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The presence of dissolved gas in the host medium in various industrial processes, such as the presence of oxygen
and hydrogen during water splitting or carbon dioxide in fuel cells, or the dissolution of nitrogen for industrial
applications, increases the probability of the formation of bubbles at nano-scale. Nanobubbles (NBs), spanning
tens to hundreds of nanometres, display exceptional attributes, including remarkable stability, enduring
longevity, and an impressive surface-to-volume ratio. These qualities firmly position NBs as pivotal entities with
applications that extend across diverse industries, encompassing fields such as energy and chemistry. Therefore,
it is crucial to have a comprehensive understanding of their inherent properties and behaviour right from the
nucleation stage to grasp their distinctive traits fully. This paper focuses on the combination of data-driven and
molecular dynamics simulation to provide a clear understanding of the mechanisms behind NBs nucleation and
behaviour in liquids and identify their characteristics. The nucleation process of four gases in two potential
liquids for hosting NBs, namely water and methanol, was investigated through scattering nitrogen, oxygen,
carbon dioxide, and hydrogen in host liquids using molecular dynamics simulations. Then, high-throughput
screening based on the DBSCA (density-based spatial clustering of applications with noise) algorithm was
used to screen the formed NB clusters through dissolved gases in the host liquids to determine the size of formed
NBs, their density, and motion over time. The findings offer unique insights, indicating that the density of the
surrounding liquids is altered and decreased by formed nanobubbles, influenced by the establishment of a
nanolayer. The lowest density was recorded for hydrogen and nitrogen nanobubbled methanol samples at
0.61673 and 0.68918 g/ml, respectively, and for hydrogen and nitrogen nanobubbled water samples at 0.93797
and 0.93722 g/ml, respectively. Additionally, the highest density among the scattered gases was observed in
non-nanobubbled carbon dioxide methanol and water samples at 0.77724 and 0.99588 g/ml, respectively.
Furthermore, the viscosity of the host liquids is influenced, particularly in the presence of high-density nano-
bubbles, as the highest viscosity was observed for nitrogen nanobubbled water samples at 0.00103 Pa.s.

Introduction

The increasing global demand for efficient heat transmission sys-
tems, driven by the need to reduce thermal losses, optimize system costs,
enhance heat removal and transportation, and prolong the lifespan of
utility systems, underscores the critical role of thermophysical proper-
ties of working fluids [1]. These properties govern essential parameters
such as the heat transfer coefficient, pressure drop, and energy effi-
ciency, constituting fundamental metrics for assessing the performance
of thermal systems [2]. Consequently, significant efforts have been
directed towards replacing traditional thermal fluids with those
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possessing improved thermophysical characteristics. Notably, nanoscale
phenomena have a significant impact on these attributes, as nano-
particles or nanoscale mechanisms govern fluid properties such as vis-
cosity, density, and rheological behaviour [3,4]. This influence could be
amplified when dissolved gases are introduced into working fluids,
particularly in industrial processes like electrochemical reactions used
in energy conversion and storage, where gaseous byproducts like
hydrogen and oxygen often emerge, potentially leading to alterations in
the thermophysical properties of the host liquid [5-7]. This alteration
becomes even more pronounced when these gases tend to give rise to
nanobubbles (NBs) [8].
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NBs, which are defined as gaseous cavities with diameters smaller
than 1 pm, can be classified into two main categories: surface NBs and
bulk NBs. Surface NBs typically exhibit heights ranging from greater
than 10 nm to less than 100 nm, along with contact line pinning from 50
to 500 nm. In contrast, "bulk NBs," also known as "ultrafine bubbles," are
generally spherical, gas-filled structures with diameters less than 1000
nm exhibit unique properties, such as enduring longevity, and an
impressive surface-to-volume ratio, that make them to become versatile
sensing materials with applications spanning diverse industrial and
chemical processes [9,10], encompassing electrochemical reactions [7,
11], as well as practical uses like water purification [12,13], promoting
the growth of animals and plants [14], ensuring surface sanitation [15],
drug delivery [16], and powering energy-related applications [17,18].

Exploring these minuscule bubbles through experimental techniques
[19-21] presents formidable challenges, as some methods struggle to
distinguish NBs from other nanoscale contaminants, and the funda-
mental processes governing NB behaviour and inherent properties
remain elusive [22,23]. One of the most intriguing and extraordinary
aspects of these tiny bubbles is their exceptional stability, defying the
predictions of the Epstein-Plesset theory, enabling them to persist in host
liquids for extended periods and significantly influencing practical ap-
plications [24,25]. Their divergence from conventional continuum
theories adds further complexity to the investigation of NBs. This
complexity is accentuated when dealing with bulk NBs, which, unlike
surface-bound NBs, are influenced by Brownian motion [26-28]. In
tandem with experimental techniques, molecular approaches such as
molecular dynamics (MD) simulations offer a means to attain a
molecular-level understanding of the characteristics, behaviours, and
impact of these nanoscopic bubbles.

