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Recently, bulk nanobubbles have attracted intensive attention due to the unique physicochemical
. properties and important potential applications in various fields. In this study, periodic pressure change
: was introduced to generate bulk nanobubbles. N, nanobubbles with bimodal distribution and excellent
. stabilization were fabricated in nitrogen-saturated water solution. O, and CO, nanobubbles have
. also been created using this method and both have good stability. The influence of the action time of
. periodic pressure change on the generated N, nanobubbles size was studied. It was interestingly found
. that, the size of the formed nanobubbles decreases with the increase of action time under constant
. frequency, which could be explained by the difference in the shrinkage and growth rate under different
. pressure conditions, thereby size-adjustable nanobubbles can be formed by regulating operating
. time. This study might provide valuable methodology for further investigations about properties and
. performances of bulk nanobubbles.

. Nanobubbles are gaseous domains which could be found at the solid/liquid interface or in solution, known as
. surface nanobubbles (SNBs)!? and bulk nanobubbles (BNBs)?, respectively. For BNBs, generally recognized as
. spherical bubbles with the diameter of less than 1pm surrounded by liquid, though it has been observed firstly
© in 1981%, the existence of long-lived BNBs is still a controversial subject as it is contrary to the classical theory>®.
. Recently, BNBs have been gradually revealed that it has not only unique physiochemical properties, but also great
. application prospect in many fields, such as biomedical imaging and targeted treatment”?, hydrogen storage®,
© water treatment'®!, cleaning'? and promoting the metabolism of living organisms'*', which makes the investi-
. gation on BNBs have captured increasing interest.

: In the past decade, diverse methods have been used to produce bulk nanobubbles including cavitation, elec-
trolysis, ultrasonication coupled with Pd-coated electrodes, temperature gradients, and so on'*~?°, in which
. cavitation and electrolysis were used more often. Cavitation, mainly referring to hydrodynamic cavitation, usu-
- ally occurs in flowing fluid where the local pressure is lower than the critical value. A dispersion of cavitation
. nanobubbles is collected according to the difference in the rising velocity described by Hadamard-Rybczynski
. equation?"?2. Microbubbles would disperse relatively rapidly up to gas-liquid surface and burst, while nanobub-
: bles would remain in solution owing to slow rise. As a result, it usually takes time to obtain nanobubbles and
- is difficult to accurately control the size of cavitation bubbles. The size-controllable BNBs can be achieved by
. regulating the applied voltage in electrolyzing water®, but there are some limitations in the types of generated
: nanobubbles (usually O, and H,). In some of potential applications of BNBs, such as gas transportation in the
* hypoxic tumor and biomedical imaging**-%, rational size range and meaningful gas kinds of formed BNBs are
. both required to improve the performance of bubbles. It would be of significance to explore novel formation
. method of size-adjustable BNBs with different gases.

: In this paper, the adjustable N,, O,, and CO, BNBs were generated by using periodic pressure change method.
. The existence of nanobubbles was testified by Tyndall effect and the images of freeze-fracture transmission elec-
. tron microscope (FF-TEM), and the size distribution was investigated using light scattering method. The stability
. of generated BNBs was also investigated by the time-dependent size change. In addition, the generation mecha-
. nism of BNBs was discussed and verified by the dependence of size on periodic pressure change time.
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Figure 1. The schematic diagram of generating bulk nanobubbles.

Methods

Materials. In our study, ultrapure water with a resistivity of 18.2 MQ was used to generated nanobubbles,
which was obtained using a ULPYT-31110 water purification system (Youpu Ultrapure Technology Co., Ltd., P.
R. China), having ultralow heavy metal content (<0.1 ppb) and the number of microparticles (<1/ml). In order
to avoid the interference of potential contamination and microorganism, the ultrapure water was filtered through
0.1pm pore size filter before it was used to prepare all solution. The vessels were cleaned with detergent, 10%
NaOH solution and rinsed with plenty of tap water and ultrapure water before use. Prior to use, the pH of aqueous
solution was adjusted to the demand value by adding HCI (AR grade) and NaOH (AR grade). N,, O, and CO,
(purity > 99.999%) were purchased from Deyang Special Gas Co., Ltd.

Device and operational details of generated BNBs. BNBs were generated by using the periodic pres-
sure change device designed by ourselves, as shown schematically in Fig. 1, which mainly consists of electric
motor, piston and transparent U-tube. The work principle is that, the linear motion of piston back and forth
converted by rotation of the eccentric wheel under motor driving, causes the periodic change of internal pressure
in U-tube. Consequently, the gas solubility in aqueous solution would change, which brings about the production
of nanobubbles.

In a typical process, the device operated three times firstly in the room, each time for 10 min ahead of nor-
mal work to further exclude the potential impurities. After that, the device was filled with gas, and 3 ml solution
pre-saturated with this gas by bubbling for 30 min was quickly poured into U-tube prior to BNBs generation.
Then the inlet (the position of stopper at end of the U-tube in Fig. 1) was sealed immediately to prevent the gas
from escaping. During work process, some macro-bubbles can be observed on the U-tube wall. After generation,
the solution was sealed in vial with parafilm and stored at low temperature. Unless otherwise stated, the motor
frequency and working time were first set to 60 r/min and 120 min in our experiment.

Particle size measurement. The size of nanobubbles was measured by dynamic light scattering (DLS,
Zetasizer Nano ZS, Malvern), which was performed at a scattering angle of 173 at the temperature of 25°C. The
refractive index of material was set to 1 in accord with air?’. In measurement, the velocity of particles that are
doing the Brownian motion is detected by monitoring the undulation of scattered light, and then converts to par-
ticle size by the Stokes-Einstein equation, so the original signal obtained from the instrument is the scattered light
of sample particles. Because the intensity of scattering light following the Rayleigh scattering law is proportional
to the sixth power of particle diameter, the signal of larger particles is enlarged than that of the smaller ones. In
this paper, the intensity and number distribution were both presented in order to demonstrate the population of
nanobubbles in solution clearly.

Zeta potential measurement. The zeta potential of BNBs was measured by laser doppler velocimetry
(LDV) (Zetasizer Nano ZS, Malvern). A curved capillary sample cell (DTS1070) was used. Automatic runs
(1-100) for each sample was performed, and the time interval between each measurement was 305s. To investigate
the stability of generated BNBs, the variation of size distribution and zeta potential with time were both deter-
mined at interval of 24 h. All measurements were carried out at least three times at 25°C.

Freeze-fracture transmission electron microscope. The FF-TEM usually used to study biological
microstructures offers an effective way for observing the morphology of bulk nanobubbles?**?. The details in
the freeze-fracture replica film preparation have been described in reference®, so it was briefly described here.
A small amount of sample (~4 ul) was taken out from vial and mounted onto a specimen holder, which was
immersed in liquid nitrogen later at once. For fracturing and replication, a freeze-fracture apparatus (EM BAF
060, Leica, Germany) was used at a temperature of —170°C. Pt/C was deposited at a 45° angle to shadow the
replicas, and C was deposited at a 90 angle to consolidate the replicas. The replicas were transferred onto a copper
grid and then examined with a JOEL JEM-1011(100kV) transmission electron microscope (TEM).
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Figure 2. The scattering of a laser beam passing through the cuvette filled with nitrogen-saturated ultrapure
water (a) before and (b) after the periodic pressure change for 120 min.
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Figure 3. The size distribution of nitrogen nanobubbles in aqueous solution determined immediately after
employing the periodic pressure change for 120 min. (a) The intensity distribution and (b) the number
distribution.

Results and Discussion

Generation of bulk nanobubbles.  The Tyndall effect based on light scattering is a direct and easy method
to reflect the microcosmic variation of solution. The variation of nitrogen-saturated ultrapure water solution
was observed using the laser beam in darkroom, shown in Fig. 2. Compared with nitrogen-saturated ultrapure
water in Fig. 2(a), a bright path in the vertical direction of incident light can be clearly seen in nitrogen-saturated
ultrapure water solution with employing the periodic pressure change (Fig. 2(b)), which demonstrates there are
colloid particles in solution after the periodic pressure change. Because the introduction of impurities is not likely
to occur during experiment, the colloid particles most likely be nitrogen nanobubble population.

The size of nitrogen nanobubbles in aqueous solution was determined immediately by DLS after employ-
ing the periodic pressure change, as depicted in Fig. 3. There was a regular bimodal curve with peak values
around 68 nm and 397 nm respectively. By knowable principles, large number of the nitrogen BNBs generated by
employing periodic pressure change have a hydrodynamic diameter less than 100 nm, of which the most probable
diameter is about 57 nm, and there are small number of the bubbles with a diameter of about several hundred
nm (shown in Fig. 3(b)). In light scattering measurement, the scattering signal is ultrasensitive to impurities,
as in the system of ethanol and water mixture studied by Habich et al.?}, it was found there is no obvious light
scattering of bulk nanobubbles when the impurities (mainly ethanol, isopropanol and acetone) in AR grade eth-
anol are removed by distillation. Therefore, the DLS measurement of nitrogen-saturated ultrapure water without
applying periodic pressure change was performed to exclude the possibility that the impurities in water made a
big contribution to the scattering signal of DLS. As it was shown in Fig. S1 in the supplementary information, the
wide size distribution, the micro-peak appearance and poor repeatability could be understood that the content of
impurities in water was very low, even lower than the limit of minimum detection level of the instrument. It could
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Figure 4. FF-TEM images of nitrogen nanobubbles formed in ultrapure water after employing the periodic
pressure change for 120 min. (a-c) were nitrogen nanobubbles; (d) was the nitrogen-saturated ultrapure water.

be confirmed that the distinct DLS signal of nitrogen-saturated ultrapure water after applying periodic pressure
change is contributed by the formed nanobubbles.

