 at a constant refill flow rate. The duration of 
the co-injection was 60 min for 100 mL/h and 12 min for 500 mL/h. We 
posit that the formation of nanobubbles occurs in two main stages: first, 
hydrodynamic mixing and gas snap-off across the membrane leads to the 
creation of dispersed N2 bubbles in the aqueous phase that is supersat
urated by N2, and secondly, the bulk microbubbles are compressed to 
form bulk nanobubbles under elevated pressure conditions. 

After the co-injection period, receiver accumulator #2 contained 
excess bulk N2 as well as the N2 NB. The contents of receiver #2 were 
then injected through the sapphire cell into receiver #3 at a constant 
flow rate. First, the N2 gas initially in the sapphire cell was displaced by 

Fig. 1. Schematic of the experimental setup used to generate the aqueous N2 NB fluid.  

Fig. 2. Schematic of the experimental setup to measure the gas content in the 
aqueous N2 NB fluid. 
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the excess bulk N2 from receiver #2. Then, the bulk N2 was further 
displaced by the N2 NB. We ensured the cell contained only N2 NB with 
no trapped gas by injecting at least twice the cell volume of N2 NB into 
the cell. After filling the cell with the N2 NB, the top and bottom valves of 
the cell were closed to isolate the cell from the other parts of the system. 
The sapphire cell then contained the aqueous NB fluid sample at pres
sure, P1. 

Stage 2: Depressurization and gas content measurement. 
Fig. 2 shows a schematic of the experimental setup for measuring the 

gas content in the generated N2 NB. The setup consists of a sapphire cell 
containing the NB sample, a piston accumulator with a pressure gauge, 
and a glass beaker. 

The sapphire cell was connected to the accumulator via a stainless- 
steel tubing. The piston of the accumulator was set at the top of the 
accumulator. The dead volumes of the tubing and the accumulator were 
known. Before depressurizing the N2 NB sample, the tubing and dead 
volume of the accumulator were evacuated for 15 min. Then, the N2 NB 
sample was gradually depressurized. First, the top valve of the sapphire 
cell was slowly opened to fill the tubing with depressurized N2 escaping 
the NB sample. Then, the top valve of the accumulator was slowly 
opened to allow further escape of N2 from the NB sample into the 
accumulator. Finally, the bottom valve of the accumulator was opened 
to collect water to gauge the displacement of the piston as the aqueous 
NB fluid sample was depressurized or expanded. The water collected 
corresponded to the volume of depressurized N2 in the aqueous NB fluid. 
The mass of the water collected is denoted as mw2, and the pressure at 
the top side of the accumulator after depressurization is P2. Finally, the 
remaining water (or brine) in the cell was collected and its mass 
mw3 was measured. The atmospheric pressure, P3, during the experi
ment was 1.0135 bara. 

The N2 gas content was calculated on the following basis:  

1. There was a negligible amount of N2 in the remaining water phase in 
the sapphire cell because the solubility of N2 in water at atmospheric 
pressure is small and because the presence of any bubbles has a 
negligible impact on the gas content as shown later for NTA data.  

2. The amount of water, mw3, was corrected for the transfer of water to 
the expanded gas phase as mist. 

The gas content, represented in units of mole per liter (mole of N2 in a 
volume of aqueous NB fluid), was then calculated as shown below: 

xN2 (mol/L) =
mole of N2 (mol)

volume of NB sample (L)
(1)  

mole of N2(mol) =
ρ1V1

MWN2

=

(
ρ1

MWN2

)(
P2V2Z1

P1Z2

)

(2)  

where ρ1 is the density of N2 at the experimental pressure, V1 is the 
volume of N2 in the aqueous NB fluid at experimental pressure, MW is 
the molecular weight of N2, P1 is the experimental pressure, P2 is the 
depressurized pressure, V2 is the total volume of N2 at atmospheric 
pressure, Z1 is the compressibility factor of N2 at the experimental 
pressure, and Z2 is the compressibility factor of N2 at atmospheric 

pressure. 
The gas content data was compared to the thermodynamic solubility 

of N2 in water at 298.15 K [68] and N2 in NaCl brine at 295.15 K [69] to 
determine the solubility enhancement factor of aqueous NB fluids. For 
each configuration shown in Table 1, the procedure remained the same. 
The repeatability of the experiment was tested by repeating the exper
iments three times at 104 bara for DI water. The standard deviation from 
these experiments was applied to the remaining experiments as error 
bars. 

