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Abstract: Nanobubbles are nanoscopic gaseous domains than can exist on solid surfaces or in bulk lig-
uids. They have attracted significant attention in the last decade due to their long-time (meta)stability
and ready potential for real-world applications, especially in environmental engineering and more
sustainable ecosystems, water treatment, irrigation, and crop growth. After reviewing important
nano-bubble science and activity, with some of the latest promising results in agriculture, we point
out important directions in applications of nano-bubble phenomena for boosting sustainability, with
viewpoints on how to revolutionise best-practice environmental and green sustainability, taking
into account economic drivers and impacts. More specifically, it is pointed out how nanobubbles
may be used as delivery vehicles, or “nano-carriers”, for nutrients or other agents to specific targets
in a variety of ecosystems of environmental relevance, and how core this is to realising a vision of
ultra-dense NBs in shaping a positive and lasting impact on ecosystems and our natural environment.
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1. Introduction

Nanobubbles (NBs) are nanoscopic gaseous domains than can exist on solid surfaces or
in bulk liquids. They have attracted significant attention in the last decade [1-3] due to their
long-time (meta)stability and high potential for real-world applications. Amongst these
applications, NBs can be applied towards nanoscopic cleaning [4], control of boundary
slip in microfluidics [5], wastewater treatment [6], hetero-coagulation [7], and medical
applications [8]. Although surface NBs have been formed and observed using various
experimental methods, bulk-liquid NBs have been much less investigated. It has been
conjectured that the long-lived presence of nanobubbles is due to negative-charge build-up
at the bubble/liquid interface, with the surface having a strong electron affinity [9]: an
opposing Coulombic force to surface tension slows the bubbles’ dissipation.

The thermodynamic metastability of nanobubbles for many months or longer lies
in stark contrast to micron-sized bubbles as a puzzling conundrum [10-12]. In addition,
NBs’ other unique physical and mechanical characteristics, such as dramatically reduced
buoyancy, extremely high surface area/volume ratio, large zeta potentials, generation
of free radicals, and slow-rising velocity, are very poorly understood [11-13]. Several
commercial applications of nanobubbles have been identified to date, such as improved
performance of fine-particle flotation [14-18] and superior mass transfer of gases in sepa-
ration and reaction engineering [16,19,20]. Nanobubbles have shown potential for use in
water treatment [21,22], in sterilisation by applying ozone gas [23-25], and in accelerating
the metabolism in shellfish and vegetables [26-28]. There are considerable potentials of
NBs for the soil remediation polluted by organic chemicals in combination with bioreme-
diation [29,30]. In the medical field, the unique properties of nanobubbles are harnessed
as a contrast agent for ultrasonographic diagnostic scanning as well as drug and gene
delivery [31,32], and also as an oxygen-delivery source for wounds [33,34].

In terms of soil remediation in the general environment, particularly in water-stressed
regions and for grassland management and cultivations, Hashim et al. in 2012 and Li et al.
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in 2013 discussed cogently how NBs may be used to transfer additional nitrogen, in the
form of NBs [29,30], into the soil itself, and for such soil-based bacteria to then be able to fix
this into a more bio-available form. Importantly, this has a positive and healthy effect on
soil behaviour and dynamics.

Nanobubbles, as the gas-containing exponent of the more general case in what
one might call usefully the nano-phase (encompassing both bubbles and droplets at the
nanoscale), can be categorised broadly into two: (i) surface and (ii) bulk nanobubbles,
depending on their nucleation media. Surface nanobubbles are present at most aqueous
surfaces where they persist, often perhaps for weeks [1], with many more investigations
made into surface nanobubbles than their bulk counterparts [35]. Bulk nanobubbles are
present in most aqueous solutions, possibly being continually created by agitation and
cosmic radiation [1,36]. Their concentration increases upon stirring and reduces upon
filtration or degassing [37]. In more detail, the contact angles of surface NBs are relatively
small, usually about 5 to around 20°, and they tend to accumulate at hydrophobic surfaces
and at hydrophilic substrates [1,35]. With changing dissolved-gas levels in the liquid, such
surface NBs either grow or diminish in size [1,35]. When dissolved-gas levels are reduced,
surface NBs tend to become smaller, albeit retaining their metastability, in stark contrast
to any thermodynamic predictions. In contrast, bulk NBs typically have diameters of
50-200 nm, and their size can respond to ions and additives. There is much industrial and
ecological interest in the presence of bulk NBs, in that their occasional long life and stability,
depending on their method of generation and bulk-liquid conditions, often exceeds the
residence time of many processes such as aeration cycles in activated-sludge tanks for
wastewater treatment and recirculation-aeration systems, or more broadly, for water-body
aeration [1,35,36].

A bibliometrics literature survey for scientific articles on nanobubble applications
and generation techniques is presented in Figure 1; it can be concluded that interest lies
mostly in investigating disparate biological- and medicine-applications, whilst less than a
third of studies have focused on different techniques of nano-phase generation per se and
underlying elucidation and characterisation.
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Figure 1. A 20-year literature search on nanobubble-related publications; various keywords listed
above. Image credit: adapted from one supplied by M.R. Ghaani.
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2. Microscopic Fundamentals

Generally, as with larger bubbles, nanobubbles have a negative zeta potential (=—25
to —40 mV) in neutral solutions, as proven by electrophoretic light scattering. They are
under excess pressure, as surface tension causes a tendency to minimise their surface area,
and hence volume [37]. Although often ignored, they are in constant flux with many gas
molecules both leaving and entering bubbles continuously. Nanobubbles have raised cavity
(Laplace) pressure, and grow or shrink by diffusion according to whether the surrounding
solution is over- or undersaturated. Now, gas solubility is proportional to the gas pressure;
this pressure, exerted by the surface tension, is in inverse proportion to the diameter of
the bubbles and increases greatly at small bubble diameters. Any dissolution process is
therefore accelerated, with an increasing tendency for gases to dissolve as the bubbles
reduce in size [1,37].

Early theoretical calculations showed that nanobubbles should only persist for a few
microseconds [38]. However, the ease with which water forms larger visible bubbles, under
slight tensile pressure well below the tensile strength of water, and the greater difficulty
that occurs on degassing, both indicate the occurrence of gas-containing nanobubbles
(cavities). Clusters of nanobubbles (bubstons) have been proposed, which are stabilised
by ionic solutes (and magnetic fields) [39] and contain gas at atmospheric pressure [40].
Nanobubbles in (still) mineral water can be magnetised and retain this magnetisation for
more than a day [41]. A review of some hypotheses for the stability of bulk nanobubbles
has been reported in the literature [42]. The likely reason for the long-lived presence
of nanobubbles is that the nanobubble gas/liquid interface has a negative charge [43],
which introduces an opposing force to the surface tension, so slowing or preventing the
dissipation of bubbles. It should be noted that the liquid water surface has a strong affinity
for electrons [43]. Curved aqueous surfaces may introduce a surface charge due to the
water’s molecular structure or its dissociation. It is clear that interfacial charge reduces
the internal pressure and the apparent surface tension, with charge repulsion acting in the
opposite direction to the surface tension. Similarly charged surfaces, together with the lack
of van der Waals attraction (the cavities possessing close to zero electron density), tend to
prevent nanobubbles from coalescing.