Ohgaki et al. [29] prepared enriched distilled water with methane,
nitrogen, and argon by using rotary pump under the atmospheric con-
ditions at 298 K. Replica film for scanning electron microscopic obser-
vation was utilized to measure the size of NBs and it was revealed by
Raman spectroscopy that the huge amount of dissolved nitrogen mole-
cules existed in the form of NBs and there is few nitrogen molecules
scattering homogenously in the surrounded medium. The lifetime of the
observed NBs was estimated to be more than two weeks due to the strong
hydrogen bond on the interface that avoid the penetration of gas mol-
ecules from NBs. Diffusive shielding was suggested as a stability mech-
anism for bulk NB clusters by Weijs et al [30]. In a numerical study they
implemented quasi-2D molecular dynamics simulation of Lennard-Jones
(LJ) binary liquid to scrutinize this notion. Two initial configurations
were prepared. One of them included a pre-existed bulk NB while the gas
molecules were scattered in the other one. They reported that nucleation
happened for a high concentration of dispersed gas. In addition, they
declared that NBs should be close together in order to keep the medium
around each other saturated before the NBs disappear entirely. In
another investigation, a molecular approach was employed to investi-
gate the nucleation and agglomeration of methane NBs during the gas
hydrate dissociation process [31]. It was demonstrated that specific
conditions, such as the concentration of diffused gas molecules, trig-
gered the formation of NBs from the released CH4 molecules. In addi-
tion, the majority of the dissolved gas underwent NB formation. The
notion of using hydrogen nanobubbles (HNBs) for conversion from
traditional energy-based economy to hydrogen economy was investi-
gated in an experimental study [32]. As current technologies for
hydrogen storage are not proper for practical applications, researchers
have tried to use high stability of HNBs to store them in a quasi-2D
system include Keyhole limpet hemocyanin and organic molecules. An
electron radiolysis assisted abstraction reaction was used to generate
HNBs. It was observed that beyond specific concentration the nucleation
and growth of HNBs would continue and designed system could meet the
target of hydrogen storage set out by Department of Energy (DOE).
Bhushan et al. [33] conducted an experimental study to investigate the
motional behaviour of formed NBs in deionized water with polystyrene
(PS) coated silicon wafer as a substrate by using atomic force microscopy
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(AFM) in the tapping mode (TMAFM). It was revealed that NBs are very
sensitive to scan parameters. In addition, they observed that the velocity
of the movement of smaller NBs was higher than that of bigger ones and
the tiny NBs tended to merge and coalescence to form bigger NBs. In a
numerical study, Koishi et al [34] investigated the formation of NBs by
using molecular dynamics simulation and applied simple point char-
ge/extended (SPC/E) and optimized potentials for liquid simulations
(OPLS) potentials to simulate the interaction between water and CHs
units, respectively. They defined two polar and non-polar zones. Polar
zone consisted of water molecules, with fixed centre of mass and
freedom in rotation, while non-polar zone was constructed with CHj
units. The cavitation, which was consider as a NB, was observed when
the distance between CH3 units was small. By increasing the distance of
the units, the probability of NBs formation decreased. In general, NBs
are a relatively new research area, with most studies emphasizing the
stability of pre-defined NBs in host liquids. In a study by Zhang et al.
[35] the impact of nitrogen molecules on the stability of nitrogen NBs in
water was investigated, revealing a strong correlation between nitrogen
gas concentration and NB stability. Furthermore, the stability of
different-sized oxygen NBs in water was assessed, with an important role
identified for supersaturation in NB stability, especially for smaller NBs
[36].

Previous research has been crucial in advancing our understanding
of NBs, particularly in their formation, stability, and applications. This
involves exploring gas concentration’s role in NB formation [31], the
effects of diffusive shielding [30] and dynamic behaviours [33] on NBs
stability. Moreover, this research has unveiled potential applications for
NBs [32].However, it’s essential to note that most studies have been
limited in scope, focusing primarily on surface NBs and pre-defined bulk
NBs [37-40]. For instance, the enhancement in the etching process of
gold nanorods was reported in the presents of pre-defined oxygen NB.
[41]. However, the behaviors and mechanisms governing bulk NBs,
particularly during their nucleation stage, which holds paramount
importance in industrial applications [42], have been left relatively
unexplored. Moreover, these studies have primarily focused on the
fundamental aspects of NBs, overlooking their engineering applications.
Even in the realm of fundamental research, which has been explored
through molecular approaches to gain insights into NB behaviour and
characteristics, challenges persist. Researchers face not only the
computational demands imposed by large simulation boxes in molecular
dynamics simulations but also the formidable task of handling and
processing the substantial volumes of data generated by these simula-
tions. To overcome this challenge, researchers may resort to certain
assumptions, such as fixing the centre of pre-defined NBs, to facilitate
more detailed investigations into NB behaviour [36]. However, such
assumptions may compromise the accuracy of analyses concerning the
motion and dynamics of NBs, potentially failing to capture their
real-world behaviour accurately. Machine learning (ML) plays a crucial
role in handling vast datasets generated by atomistic and molecular
simulations across various scientific domains, such as material science,
solid-state physics, biophysics, and biochemistry. Machine learning en-
compasses three primary categories. Supervised learning relies on
input-output pairs for predictions, commonly used in material and mo-
lecular property forecasting. In reinforcement learning, models learn
through continuous interaction with their environment, without initial
data. Unsupervised learning primarily focuses on extracting valuable
insights solely from input data, commonly applied in molecular simu-
lations to generate compact descriptors, including clustering and
low-dimensional collective methods, for analysing molecular trajec-
tories [43].