2.3. Bubble size measurement for depressurized samples 

The size distribution, number density, mean, and mode of the N2 NB 
were measured for depressurized samples at atmospheric pressure using 
two light scattering techniques: dynamic light scattering (DLS) and 
nanoparticle tracking analysis (NTA). The samples for the bubble size 
measurement were generated using the same procedure described in 
Section 2.2. Upon isolating the sapphire cell, however, the sample in the 
cell was depressurized to atmospheric pressure similarly to the method 
of compression-decompression [31–33] for low-pressure bulk nano
bubble generation. The depressurized sample containing N2 NBs at at
mospheric pressure was transferred into glass vials and stored at room 
temperature. Bubble size measurements were performed 1, 2, 7, and 10 
days after the NB formation. On day 1, the measurements were per
formed 1 h after depressurization, and on the subsequent days, the 
measurements were performed 26, 147, and 217 h after depressuriza
tion. Before measuring the size distribution of the samples, DLS and NTA 
measurements of the DI water sample were performed three times, and 
no particles were detected. 

The DLS measurements used a ZEN3500 Zetasizer Nano ZS particle 
size analyzer (Malvern Panalytical Ltd.). DLS is a non-invasive scattering 
technique that measures particle sizes by capturing the random change 
in intensity of light scattered by particles undergoing Brownian motion 
within an aqueous medium. The fluctuations in scattered light intensity 
are then translated into particle sizes using the Stokes-Einstein equation: 

dh =
kBT

3πηD
(3)  

where dh is the hydrodynamic diameter, kB is the Boltzmann constant, T 
is the temperature, η is the dynamic viscosity of the aqueous phase, and 
D is the diffusion coefficient of particles in the aqueous phase. 

The Zetasizer Nano ZS can determine a particle size distribution 
within the range from 4 nm to 3 μm. The experiments were performed at 
295.15 K to maintain consistent conditions and with a refractive index of 
1.33 for water and 1.0 for N2. The particle intensity distribution is 
determined directly from the measurements and is then mathematically 
transformed into a number distribution. The measurements were taken 
at a fixed scattering angle of 173 degrees and repeated twice for each 
sample. 

The NTA measurements used a NanoSight NS500 (Malvern Pan
alytical Ltd.). The NTA technique, built upon dark-field microscopy 
(DFM), tracks individual particle trajectories to compute sizes based on 
the Stokes-Einstein equation. The measurements were performed at 

Table 2 
Measured gas content data for aqueous N2 NB in DI water at 295.15 K.  

P1 (bara) P2 (bara) mw2 (g) mw3 

(g) 
Vcell (mL) xN2 (mol/L) Inherent solubility (mol/L) Solubility enhancement  

34.59  1.22  4.54 10.765 ± 3  13.69  0.0515  0.0160  3.22  
68.93  1.29  11.4 10.930 ± 3  13.69  0.0801  0.0310  2.58  
104.2  1.15  23.58 11.405 ± 3  13.69  0.1118  0.0575  1.94  
103.3  1.29  19.49 11.310 ± 3  13.69  0.1098  0.0574  1.91  
103.4  1.29  21.22 11.295 ± 3  13.69  0.1165  0.0574  2.03  
138.2  1.22  32.01 11.040 ± 3  13.69  0.1505  0.0726  2.07  
207.8  1.22  57.41 11.834 ± 3  13.69  0.2401  0.1026  2.34  
277.1  1.22  71.92 12.040 ± 3  13.69  0.2922  0.1270  2.30  
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room temperature and the settings for screen gain, focus, camera level, 
and detection threshold were optimized to ensure accurate detection of 
particles while minimizing noise. Each sample was recorded three times 

and the duration of each capture was 30 s. One advantage of NTA over 
DLS is its capability to determine the number density of particles in an 
aqueous medium. 