Additionally, the images of N, nanobubbles formed in ultrapure water after employing the periodic pressure
change were observed by means of the FF-TEM. Because there are some nanobubbles which were not be well
replicated on the replica film, as marked nanobubbles by red numbers in Fig. S2 (in the supplementary infor-
mation), the TEM images containing one nanobubbles were shown in Fig. 4 to better show the morphology
of formed nanobubbles. It demonstrated that the spherical holes with diameters about 60 nm and 200 nm on
freeze-fractured cross-section can be vividly observed, which provide a direct evidence that the existence of the
nanobubbles in ultrapure water after employing the periodic pressure change. Therefore, it can be confirmed
that nitrogen BNBs with the mainly hydrodynamic diameter less than 100 nm, can be generated by employing
periodic pressure change.

Stability of generated nitrogen BNBs. The lifetime of the formed nitrogen nanobubbles was studied by
investigating the change of bubble size with time. Figure 5(a) showed that N, nanobubbles have excellent stability,
which can remain in solution for more than 48 h. The hydrodynamic diameter of formed BNBs increased from
the initial most probable diameters about 68 nm and 397 nm to 91 nm and 442 nm over 24 h respectively. After
48h, the most probable diameters became 115 nm and 500 nm. Both sizes of nanobubbles became larger with the
lapse of time, Ostwald ripening rule is likely to be followed during nanobubbles growth**-3*. The number size
distribution of the formed N, BNBs in Fig. 5(b) agreed well with the growth tendency. The excellent stability of
formed nitrogen nanobubbles population may suggest that once BNBs are formed, it will remain in solution for
along time.

As we all know, for small bubbles, it should be more unstable according to the Yong-Laplace equation shown
in following eq. (1):

Pin = Po + 20/r (1)

Py, is the internal pressure of bubble, P, is the ambient pressure,o is the surface tension of liquid and r is the
radius of bubble. For example, the P, is about 1.54 MPa when r is 100 nm (P, is atmospheric pressure, o is about
72 mN/m). BNBs would dissolve instantly under this overpressure because it is more difficult to sustain the gas
equilibrium between surrounding solution and nanobubbles. As the theoretical prediction, the lifespan of BNBs
with diameter smaller than 1000 nm is less than 0.02s%.

However, BNBs possessing unexpected stability in experiment have been reported in literatures, which is
inconsistent with the above prediction. The generated nanobubbles by using a baffled high intensity agitation
(BHIA) cell could exist for 5h in surfactants-free solution, and up to 24 h in presence of surfactants®. Also, Oh
and Kim** found that the CO, nanobubbles fabricated by a gas-liquid mixing method has high concentration
over 24 h (up to (2.9440.16) x 108 particles/ml with the mean diameter increasing to 110.00 & 4.58 nm). Even
O, nanobubbles with the diameter of 137 nm remain to be detected by DLS on sixth day in absence of additives?.

The reason for unexpected stability is still unclear though it has been discussed for decades. Some investi-
gations have suggested the negative electrical charge at the gas-liquid interface is a main factor for stabilizing
BNBs, which prevents bubble coalescence by repelling each other®”?. Therefore, the zeta potential of formed
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Figure 5. The size distributions and zeta potential of N, nanobubbles formed in aqueous solution after
employing the periodic pressure change for 120 min. (a) The intensity distribution with time and (b) the
number distribution with time. (c) The zeta potential variation of N, nanobubbles with time. (d) The zeta
potential variation of N, nanobubbles with different pH. Vertical bar indicates the standard deviation of three
measurements.

N, nanobubbles was determined using electrophoresis method. The zeta potential variation of N, nanobubbles
within 48 hours was demonstrated in Fig. 5(c). The N, nanobubbles were negatively charged with average zeta
potential about —28.43 +0.75mv at pH 5.7, which is in line with the reported results in the literature®. The zeta
potential value slightly increased to —24.47 &+ 5.51 mv over 24 h, and it became —23.03 £ 0.96 mv when the stand-
ing time is up to 48 h.

The negative electrical charge at gas-liquid interface of BNBs could be explained by the preferential adsorption
of hydroxyl ions to interface. It is interpreted that hydrogen ions are more inclined to remain in solution owing to
the energy difference in hydrous enthalpy of OH™ (—446.8kJ/mol) and H™ (—1104 k]/mol)"**, or the orientation
of water dipole at the interface cause the attraction of OH™ to the interface!”*"*2, In this paper, to confirm that the
zeta potential of the formed nanobubbles in this study is associated with OH™, the influence of pH on zeta poten-
tial was determined. Figure 5(d) showed that the pH of the solutions do have a strong effect on the zeta potential
of formed nanobubbles. The zeta potential values were negative within a wide pH range, and rapidly decreased
when pH value was over 4.5, which can ascribe to the adsorption of OH™ to the interface. It also showed that the
isoelectric point of N, nanobubbles is between 2 and 3 as reported in literature®.

In summary, the zeta potential measurements showed that the zeta potential of N, nanobubbles had a high
absolute value, and the potential experienced no significant change with time. Therefore, the negative zeta
potential has positive contribution for the stability of BNBs by preventing the coalescence between nanobubbles
through electrostatic repulsion interaction, which could be noted as a contribution factor for the stability of BNBs,
apart from forming supersolid skin and introducing diffusive shielding of BNBs clusters reported previously**-.