A more systematic and data-driven approach, involving the nucle-
ation of various NBs in diverse liquid hosts, holds the potential to yield
profound insights into the characteristics and mechanisms governing the
nucleation and subsequent behaviour of bulk NBs and their impact on
the inherent properties of host liquids. In this study, a hybrid method-
ology is employed, combining molecular dynamics simulations with
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unsupervised machine learning technique, to evaluate the probability of
NB formation resulting from the dissolution of nitrogen, oxygen, carbon
dioxide, and hydrogen— each extensively utilized in chemical processes
and industrial applications such as water splitting [44] and enhanced oil
recovery [45]. Additionally, this research delves into the intrinsic
characteristics of formed nanobubbles (NBs) and their influence on the
thermophysical properties of host liquids, crucial in fluid applications.
Exploring these inherent heat transfer fluid properties encompasses the
examination of density and viscosity. Density significantly shapes fluid
flow and heat transfer, impacting Reynolds number, Nusselt number,
friction coefficient, and pressure loss. Temperature-induced density
shifts can drive natural convection [46]. Viscosity, another critical
property, profoundly affects various energy-related applications like
heat transfer systems and pumping processes. Higher viscosity escalates
frictional losses, reducing overall energy transfer efficiency and
requiring more pumping energy. Conversely, lower viscosity enhances
flow dynamics, lowering energy consumption. Employing the
Green-Kubo method, this study calculates the viscosity of water and
methanol-based samples, serving as a vital bridge between fundamental
principles and their practical engineering applications. The investiga-
tion encompasses two host liquids, water and methanol, both of
considerable industrial importance. Water holds a pivotal position
across a wide range of industrial applications, particularly in renewable
energy applications [47]. Additionally, methanol serves as a valuable
renewable energy carrier and holds a critical role as a renewable fuel
alternative, known for its substantial hydrogen storage capacity [48,49].
Commencing with a discussion of theory and modelling setups, this
paper will subsequently delve into an in-depth analysis of NBs charac-
teristics and their influence on thermophysical properties in the Results
and Discussions section.

Theory and modelling

The evolution of science can be understood through four major
paradigm shifts. Initially, empirical studies were conducted, followed by
the collection and sharing of research, which provided a more
comprehensive perspective on scientific issues and led to the develop-
ment of key theoretical foundations. With the development of compu-
tational systems, complex calculations become more feasible, leading to
a deeper understanding of scientific phenomena through technology-
driven advancements in scale. The most recent shift is the emergence
of the Fourth Paradigm, which is dominated by big-data-driven science,
characterized by an overwhelming influx of data and associated systems
and analytics to process it [50].

Computational nanoscience investigates the behaviour of molecules
and interactions between atoms. Essentially, computational nanoscience
is a powerful tool that enables the investigation and comprehension of
the mechanisms governing nanoscale phenomena at the molecular level.
This modern science gives a unique opportunity to researcher to
appraise their new notions by observing and manipulating the behav-
iours of next generation materials [51,52]. Molecular dynamics simu-
lations use Newton’s second law to predict the motion of atoms by using
various potentials as a foundation stone to calculate the exerted force on
each atom [53]. In this study an all-atom optimized potentials for liquid
simulations (OPLS) force field, TIP4P/2005, transferable intermolecular
potential with 4 points, model and Lenard-Jones potential have been
applied to simulate the interaction of atoms of methanol, water, and
gases. OPLS is inherently united-atom force field. Generally, the
computational cost of fluids simulation depends on the number of
interaction sites squared. In united-atom approach, non-bonded inter-
action sites are considered on non-hydrogen atoms and hydrogen atoms
that attached to carbons in aromatic rings. Increasing the interaction
sites in all-atom method improves the accuracy of charge distribution
and torsional energy that brings about the improvement in capturing the
interaction of molecules. The bond stretching and angle bending pa-
rameters of all-atom approach were adopted from assisted model
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building with energy refinement (AMBER) all-atom force field, while the
torsional parameters were calculated from the ab initio molecular
orbital calculation [54-59].

All the simulations were carried out by the open source LAMMPS
[60], large-scale atomic/molecular massively parallel simulator. Ovito
software [61] was used as the visualization tool. In the first place,
inherent properties of methanol and water were calculated with the
selected potentials. Table 1 shows the calculated thermophysical prop-
erties of methanol and water and the reported experimental values.
Comprehensive details of the simulation procedure are available in the
supplementary file.

Then, the effect of dissolved gases, host liquids and operation tem-
perature on the formation, growth, and characteristic of NBs were
investigated. In the initial phase, all samples underwent a 1.7 ns equil-
ibration period in both NPT, constant number of particles, pressure, and
temperature, and NVT, constant number of particles, volume, and
temperature, ensembles, followed by a 10 ns evolution in the NVE,
constant number of particles, volume, and energy, ensemble. Utilizing a
molecular approach, the study delved into the exploration of thermo-
physical properties and the tracking of atomic motion over time. The
temporal and spatial data collected from molecular dynamics simula-
tions were subsequently utilized in a high-throughput screening process
to identify clusters of NBs formed through the scattered gases within the
host liquids. This screening involved an assessment of the gas atom
count within these clusters, as well as their density, radius, and motion
over time. As shown in Fig. 1, this study combines elements from the last
two scientific inquiry paradigms. Machine learning is commonly
employed for tasks such as classifying data into distinct categories
(classification) or forecasting numerical values (regression). Classifica-
tion entails assigning labels or categories to input data by discerning
patterns within the dataset, while regression involves predicting
continuous numerical values based on input features. ML techniques are
applicable for categorizing or analyzing extensive datasets derived from
molecular dynamics simulations, including those spanning long simu-
lation durations and featuring numerous atoms.