The DLS and NTA measurements in this research were only for 
depressurized samples of aqueous NB dispersion, and their application 
to high-pressure samples is currently not available. Although the mea
surement conditions are different from the envisioned applications to 
high-pressure processes, the DLS and NTA data are useful to validate the 
samples of aqueous NB dispersion and to observe the transient behavior 
of depressurized samples in an open system. Also, low-pressure data 
serve as a reference for high-pressure data with a correlative capability 
of a thermodynamic model in this research. 

3. Results and discussion 

3.1. Effect of pressure and salinity 

Tables 2 and 3 show the measured gas content data in the experi
ments for aqueous N2 NB fluid in DI water and 50,000 ppm NaCl brine, 
respectively. Fig. 3 presents the gas content data in mol/L for DI water 
and NaCl brine at a constant co-injection ratio of 50 % N2 + 50 % DI 
water (or NaCl brine), a total injection flow rate of 100 mL/h, and a 5 μm 
membrane. The red squares and blue triangles in Fig. 3 represent the 
inherent solubility of N2 in water and NaCl brine, respectively. The error 
bars in Fig. 3 represent an estimate of the variability in the experimental 
measurements. Note that xN2 in Tables 2 and 3 and Fig. 3 represents the 
overall N2 concentration including the dispersion of N2 bubbles and the 
dispersion of N2 molecules in the external aqueous phase. 

Table 3 
Measured gas content data for aqueous N2 NB in 50,000 ppm NaCl brine at 295.15 K.  

P1 (bara) P2 (bara) mw2 (g) mb3 

(g) 
Vcell (mL) xN2 (mol/L) Inherent solubility (mol/L) Solubility enhancement  

47.07  1.22  3.53 11.155 ± 3  13.69  0.0463  0.0239  1.94  
69.82  1.22  9.01 11.850 ± 3  13.69  0.0637  0.0342  1.86  
103.0  1.22  19.98 10.800 ± 3  13.69  0.1075  0.0481  2.23  
138.5  1.29  27.62 11.530 ± 3  13.69  0.1402  0.0617  2.27  
207.8  1.29  43.66 11.800 ± 3  13.69  0.2008  0.0854  2.35  
274.0  1.36  66.55 11.980 ± 3  13.69  0.3037  0.1051  2.89  

Fig. 3. N2 gas content in DI water and 50,000 ppm NaCl brine. The red squares 
represent the thermodynamic solubility of N2 in water [68]. The blue triangles 
represent the thermodynamic solubility of N2 in NaCl brine [69]. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 4. N2 gas content in DI water at different operating conditions (co-injection ratio, total injection flow rate, and membrane pore diameter) and different 
pressures. The baseline case used a co-injection rate of 50 % N2 + 50 % DI water through a 5 μm membrane at a total injection flow rate of 100 mL/h. 
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The results show that as pressure increased from 35 to 277 bara, the 
gas content increased significantly for both DI water and NaCl brine. 
Note that this figure shows the N2 concentration on a logarithmic scale. 
The gas content in aqueous NB dispersion with NaCl brine was close to 
that with DI water across all the pressures tested. Thus, the 0.88 M NaCl 
brine had no significant impact on the N2 gas content in the aqueous NB 
sample. The N2 concentration in the N2 NB dispersion with NaCl brine 
was 1.9 times greater than the inherent solubility at 69.8 bara, and the 
enhancement factor was as large as 2.9 at 274.0 bara as shown in 
Table 3. An extrapolation of the gas content data to atmospheric pres
sure for DI water gives an N2 gas content of 0.0121 mol/L (or 4.7 × 10− 4 

mol fraction of N2). 

Fig. 5. Size distribution of the aqueous N2 NB sample using DLS.  

Table 4 
Mean, mode, PDI, and diffusion coefficients of the aqueous N2 NB sample using 
DLS.  