Generation and stability of O, and CO, nanobubbles. The O, and CO, nanobubbles that may concern
the various biological activities are also generated using this method, and their stability were investigated. Their
size alterations over time were shown in Fig. 6. The two-peak profiles were displayed in size distribution, which
looks similar to that of N, nanobubbles, both have good stability and the size slowly grow as time. But compared
with N, and O, nanobubbles, the lifetime of CO, nanobubbles is less than 48 h observed from Fig. 6(b). Besides, it
seem that the overall growth rates of O, and CO, nanobubbles were greater than that of N, nanobubbles by com-
paring the change in size. The most probable diameters of O, nanobubbles increased to 121 nm and 617 nm after
48h, and CO, nanobubbles were 62 nm and 549 nm after 24 h, although their initial mode diameter were slightly
smaller than N, nanobubbles after stopping generation.

According to the above results, the physicochemical properties of gas including the gas solubility, gas density
and gas diffusion capacity, etc. may play an important role in managing the size of the formed BNBs*3, Table S1
shows the related parameters about some properties of the gases used in this system. The density and solubility
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Figure 6. The size distributions of nanobubbles containing different gases with the elapsed time at 25°C. (a)
CO, nanobubbles, (b) O, nanobubbles.
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Figure 7. The diagram of possible mechanism of generating bulk nanobubbles by periodic pressure change at
room temperature.

of carbon dioxide are higher than that of nitrogen and oxygen, especially solubility. While the size of the formed
carbon dioxide BNBs is the smallest under the same condition, so the decision can be made that the nanobubbles
formed from gas with high solubility may be smaller in this system. This phenomenon may provide insightful clue
for understanding why and how the size of the formed BNBs could be adjusted.

Discussion on the mechanism of bulk nanobubbles generation. As we all known, homogenous
bubbles nucleation in bulk is difficult due to the high free-energy barrier. However, recently the existence of BNBs
makes the situation different. To the best of our knowledge, supersaturation is significant for formation and sta-
bility of nanobubbles regardless of BNBs or SNBs!>#. In this study, the dispersion of nanobubbles was prepared
on the basis of supersaturation realized through pressurization without high pressure equipment.

The detailed generation process of BNBs based on the periodic pressure change was discussed. Figure 7 shows
the possible mechanism diagram of nanobubbles generation. The formation of nanobubbbles can be divided
into two process: the generation and size adjustment. In first cycle of pressure change, when the syringe moved
forward, the gas solubility in solution would increase with the increase of the pressure in U-shaped tube whose
pressure eventually increase by around 0.8 atm. Then when the syringe moved backward, the bubble embryo is
going to form and grow owing to the decrease in gas solubility in solution. Now the initial BNBs was generated.
Because nanobubbles size that depend on the pressure reduce under pressurization***%1, in second cycle, the gas
dissolution in nanobubbles tends to occur with the increase of pressure again, and the dissolved nanobubbles
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Figure 8. (a) The size distributions of N, nanobubbles with various periodic pressure change time; (b) the
diagram of change in BNBs size under pressurization and depressurization of the periodic pressure change.

would grow again as the pressure decreases. This process of the periodic pressure change is similar to the response
of surface nanobubbles to acoustic field*>. In both cases, the gas would diffuse into bubble which is in expansion
state caused by pressure reduction, while when bubble is in compression caused by pressure increase, the gas
would diffuse out bubble going back to solution to be dissolved again. The shrinkage and growth of BNBs will
continue until a given time is reached. Finally, the stable nanobubbles are formed.

By above discussion, the size of the formed BNBs would be affected by many factors, such as gas physicochem-
ical properties, employing pressure, pressure change frequency, working time, etc. About how the gas solubility
affect the size of the formed nanobubbles, the answer may be given here: In one respect, the gas solubility may
affect the nucleation process of nanobubbles. Gas molecules with high solubility are closer to each other in solu-
tion, which makes the nanobubble nucleation easier to happen during decompression of first cycle, so smaller
nanobubbles will be formed due to the more nucleation sites. In another respect, there is higher gas concentration
gradient between nanobubbles and solution in the situation of high gas solubility, which may result in relatively
high gas diffusion rate out from nanobubbles in the process of pressure increasing so that the formation of the
smaller nanobubbles.

According to the understanding about the formation mechanism of the BNBs, it can be optimistically pros-
pect that although there some complexity in controlling the size of nanobubbles in periodic pressure change,
generating nanobubbles with appropriate size range may be realized by adopting the suitable action time of the
periodic pressure change.

To interpret the possibility of size-adjustable BNBs formation, the generation of N, nanoububbles with various
pressure change time were carried out. Figure 8 showed the variation of the nanoububbles size with different pres-
sure change time. Unlike the growth behavior of SNBs in an acoustic pressure, the BNBs size gradually decreased
with the increase of circulation time and the bubbles size reached its minimum when the time up to 120 min
in our experimental time range. It may be attributed to the fact that the shrinkage rate under pressurization is
greater than the growth rate under depressurization in a periodic pressure change, resulting in the shrinkage
of BNBs over time. It demonstrates the size-adjustable nanobubbles can be achieved by managing the periodic
pressure change time. The Fig. 8(b) showed the diagram of change in BNBs size under pressurization and depres-
surization respectively.

