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ABSTRACT: We present a molecular dynamics simulation study on the effects of sodium 

chloride addition on stability of a nitrogen bulk nanobubble in water. We find that the 

lifetime of the bulk nanobubble is extended in the presence of NaCl and reveal the 

underlying mechanisms. We do not observe spontaneous accumulation or specific 

arrangement of ions/charges around the nanobubble. Importantly, we quantitatively show 

that the N2 molecule selectively diffuses through water molecules rather than pass by any 

ions after it leaves the nanobubble due to the much weaker water-water interactions than 

ion-water interactions. The strong ion-water interactions cause hydration effects and 

disrupt hydrogen bond networks in water, which leave fewer favorable paths for the 

diffusion of N2 molecules, and by that reduce the degree of freedom in the dissolution of 

the nanobubble and prolong its lifetime. These results demonstrate that the hydration of 

ions plays an important role in stability of the bulk nanobubble by affecting the dynamics 

of hydrogen bonds and the diffusion properties of the system, which further confirm and 

interpret the selective diffusion path of N2 molecules and the extension of lifetime of the 

nanobubble. The new atomistic insights obtained from the present research could 

potentially benefit the practical application of bulk nanobubbles. 

KEYWORDS: bulk nanobubble; sodium chloride; stability; molecular dynamics; 

diffusion; ion hydration 
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1. Introduction 

Nanobubbles are submicron gas bubbles that form both on immersed solid substrates 

and in aqueous solutions1–3. Research on nanobubbles has been attracting increasing 

interest in the past two decades due to their potential application in a wide range of areas 

including water treatment4, medical imaging5, froth flotation6, agriculture breeding7, and 

fuels8. According to the classical Young–Laplace equation and Epstein–Plesset theory9, the 

massive Laplace pressure inside the nanobubble would lead to its dissolution in 

microseconds. However, experimental studies reported that nanobubbles could survive for 

hours, days, and even months1,3,10–12. It is widely acknowledged that the stability of surface 

nanobubbles results from the contact line pinning and local gas supersaturation based on 

the previous theoretical13,14, experimental15–17, and computational18–20 studies, whereas 

whether or not nanobubbles can be stabilized in bulk solutions remains controversial owing 

to a lack of direct evidence of existence of bulk nanobubbles. Various mechanisms were 

proposed to rationalize the stability of bulk nanobubbles, including organic contaminant 

skin21, strong hydrogen bonds22, anomalous surface tension23, high inner gas density24, and 

charge enrichment on nanobubble surface25–27. But none of these mechanisms has been 

universally acknowledged. 

The stability of bulk nanobubbles is affected by many factors, especially properties of 

the solution, such as temperature, pH, ionic strength, electrolyte type, surface tension, and 

presence of surfactants or impurities. A number of studies showed that the bulk 

nanobubbles are more stable in the alkaline solution due to the adsorption of hydroxyl ions, 
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which exerts an electrostatic pressure to balance the internal Laplace pressure, reducing 

gas dissolution and increasing the lifetime of the bulk nanobubbles12,27–29. Besides, it was 

reported that the lifetime of gas bubbles could be extended by the surfactants that lower the 

surface tension and decrease the pressure difference between the inside and outside of the 

bubble30–32. Li et al.33 explored the temperature-sensitive nature of bulk nanobubbles and 

found that the bulk nanobubbles not only survive over a wide range of temperatures, but 

also tend to be more stable at higher temperatures explained by a charge-stabilization 

mechanism. Seddon et al.34 suggested that the electrolytes could extend the lifetime of bulk 

nanobubbles probably through ionic shielding and/or diffusive shielding. In fact, the 

accumulated charges near the gas-liquid interface and ions in the bulk solutions may play 

a crucial role in stability of the bulk nanobubbles, which could be changed by the addition 

of electrolytes. Hence, the effects of electrolyte solutions with different ion valences and 

ionic strengths on stability of the bulk nanobubbles were intensively investigated23,26–28,35–

38, among which, NaCl, as a common monovalent electrolyte, was normally included. It 

was concluded that the elevated NaCl concentration reduces the thickness of the diffused 

electrical double layer and the magnitude of zeta potential, which leads to lower repulsion 

thus increases coalescence between the bulk nanobubbles. Nevertheless, understanding of 

how exactly ions or charges are distributed and affect stability of the bulk nanobubbles is 

very limited. 

