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Fig. 1. Simulation model of the nanobubble nucleation process: (a) Smooth surface model; (b) rough surface model; (c¢) schematic

diagram of cylindrical nanobubbles, the silver beads represent solid atoms, the green beads represent gas atoms, and the red and

white beads represent oxygen and hydrogen atoms of the water molecule, respectively. 1 atm = 1.013x10° Pa.
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Table 1. L-J parameters of the different atoms used in

molecular dynamics simulation.

ij o/nm e/(kJ-mol ) HLfif /e
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Fig. 2. Simulation of gas solubility and diffusion coefficient: (a) Simulation model of gas solubility; (b) linear fitting of the relation-

ship between gas concentration in water and gas concentration in the gas phase; (c) relationship between the mean square displace-

ment (MSD) of gas in water and time ¢.
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Fig. 3. Nucleation process of nanobubbles on a smooth homogeneous surface under a gas supersaturation of 100, in the figure, the
silver beads represent solid atoms, the green beads represent gas atoms, and the red and white beads represent oxygen and hydro-
gen atoms of the water molecule, respectively, snapshots are shown at0, 81, 83, 85 , 100, and 130 ns. At 0 ns, gas molecules are uni-
formly distributed in the bulk liquid. By 81 ns, a small gas aggregate appears at the solid-liquid interface, at 83 ns, the gas aggreg-
ate has grown significantly, and by 85 ns, it has taken on a nanobubble shape, at 100 ns and 130 ns, the nanobubble is rapidly ex-

panding.
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Fig. 4. Evolution of the geometric characteristics of a nanobubble over time on a smooth, homogeneous surface with a gas supersatura-
tion of 100: (a) Changes in contact angle over time; (b) changes in curvature radius over time; (c) changes in width over time, where
the blue curve represents the simulation data, while the red curve represents the fitted curve, the inset shows the residual histogram.
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Fig. 5. Effect of gas supersaturation on the nucleation kinetics of nanobubbles on a smooth surface: (a) Relationship between the

nucleation time of nanobubbles and gas supersaturation; (b) evolution of nanobubble curvature radius over time; (c) evolution of

nanobubble width over time; (d) evolution of nanobubble contact angle (on the gas side) over time.
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Fig. 6. The theoretical model predicts: (a) The evolution of
the curvature radius of nanobubbles over time under the
conditions of the temperature difference method and alco-
hol-water exchange method; (b) the variation of the critical

nucleation radius with gas supersaturation.

P 25 9 A BN K U B B R N T B KO 8 v
M E LA, IR R T A KB T,
MHE R 2Z RS T Reea B K. RAEA (20) 22
i T Reitical FE AR AR AR AL, 401l 6(b) Fizs.
R, WEE ARSI BE IR/, Rerigiear 21
K, SEAOKMBAZT N RNE. K 6(b) R ARE
A oA 2R B K A e RG22 15 S O 1) Reeitical
3920 7 nm F 145 nm, i 2575 KH Reiica F
AR REMAE K R SRR AL,

4.2 FHREREMNRKERZTEREKD
hE

7 R TG ANE R 50 BN KA AE
FRE F 1A A OIS AR, 7 ns MRS E 7
MIGT N A%, S TE 7—50 ns, 99K HETHLTE
BT 2%, 1 fen RO fnk £ 2R 30 K, 24 40 ol A 3
KZE NG FHERT, 99K =ML IF R R, b5 LU
JEETHBEAE K.

Xl 7 HRLRE 2 T 40 R A LA S B R e
[B) B A 17 404, Gni&l 8 . 7E 7—50 ns, 4
KA L BE PR T ANAR, 42 il A i 1 K #E 50 ns
ZJE, ARSI TEREZIIE R, Hefil M AR E 7E 100°
FeAn. SRR R AR S i R AR AR R, 7R
7—50 ns B, FERA IR AR SE R L, 52
PR, WA B B 9K il 2 AR 1) f R AT
JE W YRS =AML THL, 78 B 2 i K
T AR P il A N 0B TG, Hh R AR BE 2 I,
Ml AR E) 90°HT AR IR B de/ME, Bl 40
KA IR T IR B K.

P9 ST AT S 50 Bt U155 B o4 >k
SLEAZ I RZ . S M TE R R 1 nm B, MIBTAE
0.14 ns B2 A%, B S M5 A SR 8 i
W% BRI EF) 200 ns SR EMTAERK. 24
M358 A 2 nm B, MITLE 5 ns BHE A,
BRSO P 7 B[R] 2 3 K TIN5 N 1 nm
Bt A Z G, SR8 A, #1100 ns
BRI AE R 20 T MYTRYET L, TR TE AR S
WIEZWHE . MMYTYE R 10 nm B, S E %
MG IR ZIE R, b5 WK, 7F
140 ns B SEBFE ML, B 98K 0 fil Ay
B, SEREMITETFLIE DAAEETHLAR U K

1 5 B S A TR 2 5, 5 ik 4 bk 1 350 %
ETHL, 76 50 B8 2 W 14 A it vl 3R 2 A2 1 M R ALK

024702-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 12 % 3R Acta Phys. Sin. Vol. 74, No. 2 (2025) 024702
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Fig. 7. Microscopic process of nanobubble nucleation on a rough surface at a gas supersaturation level of 50, a pit is created in the
center of the solid surface, with a width of 4 nm and a depth of 1.34 nm, snapshots are shown at 0, 7.48, 7.6, 50, 80, and 130 ns. At
0 ns, gas molecules are uniformly distributed in the bulk liquid. At 7.48 ns, two gas clusters appear along the lower edges of the pit,
and within the next 0.12 ns, the gas cluster fills the pit completely. From 7.6 ns to 50 ns, the width of the nanobubble within the
pit is pinned, while its height increases significantly. By 80 ns, the nanobubble detaches from the pinning, with both its height and
width increasing. At 130 ns, the nanobubble continues to grow in an unpinned mode.
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Fig. 8. Evolution of nanobubble geometric characteristics over time on a rough surface with a pit width of 4 nm at a gas supersatur-
ation level of 50: (a) Variation of width over time; (b) variation of contact angle over time; (c) variation of curvature radius over

time.
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Fig. 9. The effect of pit size on nanobubble nucleation at a gas supersaturation of 50: (a) Pit width of 1 nm, at 0 ns, the gas is uni-
formly distributed in the liquid phase, at 0.14 ns, the pit is fully filled with the gas phase, at 0.8 ns, gas molecules gradually enter
the gas nucleus in the pit. At 200 ns, more gas molecules have accumulated in the pit's gas nucleus, but the gas nucleus has not yet
grown into a nanobubble. (b) Pit width of 2 nm. At 5.12 ns, a gas aggregate forms in the pit, at 5.16 ns, the pit is fully filled with
the gas phase, at 10 ns, more gas molecules accumulate in the gas nucleus in the pit, at 50 ns, the height of the gas nucleus in-
creases, forming a protrusion. At 100 ns, the gas nucleus escapes from the pit and grows into a nanobubble, at 150 ns and 200 ns,
the nanobubble grows rapidly in a non-pinned mode. (c¢) Pit width of 10 nm. At 50 ns, two gas aggregates form at the bottom of
the pit, at 100 ns, 110 ns, and 120 ns, one of the gas aggregates significantly increases in size, while the other gradually shrinks and
disappears due to the Ostwald effect, at 140 ns, the nanobubble fully occupies the pit, at 180 ns, the width of the nanobubble is
pinned by the pit edge, and the height gradually increases, at 240 ns, the nanobubble escapes the pit's confinement and grows in a

non-pinned mode.
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Abstract

The interfacial nanobubbles (INBs) have been confirmed to exist, and have significant potential for
applications in fields such as mineral flotation, aquaculture, and wastewater treatment. However, the
microscopic nucleation process of INBs is still poorly understood. This study investigates the nucleation process
and growth dynamics of INBs on smooth and rough surfaces under different levels of gas supersaturation.
Molecular dynamics (MD) simulations using GROMACS software package are conducted to observe the
microscopic nucleation process and the temporal evolution of the geometric characteristics of the INBs.
Additionally, a growth dynamics model for INBs is derived based on the Epstein-Plesset gas diffusion theory,
and the predictions from the model are compared with the MD simulation data.

The results indicate that on smooth homogeneous surfaces, the curvature radius and width of INBs increase
progressively with time after nucleation. This growth process is well captured by the theoretical model,
indicating that the gas diffusion theory provides an accurate description of INB growth dynamics. In addition,
the contact angle (measured on the gas side) during INB growth is not constant but increases initially before

stabilizing. This phenomenon is caused by reducing solid-gas interfacial tension due to higher Laplace pressure,

024702-12
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thus leading the contact angle to increase as the INB radius grows. Furthermore, on smooth homogeneous
surfaces, INBs are observed to nucleate at 81, 17, 6, and 1.3 ns under gas supersaturation levels of 100, 120,
150, and 200, respectively. This demonstrates that higher gas supersaturation significantly shortens the
nucleation time. Additionally, as gas supersaturation increases, the growth rate of INBs after nucleation will
also accelerate. However, at a gas supersaturation level of 50, no nucleation occurrs during the simulation period
of 200 ns. Theoretical analysis reveals that the INBs can only nucleate and grow when the radius of gas
aggregates exceeds the critical nucleation radius ( Reiicat = 0/((Po) , where o is the liquid-gas interfacial tension,
¢ is the gas supersaturation level, and P, is the ambient pressure). As gas supersaturation decreases, Ruiscal
increases, thus significantly increasing the difficulty of nucleation.

On rough surfaces, pits with widths of 1, 2, 4, and 10 nm are introduced. At a gas supersaturation
of 50, where no INB nucleation occurrs on the smooth surfaces, gas nuclei rapidly form within the pits.
However, only gas nuclei in pits with widths larger than 2 nm can grow into INBs. This is because in the
growth process the pinning effect at the pit edges causes the curvature radius of the gas nucleus to initially
decrease and then increase. Only when the minimum curvature radius exceeds the critical nucleation radius, can
gas nuclei develop into INBs.

The findings of this study provide more in-depth insights into the nucleation mechanism of INBs, and
practical guidance for controlling their generation, and they also deliver theoretical support for relevant
applications such as mineral flotation and other industrial processes.
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