Conclusions

In this study, bulk nanobubbles were successfully generated by employing periodic pressure change without high
pressure equipment. The diameters of formed N, nanobubbles were bimodal distribution with the peak values
of around 68 nm and 397 nm. Furthermore, N, nanobubbles have good stability with more than 48h and the
negative zeta potential experienced no significant change over 48 h. It was also found that the stability of N, and
O, nanobubbles were better than CO, nanobubbles. In addition, by manipulating pressure change time, the size
of the formed nanobubbles could be adjusted. In summary, a convenient and reliable method of fabricating bulk
nanobubbles was reported, which indicates that harsh conditions may not be required in BNBs formation. As a
result, there may be a large quantity of nanobubbles existing in many practical productions, even in life activities,
and may play a significant role. Therefore, it is meaningful to carry out the pertinent research on nanobubbles in
these respects and perhaps some unknown important role can be uncovered in the future.

Data Availability
All data generated or analyzed during this study are included in this published article and its supplementary
information files.

References
1. Ishida, N., Inoue, T., Miyahara, M. & Higashitani, K. Nano bubbles on a hydrophobic surface in water observed by tapping-mode
atomic force microscopy. Langmuir 16, 6377-6380, https://doi.org/10.1039/c6nr06844h (2000).
2. Wang, L. et al. Formation of surface nanobubbles on nanostructured substrates. Nanoscale 9, 1078-1086, https://doi.org/10.1039/
c6nr06844h (2017).
3. Alheshibri, M., Qian, J., Jehannin, M. & Craig, V. S. A History of Nanobubbles. Langmuir 32, 11086-11100, https://doi.org/10.1021/
acs.langmuir.6b02489 (2016).

SCIENTIFIC REPORTS |

(2019) 9:1118 | https://doi.org/10.1038/s41598-018-38066-5 7


https://doi.org/10.1038/s41598-018-38066-5
https://doi.org/10.1039/c6nr06844h
https://doi.org/10.1039/c6nr06844h
https://doi.org/10.1039/c6nr06844h
https://doi.org/10.1021/acs.langmuir.6b02489
https://doi.org/10.1021/acs.langmuir.6b02489

www.nature.com/scientificreports/

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

. Johnson, B. D. & Cooke, R. C. Generation of stabilized microbubbles in seawater. Science 213, 209-211, https://doi.org/10.1126/

science.213.4504.209 (1981).

. Nirmalkar, N., Pacek, A. W. & Barigou, M. On the Existence and Stability of Bulk Nanobubbles. Langmuir 34, 10964-10973, https://

doi.org/10.1021/acs.Jangmuir.8b01163 (2018).

. Alheshibri, M. & Craig, V. S. J. Differentiating between Nanoparticles and Nanobubbles by Evaluation of the Compressibility and

Density of Nanoparticles. The Journal of Physical Chemistry C 122, 21998-22007, https://doi.org/10.1021/acs.jpcc.8b07174 (2018).

. Tian, J. et al. A Novel Approach to Making the Gas-Filled Liposome Real: Based on the Interaction of Lipid with Free Nanobubble

within the Solution. ACS Appl Mater Interfaces 7, 26579-26584, https://doi.org/10.1021/acsami.5b07778 (2015).

. Bhandari, P,, Wang, X. & Irudayaraj, J. Oxygen Nanobubble Tracking by Light Scattering in Single Cells and Tissues. ACS Nano 11,

2682-2688, https://doi.org/10.1021/acsnano.6b07478 (2017).

. Liu, S.-Y. et al. Quasi-2D liquid cell for high density hydrogen storage. Nano Energy 31, 218-224, https://doi.org/10.1016/].

nanoen.2016.11.017 (2017).

Agarwal, A., Ng, W. ]. & Liu, Y. Principle and applications of microbubble and nanobubble technology for water treatment.
Chemosphere 84, 1175-1180, https://doi.org/10.1016/j.chemosphere.2011.05.054 (2011).

Temesgen, T., Bui, T. T,, Han, M., Kim, T. I. & Park, H. Micro and nanobubble technologies as a new horizon for water-treatment
techniques: A review. Adv. Colloid Interface Sci. 246, 40-51, https://doi.org/10.1016/j.cis.2017.06.011 (2017).

Zhu, . et al. Cleaning with Bulk Nanobubbles. Langmuir 32, 11203-11211, https://doi.org/10.1021/acs.langmuir.6b01004 (2016).
Liu, S., Oshita, S., Kawabata, S., Makino, Y. & Yoshimoto, T. Identification of ROS Produced by Nanobubbles and Their Positive and
Negative Effects on Vegetable Seed Germination. Langmuir 32, 11295-11302, https://doi.org/10.1021/acs.langmuir.6b01621 (2016).
Liu, S. et al. Oxidative Capacity of Nanobubbles and Its Effect on Seed Germination. ACS Sustainable Chemistry & Engineering 4,
1347-1353, https://doi.org/10.1021/acssuschemeng.5b01368 (2016).