An additional stabilising effect to the charged interface is the slow rate of gas diffusion
to the bulk liquid surface from both surfaces and bulk-phase nanobubbles [44,45]; in
particular, nanobubbles in a cluster of bulk nanobubbles “protect” each other from diffusive
loss through a shielding effect [46], effectively producing a back pressure of gas from
neighbouring bubbles separated by about the thickness of the unstirred layer. This slow
dissolution will be even slower than might be expected due to the higher osmotic pressure
at the gas-liquid interface, thereby preventing both gas dissolution and driving dissolved
gas near the interface back into the nanobubble [46].

The classic Epstein—Plesset thermodynamic treatment of NBs [47,48] shows that NBs
should not exist thermodynamically, and also gives rise to serious doubt as to their metasta-
bility and diffusivity in solution (especially in the case of bulk NBs) [48]. Indeed, there has
been much controversy in the literature surrounding reasons why NBs, especially bulk
ones, either do [49] or do not [50] have a degree of stability in pure water, and the present
study does not concern itself with these fundamental existential questions: suffice to point
out here that the present work takes the view that bulk NBs do exist unambiguously in
practical situations of environmental significance, provided, of course, that they have been
generated in a sufficiently robust manner (see Section 3).

3. Techniques for Nanobubble Generation

Bearing in mind the comparative lack of studies on techniques for nanobubble genera-
tion, as highlighted in Figure 1, a key challenge for nano-phase science and engineering
lies in the discovery of simpler and easily-controlled generation methods. NB formation is
often achieved when the homogenous liquid phase undergoes a phase change caused by a
sudden pressure reduction below a critical value, known as cavitation [51-55]. Cavitation
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is commonly induced by the passage of ultrasonic waves (acoustic cavitation) [56,57] or
by high-pressure variations in the flowing liquid (hydrodynamic cavitation) [58,59] or in
chemical reactions such as electrolysis and conical-geometry approaches [60]. An intrigu-
ing new method involves the application of external static electric fields [61-63] (without
electrolysis), based on electrostriction, which “sucks in” gas molecules at gas-liquid in-
terfaces [64] This transient negative-pressure region established electrostrictively at the
liquid-solvent interface allows for the development of “ultra-dense” NBs, which supports
their observed greater lifetime [64] and belies the suggestion of a lack of stability of bulk
NBs for times of practical interest [48,50].

In further detail, let us focus here on how the electrostrictive NB-generation method
for ultra-dense NBs differs from other NB-generation approaches that involve electric fields
to some extent, with most introducing electrolysis or foreign substances (e.g., ions) in the
water. Differences between [64] and filed patents are listed below:

e  Device for generating nanobubbles by electric current supply [65]

This approach uses water electrolysis, yielding water splitting to hydrogen and oxygen
where the produced gases form nanobubbles.

e  Water-containing oxygen nanobubbles and method for the production thereof [66]

Here, ultrasonic irradiation is used in conjunction with additive ions as a stabilising
agent; this is totally different from my proposed method.

e  Method of forming nanobubbles [67]

Here, electrolytes are added to the water. In contrast, my approach uses deionised
water without any additives. Furthermore, a microbubble producer is used, whilst in my
method, no microbubbles are needed.

e Method and apparatus for applying electrical charge through a liquid to enhance
sanitizing properties [68]: this patent uses electrolysis with ionic sources.

4. Characterization of the Nano-Phase

In any event, despite discussing a selection of NB-generation approaches above, in the
context of the scientific and technical breakthrough of the electrostrictive method in [64],
a common feature of all previous types of “forced-convection” nano-phase generation
approaches, is the potential confusion over bubbles, droplets, and particles being generated
at the nano-scale by virtue of the mechanical wear and abrasion of moving parts [69] as
detected in dynamic light scattering (DLS) and nanoparticle-tracking analysis (NTA). The
unambiguous assignment of light-scattering species to bulk NBs is fraught with difficulty
and scope for misinterpretation, as discussed by [48,69] with acuity and insight. Aside from
(possibly not-always-reliable) DLS measurements, our ability to measure the presence of
and characterize the properties of NBs with accuracy and confidence is limited. Surprisingly,
few experiments have been conducted to quantify the total amounts of gas (in NBs and in
solution) in a self-consistent way [69].

5. The Context for Nanobubbles in Environmental Sustainability

In sustainable chemistry, a key challenge lies in the creation of a new class of green
solvents [70], especially those with characteristics that can be manipulated and tuned to
be “tailor-made” for given applications (e.g., drug delivery) [71]. Of increasing interest,
given the more stringent environmental-emissions regulations, are those that will have a
more benign environmental fate in terms of avoiding air and water pollution, and harm
ecosystems. With many pesticides being restricted and retired imminently for use (e.g., in
the European Union and elsewhere) [72], the imperative to embrace greener and more
sustainable liquids is gathering pace.

Applications of NBs have been proven to be beneficial in many environmental pro-
cesses such as improved performance in water treatment [23], dyes [73], sterilisation by
applying ozone gas [74], and in accelerating metabolism in shellfishes and vegetables [75].
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There is considerable potential of NBs in soil remediation polluted by organic chemicals in
combination with wider bio-remediation efforts [76].

Given this encouraging backdrop in applications for nanobubbles in ecology and in
ameliorating environmental outcomes, we assess here—indeed “re-imagine”—the envi-
ronmental and sustainable promise of liquids containing metastable bulk nanobubbles.
Summarising the ‘state of play’ of nanobubbles in environmental engineering was our goal
as well as offering a glimpse of the latest promising trends in more sustainable agricul-
ture, and provide an outlook for important future NB developments to support the wider
environmental-sustainability agenda.

Indeed, given this overall context and focus on environmental sustainability, one of
the most important challenges lies in establishing facile and easily-controlled methods to
promote NB formation to revolutionise vast swathes of science, agriculture, and technol-
ogy (e.g., bolstering dramatically dissolved oxygen in the fermentation and wastewater
treatment industry), or direct, seasonal gas storage in liquids, elevated far above normal
(e.g., Henry’s-Law) solubility limits. Naturally, it is not easy to realise such applications
because we need a deeper insight into the properties of nanobubbles. NBs exhibit several
unique physical and mechanical characteristics such as smaller or virtual disappearance
of buoyancy, extremely high surface area/volume ratio, zeta potentials, hydration [77],
enhanced solubility of oxygen in water, generation of free radicals, protein coagulation and
slow-rising velocity [10-12,78,79]. One of the peculiar quirks of NBs is that they can last
for several weeks or longer with hydration [10,13,80]. The generation of NBs as well as
characterisation of their interfacial properties and structure in water solutions is explained
only tentatively with molecular-dynamics (MD) simulations and microscopy [64].