Day Bubble size, 
mean  
(nm) 

Bubble size, 
mode  
(nm) 

PDI Diffusion coefficient  
(m2/s) 

1 235.1 ± 7.43 158.6 ± 5.45 0.354 ±
0.05 

(1.93 ± 0.06) ×
10− 12 

2 169.6 ± 5.09 132.4 ± 14.9 0.112 ±
0.16 

(2.67 ± 0.08) ×
10− 12 

7 212.3 ± 6.08 134.0 ± 20.9 0.359 ±
0.01 

(2.13 ± 0.06) ×
10− 12 

10 156.7 ± 10.9 107.7 ± 7.28 0.243 ±
0.26 

(2.90 ± 0.20) ×
10− 12  

Fig. 6. Laser-illuminated N2 NB in DI water using NTA.  
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3.2. Effect of coinjection ratio, total injection rate, and membrane pore 
diameter 

Fig. 4 shows the effects of co-injection ratio, total injection flow rate, 
and membrane pore diameter at different pressures on the gas content of 
N2 in the aqueous NB sample (DI water). Overall, the results show 
negligible impacts of co-injection ratio, total injection flow rate, and 
membrane pore diameter on the N2 gas content compared to the baseline 

experiments. These results are in contradiction to the results reported for 
low-pressure experiments [4,35,45] about the effect of changing the co- 
injection ratios or pore membrane diameters on gas content data. This is 
likely because these effects were significant and noticeable at low 
pressures and then became less significant at high pressures; that is, 
increasing the pressure had the most significant impact on the N2 gas 
content in DI water and NaCl brine among the experimental parameters 
tested in this research. 

3.3. Bubble size measurement using DLS and NTA 

Fig. 5 shows the size distributions of depressurized samples for 
aqueous NB dispersion of N2 in DI water based on DLS. Table 4 shows the 
mean and mode bubble sizes, polydispersity indices (PDI), and diffusion 
coefficients from the DLS measurements on days 1, 2, 7, and 10. Before 
the measurements, the DI water used to generate the NB was checked for 
the presence of nanosized impurities and none were detected. 

The DLS data show notable trends in bubble size over time. On day 1, 
the mean bubble size was 235.1 nm, which decreased to 169.6 nm on 
day 2, followed by an increase to 212.3 nm on day 7, and a subsequent 
decrease to 156.7 nm on day 10. The mode of the bubble size was 158.6, 
132.4, 134.0, and 107.7 nm for days 1, 2, 7, and 10, respectively. The 
difference in behavior between the mean and mode bubble sizes comes 
from the transient distribution of bubble sizes as given in Fig. 5. The PDI 
data also reflect the transient size distribution using DLS. On day 1, the 
PDI was 0.354, correlating to a mean size significantly larger than the 
mode size. This suggests the presence of a substantial number of larger 
bubbles contributing to the scattered light signal. However, on day 2, the 
PDI dropped to 0.112, indicating the absence of significantly larger 
bubbles. On day 7, the PDI increased to 0.359, possibly indicating the 
coalescence of smaller bubbles into larger bubbles, causing the mean 
size to become greater than the mode size. Finally, on day 10, the PDI 
decreased again to 0.243, further confirming the reduction in the 
number of larger particles, and thus a reduction in the mean bubble size. 
The PDI behavior gives credence to the presence of gas-filled nano
bubbles which tend to coalesce into larger bubbles and eventually 
dissipate either through bursting or rising to the surface. 

Fig. 6 shows the laser-illuminated N2 nanobubbles using NTA at at
mospheric pressure on days 1, 2, 7, and 10. The detected nanobubbles 
are shown as white dots on a black background. One advantage of NTA 
over DLS is its capability to determine a bubble number density in the 

Fig. 7. Size distribution of the aqueous N2 NB sample using NTA.  

Table 5 
Mean, mode, bubble number density, and diffusion coefficients of the aqueous 
N2 NB sample using NTA.  

Day Bubble size, 
mean  
(nm) 

Bubble size, 
mode  
(nm) 

Bubble number density 
(bubbles/mL) 

Diffusion 
coefficient  
(m2/s) 

1 101.8 ±
11.9 

97.90 ±
14.6 

(9.25 ± 0.63) × 107 (4.74 ± 0.92) ×
10− 12 

2 116.5 ±
20.4 

103.2 ±
11.0 

(2.56 ± 1.39) × 108 (4.20 ± 1.12) ×
10− 12 

7 103.2 ±
6.30 

84.70 ±
12.5 

(5.85 ± 2.18) × 107 (4.45 ± 0.47) ×
10− 12 

10 128.0 ±
17.8 

102.1 ±
8.60 

(1.72 ± 0.69) × 107 (3.67 ± 0.78) ×
10− 12  

Fig. 8. NB number density of the aqueous N2 NB samples using NTA.  
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sample. Fig. 7 shows the size distribution of the N2 NB in DI water. 
Table 5 gives the mean and mode bubble sizes, bubble number densities, 
and diffusion coefficients from the NTA measurements. The transient 
behavior of NB size distribution is also shown in Fig. 8. Like the DLS 
measurements, the DI water used to generate the NB for the NTA mea
surements was checked for the presence of nanosized impurities and no 
impurities were detected. 

Figs. 7 and 8 show that the overall behavior of aqueous NB dispersion 
became more stabilized over time, suggesting that the numerical results 
given in Tables 4 and 5 should be carefully understood together with the 
overall trends shown in Figs. 5, 7, and 8. 

On day 1, the mean bubble size was 101.8 nm, and the mode bubble 
size was 97.9 nm with a bubble concentration of 9.25 × 107 bubbles/mL. 
There was a close agreement between the mean and mode bubble sizes. 
On day 2, both the mean and mode bubble sizes increased to 116.5 nm 
and 103.2 nm, respectively, with a notably higher number density of 
2.56 × 108 bubbles/mL. The results from days 1 and 2 show a significant 
level of transient behavior of aqueous NB dispersion with the 

possibilities of bubble coalescence, growth, and nucleation over time. 
On day 7, the mean bubble size slightly decreased to 103.2 nm, and the 
mode bubble size decreased to 84.7 nm. The number density was 5.85 ×
107 bubbles/mL. Finally, on day 10, the mean bubble size increased to 
128.0 nm, while the mode bubble size also increased to 102.1 nm with a 
number density of 1.72 × 107 bubbles/mL. 

Fig. 9 compares DLS and NTA measurements at atmospheric pressure 
in terms of mean and mode bubble sizes. NTA measurements show a 
closer agreement between the mean and mode sizes than DLS mea
surements. This is because of the inherent difference in the measurement 
principles of both measurement techniques. That is, NTA measures the 
rate of Brownian motion of the bubbles while DLS measures the fluc
tuations in the scattered light intensity of the bubbles undergoing 
Brownian motion. This fundamental difference leads to NTA being less 
susceptible to polydispersity, thus, showing a closer agreement between 
the mean and mode bubble sizes. 

Fig. 9. Mean and mode of the aqueous N2 NB sample using DLS and NTA.  

Fig. 10. Calibrated GERG-2008 EOS model for the N2/water [78,79] and N2/NaCl brine [70,71] solubility data at different pressures and temperatures.  
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3.4. Thermodynamic analysis of aqueous NB dispersion of N2 

The most important benefit of using thermodynamics to analyze the 
experimental data in this research is that a thermodynamic model can 
give an internally consistent set of properties for the entire experimental 
conditions, which enables understanding the overall behavior of 
aqueous NB dispersion. Also, such properties include unmeasurable ones 
in high-pressure experiments, such as phase composition and capillary 
pressure. As described previously, the experimental procedure directly 
specifies the temperature, total volume, and pressure of a closed system 
of aqueous nanobubble dispersion of N2. Then, the constant mass 
expansion of the system gives the mole numbers of water and N2. With 
these experimentally measurable variables, the most convenient 
approach to analyzing the experimental data is to minimize the Helm
holtz free energy using a thermodynamic model [73]. Then, a solution 

for the minimization problem gives thermodynamic properties for the 
dispersion of N2-rich nanobubbles in the aqueous phase that is super
saturated by N2 at the experimental conditions. 