Clustering, an unsupervised machine learning technique, is
employed to divide a set of particles into meaningful subgroups (clus-
ters) by minimizing similarities between clusters and maximizing
within-cluster similarities. DBSCAN (density-based spatial clustering of
applications with noise), a well-established density-based clustering
algorithm known for its ability to identify clusters, is utilized [64].
Derived from MD simulations, the dataset, including particle positions
within the system, serves as input for an in-house code developed using
this efficient algorithm, facilitating the analysis of NB characteristics via
trajectory data and offering insights into the influence of molecular in-
teractions on their behaviour.

Results and Discussion
Characteristics of nanobubbles

Methanol and water were used as solvents to dissolve nitrogen, ox-
ygen, carbon dioxide, and hydrogen gases. Samples with a 6%-weight
fraction of dissolved gases were prepared by scattering 2422, 2120, and
1542 nitrogen, oxygen, and carbon dioxide molecules, respectively, in

Table 1
Inherent properties of methanol and water under the environmental condition
[62,631.

Liquids Number Potential Density Viscosity Diffusion
of atoms (g/ml) (Pa.s) Coefficient
(m®/s)
Methanol 156000 OPLS 0.77 0.00052 2.52x107°
Experimental 0.79 0.00053 2.44x107°
Water 177000 TIP4P/2005 0.98 0.000096 2.30x10°°
Experimental ~ 0.99 0.000089 2.30x107°
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Fig. 1. Methodological framework for studying nanobubbles, involving temporal atom coordinate extraction through molecular dynamics simulation, unsupervised
machine learning for nanobubble detection, comprehensive characterization of nanobubbles, and elucidation of underlying behavioural mechanisms.

59000 water molecules. To achieve the same gas concentration in
methanol, 1899 nitrogen, 1662 oxygen, and 2231 carbon dioxide mol-
ecules were dispersed in 26000, 26000, and 48000 methanol molecules,
respectively. Due to its small mass fraction, different concentrations of
hydrogen gas were used. Samples containing 59000 water molecules
and 26000 methanol molecules housed 2422 and 1905 hydrogen mol-
ecules, respectively, scattered within them. The initial configuration of
the prepared samples is presented in Fig. 2. Investigating such samples,
which encompass a substantial number of molecules and evolve over
more than 13 nanoseconds, leading to the formation, coalescence, and
interaction of NBs with surrounding molecules, generates vast datasets.
These datasets pose challenges when examining parameters such as
density, gas molecule quantification within NBs and the surrounding
liquid, and size. To investigate these intricate dynamics comprehen-
sively over time, the utilization of both molecular dynamics simulation
and unsupervised machine learning proves instrumental in studying the
ultrafine bubbles in more detail.

It was observed at 298.15 K and 1 atm that nitrogen, oxygen, and
hydrogen can form NBs in water. The formation of NBs begins with the
emergence of nucleation sites within the host liquid. Fig. 3 visually
depicts the formation of NBs within the host liquids at 1 ns.

Furthermore, it illustrates the temporal evolution of the number of bulk
NBs formed in the host liquid over time. It is clear that for the same
weight fraction of the dissolved gases the number of nucleation sites
highly depends on the type of the scattered gas. Nine nitrogen NBs were
formed initially while only 2 oxygen NBs were formed in water at 1 ns.
The nucleation process in hydrogen/water sample is driven by 1
nucleation site.

In contrast to the water host liquid, oxygen does not exhibit the
formation of NBs in methanol. Notably, the nucleation of nitrogen NBs
commenced with the presence of 2 NBs in methanol at 1 ns. This
observation underscores the significant influence of the host liquid on
the nucleation of NBs (Fig. 4).

Water molecules have a stronger attraction to each other than
methanol molecules due to their ability to form hydrogen bonds [65]. In
the case of water, the limited availability of interaction sites between
dissolved gas molecules and water molecules results in a more sub-
stantial attractive force among nitrogen molecules, as depicted in Fig. 5.
Consequently, the nucleation of nitrogen within a water host liquid
occurs with a higher number of nucleation sites. Conversely, in meth-
anol, the weaker interactive forces between methanol molecules enable
them to have stronger attractive forces with dissolved oxygen gas. This

Fig. 2. Initial structure of the dispersed gas in methanol (left) and water (right).



H. Hassanloo and X. Wang

International Journal of Thermofluids 23 (2024) 100734

T s T —plee —— T T
-~ b H H H H H -~} ] ' ] h ] ' ] @ ' ' ' ] ' ' '
z 8 ‘ R Z3S /I O =0 R I U I I R
E \( I ERY) i T B
‘5 6 N } H ) N X N ) 52; 7?7 ”i” ”:7 ”;ﬁ ”5”"57‘ ”E” 5 : | : : : | ;
s I'v "\_ s :[ BV I R B | PO it e i it it i
AT T T 520 et L1 LY P T I T I I A
2 b A I 2 FR NI ST I DT AN | . N R N I I A
Py I I "\) o S E 54— ; — —t ; ErrtrrvtoryTr
z LT ks z S TE BT EEEE SRR B R PR z A (O R I IR I

B 104 : —— . RN RN RN RN EEE
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 M4
Time (ns) Time (ns) Time (ns)

Fig. 3. Snapshots at 1 ns (top) and evolution of the number of formed (bottom) nitrogen (left), oxygen (centre), and hydrogen (right) NBs in water over time.
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and methanol.