In addition to the above experimental work, molecular dynamics (MD) simulations 

were also employed to study the stability of nanobubbles. Liu and Zhang19 indicated that 
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the surface nanobubbles can be stabilized in superheated or gas supersaturated liquid as a 

result of contact line pinning caused by the geometrical heterogeneity. Maheshwari et al.20 

studied the stability and growth or dissolution of a single surface nanobubble and revealed 

how pinning of the three-phase contact line and gas oversaturation can contribute to the 

stability of surface nanobubble. Weijs et al.39 investigated the nucleation and stability of 

bulk nanobubble clusters and found that the bulk nanobubbles are stable against dissolution 

as long as the bubble-bubble interspacing is small enough. However, the majority of the 

previous MD studies on nanobubbles adopted simple LJ particles instead of all-atom model 

to balance the computational cost, which inevitably lost some important information at the 

atomistic level. In any case, a MD study on the effects of electrolyte addition on stability 

of the bulk nanobubbles is still lacking, leaving a knowledge gap about the underlying 

mechanisms. 

In this paper, we use all-atom MD simulations to study the effects of NaCl addition 

on stability of a N2 bulk nanobubble in water. The high spatiotemporal resolution of MD 

simulation makes it an ideal and powerful approach for studying the stability of bulk 

nanobubbles. It enables us to gain atomistic insights into the structure and dynamics of one 

single bulk nanobubble that may not be accessible by either experimental or continuum 

numerical methods. For analysis of the results, we explain the observation primarily from 

the perspective of diffusion throughout the paper. 

2. Methods 

We perform MD simulations of a bulk N2 nanobubble in pure water and in water with 
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various NaCl concentrations. The details of each simulation configuration are summarized 

in Table 1. N2 is chosen as the representative gas for nanobubble since it is the major 

constituent of air. The large NaCl concentrations are used to circumvent the high 

computational cost of MD simulations. The initial simulation system, as shown in Fig. 1, 

consists of a 7 nm diameter N2 nanobubble placed at the center of a 14 × 14 × 14 nm3 

simulation box, and the rest of the box is filled with NaCl solution. This nanobubble 

configuration relates to an initial gas pressure of about 160 bar, which is designed based on 

results of our preliminary tests that the density of the relaxed nanobubble is higher. 

 

Table 1. Configuration details of the studied simulation systems. 

System No. of N2 No. of H2O No. of Na+/Cl- NaCl concentration (mol/L) 

1 

700 85542 

0 0 
2 770 0.5 
3 1540 1 
4 3080 2 
5 5390 3.5 
6 7700 5 

 

All of the MD simulations are performed under the isothermal-isobaric (NPT) 

ensemble at 298 K and 1 atm using the LAMMPS package40. The interatomic interactions 

are described by the 12-6 Lennard-Jones and Coulombic potentials with a cutoff distance 

of 1 nm. Long-range Coulombic interactions are computed by the particle-particle particle-

mesh (PPPM) solver. Details of the potential parameters are given in Table S1 in the 
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Supporting Information. The N-N and O-H bonds, and the H-O-H angles within the system 

are kept rigid during the simulation by the SHAKE algorithm. Periodic boundary 

conditions are applied in all three directions. A time step of 1 fs is employed in the present 

study, as it is proven to be sufficient to resolve the dynamics of the system (see results of 

the test on different time steps in Fig. S1 in the Supporting Information). The simulation 

results are outputted every 10 ps. The visualization of MD simulation data is produced 

using OVITO41. 

 

 
Figure 1. (a) Three-dimensional and (b) central cross-sectional views of a typical initial 
simulation system. One eighth of the actual simulation system in (a) is removed for a better 
view. 

 

In addition to the above MD simulations, density functional theory (DFT) calculations 

are also performed to investigate the interaction energy between various pairs of isolated 

molecules involved in the present study, which provide additional insights into the results 

obtained from MD simulations. The DFT calculations are carried out with the def2-TZVP 
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basis set42 in Gaussian 1643. B3LYP functional44,45 is selected because of its excellent 

performance on describing noncovalent interactions. The D3 version of Grimme’s 

dispersion with Becke-Johnson damping46 is applied using the default parameters. 

3. Results and discussion 

3.1. Stability of the bulk nanobubble 

First of all, a comparison is made between the dynamic behaviors of the 

aforementioned N2 bulk nanobubble and a O2 bulk nanobubble in pure water (see Fig. S2 

in the Supporting Information) to examine the difference if N2 is replaced by O2, which is 

the other major constituent of air. The results are similar but the dissolution of the O2 bulk 

nanobubble is faster than that of the N2 bulk nanobubble. This is reasonable as O2 has a 

better solubility than N2 in water (approximately 41 and 18 mg/kg for O2 and N2 at 298 K 

and 1 atm47, respectively). 