The traditional two-phase system with a planar interface requires NC 
+ 2 variables to be set, where NC is the number of components; however, 
the current problem requires setting NC + 3 variables. The additional 
variable comes from the generalization to allow for different pressures 
for the two phases (i.e., capillary pressure). In this research, the NC + 3 
variables are temperature, total volume, aqueous-phase pressure, and 
mole numbers of the components (water and N2). With these specifi
cations, this section describes properties of the aqueous NB dispersions 
generated in the experiments using a single thermodynamic model, 
which gives internal consistency of the calculated properties. We 
recognize limitations of the modeling; for example, the binary system 
(water and N2) requires a uniform size of bubbles, and the mole numbers 

Fig. 11. Bubble diameter, bubble number density, N2 mole fraction, fraction of N2 contained in bubbles, and capillary pressure of aqueous NB fluid in DI water at 
295.15 K for pressures up to 277 bara. 
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of water and N2 (from the constant mass expansion) contain uncertainty. 
Therefore, thermodynamic properties given for aqueous NB dispersions 
in this section must be understood as apparent values satisfying exper
imentally specified conditions and material balance. 

The modeling approach largely follows Achour and Okuno [73] and 
Achour et al. [74], but we have extended it to cover all experimental 
conditions in this research. The GERG-2008 equation of state (EOS, 
[75]) was used because the EOS used in this research should be reliable 
in constructing the Helmholtz free energy surface in metastable regions 
[76,77]; i.e., the aqueous phase supersaturated by N2. The EOS was first 
calibrated using experimental data for water-N2 at 298.15, 308.15, 
318.15, and 323.15 K from 80 to 1015 bara [78,79]. Then, it was cali
brated for NaCl brine-N2 using Smith et al. [70] and O’Sullivan and 
Smith [71], in which 1 M NaCl brine was used at 303.15, 324.65, 
375.65, and 398.15 K from 12 to 608 bara. Although the experimental 

temperature in this research, 295.15 K, is not contained in the data of 
Smith et al. [70] and O’Sullivan and Smith [71,72], the N2 solubility in 
NaCl brine at small molarities (e.g., 1 M) is insensitive to temperature. 
Also, the NaCl concentration in this research, 0.88 M, is close to the NaCl 
concentration, 1 M, for the data. Fig. 10 compares the calculated results 
using the GERG-2008 EOS with the experimental data in the literature 
for water-N2 and NaCl brine-N2. Results show good agreement between 
the EOS results and the data; therefore, the GERG-2008 EOS was suc
cessfully calibrated. Supplementary Material gives a detailed description 
of the GERG-2008 EOS model and parameters for the water-N2 and NaCl 
brine-N2 mixtures. 

The experimental data given in Tables 2 and 3 were then used to 
solve the calibrated EOS for properties of aqueous NB dispersion of N2 
for the given temperature, total volume, mole numbers for water/brine 
and N2, and external-phase pressure. Among these input variables, the 

Fig. 12. Bubble diameter, bubble number density, N2 mole fraction, fraction of N2 contained in bubbles, and capillary pressure of aqueous NB fluid in NaCl brine at 
295.15 K for pressures up to 274 bara. 
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water mole numbers based on mw3 (Table 2) and mb3 (Table 3) were 
quite influential to the resulting diameter of bubbles. Tables 2 and 3 
show that the uncertainty of mw3 (and mb3) was ± 3 g. Even a minor 
variation (e.g., 0.1 g) in mw3 (or mb3) significantly influenced the 
calculated apparent bubble diameter by one order of magnitude; 
therefore, it was not possible to quantitatively determine an apparent 
bubble diameter for these data with an order-of-magnitude accuracy 
using thermodynamic calculations only. Therefore, we allowed for 
adjustment in mole numbers of the two components within the uncer
tainty range such that the Helmholtz free energy was minimized while 
satisfying the specified temperature, total volume, and external pres
sure. We confirmed that such adjustments resulted in overall composi
tions within the uncertainty range stated above. 