Calgaroto, S., Azevedo, A. & Rubio, J. Separation of amine-insoluble species by flotation with nano and microbubbles. Miner. Eng.
89, 24-29, https://doi.org/10.1016/j.mineng.2016.01.006 (2016).

Calgaroto, S., Wilberg, K. Q. & Rubio, J. On the nanobubbles interfacial properties and future applications in flotation. Miner. Eng.
60, 33-40, https://doi.org/10.1016/j.mineng.2014.02.002 (2014).

Kim, J. Y., Song, M. G. & Kim, J. D. Zeta Potential of Nanobubbles Generated by Ultrasonication in Aqueous Alkyl Polyglycoside
Solutions. J. Colloid Interface Sci. 223, 285-291, https://doi.org/10.1006/jcis.1999.6663 (2000).

Chen, Q., Wiedenroth, H. S., German, S. R. & White, H. S. Electrochemical Nucleation of Stable N, Nanobubbles at Pt
Nanoelectrodes. J. Am. Chem. Soc. 137, 12064-12069, https://doi.org/10.1021/jacs.5b07147 (2015).

Najafi, A. S., Drelich, J., Yeung, A., Xu, Z. & Masliyah, J. A novel method of measuring electrophoretic mobility of gas bubbles. J.
Colloid Interface Sci. 308, 344-350, https://doi.org/10.1016/j.jcis.2007.01.014 (2007).

Eklund, E. & Swenson, J. Stable Air Nanobubbles in Water: the Importance of Organic Contaminants. Langmuir 34, 11003-11009,
https://doi.org/10.1021/acs.langmuir.8b01724 (2018).

Parkinson, L., Sedev, R., Fornasiero, D. & Ralston, J. The terminal rise velocity of 10-100 microm diameter bubbles in water. J.
Colloid Interface Sci. 322, 168172, https://doi.org/10.1016/j.jcis.2008.02.072 (2008).

Zimmerman, W. B., Al-Mashhadani, M. K. H. & Bandulasena, H. C. H. Evaporation dynamics of microbubbles. Chem. Eng. Sci. 101,
865-877, https://doi.org/10.1016/j.ces.2013.05.026 (2013).

Postnikov, A. V., Uvarov, I. V., Penkov, N. V. & Svetovoy, V. B. Collective behavior of bulk nanobubbles produced by alternating
polarity electrolysis. Nanoscale 10, 428-435, https://doi.org/10.1039/c7nr07126d (2017).

Magnetto, C. et al. Ultrasound-activated decafluoropentane-cored and chitosan-shelled nanodroplets for oxygen delivery to hypoxic
cutaneous tissues. RSC Adv. 4, 38433-38441, https://doi.org/10.1039/c4ra03524k (2014).

Bhandari, P. N. et al. Oxygen nanobubbles revert hypoxia by methylation programming. Sci. Rep. 7, 9268, https://doi.org/10.1038/
$41598-017-08988-7 (2017).

Cai, W. B. et al. The Optimized Fabrication of Nanobubbles as Ultrasound Contrast Agents for Tumor Imaging. Sci. Rep. 5, 13725,
https://doi.org/10.1038/srep13725 (2015).

Ushikubo, E. Y. et al. Evidence of the existence and the stability of nano-bubbles in water. Colloids Surf., A 361, 31-37, https://doi.
org/10.1016/j.colsurfa.2010.03.005 (2010).

Uchida, T. et al. Transmission electron microscopic observations of nanobubbles and their capture of impurities in wastewater.
Nanoscale Res. Lett. 6, 295, https://doi.org/10.1186/1556-276X-6-295 (2011).

Uchida, T. et al. Effect of NaCl on the Lifetime of Micro- and Nanobubbles. Nanomaterials 6, https://doi.org/10.3390/nano6020031
(2016).

Zhao, W. et al. Chiroptical vesicles and disks that originated from achiral molecules. Langmuir 31, 5748-5757, https://doi.
org/10.1021/acs.Jangmuir.5b01147 (2015).

Habich, A., Ducker, W,, Dunstan, D. E. & Zhang, X. Do stable nanobubbles exist in mixtures of organic solvents and water? The
Journal of Physical Chemistry B 114, 6962-6967, https://doi.org/10.1021/jp911868; (2010).

Kikuchi, K. et al. Concentration determination of oxygen nanobubbles in electrolyzed water. J. Colloid Interface Sci. 329, 306-309,
https://doi.org/10.1016/j.jcis.2008.10.009 (2009).

Shin, D. et al. Growth dynamics and gas transport mechanism of nanobubbles in graphene liquid cells. Nat Commun 6, 6068, https://
doi.org/10.1038/ncomms7068 (2015).

Oh, S. H. & Kim, J. M. Generation and Stability of Bulk Nanobubbles. Langmuir 33, 3818-3823, https://doi.org/10.1021/acs.
langmuir.7b00510 (2017).

Epstein, P. S. & Plesset, M. S. On the stability of gas bubbles in liquid-gas solutions. J. Chem. Phys. 18, 1505-1509, https://doi.
org/10.1063/1.1747520 (1950).

Wu, C., Nesset, K., Masliyah, J. & Xu, Z. Generation and characterization of submicron size bubbles. Adv. Colloid Interface Sci. 179-
182, 123-132, https://doi.org/10.1016/j.¢is.2012.06.012 (2012).

Creux, P, Lachaise, J., Graciaa, A. & Beattie, J. K. Specific cation effects at the hydroxide-charged air/water interface. J. Phys. Chem.
C 111, 3753-3755, https://doi.org/10.1021/jp070060s (2007).

Yurchenko, S. O. et al. Ion-Specific and Thermal Effects in the Stabilization of the Gas Nanobubble Phase in Bulk Aqueous
Electrolyte Solutions. Langmuir 32, 11245-11255, https://doi.org/10.1021/acs.langmuir.6b01644 (2016).

Ushikubo, E. Y. et al. Zeta-potential of Micro- and/or Nano-bubbles in Water Produced by Some Kinds of Gases. IFAC Proc. 43,
283-288, https://doi.org/10.3182/20101206-3-jp-3009.00050 (2010).

Conway, B. The evaluation and use of properties of individual ions in slution. J. Solution Chem. 7, 721-770, https://doi.org/10.1007/
BF00643580 (1978).

Yoon, R.-H. & Yordan, J. L. Zeta-potential measurements on microbubbles generated using various surfactants. J. Colloid Interface
Sci. 113, 430-438, https://doi.org/10.1016/0021-9797(86)90178-5 (1986).

Takahashi, M. ( potential of microbubbles in aqueous solutions: electrical properties of the gas- water interface. J. Phys. Chem. B 109,
21858-21864, https://doi.org/10.1021/jp0445270 (2005).

Brandon, N., Kelsall, G., Levine, S. & Smith, A. Interfacial electrical properties of electrogenerated bubbles. J. Appl. Electrochem. 15,
485-493, https://doi.org/10.1007/BF01059289 (1985).

Zhang, X. et al. Nanobubble Skin Supersolidity. Langmuir 32, 11321-11327, https://doi.org/10.1021/acs.langmuir.6b01660 (2016).

SCIENTIFIC REPORTS |

(2019) 9:1118 | https://doi.org/10.1038/s41598-018-38066-5 8


https://doi.org/10.1038/s41598-018-38066-5
https://doi.org/10.1126/science.213.4504.209
https://doi.org/10.1126/science.213.4504.209
https://doi.org/10.1021/acs.langmuir.8b01163
https://doi.org/10.1021/acs.langmuir.8b01163
https://doi.org/10.1021/acs.jpcc.8b07174
https://doi.org/10.1021/acsami.5b07778
https://doi.org/10.1021/acsnano.6b07478
https://doi.org/10.1016/j.nanoen.2016.11.017
https://doi.org/10.1016/j.nanoen.2016.11.017
https://doi.org/10.1016/j.chemosphere.2011.05.054
https://doi.org/10.1016/j.cis.2017.06.011
https://doi.org/10.1021/acs.langmuir.6b01004
https://doi.org/10.1021/acs.langmuir.6b01621
https://doi.org/10.1021/acssuschemeng.5b01368
https://doi.org/10.1016/j.mineng.2016.01.006
https://doi.org/10.1016/j.mineng.2014.02.002
https://doi.org/10.1006/jcis.1999.6663
https://doi.org/10.1021/jacs.5b07147
https://doi.org/10.1016/j.jcis.2007.01.014
https://doi.org/10.1021/acs.langmuir.8b01724
https://doi.org/10.1016/j.jcis.2008.02.072
https://doi.org/10.1016/j.ces.2013.05.026
https://doi.org/10.1039/c7nr07126d
https://doi.org/10.1039/c4ra03524k
https://doi.org/10.1038/s41598-017-08988-7
https://doi.org/10.1038/s41598-017-08988-7
https://doi.org/10.1038/srep13725
https://doi.org/10.1016/j.colsurfa.2010.03.005
https://doi.org/10.1016/j.colsurfa.2010.03.005
https://doi.org/10.1186/1556-276X-6-295
https://doi.org/10.3390/nano6020031
https://doi.org/10.1021/acs.langmuir.5b01147
https://doi.org/10.1021/acs.langmuir.5b01147
https://doi.org/10.1021/jp911868j
https://doi.org/10.1016/j.jcis.2008.10.009
https://doi.org/10.1038/ncomms7068
https://doi.org/10.1038/ncomms7068
https://doi.org/10.1021/acs.langmuir.7b00510
https://doi.org/10.1021/acs.langmuir.7b00510
https://doi.org/10.1063/1.1747520
https://doi.org/10.1063/1.1747520
https://doi.org/10.1016/j.cis.2012.06.012
https://doi.org/10.1021/jp070060s
https://doi.org/10.1021/acs.langmuir.6b01644
https://doi.org/10.3182/20101206-3-jp-3009.00050
https://doi.org/10.1007/BF00643580
https://doi.org/10.1007/BF00643580
https://doi.org/10.1016/0021-9797(86)90178-5
https://doi.org/10.1021/jp0445270
https://doi.org/10.1007/BF01059289
https://doi.org/10.1021/acs.langmuir.6b01660

www.nature.com/scientificreports/

45. Ohgaki, K., Khanh, N. Q, Joden, Y., Tsuji, A. & Nakagawa, T. Physicochemical approach to nanobubble solutions. Chem. Eng. Sci.
65, 1296-1300, https://doi.org/10.1016/j.ces.2009.10.003 (2010).

46. Weijs, J. H., Seddon, J. R. & Lohse, D. Diffusive shielding stabilizes bulk nanobubble clusters. Chemphyschem 13, 2197-2204, https://
doi.org/10.1002/cphc.201100807 (2012).

47. German, S. R. et al. Electrochemistry of single nanobubbles. Estimating the critical size of bubble-forming nuclei for gas-evolving
electrode reactions. Faraday Discuss. 193, 223-240, https://doi.org/10.1039/c6fd00099a (2016).

48. Haedelt, J., Beckett, S. T. & Niranjan, K. Bubble-included chocolate: relating structure with sensory response. J. Food Sci. 72,
E138-142, https://doi.org/10.1111/j.1750-3841.2007.00313.x (2007).

49. Xiao, Q. et al. Solvent Exchange Leading to Nanobubble Nucleation: A Molecular Dynamics Study. Langmuir 33, 8090-8096, https://
doi.org/10.1021/acs.Jangmuir.7b01231 (2017).

50. Tuziuti, T., Yasui, K. & Kanematsu, W. Influence of increase in static pressure on bulk nanobubbles. Ultrason. Sonochem. 38,
347-350, https://doi.org/10.1016/j.ultsonch.2017.03.036 (2017).

51. Fang, Z. et al. Formation and Stability of Surface/Bulk Nanobubbles Produced by Decompression at Lower Gas Concentration. The
Journal of Physical Chemistry C 122, 22418-22423, https://doi.org/10.1021/acs.jpcc.8b05688 (2018).

52. Brotchie, A. & Zhang, X. H. Response of interfacial nanobubbles to ultrasound irradiation. Soft Matter 7, 265-269, https://doi.
0rg/10.1039/c0sm00731e (2011).

Acknowledgements
This work was financially supported by the National Science Fund of China (No. 21473103 and 21872084) and the
Key Research and Development Project of Shandong Province (No. GG201709280055).

Author Contributions

Q. Wang and Y. Li studied the conception and design, analyzed the data and wroted the manuscript. Q. Wang
completed the experiment with the help of Y. Qin and X. Zhang. H. Zhao and N. Qi helped in analyzing the results
and wrting the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38066-5.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:1118 | https://doi.org/10.1038/s41598-018-38066-5 9


https://doi.org/10.1038/s41598-018-38066-5
https://doi.org/10.1016/j.ces.2009.10.003
https://doi.org/10.1002/cphc.201100807
https://doi.org/10.1002/cphc.201100807
https://doi.org/10.1039/c6fd00099a
https://doi.org/10.1111/j.1750-3841.2007.00313.x
https://doi.org/10.1021/acs.langmuir.7b01231
https://doi.org/10.1021/acs.langmuir.7b01231
https://doi.org/10.1016/j.ultsonch.2017.03.036
https://doi.org/10.1021/acs.jpcc.8b05688
https://doi.org/10.1039/c0sm00731e
https://doi.org/10.1039/c0sm00731e
https://doi.org/10.1038/s41598-018-38066-5
http://creativecommons.org/licenses/by/4.0/

	Generation and Stability of Size-Adjustable Bulk Nanobubbles Based on Periodic Pressure Change

	Methods

	Materials. 
	Device and operational details of generated BNBs. 
	Particle size measurement. 
	Zeta potential measurement. 
	Freeze-fracture transmission electron microscope. 

	Results and Discussion

	Generation of bulk nanobubbles. 
	Stability of generated nitrogen BNBs. 
	Generation and stability of O2 and CO2 nanobubbles. 
	Discussion on the mechanism of bulk nanobubbles generation. 

	Conclusions

	Acknowledgements

	Figure 1 The schematic diagram of generating bulk nanobubbles.
	Figure 2 The scattering of a laser beam passing through the cuvette filled with nitrogen-saturated ultrapure water (a) before and (b) after the periodic pressure change for 120 min.
	Figure 3 The size distribution of nitrogen nanobubbles in aqueous solution determined immediately after employing the periodic pressure change for 120 min.
	Figure 4 FF-TEM images of nitrogen nanobubbles formed in ultrapure water after employing the periodic pressure change for 120 min.
	Figure 5 The size distributions and zeta potential of N2 nanobubbles formed in aqueous solution after employing the periodic pressure change for 120 min.
	Figure 6 The size distributions of nanobubbles containing different gases with the elapsed time at 25 °C.
	Figure 7 The diagram of possible mechanism of generating bulk nanobubbles by periodic pressure change at room temperature.
	Figure 8 (a) The size distributions of N2 nanobubbles with various periodic pressure change time (b) the diagram of change in BNBs size under pressurization and depressurization of the periodic pressure change.