Therefore, next we use a N2 bulk nanobubble as a representative to study the effects 

of NaCl addition on stability of the bulk nanobubble in water. To this end, we monitor the 

number of N2 molecules in the nanobubble during the 10 ns simulation. For a gas-saturated 

liquid, the gas oversaturation ζ = c∞/cs – 1 (where c∞ is the gas concentration far away from 

the bubble and cs is the gas saturation concentration) should be 0. Based on the N2 solubility 

in water and the number of water molecules in the simulation system as mentioned above, 

the system is oversaturated if one or more than one N2 molecules in the nanobubble diffuse 

into the solution, which ensures that all of our studied systems are oversaturated at a very 

early stage of the simulation. The ζ changes with time during the MD simulation as the 



 8 / 36 
 

nanobubble keeps dissolving. As a result, the actual ζ in our studied systems is very high. 

Figure 2(a) clearly shows that the lifetime of the nanobubble is extended with the addition 

of NaCl and the dissolution of the nanobubble is slower as the NaCl concentration increases. 

An additional 10 ns simulation is carried out for the 2 mol/L NaCl case, the result of which 

illustrates that there is no significant change in the decay trend even if the simulation is 

continued. Therefore, we assume that the situation would be the same for all studied cases. 

Furthermore, as shown in Fig. 2(b), by tracking the diameter of the nanobubble over time, 

the results are found to give the same conclusion on nanobubble stability as drawn from 

Fig. 2(a). The reduction in the diameter of the nanobubble is slower with the increasing 

NaCl concentration, suggesting a more stable nanobubble. The starting diameters vary and 

are all smaller than the designed 7 nm because the nanobubble undergoes different levels 

of initial contraction caused by the relaxation of the surrounding solution. A higher NaCl 

concentration results in a smaller nanobubble at the beginning but a smoother dissolution 

process, whereas the initial diameter of the nanobubble is larger with a lower NaCl 

concentration but the nanobubble dissolves more rapidly. It is noteworthy that as the 

nanobubble keeps dissolving and does not reach equilibrium during our MD simulation, 

the size of the simulation box also decreases accordingly with the shrinkage of the 

nanobubble. As expected, the reduction in size of the simulation box is more pronounced 

for the system with a faster dissolution of the nanobubble. 
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Figure 2. Time evolution of (a) the number of N2 molecules in the nanobubble and (b) 
diameter of the nanobubble of all studied systems during the 10 ns MD simulations. 
Simulation of the 2 mol/L NaCl case in (a) is extended to 20 ns as a test case to confirm 
that there is no significant change in the decay trend even if the simulation is continued. 
Based on the fact that the shape of the nanobubble is kept fairly spherical during the 
simulation, the diameter of the nanobubble is calculated using the formula for the volume 
of a sphere, where the volume is estimated by constructing surface meshes on the 
nanobubble implemented in OVITO. 

 

Table 2. Comparison between the lifetime results estimated from the MD simulation and 
from the EP theory. 

NaCl concentration 
(mol/L) 

Lifetime (ns) 

MD simulation EP theory 

0 60 37 

0.5 70 41 
1 123 39 
2 183 45 

3.5 422 53 
5 76003 55 

 

By fitting the results of Fig. 2(b), the lifetimes of the nanobubble in all simulation 

systems are estimated based on the linear relationship (see Fig. S3 in the Supporting 

Information). It is noted that the studied size of the bulk nanobubble in the present MD 
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study is possibly below a certain critical size, beyond which the relationship between the 

size and time may not be simply linear and the nanobubble could be more stable. 

Additionally, we also determine the lifetimes of the nanobubble in all simulation systems 

using the Epstein-Plesset (EP) theory9,25 for comparison: 

1 1dR D c
dt R Dtρ π

∆  = − + 
 

                     (1) 

0

2
sc c

RP
γ ζ

 
∆ = − 

 
                         (2) 

where R is the radius of the bulk nanobubble, t is the time, D is the diffusion coefficient of 

dissolved gas in water, ρ is the density of gas, cs is the gas saturation concentration, γ is the 

surface tension, P0 is the atmospheric pressure, and ζ is the gas oversaturation. All data 

used for the calculations is provided in Table S2 in the Supporting Information. The 

comparison between the lifetime results estimated from the MD simulation and from the 

EP theory is shown in Table 2. Overall, the difference in lifetime with various NaCl 

concentrations of EP theory is not as significant as of MD simulation. The lifetime in the 5 

mol/L system estimated from MD simulation is two orders of magnitude higher than that 

of the 3.5 mol/L system, which could be due to the relatively poor linear fitting that 

overestimates the lifetime. Similarly, an abnormal lifetime in the 1 mol/L system estimated 

from EP theory, which is slightly smaller than that of the 0.5 mol/L system is noticed. The 

anomaly could result from some specific data (e.g. γ and ζ) we use for calculation in Table 

S2. The results show that the EP theory produces comparable results with our MD 

simulation at low NaCl concentrations (0 and 0.5 mol/L). At higher NaCl concentrations, 
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the lifetimes estimated from EP theory are much lower than those from MD simulation. 

This could be partially attributed to the applicability of EP theory. The EP theory is based 

on the Fick’s law, which is applicable to dilute solution. As a result, the EP theory is also 

applicable to dilute solution, thus may not be suitable for estimating the lifetime at high 

NaCl concentrations. Also, the MD estimations on lifetime at higher NaCl concentrations 

are not as satisfactory as those at lower ones. 

We notice that the effects of NaCl addition on stability of the bulk nanobubble 

observed from experiments12,26,27 are different from the results obtained from our 

simulations. Our MD results show that the lifetime of the bulk nanobubble is extended and 

the stability of the bulk nanobubble is enhanced in the presence of NaCl, whereas 

experimental studies12,26,27 reported that the addition of NaCl destabilizes the bulk 

nanobubbles. The reason is that we study and define the stability of the bulk nanobubble 

from a different perspective compared with the experiment. In the experiments, the 

elevated NaCl concentration drives the negative zeta potential towards zero, which reduces 

the repulsive electrostatic forces between the bulk nanobubbles. This lower repulsion then 

increases the coalescence between the bulk nanobubbles. Hence, the stability of the bulk 

nanobubbles in experiment is actually a collective property for the population, which is 

estimated based on the repulsion and possibility of coalescence between the bulk 

nanobubbles. However, our MD study evaluates the stability of one single bulk nanobubble 

on the basis of its lifetime or dissolution rate by monitoring the number of gas molecules 

in the nanobubble and tracking the diameter of the nanobubble over time. As a consequence, 
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there is no contradiction between the different conclusions on stability of the bulk 

nanobubble drawn from the experiments and from our MD study. 

3.2. Distribution of ions 

As previous studies proposed a hypothesis of charge enrichment on the surface of the 

bulk nanobubble25,26, we calculate the various radial density profiles, as shown in Fig. 3, to 

investigate if there is any preferential distribution of charges near the nanobubble. However, 

different from the hypothesis, no measurable accumulation or specific arrangement of 

ions/charges around the nanobubble is observed in the present simulations. Figure 3(a) 

describes a stable overall mass density within the solution region (outside the gas-liquid 

interface or transition area where a significant increase in density occurs), while Fig. 3(b) 

displays a noisy distribution of ions/charges outside the nanobubble because of fluctuations. 

Therefore, it is suggested that both water molecules and ions are almost randomly and 

uniformly distributed in the solution. The measured density of N2 inside the nanobubble 

(about 344 kg/m3, gives a gas pressure of around 400 bar) is much higher than that of 

gaseous N2 at normal conditions (1.25 kg/m3) and is of the same order of magnitude as that 

of liquid N2 (807 kg/m3), which confirms the conclusion drawn from previous studies24,48,49. 

For example, Zhou et al.49 experimentally revealed that the gas density inside the 

nanobubble is 1-2 orders of magnitude higher than that in atmospheric pressure. 
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Figure 3. (a) Radial mass density profiles of all studied systems. The results are averaged 
over the last 1 ns (9-10 ns) of the simulation. (b) Radial number density profiles of Na+ and 
Cl-, and absolute charge density profiles of simulation systems with various NaCl 
concentrations. Different from (a), these are single-frame results at 10 ns to obtain 
instantaneous distribution. The bin size in the radial direction used for calculation is 0.3 
nm. The radius starts from the center of mass of the bulk nanobubble. 

 

Additionally, we also construct an artificial negatively charged bulk nanobubble, 

whose structure is similar as in the charge enrichment hypothesis, to check if the 

nanobubble and negative charges can be maintained during the simulation (see details in 

Fig. S4 in the Supporting Information). The results demonstrate that the ordered ions finally 

become randomly distributed during the 5 ns MD simulation. In the meantime, the 

nanobubble still gradually dissolves in the solution. In brief, the model of charge 

accumulation on nanobubble surface proposed in previous studies25,26 is not observed and 

cannot be stabilized based on our MD simulations. An ideal system simply composed of 

the N2 bulk nanobubble, water, and NaCl, without considering other factors such as 

impurities or surfactants, would not present the phenomenon of charge accumulation on 

the nanobubble surface. The exact reason for the reported charge accumulation needs 

further studies. 
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The nearly random distribution of ions in water rather than charge enrichment on the 

surface of the bulk nanobubble could be explained by the position of Na+ and Cl- in the 

well-known Hofmeister Series50. According to the Hofmeister Series, ions can be classified 

as kosmotropes or chaotropes. Kosmotropes (so-called water structure makers) are small 

ions with high charge densities having a strong ability to disrupt the hydrogen bond 

networks among water molecules, whereas chaotropes (so-called water structure breakers) 

are large ions with low charge densities and are less/unable to break the hydrogen bonds so 

the surrounding water molecules tend to retain their hydrogen-bonded pattern51. Based on 

changes in the ion hydration free energy between the bulk and the interface52–54, 

kosmotropic ions prefer the bulk water, where they can be better hydrated, while chaotropic 

ions are expelled from the bulk water towards the interface, where there are fewer water 

molecules. NaCl was found to be a “Hofmeister neutral” salt55, which means both Na+ and 

Cl- are nearly neutral in the Hofmeister Series50,56–58, i.e. Na+ is only marginally 

kosmotropic and Cl- is only marginally chaotropic. Figure 4 illustrates the hydration of Na+ 

and Cl- observed in the MD simulations. The radial distribution functions (RDF) of ion-

oxygen and water coordination numbers of ions at various NaCl concentrations can be seen 

in Fig. 5, both of which are in good accordance with previous studies59–61. Consistent with 

the neutrality of Na+ and Cl- in the Hofmeister Series, the results indicate that Na+ and Cl- 

have a similar hydration ability as the difference in their water coordination numbers are 

small (no more than 1.6) at the same concentration. Therefore, the close proximity between 

Na+ and Cl- in the Hofmeister Series would not lead to clear ion/charge accumulation on 
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nanobubble surface. But it could be expected that an alternative salt with a combination of 

a highly kosmotropic ion and a highly chaotropic ion is likely to show distinctly different 

ion distributions in the bulk water and on the surface of the nanobubble. 

 

 
Figure 4. Snapshots of (a) hydration of Na+ (surrounded by O atoms of H2O molecules) 
and (b) hydration of Cl- (surrounded by H atoms of H2O molecules). 

 

 
Figure 5. (a) Radial distribution functions (RDF) of ion-oxygen and (b) water coordination 
numbers of ions at various NaCl concentrations. The results are averaged over the last 1 ns 
(9-10 ns) of the simulation. The bin size used for RDF calculation is 0.005 nm. The cutoff 
values (rNa-O and rCl-O) used for coordination number calculation are determined from the 
first minimum in the RDF (see Table S3 in the Supporting Information). A water molecule 
is considered as being coordinated to the ion if the distance of ion-oxygen rion-oxygen ≤ rcutoff. 
 

To sum up, the difference in arrangement of ions/charges between our MD and 

previous experimental results could be attributed to factors such as impurities or surfactants, 
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which are not involved in our MD study, and the nearly random distribution of ions in water 

could be explained by the close proximity between Na+ and Cl- in the Hofmeister Series. 

Both of these two topics are worthy of in-depth future studies. 

3.3. Diffusion properties of the system 

3.3.1. Selective diffusion path of N2 molecules 

Why can the NaCl addition extend the lifetime of the nanobubble in water? We start 

from studying the simulation trajectory, especially the way that a N2 molecule leaves the 

nanobubble. Interestingly, it seems that the N2 molecule always chooses to walk through a 

waterway rather than pass by any ions when it departs from the nanobubble. The 

subsequent diffusion path of the N2 molecule in the solution is also surrounded by water 

molecules. To quantify and confirm our observation, we investigate the surrounding 

environment of all free N2 molecules outside the nanobubble by counting the number of 

those free N2 molecules (NN2), and the number of Na+, Cl- and H2O (NNa+, NCl- and NH2O) 

within a specific distance (R in Fig. 6(a)) along their diffusion paths during the simulation 

with various NaCl concentrations, to obtain the ratio of NNa+/NH2O and NCl-/NH2O as a 

function of R. All N2 molecules are included in the calculation from the instant when they 

leave the nanobubble (NN2 together with NNa+, NCl- and NH2O change with time). More 

specifically, for every free N2 molecule, our purpose is to determine its NNa+ and NCl- within 

different R during a certain period of time (see caption of Fig. 6), and then sum up all time-

averaged NNa+ and NCl- for all free N2 molecules over the R range. Finally, we calculate the 

(NNa+/NN2)/(NH2O/NN2) and (NCl-/NN2)/(NH2O/NN2) at different R, namely NNa+/NH2O and NCl-
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/NH2O as a function of R. 

 
Figure 6. (a) Sketch of the diffusion path of a N2 molecule after it leaves the nanobubble. 
(b) Normalized ratio between the number of two different ions and water molecules based 
on (a) with various NaCl concentrations. The number results are averaged over the last 1 
ns (9-10 ns) of the simulation. (c) The results of (b) for a random single N2 molecule after 
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it leaves the nanobubble in the system with 1 mol/L NaCl. 

 

As can be seen in Fig. 6(b), the ionic concentration around the free N2 molecules rises 

and gradually approaches the system concentration as the distance R increases, indicating 

that the N2 molecules prefer a water environment with few ions from the instant when they 

leave the nanobubble as there are fewer ions within a closer distance to the free N2 

molecules. The tendency of the ionic concentration sufficiently demonstrates the selective 

diffusion path of the free N2 molecules through water. Otherwise, the ionic concentration 

should remain nearly constant regardless of R. It is worth mentioning that NCl-/NH2O is 

larger than NNa+/NH2O in Fig. 6(b) except the first data point at R = 0.35 nm and there is a 

critical point at R = 0.6 nm, from which the climbing rate of both NNa+/NH2O and NCl-/NH2O 

becomes moderate. This is related to the local spatial structure network of N2, H2O and 

ionic hydration shells. In addition to the different interaction distances between Na-O and 

Cl-O shown in Fig. 5(a), further quantitative investigations need to be conducted to give a 

detailed explanation of the results. We also track a random single N2 molecule after it leaves 

the nanobubble (Fig. 6(c)) and obtain the data as in Fig. 6(b). The results in the two figures 

show good mutual verification. As mentioned in Section 3.2, it is found that the water 

structure is changed and the hydrogen bond networks are broken in the presence of Na+ 

and Cl-. Consequently, the number of hydrogen bonds between water molecules in the 

system decreases with the increasing NaCl concentration (see Fig. S5(a) in the Supporting 

Information; the criteria used to identify the hydrogen bond are obtained from Ref.62; an 
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excellent linear relationship between the number of hydrogen bonds and NaCl 

concentration is observed in Fig. S5(b)). Briefly speaking, the N2 molecule selectively 

diffuses through water molecules but the introduction of ions causes hydration effects 

(reduces the number of available free water molecules) and leaves fewer favorable paths 

for the diffusion of N2 molecules, thus reducing the degree of freedom in the dissolution of 

the nanobubble. 

We calculate the various interaction energies based on the employed classical force 

fields to further reveal the underlying cause for the selective diffusion path of N2 molecules. 

To make a comparison, the same DFT calculations are also performed. As shown in Fig. 7, 

the interaction energies obtained from classical force fields are in good agreement with 

those from DFT calculations, which verifies the effectiveness of the chosen classical force 

fields in the present study. The interaction energy between ion (both Na+ and Cl-) and water 

molecule is much more negative than that between water molecules, indicating much 

stronger ion-water interactions than hydrogen-bonded water-water interactions. 

Undoubtedly, the N2 molecule prefers to migrate by breaking through the weaker 

interaction between water molecules. This easiest choice results in the selective diffusion 

path of N2 molecules through water. 
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Figure 7. Interaction energies of H2O-H2O, Na+-H2O, and Cl--H2O obtained from the 
classical force fields used in this study and from DFT calculations. The interaction between 
water molecules is the weakest among the three, so the easiest choice for N2 molecule is to 
diffuse through water molecules. 

 

3.3.2. Effects of NaCl addition on the diffusion coefficients 

 
Table 3. Diffusion coefficient of N2, Na+, Cl-, and H2O and system average over all studied 
systems. 