Figs. 11 and 12 show the results from the GERG-2008 EOS, such as 
bubble diameter, bubble number density, supersaturation of aqueous 
phase by N2, the fraction of N2 as bubble dispersion, and capillary 
pressure, for the N2 NB fluid in DI water and NaCl brine, respectively. 
The error bars were determined as half the difference between the 
smallest and largest values at 104 bara (for DI water) since the experi
ment was repeated three times at this pressure. For the aqueous super
saturation levels (Fig. 11c and Fig. 12c), the N2 concentration in the 
aqueous phase was compared with the inherent solubility of N2 based on 
the GERG-2008 EOS. For Fig. 11d and Fig. 12d, the mole number of N2 
as bubbles was divided by the total mole number of N2 for each sample. 

Fig. 11ab and Fig. 12ab show that the calculated diameter decreased, 
and the number density of bubbles increased with increasing external 
pressure. For the DI water case, the extrapolation to atmospheric pres
sure using the two lowest pressure data yields a bubble diameter of 158 
nm. This extrapolated diameter lies within the range of measured bubble 
diameters, 50–400 nm, at atmospheric pressure in the literature [1,21]. 
Also see Figs. 5, 7, and 9 for the data measured in this research. Fig. 11cd 
and 12 cd show that a large fraction of the N2 in the system is molecu
larly dissolved in the external aqueous phase. That is, the existence of 
bubbles increases the N2 content in the system by increasing the mole
cule dispersion (supersaturation) in the aqueous phase much more than 
by containing N2 as bubbles. The presence of bubbles in aqueous NB 
fluid tends to increase the level of supersaturation in the external 
aqueous phase with capillary pressure (Fig. 11e and Fig. 12e). The re
sults indicate that this supersaturation is the main contribution to the 
amount of N2 in the aqueous NB fluid, which has fundamental impacts 
on the research and development of NB technologies. 

Fig. 3 shows that the N2 content did not substantially change be
tween DI water and NaCl brine. However, comparison of Figs. 11 and 12 
indicates that the NaCl salinity may have reduced the amount of N2 that 
was molecularly dissolved, which required increasing the amount of N2 
as bubbles to satisfy the material balance in the closed system of the 
experiments in this research. 

4. Conclusions 

This paper presented a new set of experimental data for aqueous NB 
dispersions of N2 at elevated pressures of up to 277 bara using N2 and DI 
water or 0.88 M NaCl brine with specially designed stainless-steel 
porous membranes. The N2 content in the generated NB sample was 
investigated for different parameters, such as pressure, salinity, co- 
injection ratio, total injection flow rate, and membrane pore diameter. 
The experimental results were supplemented with the GERG-2008 EOS 
model to give a qualitative overview of the characteristics of the 
aqueous NB fluid. The main conclusions are as follows:  

1. The N2 content in aqueous NB dispersion increased significantly with 
pressure. At 277 bara, for example, the inherent solubility of N2 in DI 
water is 0.13 mol/L, but the N2 content was enhanced to 0.29 mol/L 
by aqueous NB dispersion with DI water. With 0.88 M NaCl brine, the 
inherent solubility of N2 is 0.11 mol/L at 274 bara, but the N2 content 
was enhanced to 0.30 mol/L by aqueous NB dispersion. The impact 

of NaCl salinity on the N2 content in aqueous NB dispersion was not 
observed for high-pressure experiments in this research.  

2. The N2 content in aqueous NB dispersion was insensitive to injection 
parameters, such as the total injection rate and the co-injection ratio, 
in this research. In particular, using a 2 μm membrane resulted in a 
similar gas content as using a 5 μm membrane.  

3. Analysis of the experimental data using the GERG-2008 EOS showed 
that the apparent diameter of N2 NBs ranged from 14 to 120 nm for 
DI water and 5 to 115 nm for 0.88 M NaCl brine under the experi
mental conditions. Additionally, the analysis indicated that NBs were 
not the main storage of N2, but they enabled the supersaturation of 
the aqueous phase by N2 enhancing the N2 content in the system.  

4. The DLS and NTA data measured for depressurized samples of 
aqueous NB dispersion of N2 in this research showed transient 
behavior over 10 days. Number densities and size distributions of 
NBs were consistent with the reported data in the literature. 
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