strong attraction prevents oxygen gas from coming together to form NBs
in a methanol host liquid, in contrast to water. Furthermore, it’s worth
noting that carbon dioxide is unable to form NBs in both water and
methanol. This is illustrated in Fig. 5, where a substantial repulsive force
between carbon dioxide molecules prevents their aggregation within the
host liquids. This repulsive force arises from the electron distribution
around the oxygen and carbon atoms, resulting in partial positive
charges on carbon atoms and partial negative charges on oxygen atoms.
These opposing charges lead to a net repulsive force between carbon
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molecules (right) in water

dioxide molecules. Moreover, it is interesting that the majority of the
dissolved nitrogen gas exist in the form of NB, only 27.41% of dispersed
nitrogen gas remains scattered, after 13 ns in water. However, 27.27%
and 34.11% of dissolved oxygen and hydrogen gas exist in the form of
NB in the polar host (Supplementary Fig. 4). Therefore, the nucleation
morphology and formation of NBs are affected by the solubility of the
dissolved gas. Although the solubility of hydrogen is less than oxygen
[66], only one nucleation site was observed in hydrogen/water sample.
The intermolecular interaction between gas atoms reveals that attractive
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force between gas molecules is another factor that affects the
morphology of nucleation of NBs. The attractive forces between non
polar molecules are primarily due to London dispersion forces which
originate from the temporary distortion of electronic distribution within
molecules, facilitated by the dynamic nature of electron motion. The
London dispersion forces result in a transient nonzero dipole moment for
the molecule and induce similar dipoles in neighboring molecules,
leading to attractive forces between them. The magnitude of these
dispersion forces depends on the polarizability of the molecules. Valence
electrons in heavier and larger atoms or molecules are more distant from
the nuclei than that in smaller atoms or molecules, resulting in weaker
electron-nucleus attractions. This makes them more susceptible to
forming temporary dipoles [65,67]. Therefore, attraction force in oxy-
gen atoms is larger than the hydrogen atoms, oxygen atoms tend to
agglomerate in water host faster than hydrogen atoms and lead to
several nucleation sites.

The density of the formed NBs over time was calculated using un-
supervised machine learning, as depicted in Fig. 6, more detail has been
provided in Supplementary File. Notably, the density of these generated
NBs is significantly greater than the density of the gas present in the gas
phase. Upon comparing the density of the formed NBs with their
respective sizes, as shown in Fig. 6, an intriguing pattern emerges. It
becomes evident that the density of NBs increases as their size decreases.
For instance, consider the case of nitrogen NB N5, which exhibits its
highest density at 6 ns when it boasts its smallest size. Similarly, oxygen
NB N3 showcases its peak density at 2 ns, coinciding with its smallest
radius. The key here lies in the fact that smaller NBs possess a more
substantial surface area-to-volume ratio compared to their larger
counterparts. This increased surface area allows for heightened inter-
action with the surrounding liquid, resulting in stronger intermolecular
forces between the gas and liquid phases. These intermolecular forces
act to draw the gas molecules closer to the NB’s surface, compressing the
gas phase and resulting in a higher density when compared to larger
bubbles. The attractive forces between gas and liquid molecules effec-
tively create a compressive force that brings the gas molecules closer
together. In the case of hydrogen NBs, it was observed that the highest
density occurred at 7 ns, coinciding with the smallest size of the formed
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hydrogen NB at 1 ns. This behavior can be attributed to London
dispersion forces, also known as London forces [66], which significantly
affect the density of the formed NBs. As previously mentioned, it’s
important to note that attractive forces between hydrogen atoms are
significantly weaker. As a result, when hydrogen gas atoms diffuse into
the NB, they don’t come closer together in the same manner as nitrogen
and oxygen atoms. Consequently, hydrogen NBs do not exhibit the same
trend of increasing density as their size decreases, in contrast to nitrogen
and oxygen NBs. The density of NBs is a key factor contributing to their
high stability within the host liquid [27]. It’s worth noting that reducing
the size of the formed NBs increases the attractive forces on their sur-
faces. This enhanced intermolecular interaction encourages gas atoms to
absorb onto the NB, increasing its size while reducing its density.
Therefore, this intermolecular interaction is pivotal in ensuring the
stability of NBs within the host medium. To maintain NB stability, a
sufficient concentration of scattered gas molecules must be present in
the samples. In the interaction between gas atoms and formed NBs,
attractive forces act upon both the NB and gas atom. Given that gas
atoms are lighter than bulk NBs, gas atoms draw closer and are absorbed
by the NB. This same mechanism can be extended to two bulk NBs. In
this scenario, the NBs exert attractive forces on each other, causing the
smaller NB to move more rapidly and approach the larger NB. Subse-
quently, as illustrated in Supplementary Fig. 5, the nearest gas atoms are
initially absorbed and subsequently fully merge into the larger NB. In
nanoscale systems, particle coarsening is governed by two primary
pathways: Ostwald ripening and Smoluchowski ripening. Ostwald
ripening involves larger particle growth and smaller particle reduction.
Gas molecules detach from smaller particles and diffuse through the
continuous phase, joining larger nanoparticles. Conversely, Smo-
luchowski ripening results from collisions among nanoparticles in mo-
tion through the continuous phase. Brownian motion induces random
movements of NBs suspended in host liquid, causing collisions and
subsequent coalescence. As a result, this process enlarges the average
diameter of NBs while reducing their overall count [68]. During the
coalescence process, atoms within the smaller NB deform it and establish
a "bridge" with the larger NB, driven by London dispersion forces. As it is
discussed, the attractive interaction leads to the movement of the

0.551— : ; P I I N 0.032 —————T——T—

B D 2% S D N

i e e R e i 0.030 .

0454 ————————+——11 4 N3 B ST N N N O N I
= F-r-{&r-r-B-4-r-t-2--F1 v N4f 0,028 +— ! ! : L ) ]
= | | oA () = ) j J j j |
B0 Tl T YR T T bl T
2, .-T__---,n..-.,-.;*.,.- i B i B CCD s e S R LT
20351 ieg4 o4 — P e o B T o B
‘7 = 3 Q._ 7 0.024 5 . |- L
2 . . a I B T I e O I
£0.30 N 2 e o
) [ ! v 20.022 0

0.254— BRI B R RN BT B it B

! 0.020 +— : T T T T q
R N e
! 0.20 0.018 I n I " I n
0 2 4 6 8 10 12 14 L N
Time (ns) Time (ns) Time (ns)
45 40 | 40
40 ,_.-H"“\-" s N 35 fus
= =27 N2 = =
T35 =N '330 —4— N3 '330 _J
» |—e— N2| @ [=-]
A 2 |r—n4 e
z 30 N3 Z. 55 Peq < s )d
= —v—N4 - 3
© 25 e P
e L—o— N 2 20 2
z i 2 £ 20
5 201 NG| = v =
5 Al—N7 S 15 -4
R 15 x —o—Ns & ST
oo lee | 2 L —— N9
I S 7 B 100 2 4 6 8 10 12 14
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 -
. ime (ns)
Time (ns) Time (ns)

Fig. 6. Density (top) and the radius of formed (bottom) nitrogen (left), oxygen (centre), and hydrogen (right) NBs in water.
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formed NBs within the prepared samples. Brownian motion also plays a
role in increasing the stability of NBs. This motion arises from the
random interactions of molecules in the surrounding medium. In
contrast to macro and microscale bubbles, where buoyant forces act to
push them upward due to density differences, Brownian motion in-
troduces random molecular collisions that can move formed NBs in
various directions, including downwards. This random movement can
be sufficiently robust to counteract the buoyant force acting on NBs,
effectively keeping them suspended within the liquid medium. The
movement of average centre of final formed NB in water host liquid over
time is depicted in Supplementary Fig. 6.

The final radius and density of the formed nitrogen and hydrogen
NBs in methanol sample have been shown in Table 2. The comparison of
obtained results for the formed NB in methanol (Table 2) and water
(Fig. 5 and 10) reveal that the formed NBs in methanol host have bigger
size and lower density than those generated in water. The density and
size of formed NB can be affected the molecular interactions within the
host liquids, which, in turn, govern the viscosity of the liquid. Diffusion
of dissolved gases in more viscous solvent is less than low-viscosity one.
Therefore, in less viscous host liquids like methanol more gas atoms can
diffuse into a formed NB and produce larger NB in methanol compared
to that in water. In addition, in a more viscous solvent, as it is difficult for
the dissolved gas to move in host liquid, the trapped gas in NBs tend to
have stronger interactions with each other, resulting in compact and
denser NB. However, in less viscous liquid host, the trapped gas mole-
cules have more freedom to move around and be further apart from each
other, resulting in weaker attractive forces and less dense NB.

Temperature plays a pivotal role in shaping the formation and sta-
bility of nanobubbles within a host fluid. It exerts its influence by
impacting various factors: firstly, the solubility of gases in the fluid is
significantly affected by temperature, which subsequently shapes the
behavior of nanobubbles. Secondly, temperature exerts control over the
intermolecular forces and molecular interactions occurring within the
liquid, consequently modulating the formation and properties of NBs.
Notably, the dissolution of nitrogen gas in the host liquids has exhibited
intriguing behavior, particularly in the formation of NBs at room tem-
perature. This intriguing phenomenon has spurred further investigation
into the influence of temperature on the nucleation and characteristics
of nitrogen NBs in both water and methanol. To unravel these com-
plexities, an investigation was conducted using dispersed nitrogen gas in
polar and alcoholic host liquids at equal weight fractions, with exami-
nations carried out at elevated temperatures of 343.15 K and 323.15 K
for water and methanol, respectively.

Fig. 7 illustrates the number, radius, number of gas atoms and den-
sity of formed NBs in water host liquid at 343.15 K. Upon comparing
Fig. 7 to Fig.s 3, and Supplementary Fig. 7, it becomes apparent that at
higher temperature, nucleation is initiated by a smaller number of
nucleation sites, which contain a higher concentration of gas atoms. As it
was discussed, at room temperature nucleation is driven by 9 nucleation
sites that the biggest one contains 515 gas atoms in the NB with 21.06 A
radius. While at higher temperature, nucleation starts with 4 clusters
and the biggest one is made up by 3007 gas atoms inside the NB with
49.18 A radius. It means that at higher temperature gas atoms have a
greater tendency to be present in the form of NBs in the host liquid. In
addition, it can be seen that the coalescence process in the sample at
elevated temperature finishes sooner. At higher temperatures, the vis-
cosity of the fluid decreases, making it easier for NBs to move and
coalesce.