The disruptive development of facile, additive-free, and energy-efficient new methods
of bulk-nanophase generation in solvents via local electrostriction ‘sucking in’ gas at tran-
siently negative-pressure regions at the gas—water interface [64,81] allows for the exciting
new possibility of using long-lived “designer” NBs to tailor, control, and manipulate the
properties of solvents, indeed, for realising “nano-engineered” solvents. In the realm of
“nano-gasification”, for example, adjusting the requisite amounts of NBs allows for reg-
ulating the viscosity, density, electrical conductivity, turbidity, and other properties. In
turn, this allows us to contemplate the prospect of efficient and effective solvent-design
strategies to optimise these NB properties for various applications (e.g., in the case of aque-
ous solvents, “nano-oxygenation” for activated-sludge water treatment [82], dissolved-air
flotation [83], irrigation and fermentation [84] as well as the suppression of biofouling in the
dairy and agricultural industries, and, powerfully, algal formation in water bodies (given
the disastrous methane emissions therefrom whilst increasingly in eutrophic states [85]).

Given the low-energy, low-maintenance nature of this novel nanophase-generation
approach [64,81], off-grid deployment via solar panels and batteries is an exciting and
versatile “green-engineering” possibility for environmental sustainability (e.g., water-body
management) (cf. Figure 2).
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NB sparger
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Figure 2. Concept of a submersible, lightweight, solid-state nanobubble generator (with no moving
parts and low in maintenance) in the benthic-sludge region, using off-Grid power as per the floating-
photovoltaics paradigm. Aside from favourable NB penetration to soften the benthic sludge and the
associated biofilm suppression, the “nano-oxygenation” reduces the scope for eutrophication in the
water body [85], which is important for mitigating methane emissions globally, in addition, naturally,
to the suppression of algal blooms. A feedback-control loop can be employed for electric-field intensity
variation in NB-generation and also regulation of bubble-release kinetics in a depth-calibrated
way (e.g., by an on/off relay switch, sensitive to straightforwardly-monitored chlorophyll, and/or
dissolved-oxygen measurements in the waterway). Naturally, multiple-input/output, Internet
control via wireless connection may also be employed at higher cost (considering Internet-signal and
bandwidth for data transfer). Image credit: altered from one supplied by M.R. Ghaani.

6. A Wastewater and Ecosystem-Management Pathway

As mentioned earlier, NBs have attracted significant attention in the last decade or
two [3] due to their long-time (meta)stability and high potential for real-world applications.
Amongst these applications, NBs can be applied towards nanoscopic cleaning [4,86,87]
and water-field effects [88]. Turning to water and irrigation in agriculture and land-based
ecosystems, as explained earlier, the phasing-out of agricultural pesticides in the present
and near future [72] affords particular opportunities for ozone NBs in that they can act as a
potent pesticide and simply degrade to oxygen in a slower fashion. This glimpse of aqueous-
solvent design—NB-facilitated ‘re-thinking’, as it were—offers a vision for sustainability in
our management of ecosystems and environmental protection and remediation.

The lack of effective “enhanced-water” irrigation in arid regions is a major societal,
agricultural and land-/water-management problem affecting food production, particularly
in large, drought-laden tracts of the world, which is especially challenging in developing
countries. Although it is not the purpose of this perspective to describe the wider problems
of lack of potable water for mankind and the wider ecosystem and environment—or
shortages of water at least clean enough for crop-irrigation purposes—it suffices to state
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that this is one of the grand challenges of the 21st century [89], as acknowledged by UN
Sustainable-Development Goal 6—"clean water and sanitation for all”. Around a quarter of
the world’s population is affected by water’s physical scarcity, whilst a similar proportion
face impending scarcity or economic shortage. Although there is enough freshwater
for perhaps up to ten billion people by late-21st century population estimates [90], it is
distributed very unevenly and much of it is polluted heavily, wasted, or managed in a poor
and unsustainable way.

Therefore, improvements in the effectiveness and productivity of ‘enhanced-water’/irrigation
technology is key, and is at the core of addressing multiple UN Sustainable-Development
Goals across food and water themes. Any such improvements in irrigation efficiency would
need to encompass both traditional channel-through-soil delivery as well as more modern
drip-feed and spray modes, which have become very popular in the Americas and Israel
as well as in Southern Europe, Australia, Japan, and China. This will support glasshouse
cultivation of protected crops.

Naturally, more such productive, higher-yielding irrigation water (or methods) would
have a parallel benefit in boosting the growth of grass in arid regions, minimising (in-
deed, reversing) creeping desertification, thus assisting in overcoming a pressing and
urgent land-management challenge in much of the world. In tandem with hydrogen
management [91], this calls for the commercialisation [92] of more scalable, low-energy,
additive-free nanobubble generation methods [64,81].

7. Case Study of Wastewater-Treatment

As a more detailed example of how NBs may be used to boost the performance and
economics of wastewater treatment (WWT), let us consider the retro-fitting of a tank,
in isolation mode, with NB-generation modules presenting an attractive proposition in
terms of maintaining high DO levels (at the ~3 mg/L level beloved of activated-sludge
bacteria) [6] with the NBs contributing to maintaining this level of DO (see Figure 3), where
a retro-fit schematic is detailed below for such an arrangement:

Nanobubbles

Coarse /Micro
bubbles

—

From blower

0050 000se 0000 0000 00000 00000 000e 00500 9060e
A S S S G S S S S—

Power

supply

tity

NB Generator » | NB Generator ‘o NB Generator

Figure 3. Retro-fit of the water-aeration tank with an existing bank of air diffusers. Image credit:
M.R. Ghaani.

Using similar activated-sludge WWT economic-valuation approaches as in [6], it is pos-
sible to carry out a net-present-value (NPV) analysis of conventional aeration approaches
with blowers (typically at 50% of nominal capacity and 25 Hz) and take into account how
NBs, and especially ultra-dense ones [64,81], can increase both the oxygen-transfer rate and
the aeration efficiency [6,64,81]. Figure 4 depicts a NPV-based cost comparison between
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NB and existing aeration as a function of how clean the water is to be. It is clear that this
does not scale linearly with the level of cleanliness for established aeration, and that NB
approaches are far more energy-effective and essentially linear-scaling with the level of
cleanliness required.
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Figure 4. The total cost (rolled-up CAP- and OP-EX) of wastewater treatment as a NPV, which
depends on the technological aspects as well as the water quality to which the water is treated.
Treatment costs increase exponentially with improved water quality, with respect to established
aeration approaches. Black curve: Cost of wastewater treatment for increased output. Low: BOD
>60 mg/L; Medium: BOD 20-60 mg/L, TSS 30-90 mg/L; High: MBTP, BOD, and TSS levels of 20
and 30 mg/L, respectively. Red curve: Refers to the cost estimation of innovative ultra-dense NB
technology, [64,81], which provides an essentially linear scale vis-a-vis treatment level. Image credit:
M.R. Ghaani.

8. Agricultural Progress and Visions

In recent years, various studies have outlined the effects of micro- and nanobub-
bles in water on promoting the physiological activity of living organisms (e.g., plant
growth [93-95], fish [96,97] and cell cultures [98,99]), albeit without providing a mecha-
nistic detail on how NBs promote these effects. One reasonably plausible theory, in the
case of spinach, hinges on NBs’ putative promotion of reactive oxygen species, with a
promotional effect by exogenous -OH radicals [95]; however, in the case of carrots, the
NB-promoted -OH-radical concentration was in excess of a toxic threshold [95], resulting
in no enhancement in carrot yields (and quite the opposite).

In any event, in terms of a useful working hypothesis, [95] pointed to the indication
that it is actually oxygen-NB transport into (plant/crop) cells, and localised intra-cell NB
concentration effects may either promote, or not, seed/plant germination and growth. An
unreported aspect of the literature on NB-enhanced physiological processes is the important
matter of NBs being sufficiently small to allow for their facile transport across plant—cell
boundaries, with NB diameters typically needing to be below about 150 nm for this to be
routinely possible. Clearly, the overall de facto dissolved-oxygen (DO) concentration is im-
portant, with general observations that plants favour DO levels of circa 12-14 mg/L [33,34],
whilst the Henry’s-Law DO level is about 8.5 mg/L for air at ambient pressure, although
most irrigation water routinely has DO levels of only 4-6 mg/L.

Motivated by the positive role that NBs have to play in agriculture and food sectors,
we have applied such “nano-bubbly” deionized (DI) water, supplied from an Aqua-B
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NB generator from both O, and ambient air (of average diameter of ~95 and 90 nm and
populations of ~6 and 4 x 10® per mL, respectively) to “proof-of-concept” seed-germination
studies. Here, we put 5-6 watercress seeds each in 24-slot tray (cf. Figure 5) with roughly
65 mL of peat moss in each slot, and we added ~15 mL of DI water to each slot in one
case (cf. Figure 5, left) and the same volume of water with ~21 and 12 mg/L of total
(conventionally- and nano-)dissolved oxygen, respectively, and over-saturated in the latter
case by O, in the form of nanobubbles “drawn in” from air by electrostriction [64,81].

Figure 5. Typical top view after seven days of watercress germination with deionized water. (Left)
Conventional DI water. (Right) With NBs drawn in from air.

After seven days, there was ~35 and 21% enhanced seed germination growth for O,
and air “nano-bubbly” water, respectively, vis-a-vis DI, averaged over 24 cases for each
scenario, in terms of mass of shoots; to a much lesser extent, the number of shoots was en-
hanced (just by ~7 and 5%, respectively). One-tailed Student’s t-tests gave 90%-confidence
Hj rejection on a shoot-mass basis for O NBs (at circa 93%), and almost for air NBs (89%).
Although promising, further tests are needed to establish prima facie evidence of clear-cut
seed-germination promotion for more plants and leafy greens afforded by air NBs on
larger-scale field trials. Clearly, different crops will benefit to a greater or lesser extent from
root-delivered NB aeration at various distinct stages of their developmental cycles, which
is already well understood in classical “smart-irrigation” systems [92].

With this tentatively-suggested effect of enhanced physiological effects for root-
delivered seed germination afforded by the action of NBs drawn simply from the air
(as opposed to pure/near-pure, higher-pressure O, e.g., from cylinders or oxygen concen-
trators) sufficiently small to penetrate through the cell-wall matrix, there is much scope
to revolutionise agriculture, especially using off-grid NB generation from solar panels.
Once again, reprising the role of NBs as delivery agents in medicine [100], the prospect of
leveraging NBs, whether of air, Oy, or CO;, as templates upon which select nutrients or
agents can be delivered phytogenitically (e.g., via roots or stomatally) [100] in a targeted
way using precision-irrigation and smart-agriculture methods (such as satellite and/or
plant-feedback responses) [92], constitutes an intoxicating vision by which to transform
the delivery effectiveness of nutrients. Furthermore, slow release of these agents in vivo
by virtue of strong adsorption to the NB surfaces, coupled with saving both water and
growth-agent usage, allows for ‘smart’ liquidity to indeed be re-imagined. Again, as in the
off-grid visions of Figure 2, the deployment of satellite and/or wireless Internet “intelli-
gence’ allows for trivial feedback (or even feedforward) control loops, and to be deployed,
whether low- or “high”-tech (e.g., simple “off-line” local feedback control by on/off relay
switches, or feedforward control via advanced neuromorphic-aware software algorithms
delivered via the Internet).
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In any event, aside from straightforward engineering-control-loop approaches per se,
the cultivation of industrially- and environmentally-useful algae by CO, NBs, together
with their enhancement of tree and grassland growth serves, in tandem, to cut carbon
emissions to the atmosphere as well as preserving ecosystems. Not only will NBs transform
agri- and aqua-culture, inter alia, but also (grass-)land and water management.

9. Environmental and Sustainability Outlook

Up until now, NBs have been little used in practical applications due to the high
energy cost of traditional “forced-convection” approaches in their generation, the inevitable
bio-fouling of associated membranes, and their (and the mother-solvent’s) impurity-laden
nature [3,92]. However, given the electrostriction approach to the generation of the nano-
phase [64,81], the real competitor to this new approach is the status quo (ante) of conventional
bubbling, whether coarse or fine. In any event, in terms of commercialisation outlook, a
key driver for market adoption of NB-generation technology lies in retro-fitting existing
systems (e.g., in adjusting air-delivery diffusers (already de facto small-bubble generators)
in wastewater-treatment (WWT) and recirculation-aeration systems (RAS)), allowing for
more facile generation of NBs by DC electric fields [64,81]. A quantitative assessment of
various key metrics of NB effectiveness is also warranted for investigation, with just a few
of the more prominent ones listed in Table 1 (with “nano-aeration” in mind, but in general
towards other gases). This will allow for the most appropriate and scalable NB-generation
approaches to be leveraged towards the environmental end applications.

Table 1. Several obvious competitive performance metrics for assessing NB generation.

Competitive Performance Indicator Value
Bubble lifetime: exponential-decay half-life Minutes to months, depending on gas/solvent type
Energy cost of Aqua-B NB generators kW /kg O, transferred/h
Aeration efficiency (AE) kg O,/kWh
“Bubbles per buck”—energy cost per kg gas in NBs W/mg/L

The adoption of high-level policy drivers and associated government financing for
the environment such as sustainability in climate-, food-, and water-resourcing (e.g., with
the EU’s venerable “Green Deal” and “Farm-to-Fork” initiatives and the World Bank Envi-
ronment Strategy) shaped, motivated, and informed by the UN Sustainable-Development
Goals, is changing the economic calculus of rendering “public-good” valuation more ef-
ficiently, allowing greater scope for “environmental industrialism” [92]. Combining NB
generation with drip-feed irrigation [92], especially for in-line pipe-based models using
electrostriction [64,81] supplied simply by atmospheric air and off-grid solar energy (cf.
Figure 2), will be a disruptive innovation that will boost aeration for in-field crop growth
(cf. Figure 3), and progress here can be leveraged and delivered rapidly to WWT (mu-
nicipal, agricultural, and industrial) and RAS in aquaculture, together with water-body
management and nano-aeration as well as grassland and forest cultivation in ecosystem
management. This will usher in a new era in NB-facilitated environmental engineering and
sustainability.

10. Conclusions

This review and perspective has argued that technical and commercial mastery of
nanobubble generation, combined with vision and panache in “green-thinking”, serves as a
potent tool and force for good in the re-purposing of water and aqueous solvents for a more
sustainable world, in keeping with Man’s wider sustainable and moral responsibilities to
nature and the Earth, as reflected in the current governments’ “green-policy” agendas and
regulatory and public-economics drivers.

Turning to specific and key benefits flowing from this environmental-applications
vision, one must reflect on the key and tantalizing possibility of the nano-phase, and more
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specifically ultra-dense NBs, serving as delivery agents [100], or “nano-carriers”, enabling
us to deliver this green vision (pardon the pun!). Here, nano-carriers are universally
considered as a new frontier for therapeutic delivery of various types of bioactive molecules,
assuming them to be the archetype of specific, effective, and safe therapy, which is especially
exciting in the plant kingdom. Acoustically-driven bubbles continue to find new therapeutic
uses including drug delivery to tumours, opening the blood—-brain barrier, and direct
fractionation of tissues for surgical applications as well as the exciting prospect of controlled
delivery inside plants (for delivery either through roots or stomatally [101]). Creating
acoustic cavitation at length scales and pressure amplitudes compatible with animal, grass,
tree, fish or plant biology remain a major challenge, which could be greatly facilitated by
a new generation of nano-scale cavitation nuclei that stretch our current understanding
of nanobubble stability, acoustic microstreaming, and the interaction between cavitating
bubbles and biological media [101].

In the literature on the application of nanobubbles as carriers to enhance stability
under ultrasound exposure, an extra layer has been added over the gas core. As a result,
two main types of nanobubble components are present with different physico-chemical
characteristics, namely for the inner core and for the outer shell. The shell mainly comprises
surfactants, polymers, or proteins, while the core air contains sulphur hexafluoride and
perfluorocarbons. Safe, biocompatible, biodegradable, and regulatory admitted substances
should be selected for the system formulation. It has been hypothesised that remnant shells
shed into the surrounding aqueous medium, folding into liposomes or micelles [100,101],
and similar ideas have been expressed for plants [100]. Therefore, a specific benefit of ultra-
dense NBs lies in the exciting vision of NBs as targeted nano-carriers and release agents.

Nanobubbles can be loaded with gases, small molecules, and macromolecules, ei-
ther hydrophilic or lipophilic. Different technological approaches have been proposed to
associate molecules within the bubble structures, exploiting design strategies previously
tuned for micro-bubbles. Three loading types are generally possible. Drugs might be
encapsulated within the core, or they might be incorporated within or just beneath the
nanobubble shell. In addition, encapsulation of the drug or delivery agent in a nanoparticle
subsequently attached to the bubble surface is another approach to loading for release
inside the fish, plant, grass, tree or animal as a health-delivering /enhancing and specific
beneficial treatment [100,102].

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Upon reasonable request to the author.

Acknowledgments: NE thanks M.R. Ghaani and Aqua-B (http://www.aqua-bubble.com, accessed
on 8 March 2022) for discussions with respect to industrialising nanobubbles and related policy
drivers, as well as usage of Aqua-B’s NB generators.

Conflicts of Interest: The author declares no conflict of interest.

1. Seddon, J.R.T,; Lohse, D.; Ducker, W.A.; Craig, V.S.]. A deliberation on nanobubbles at surfaces and in bulk. ChemPhysChem 2012,
13,2179-2187. [CrossRef] [PubMed]
2. Lohse, D.; Zhang, X. Surface nanobubbles and nanodroplets. Rev. Mod. Phys. 2015, 87, 981. [CrossRef]

W

Alheshibri, M.; Qian, J.; Jehannin, M.; Craig, V.S.J. A history of nanobubbles. Langmuir 2016, 32, 11086-11100. [CrossRef]

4. Zhu, J.; An, H.; Alheshibri, M,; Liu, L.; Terpstra, PM.; Liu, G.; Craig, V.S. Cleaning with bulk nanobubbles. Langmuir 2016, 32,

11203-11211. [CrossRef]

5. Wang, Y,; Bhushan, B. Boundary slip and nanobubble study in micro/nanofluidics using atomic force microscopy. Soft Matter

2010, 6, 29-66. [CrossRef]

6. Agarwal, A.; Ng, W].; Liu, Y. Principle and applications of microbubble and nanobubble technology for water treatment.
Chemosphere 2011, 84, 1175-1180. [CrossRef]


http://www.aqua-bubble.com
http://doi.org/10.1002/cphc.201100900
http://www.ncbi.nlm.nih.gov/pubmed/22378608
http://doi.org/10.1103/RevModPhys.87.981
http://doi.org/10.1021/acs.langmuir.6b02489
http://doi.org/10.1021/acs.langmuir.6b01004
http://doi.org/10.1039/B917017K
http://doi.org/10.1016/j.chemosphere.2011.05.054

Environments 2022, 9, 33 12 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Mishchuk, N.; Ralston, J.; Fornasiero, D. Influence of very small bubbles on particle /bubble heterocoagulation. J. Colloid Interface
Sci. 2006, 301, 168-175. [CrossRef]

Modi, K.K;; Jana, A.; Ghosh, S.; Watson, R.; Pahan, K. A physically-modified saline suppresses neuronal apoptosis, attenuates tau
phosphorylation and protects memory in an animal model of Alzheimer’s disease. PLoS ONE 2014, 9, e103606. [CrossRef]
Khaled Abdella Ahmed, A.; Sun, C.; Hua, L.; Zhang, Z.; Zhang, Y.; Marhaba, T.; Zhang, W. Colloidal Properties of Air, Oxygen,
and Nitrogen Nanobubbles in Water: Effects of Ionic Strength, Natural Organic Matters, and Surfactants. Environ. Eng. Sci. 2018,
35,720-727. [CrossRef]

Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of Pluripotent Stem Cells
from Adult Human Fibroblasts by Defined Factors. Cell 2007, 131, 861-872. [CrossRef]

Liu, S.; Kawagoe, Y.; Makino, Y.; Oshita, S. Effects of Nanobubbles on the Physicochemical Properties of Water: The Basis for
Peculiar Properties of Water Containing Nanobubbles. Chem. Eng. Sci. 2013, 93, 250-256. [CrossRef]

Demangeat, J.-L. Nanobulles et Superstructures Nanométriques Dans Les Hautes Dilutions Homéopathiques: Le Réle Crucial de
La Dynamisation et Hypothese de Transfert de L'information. Rev. d’Homéopathie 2015, 6, 125-139. [CrossRef]

Ushikubo, FY.; Furukawa, T.; Nakagawa, R.; Enari, M.; Makino, Y.; Kawagoe, Y.; Shiina, T.; Oshita, S. Evidence of the Existence
and the Stability of Nano-Bubbles in Water. Colloids Surf. A Physicochem. Eng. Asp. 2010, 361, 31-37. [CrossRef]

Fan, M.; Tao, D.; Honaker, R.; Luo, Z. Nanobubble Generation and Its Applications in Froth Flotation (Part IV): Mechanical Cells
and Specially Designed Column Flotation of Coal. Min. Sci. Technol. 2010, 20, 641-671. [CrossRef]

Fan, M,; Tao, D.; Honaker, R.; Luo, Z. Nanobubble Generation and Its Applications in Froth Flotation (Part III): Specially Designed
Laboratory Scale Column Flotation of Phosphate. Min. Sci. Technol. 2010, 20, 317-338. [CrossRef]

Sobhy, A.; Tao, D. Nanobubble Column Flotation of Fine Coal Particles and Associated Fundamentals. Int. ]. Miner. Process. 2013,
124, 109-116. [CrossRef]

Fan, M.; Tao, D.; Honaker, R.; Luo, Z. Nanobubble Generation and Its Applications in Froth Flotation (Part II): Fundamental
Study and Theoretical Analysis. Min. Sci. Technol. 2010, 20, 159-177. [CrossRef]

Fan, M.; Tao, D.; Honaker, R.; Luo, Z. Nanobubble Generation and Its Application in Froth Flotation (Part I): Nanobubble
Generation and Its Effects on Properties of Microbubble and Millimeter Scale Bubble Solutions. Min. Sci. Technol. 2010, 20, 1-19.
[CrossRef]

Fan, M.; Zhao, Y.; Tao, D. Fundamental Studies of Nanobubble Generation and Applications in Flotation. In Separation Technologies
for Minerals, Coal, and Earth Resources; Society for Mining, Metallurgy, and Exploration: Englewood, CO, USA, 2012; pp. 457-469.
Zimmerman, W.B.; Tesaf, V.; Bandulasena, H.C.H. Towards Energy Efficient Nanobubble Generation with Fluidic Oscillation.
Curr. Opin. Colloid Interface Sci. 2011, 16, 350-356. [CrossRef]

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. 2017, 246, 40-51. [CrossRef]

Wu, J.; Zhang, K.; Cen, C.; Wu, X.; Mao, R.; Zheng, Y. Role of bulk nanobubbles in removing organic pollutants in wastewater
treatment. AMB Express 2021, 11, 96. [CrossRef] [PubMed]

Hu, L.; Xia, Z. Application of Ozone Micro-Nano-Bubbles to Groundwater Remediation. J. Hazard. Mater. 2018, 342, 446-453.
[CrossRef] [PubMed]

Neumann, O.; Urban, A.S.; Day, J.; Lal, S.; Nordlander, P.; Halas, N.J. Solar Vapor Generation Enabled by Nanoparticles. ACS
Nano 2013, 7, 42-49. [CrossRef] [PubMed]

Imaizumi, K.; Tinwongger, S.; Kondo, H.; Hirono, I. Disinfection of an EMS/AHPND Strain of Vibrio Parahaemolyticus Using
Ozone Nanobubbles. J. Fish Dis. 2018, 41, 725-727. [CrossRef] [PubMed]

Yu, D.; Liu, B.; Wang, B. The Effect of Ultrasonic Waves on the Nucleation of Pure Water and Degassed Water. Ultrason. Sonochem.
2012, 19, 459-463. [CrossRef]

Hitchcock, K.E.; Caudell, D.N.; Sutton, ].T.; Klegerman, M.E.; Vela, D.; Pyne-Geithman, G.J.; Abruzzo, T.; Cyr, PE.P; Geng, Y.-].;
McPherson, D.D.; et al. Ultrasound-Enhanced Delivery of Targeted Echogenic Liposomes in a Novel Ex Vivo Mouse Aorta Model.
J. Control. Release 2010, 144, 288-295. [CrossRef]

Schenk, H.J.; Steppe, K.; Jansen, S. Nanobubbles: A New Paradigm for Air-Seeding in Xylem. Trends Plant Sci. 2015, 20, 199-205.
[CrossRef]

Hashim, M.A.; Mukhopadhyay, S.; Gupta, B.S.; Sahu, J.N. Application of Colloidal Gas Aphrons for Pollution Remediation. J.
Chem. Technol. Biotechnol. 2012, 87, 305-324. [CrossRef]

Li, H.; Hu, L.; Song, D.; Al-Tabbaa, A. Subsurface Transport Behaviour of Micro-Nano Bubbles and Potential Applications for
Groundwater Remediation. Int. |. Environ. Res. Public Health 2013, 11, 473-486. [CrossRef]

Shen, X.; Zhao, L.; Ding, Y.; Liu, B.; Zeng, H.; Zhong, L.; Li, X. Foam, a Promising Vehicle to Deliver Nanoparticles for Vadose
Zone Remediation. J. Hazard. Mater. 2011, 186, 1773-1780. [CrossRef]

Sayadi, L.R.; Banyard, D.A.; Ziegler, M.E.; Obagi, Z.; Prussak, J.; Klopfer, M.].; Evans, G.R.; Widgerow, A.D. Topical Oxygen
Therapy by Micro/nanobubbles: A New Modality for Tissue Oxygen Delivery. Int. Wound J. 2018, 15, 363-374. [CrossRef]
[PubMed]

Argenziano, M.; Banche, G.; Luganini, A.; Finesso, N.; Allizond, V.; Gulino, G.R.; Khadjavi, A.; Spagnolo, R.; Tullio, V.; Giribaldi,
G.; et al. Vancomycin-Loaded Nanobubbles: A New Platform for Controlled Antibiotic Delivery against Methicillin-Resistant
Staphylococcus Aureus Infections. Int. J. Pharm. 2017, 523, 176-188. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jcis.2006.04.071
http://doi.org/10.1371/journal.pone.0103606
http://doi.org/10.1089/ees.2017.0377
http://doi.org/10.1016/j.cell.2007.11.019
http://doi.org/10.1016/j.ces.2013.02.004
http://doi.org/10.1016/j.revhom.2015.10.002
http://doi.org/10.1016/j.colsurfa.2010.03.005
http://doi.org/10.1016/S1674-5264(09)60259-3
http://doi.org/10.1016/S1674-5264(09)60205-2
http://doi.org/10.1016/j.minpro.2013.04.016
http://doi.org/10.1016/S1674-5264(09)60179-4
http://doi.org/10.1016/S1674-5264(09)60154-X
http://doi.org/10.1016/j.cocis.2011.01.010
http://doi.org/10.1016/j.cis.2017.06.011
http://doi.org/10.1186/s13568-021-01254-0
http://www.ncbi.nlm.nih.gov/pubmed/34184137
http://doi.org/10.1016/j.jhazmat.2017.08.030
http://www.ncbi.nlm.nih.gov/pubmed/28863369
http://doi.org/10.1021/nn304948h
http://www.ncbi.nlm.nih.gov/pubmed/23157159
http://doi.org/10.1111/jfd.12783
http://www.ncbi.nlm.nih.gov/pubmed/29399827
http://doi.org/10.1016/j.ultsonch.2011.08.005
http://doi.org/10.1016/j.jconrel.2010.02.030
http://doi.org/10.1016/j.tplants.2015.01.008
http://doi.org/10.1002/jctb.3691
http://doi.org/10.3390/ijerph110100473
http://doi.org/10.1016/j.jhazmat.2010.12.071
http://doi.org/10.1111/iwj.12873
http://www.ncbi.nlm.nih.gov/pubmed/29314626
http://doi.org/10.1016/j.ijpharm.2017.03.033
http://www.ncbi.nlm.nih.gov/pubmed/28330735

Environments 2022, 9, 33 13 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.
48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Nedélka, J.; Nedélka, T. 17th International Congress of the International Society for Medical Schockwave Treatment 27-29 Cervna
2014, Milan. Bolest 2014, 17, 166-168.

Tsuge, H. Micro- and Nanobubbles: Fundamentals and Applications; CRC Press: Boca Raton, FL, USA, 2014.

Sette, D.; Wanderlingh, F. Nucleation by Cosmic Rays in Ultrasonic Cavitation. Phys. Rev. 1962, 125, 409-417. [CrossRef]
Bunkin, N.F; Shkirin, A.V,; Suyazov, N.V.; Babenko, V.A,; Sychev, A.A.; Penkov, N.V,; Belosludtsev, K.N.; Gudkov, S.V. Formation
and Dynamics of Ion-Stabilised Gas Nanobubble Phase in the Bulk of Aqueous NaCl Solutions. J. Phys. Chem. B 2016, 120,
1291-1303. [CrossRef]

Svetovoy, V.B.; Sanders, R.G.P.; Elwenspoek, M.C. Transient Nanobubbles in Short-Time Electrolysis. J. Phys. Condens. Matter
2013, 25, 184002. [CrossRef]

Tanaka, Y.; Saitoh, Y.; Miwa, N. Electrolytically Generated Hydrogen Warm Water Cleanses the Keratin-Plug-Clogged Hair-Pores
and Promotes the Capillary Blood-Streams, More Markedly than Normal Warm Water Does. Med. Gas Res. 2018, 8, 12-18.
Ljunggren, S.; Eriksson, J.C. The Lifetime of a Colloid-Sized Gas Bubble in Water and the Cause of the Hydrophobic Attraction.
Colloids Surf. A Physicochem. Eng. Asp. 1997, 129, 151-155. [CrossRef]

Usanov, A.D.; Ulyanov, S.S.; Ilyukhina, N.S.; Usanov, D.A. Monitoring of Changes in Cluster Structures in Water under AC
Magnetic Field. Opt. Spectrosc. 2016, 120, 82-85. [CrossRef]

Bunkin, N.E,; Ninham, B.W.; Ignatiev, P.S.; Kozlov, V.A ; Shkirin, A.V.; Starosvetskij, A.V. Long-Living Nanobubbles of Dissolved
Gas in Aqueous Solutions of Salts and Erythrocyte Suspensions. J. Biophotonics 2011, 4, 150-164. [CrossRef]

Yasui, K.; Tuziuti, T.; Kanematsu, W. Mysteries of Bulk Nanobubbles (Ultrafine Bubbles); Stability and Radical Formation.
Ultrason. Sonochem. 2018, 48, 259-266. [CrossRef] [PubMed]

Wang, S.; Liu, M.; Dong, Y. Understanding the Stability of Surface Nanobubbles. J. Phys. Condens. Matter 2013, 25, 184007.
[CrossRef] [PubMed]

Weijs, ].H.; Lohse, D. Why Surface Nanobubbles Live for Hours. Phys. Rev. Lett. 2013, 110, 54501. [CrossRef] [PubMed]

Weijs, J.H.; Seddon, ].R.T.; Lohse, D. Diffusive Shielding Stabilises Bulk Nanobubble Clusters. ChemPhysChem 2012, 13, 2197-2204.
[CrossRef]

Epstein, P.S.; Plesset, M.S. On the stability of gas bubbles in liquid-gas solutions. . Chem. Phys. 1950, 18, 1505-1509. [CrossRef]
Tan, B.H.; An, H.; Ohl, C.-D. Stability of surface and bulk nanobubbles. Curr. Opin. Colloid Interface Sci. 2021, 53, 101428.
[CrossRef]

Jadhav, A.].; Barigou, M. Bulk nanobubbles or not nanobubbles: That is the question. Langmuir 2020, 36, 1699-1708. [CrossRef]
Alheshibri, M.; Craig, V.S. Armoured nanobubbles; ultrasound contrast agents under pressure. J. Colloid Interface Sci. 2019, 537,
123-131. [CrossRef]

Zhu, Z.; Sun, D.-W.; Zhang, Z.; Li, Y.; Cheng, L. Effects of Micro-Nano Bubbles on the Nucleation and Crystal Growth of Sucrose
and Maltodextrin Solutions during Ultrasound-Assisted Freezing Process. LWT 2018, 92, 404—411. [CrossRef]

Sato, K. Recent Patents on Micro- and Nano-Bubble Applications and Potential Application of a Swirl-Type Generator. Recent
Patents Mech. Eng. 2011, 4, 202-211. [CrossRef]

Peng, FF,; Yu, X. Pico-Nano Bubble Column Flotation Using Static Mixer-Venturi Tube for Pittsburgh No. 8 Coal Seam. Int. ]. Min.
Sci. Technol. 2015, 25, 347-354. [CrossRef]

Yasuda, K; Saiki, Y.; Kubo, T.; Kuwabara, M.; Yang, J. Influence of High-Power Ultrasonic Irradiation on Primary Nucleation
Process during Solidification. Jpn. J. Appl. Phys. 2007, 46, 4939-4944. [CrossRef]

Fales, A.M.; Vogt, W.C.; Wear, K.A ; Pfefer, J.; Ilev, LK. Size-Dependent Thresholds for Melting and Nanobubble Generation Using
Pulsed-Laser Irradiated Gold Nanoparticles. In Progress in Biomedical Optics and Imaging—Proceedings of SPIE; SPIE: San Francisco,
CA, USA, 2018; p. 105090C.

Znak, Z.0.; Sukhatskiy, Y.V.; Zin, O.L; Khomyak, S.V.; Mnykh, R.V.; Lysenko, A.V. The Decomposition of the Benzene in Cavitation
Fields. Vopr. Khimii Khimicheskoi Tekhnologii 2018, 1, 72-77.

Bu, X.; Alheshibri, M. The effect of ultrasound on bulk and surface nanobubbles: A review of the current status. Ultrason.
Sonochem. 2021, 76, 105629. [CrossRef] [PubMed]

Xiong, Y.; Peng, F. Optimisation of Cavitation Venturi Tube Design for Pico and Nano Bubbles Generation. Int. J. Min. Sci. Technol.
2015, 25, 523-529. [CrossRef]

Deng, C.; Yang, L.; Chen, H.; Yang, M.; Zhu, Y. Progresses in Research and Application of Micro-Nano Bubble Generating Device.
Shiyou Huagong/Petrochem. Technol. 2014, 43, 1206-1213.

German, S.R.; Luo, L.; White, H.S.; Mega, T.L. Controlling Nanobubble And Nanoparticle Dynamics In Conical Nanopores. J.
Phys. Chem. C 2013, 117, 703-711. [CrossRef]

Reale, R.; English, N.J.; Marracino, P; Liberti, M.; Apollonio, F. Dipolar response and hydrogen-bond kinetics in liquid water in
square-wave time-varying electric fields. Molec. Phys. 2014, 112, 1870-1878. [CrossRef]

Futera, Z.; English, N.]J. Electric-Field Effects on Adsorbed-Water Structural and Dynamical Properties at Rutile- and Anatase-TiO,
Surfaces. J. Phys. Chem. C 2016, 120, 19603-19612. [CrossRef]

Futera, Z.; English, N.J. Communication: Influence of external static and alternating electric fields on water from long-time
non-equilibrium ab initio molecular dynamics. J. Chem. Phys. 2017, 147, 031102. [CrossRef]

Ghaani, M.R.; Kusalik, P.G.; English, N.J. Massive Generation of Metastable Bulk Nano-bubbles in Water by External Electric
Fields. Sci. Adv. 2020, 6, eaaz0094. [CrossRef] [PubMed]


http://doi.org/10.1103/PhysRev.125.409
http://doi.org/10.1021/acs.jpcb.5b11103
http://doi.org/10.1088/0953-8984/25/18/184002
http://doi.org/10.1016/S0927-7757(97)00033-2
http://doi.org/10.1134/S0030400X16010239
http://doi.org/10.1002/jbio.201000093
http://doi.org/10.1016/j.ultsonch.2018.05.038
http://www.ncbi.nlm.nih.gov/pubmed/30080549
http://doi.org/10.1088/0953-8984/25/18/184007
http://www.ncbi.nlm.nih.gov/pubmed/23598863
http://doi.org/10.1103/PhysRevLett.110.054501
http://www.ncbi.nlm.nih.gov/pubmed/23414022
http://doi.org/10.1002/cphc.201100807
http://doi.org/10.1063/1.1747520
http://doi.org/10.1016/j.cocis.2021.101428
http://doi.org/10.1021/acs.langmuir.9b03532
http://doi.org/10.1016/j.jcis.2018.10.108
http://doi.org/10.1016/j.lwt.2018.02.053
http://doi.org/10.2174/2212797611104030202
http://doi.org/10.1016/j.ijmst.2015.03.004
http://doi.org/10.1143/JJAP.46.4939
http://doi.org/10.1016/j.ultsonch.2021.105629
http://www.ncbi.nlm.nih.gov/pubmed/34147917
http://doi.org/10.1016/j.ijmst.2015.05.002
http://doi.org/10.1021/jp310513v
http://doi.org/10.1080/00268976.2013.867081
http://doi.org/10.1021/acs.jpcc.6b01907
http://doi.org/10.1063/1.4994694
http://doi.org/10.1126/sciadv.aaz0094
http://www.ncbi.nlm.nih.gov/pubmed/32284977

Environments 2022, 9, 33 14 of 15

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Tetsuroh, O.; Koichiro, S. Device for Generating Nanobubbles by Electric Current Supply, PCT ref. WO2014148397A1, 18 March
2013. Available online: https:/ /patents.google.com/patent/WO2014148397A1/en (accessed on 20 January 2022).

Kaneo, C.; Masayoshi, T. Water Containing Oxygen Nano Bubbles and Method for Production Thereof. Ref. WO2005084786A1.
Available online: https:/ /patents.google.com/patent/ WO2005084786A1/en (accessed on 5 March 2004).

Kaneo, C.; Masayoshi, T. Method of Forming Nanobubbles. U.S. Patent Application 10/591,977, 16 August 2007.

Field, B.F. Method and Apparatus for Applying Electrical Charge through A Liquid to Enhance Sanitizing Properties. U.S. Patent
Application 12/639,622, 17 June 2010.

Eklund, E; Alheshibri, M.; Swenson, J. Differentiating bulk nanobubbles from nanodroplets and nanoparticles. Curr. Opin. Colloid
Interface Sci. 2021, 53, 101427. [CrossRef]

Clarke, CJ.; Tu, W.-C.; Levers, O.; Brohl, A.; Hallett, ].P. Green and Sustainable Solvents in Chemical Processes. Chem. Rev. 2018,
118, 747-800. [CrossRef] [PubMed]

Huang, W.; Wu, X,; Qi, J.; Zhu, Q.; Wu, W,; Lu, Y.; Chen, Z. Ionic liquids: Green and tailor-made solvents in drug delivery. Drug
Discov. Today 2020, 25, 901-908. [CrossRef]

European Parliament, Policy Department for External Relations, The Use of Pesticides in Developing Countries and Their Impact
on Health and the Right to Food, Directorate General for External Policies of the European Union, PE 653.622—]January 2021.
Available online: https:/ /www.europarl.europa.eu/RegData/etudes/STUD /2021 /653622 /EXPO_STU(2021)653622_EN.pdf
(accessed on 25 February 2022).

Agrawal, S.; Dev, P; English, N.J.; Thampi, K.R.; MacElroy, ] M.D. A TD-DFT study of the effects of structural variations on the
photochemistry of polyene dyes. Chem. Sci. 2012, 3, 416-424. [CrossRef]

Blomley, M.].; Cooke, J.C.; Unger, E.C.; Monaghan, M.].; Cosgrove, D.O. Microbubble contrast agents: A new era in ultrasound.
BM]J 2001, 322, 1222-1225. [CrossRef]

Park, J.-S.; Kurata, K. Application of microbubbles to hydroponics solution promotes lettuce growth. HortTechnology 2009, 19,
212-215. [CrossRef]

Jauregi, P.; Varley, ]. Colloidal gas aphrons: Potential applications in biotechnology. Trends Biotechnol. 1999, 17, 389-395. [CrossRef]
Burnham, C.J.; English, N.J. Free-energy calculations of the intercage hopping barriers of hydrogen molecules in clathrate
hydrates. J. Phys. Chem. C 2016, 120, 16561-16567. [CrossRef]

Futera, Z.; English, N.J. Exploring Rutile (110) and Anatase (101) TiO, Water Interfaces by Reactive Force-Field Simulations. J.
Phys. Chem. C 2017, 121, 6701-6711. [CrossRef]

Todorova, N.; Bentvelzen, A.; English, N.J.; Yarovsky, I. Electromagnetic-field effects on structure and dynamics of amyloidogenic
peptides. J. Chem. