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Fig. 1. Surface topography of glass.
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Fig. 2. SEM photos of glass microspheres.
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Fig. 3. (a) Colloidal probes and (b) surface contact angle

images of glass slides after hydrophobicization.
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Fig. 4. Schematic diagram of hydrophobic measurement
test.
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Fig. 5. Initial configuration of cavitation phenomenon in

molecular dynamics simulation.
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Fig. 6. AFM scanning results of hydrophobic substrate sur-
face in aqueous solution: (a) Surface topography; (b) sur-

face roughness scanning curve.
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Fig. 7. AFM scanning results of hydrophobic substrate sur-
face under air: (a) Surface topography; (b) surface rough-

ness scanning curve.
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Fig. 8. Interaction between hydrophobic particles and substrate under different approaching times (approach curves): (a) Position 1;

(b) position 2; (c) position 3; (d) position 4.
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Fig. 9. Interaction between hydrophobic particles and substrate under different approaching times (retraction curves): (a) Position 1;

(b) position 2; (c) position 3; (d) position 4.
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Fig. 10. Interaction force between hydrophobic particles and different approaching cycles.
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Fig. 12. Geometric diagram of capillary bridgel®?.
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Fig. 13. Fitting results of the capillary force model for

cavitation bubbles.
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Fig. 15. Impact of different gas contents on the tensile force

during the separation process.
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Fig. 16. Volume variation of cavitation capillary bridges
during the separation process as a function of separation
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Fig. 17. Molecular dynamics simulation results before and
after cavitation capillary bridge rupture: (a) No gas mo-
lecules; (b) 100 gas molecules; (c) 200 gas molecules.
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Abstract

Hydrophobic force, a key driving force in colloid physicochemical system and biological macromolecular
system, exhibits a distinct multi-scale effect. The prevailing scholarly consensus attributes long-range
hydrophobic force to bubble bridging, facilitated by unstable liquid film cavitation, while short-range force is
thought to arise from the reorganization of water molecules at the solid-liquid interface. However, a
comprehensive theoretical study remains elusive. To further elucidate the mechanism of the long-range
hydrophobic force based on unstable liquid film cavitation, we carry out systematic research on the long-range
hydrophobic force between perfluorooctyl trichlorosilane hydrophobic particles and the surface, by utilizing
atomic force microscopy (AFM) and molecular dynamics simulations. According to AFM force tests, the long-
range hydrophobic force escalates incrementally with subsequent close contacts before reaching a plateau. On
the tenth contact, the penetration curve exhibits a sudden jump to an adhesion distance of 502.01 nm. A
distinct step in the retraction curve suggests the rupture of the cavitation bubble capillary bridge. Importantly,
the classical capillary force mathematical model provides an effective fit for the penetration curve. Our
calculations estimate the volume of the capillary bridge at 0.30 pm?, offering direct theoretical evidence of the
unstable liquid film cavitation bubble capillary bridge. Further insights are gained from large-scale tensile
molecular dynamics simulations by using GROningen MAchine for Chemical Simulations (GROMACS). The
inherent correlation mechanism of the formation, evolution, and mechanical behavior of the cavitation bubble
capillary bridge in the separation process of hydrophobic particles are further explored from a molecular
perspective. The results demonstrate that the local pressure drop occurring at the moment of “jump-out”
separation of the hydrophobic particles attracts nitrogen molecules to diffuse into the liquid film, thereby
forming a cavitation bubble capillary bridge. Simultaneously, a jumping behavior is observed in the calculated
spring potential curve at the moment of capillary bridge rupture. Finally, the influence of solution gas content
on long-range hydrophobic force is investigated. There is a positive correlation between gas molecule content
and both the growth rate of cavitation bubble capillary bridge volume and the length of capillary bridge
stretch-rupture, further demonstrating the gas concentration dependence of long-range hydrophobic forces. In a
word, revealing the long-range hydrophobic force mechanism based on the cavitation of unstable liquid film can
enhance our understanding of the interaction between colloid physical chemistry and biological macromolecules.
Meanwhile, hydrophobic force is the fundamental driving force of particle-bubble adhesion in mineral flotation
system, and the revelation of its action mechanism has important guiding significance for regulating the actual
mineral flotation process.

Keywords: long-range hydrophobic force, atomic force microscope, cavitation, capillary force, molecular

dynamics simulation
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