NaCl concentrations 
(mol/L) 

Diffusion coefficient (D, 10-9 m2/s) 

N2 Na+ Cl- H2O Average 

0 2.37 N/A N/A 2.71 2.71 

0.5 2.15 1.17 1.44 2.52 2.51 
1 2.11 1.09 1.31 2.32 2.31 
2 1.62 0.88 1.16 1.93 1.91 

3.5 1.27 0.72 0.90 1.52 1.49 

5 1.06 0.57 0.66 1.19 1.16 

 

Since the bulk nanobubble keeps dissolving and does not reach equilibrium, we build 

new small but comparable systems to better estimate the diffusion coefficients. The 

calculation details are provided in the Supporting Information and the results of various 
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diffusion coefficients are listed in Table 3. The DN2 and DH2O in pure water are in good 

agreement with experimental results (2.01×10-9 m2/s63 and 2.30×10-9 m2/s64, respectively), 

verifying the effectiveness of the calculated diffusion coefficients in Table 3. As expected, 

DN2 drops with the elevated NaCl concentration, meaning that the diffusion of N2 thus the 

dissolution of the nanobubble is slower as the NaCl concentration increases, which is 

consistent with the effects of NaCl addition on nanobubble stability concluded in Section 

3.1. In addition to DN2, DNa+, DCl-, DH2O and DAverage all decrease in the presence of 

increasingly more ions, which indicates that the diffusion of all species as well as the whole 

system is slower. In other words, the system is more stable if there are more ions. This is 

owing to the hydration effects induced by the ions. The hydration of ions reduces the 

number of free water molecules, which can move rapidly through the hydrogen bond 

network and whose motion can promote the diffusion of ions and N2. The consequent 

reduction in the number of the selective diffusion path of N2 through water further leads to 

the decreased DN2. As a result, the diffusion of the whole system is slowed down producing 

a more stable system with the addition of NaCl.  

It is noted that DNa+ is smaller than DCl-, which can be explained by the stronger Na+-

H2O than Cl--H2O interaction based on our DFT results. The water molecules in the ionic 

hydration shell exchange with the surrounding free water molecules, and this exchange 

activity drives the ion-water “cluster” and facilitates the diffusion of the ion. The stronger 

binding between Na+ and H2O than between Cl- and H2O makes this exchange activity less 

frequent for the Na+-H2O “cluster”, the diffusion resistance for which is therefore larger. 
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Our results of DNa+ and DCl- are comparable with those obtained in ab initio molecular 

dynamics simulations65, where DNa+ and DCl- are 0.799×10-9 m2/s and 1.215×10-9 m2/s, 

respectively, at a NaCl concentration of 3 mol/L. 

3.4. Properties of the hydrogen bond 

3.4.1. Hydrogen bond at the interface and in the bulk 

 

 
Figure 8. Number density of the hydrogen bonds (number of hydrogen bonds per water 
molecule) at the interface and in the bulk of all studied systems. The results are averaged 
over the last 1 ns (9-10 ns) of the simulation. 

 

Figure 8 shows the number density of the hydrogen bonds at the interface (ρinterface) 

and in the bulk (ρbulk) of all studied systems. The method to differentiate the interface from 

the bulk is provided in the Supporting Information. The difference between ρinterface and 

ρbulk regardless of NaCl concentration shown in Fig. 8 is attributed to the different 

orientations or structures of water molecules at the interface from those in the bulk. We use 

α and β shown in Fig. 9(a) to characterize the orientation of a water molecule and calculate 
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the radial mean α and mean β profiles, which can be seen in Fig. 9(b) and 9(c), respectively. 

The dipole vector is designated as a, the vector of O to H is designated as b, and the vector 

of COM (the center of mass) of the nanobubble to O is designated as c. The angles between 

a and c and between b and c are defined as α and β, respectively. There are two OH vectors 

(b) and the larger β is chosen. It is apparent that both α and β at the interface are different 

from those in the bulk, demonstrating the water structure difference between the interface 

and the bulk. Additionally, the NaCl addition increases the maximums of both α and β at 

the interface. Based on the selective diffusion path of N2 molecules through water (i.e. by 

breaking the hydrogen bond), hydrogen bond density ρ can be considered as a measurement 

for the difficulty level of N2 diffusion. A higher ρ means more available diffusion paths 

thus easier N2 diffusion, and vice versa. For both the interface and the bulk, increasing the 

NaCl concentration decreases hydrogen bond density ρ as more water molecules need to 

be coordinated with the ions, disrupting the hydrogen bond networks to a greater extent. 

We also notice that the gap between ρinterface and ρbulk narrows down with the elevated NaCl 

concentration. If ρ is used as an indicator to describe the spatial structure of the system, it 

means that the addition of NaCl reduces the structural difference between the interface and 

the bulk. 

 



 24 / 36 
 

 
Figure 9. (a) Sketch of α and β used to characterize the orientation of a water molecule. 
COM is short for the center of mass. (b) Radial mean α and (c) radial mean β profiles of all 
studied systems. The results are averaged over the last 1 ns (9-10 ns) of the simulation. The 
bin size in the radial direction used for calculation is 0.2 nm. The range covered by zero at 
the beginning of each profile represents the nanobubble area where there are no water 
molecules. 

 

3.4.2. Lifetime of the hydrogen bond 

 
Table 4. Lifetime of the hydrogen bond of all studied systems. 

NaCl concentrations 
(mol/L) 

Hydrogen bond lifetime (τ, fs) 

Continuous (τc) Intermittent (τint) 

0 479 3599 
0.5 474 3659 
1 472 3754 
2 467 3939 

3.5 460 4225 
5 458 4619 

 

The hydrogen bond lifetime is calculated as described in Ref.66. The calculation details 

are provided in the Supporting Information and the results are listed in Table 4. The 

continuous definition measures the time that a hydrogen bond remains continuously intact, 
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whereas the intermittent definition allows the hydrogen bond considered broken to be 

subsequently reformed and counted again at a future time point. As the NaCl concentration 

increases, the continuous lifetime τc is shorter but the intermittent lifetime τint is longer. The 

shorter τc can be explained by the hydration effects of ions. The ion-water “cluster” moves 

as a whole and the water molecules in the ionic hydration shell exchange with the 

surrounding free water molecules, and the movement of the “cluster” and the exchange 

activity break the nearby hydrogen bonds. The increase in the number of ions affects more 

such kind of hydrogen bonds, leading to a shorter τc. The longer τint indicates that the 

structure between water molecules (hydrogen bond networks) or the whole system is more 

stable in the presence of more ions, which is consistent with the results of the diffusion 

coefficients. A more stable system is beneficial for extending the lifetime of the bulk 

nanobubble in water. Furthermore, both τc and τint are found to have a satisfactory linear 

relationship with the DH2O in Table 3 (see Fig. S6 in the Supporting Information). 

4. Conclusions 

A series of MD simulations are performed to investigate the effects of NaCl addition 

on the lifetime and stability of a N2 bulk nanobubble in water. The results reveal that the 

lifetime of the bulk nanobubble can be extended and the stability of the bulk nanobubble 

can be enhanced with the addition of NaCl. We do not observe spontaneous accumulation 

or specific arrangement of ions/charges around the nanobubble in the current work. This 

suggests that the previously proposed model of charge accumulation on nanobubble surface 

may result from other unknown factors to be studied in the future. The nearly random 
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distribution of Na+ and Cl- in water rather than charge enrichment on the surface of the bulk 

nanobubble could be explained by the close proximity between Na+ and Cl- in the well-

known Hofmeister Series. Our MD results validate that Na+ and Cl- have a similar 

hydration ability and therefore support the explanation. 

Importantly, from the diffusion point of view, we find that the N2 molecule selectively 

diffuses through water molecules rather than any pass by ions after it leaves the nanobubble. 

The introduction of ions causes hydration effects and breaks the hydrogen bond networks 

between water molecules, which leaves fewer favorable paths for the diffusion of N2 

molecules, thus reducing the degree of freedom in the dissolution of the nanobubble. 

Furthermore, we calculate the various interaction energies to further explain the selective 

diffusion path of N2 molecules. The interaction between ion (both Na+ and Cl-) and water 

molecule is found to be much stronger than that between hydrogen-bonded water molecules. 

Hence, the N2 molecule prefers to migrate by breaking through the weaker interaction 

between water molecules, resulting in the selective diffusion path of N2 molecules through 

water. The effects of NaCl addition on the diffusion coefficients are also studied. The results 

show that the diffusion of the whole system is slower producing a more stable system in 

the presence of NaCl. 

The properties of the hydrogen bond in the system are studied in detail. Although 

increasing the NaCl concentration decreases the number density of the hydrogen bonds ρ 

for both the interface and the bulk, the gap between ρinterface and ρbulk narrows down. We 

calculate the continuous lifetime τc and intermittent lifetime τint of the hydrogen bond and 
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find that τc is shorter but τint is longer as the NaCl concentration increases. It is suggested 

that the hydration of ions plays an important role in both the diffusion and hydrogen bond 

properties of the system, which further confirm the selective diffusion path of N2 molecules, 

and finally affect the lifetime or stability of the bulk nanobubble. 

The present research improves our understanding of how NaCl might affect the 

lifetime and stability of bulk nanobubbles in water from a microscopic viewpoint. The new 

findings could potentially benefit the practical application of bulk nanobubbles. For 

example, there may exist an ideal salt with a specific concentration that could balance the 

collective stability and individual stability of bulk nanobubbles in the solution, thereby 

optimizing their performance. 
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