Table 2
Radius and density of the final formed NBs in methanol sample.
Nitrogen Hydrogen
Radius (A) 48.510389 55.01482
Density (g/ml) 0.124979 0.007203
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Fig. 8 illustrates the average of total energy between gas and liquid
host atoms at two different temperatures. As it can be seen, by increasing
temperature, the attractive force between gas and host liquid molecules
reduces, which rise the tendency of scattered gas to agglomerate in the
host liquid and form NBs. Furthermore, by comparing the density of NBs
formed at higher and lower temperatures, it becomes apparent that
increasing the temperature results in a decrease in the density of the
formed NBs. Fig. 8 demonstrates that the increase in temperature results
in a decrease in the attractive force between gas atoms, leading to a
decrease in density.

Density and radius of the formed NBs in alcoholic sample at 323.15 K
were measured at 0.081 g/ml and 53.30 A, respectively. By comparing
the obtained results with Table 2, it is clear that like water sample,
properties of the formed NB are affected by temperature in the alcoholic
sample, too. Furthermore, the dynamic of the formed NB in methanol
host is also affected by temperature. Supplementary Fig. 8 showcases a
sequence of snapshots at intervals of 0.5 ns, depicting the behaviour of
the movement of average centre of final formed nitrogen NB in methanol
sample at 298.15 and 323.15 K during the last 2.5 ns. It is evident that
the formed NBs in methanol tend to rise to the surface at higher tem-
perature, leading to reduction in the stability of the formed NB. As
previously discussed, intermolecular forces, a significant factor influ-
encing Brownian motion, contribute to the motion of molecules and
formed NBs. Additionally, NBs suspended within a liquid encounter
forces like drag force, which arises due to viscosity. Viscosity charac-
terizes a fluid’s resistance to flow, where higher viscosity leads to
increased drag force acting on a suspended object. When the fluid’s
viscosity rises, the drag force on a NB intensifies, impeding its move-
ment. Conversely, an elevated fluid temperature leads to decreased
viscosity, reducing the drag force exerted on a suspended NB. Further-
more, a reduction in the NB’s density amplifies the magnitude of the
drag force. In the methanol sample, owing to its lower viscosity
compared to water, temperature changes exert a greater influence on the
balance of forces acting on the NB. This leads to a considerable reduction
in the resistance force, causing the NB to rise. In summary, the dynamics
and stability of formed NBs depend on the inherent properties of host
liquids, particularly at elevated temperatures, with the resistive forces
being pivotal factors.

Thermophysical Properties

Gas molecules, upon dissolving in a liquid, occupy the interstitial
spaces between the liquid molecules, thereby expanding the solution’s
overall volume. This presence also disrupts the interactions among the
liquid molecules, contributing to a subsequent decrease in density.
Ilustrated in Fig. 9 are the density alterations observed in the prepared
samples, depicting a decline in the host liquid’s density following gas
dissolution. Furthermore, the emergence of nanobubbles in the sample
intensifies this density decrease, notably showcasing that hydrogen
nanobubbles exhibit the lowest density among the prepared samples.

When a NB nucleates in host solvent, gas molecules can form weak
attractive interactions with the host medium molecules at the surface of
the NB, which can cause the surface of the bubble to be coated with a
layer of host liquid molecules. This means that the base fluid molecules
in the nanolayer around the NB take up more space than if they were
randomly distributed in the solution. In other words, the nanolayer
contributes to a larger volume and lower density of the solution.
Therefore, the interfacial layer between the NB and base fluid contains a
smaller number of host liquid molecules. Fig. 10 shows the change of
host liquid molecules near the NBs for various NB formed in the polar
and alcoholic samples. It can be observed that the interfacial layer has a
lower concentration of solvent molecules compared to the bulk liquid,
and as the distance from the NB increases, the concentration of solvent
molecules increases that can be concluded the presence of this layer
disrupts the organization of molecules and results in a decrease in
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density.

In Fig. 11, the viscosity of samples containing dissolved gases in both
water and methanol is depicted. The results reveal a notable contrast
between the two host liquids. In the case of water-based samples, the
inclusion of dissolved gases, including oxygen, nitrogen, carbon dioxide,
and hydrogen, leads to an increase in viscosity compared to the pure
host liquid. This trend aligns with previous research demonstrating that
the viscosity of water tends to rise with gas dissolution [6]. Conversely,

for methanol-based sample, a distinct behaviour is observed. Dissolution
of nitrogen, hydrogen, oxygen, and carbon dioxide in methanol results
in a reduction in viscosity compared to pure methanol [69]. This
disparity in behavior between water and methanol highlights the sig-
nificant influence of the host liquid type on the viscosity of
gas-containing fluid samples.

Fig. 11 demonstrates that the viscosity of the water-based sample
increased significantly when nitrogen was dissolved, followed by
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oxygen and then carbon dioxide. The addition of hydrogen resulted in
the smallest increase in viscosity. For the same weight fraction of dis-
solved gases, including nitrogen, oxygen, and carbon dioxide, it was
observed that nitrogen and oxygen could form NBs within the water host
medium. It was observed that, Fig. 6, the density of these formed NBs
was significantly higher than that of the gas in the gas phase and near the
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liquid phase. Consequently, these NBs acted as obstacles, hindering
molecular movement and thereby increasing resistance to motion,
which in turn increased viscosity. As depicted in Fig. 6, the radius of the
nitrogen-formed NB (40.36 A) was larger than that of the oxygen-formed
NBs (35.28 ;\), further impacting the freedom of movement and result-
ing in the nitrogen nanobubble-containing water sample exhibiting
higher viscosity than the oxygen-containing one. However, it’s worth
noting that while hydrogen could form NB in water with sizes similar to
those of the formed oxygen NB, the viscosity of the hydrogen
nanobubble-containing sample was lower than that of the non-
nanobubbled carbon dioxide water sample. As shown in Fig. 6, the
density of hydrogen NB is significantly less than that of oxygen NB. Upon
delving deeper into the intermolecular forces between water and dis-
solved carbon dioxide and hydrogen, as depicted in Fig. 12, it becomes
evident that the interaction strength between carbon dioxide molecules
and water surpasses that between hydrogen molecules and water. This
difference in interaction strength significantly affects the motion of host
fluid molecules, ultimately resulting in the carbon dioxide-containing
sample having higher viscosity than the hydrogen-containing one.
This emphasizes that NBs with higher density may impede fluid flow
more significantly than those with lower density, while in samples with
lower-density NBs, molecular interactions assume a crucial role.

As Fig. 11 illustrates, among methanol samples, the most significant
reduction in viscosity was observed in the hydrogen and nitrogen sam-
ples, followed by the oxygen sample, while the addition of carbon di-
oxide resulted in the smallest decrease in methanol-based viscosity.
Notably, nitrogen was found to form NBs within the methanol host
liquid. However, when comparing the density of these formed NBs in
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methanol (0.125 g/ml) as shown in Table 2, it was lower than that of the
formed nitrogen NBs (0.354 g/ml) in water as shown in Fig. 6. This
indicates that molecular interactions play a dominant role in governing
the viscosity of methanol-based samples. Fig. 13 provides insights into
the van der Waals energy of methanol mixtures, emphasizing substantial
variations in intermolecular forces. Precisely, the data demonstrates that
the attractive forces within the carbon dioxide mixture are significantly
more potent, leading to a heightened attraction that constrains the
movement of atoms in this sample. Consequently, this intensified
attraction results in higher viscosity compared to the other samples.

As depicted in Fig. 8, there is a notable correlation between tem-
perature and intermolecular forces, and this relationship has a signifi-
cant impact on the viscosity of the samples. At343.15 K, the viscosity of
the nitrogen-water mixture was measured at 0.00053 Pa.s, while the
nitrogen-methanol mixture at 323.15 K exhibited a viscosity of 0.00017
Pa.s. These findings indicate a decrease in viscosity compared to the
viscosity of nitrogen samples at 298.15 K, as illustrated in Fig. 11.
Additionally, with the increase in temperature, the kinetic energy of
fluid molecules intensifies, causing them to move more rapidly and
disperse. Consequently, this dispersion leads to a decrease in density. At
elevated temperatures, the density measurements for nitrogen samples
in water and methanol were recorded as 0.81 and 0.63 g/ml,
respectively.

Conclusion

In this study, a combined approach involving molecular dynamics
simulations and unsupervised machine learning was employed to
investigate the nucleation and intrinsic properties of nanobubbles (NBs)
within water and methanol liquids. Atomic-level insight was also uti-
lized to explore the influence of NBs on the thermophysical properties of
the host liquids. The results reveal that the nucleation of NBs depends on
the interaction between solvent molecules, and the electron structure of
the dissolved gas. The interaction between dispersed gases and host
mediums is affected by the competition of solvent molecules for avail-
able intermolecular interaction sites. As a result, dissolved gases exhibit
different behaviours in different solvents, as reflected by the observa-
tions that oxygen can form NB in polar host but cannot form any NBs in
methanol. Moreover, the density of nitrogen NB formed differs between
water and methanol, with observed values of 0.354 g/ml in water and
0.125 g/ml in methanol. In more viscous medium, the trapped gas
molecules prefer to make stronger interactions, resulting in compact and
denser NBs. The size and density of NBs also play a crucial role in their
longevity in the host medium. As the size of NBs decreases, their density
increases, leading to a higher surface area-to-volume ratio compared to
larger gas bubbles. This results in stronger intermolecular forces
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between the gas and liquid phases, allowing gas atoms to be absorbed by
the NB and increase its size which helps NB to survive in the host me-
dium. The smallest NB can deform during a coalescence process due to
the presence of London dispersion forces, which can facilitate the for-
mation of a bridge-like shape. Moreover, the presence of these formed
NBs has an impact on the density of the surrounding liquid. In water, the
dissolution of nitrogen and hydrogen led to reductions of 6.4% and
5.91%, respectively, and in the methanol-based sample, the most sub-
stantial density decrease occurred during hydrogen dissolution, reach-
ing 22.22%, attributed to the nanolayer formed around the NBs
disrupting liquid molecule interactions. Notably, the viscosity of the
host liquid is influenced by the presence of high-density NBs, as evi-
denced by the highest viscosities observed in nitrogen and oxygen
nanobubbled water samples at 0.0013 and 0.00088 Pa.s, respectively. In
contrast, non-nanobubbled samples or those with low-density NBs are
primarily governed by molecular interactions, resulting in the smallest
reduction observed in the methanol-based sample for non-bubbled
carbon dioxide at 0.00052 Pa-s. It was also found that at elevated tem-
peratures, nucleation is initiated by a smaller number of nucleation sites
with a higher concentration of gas atoms.
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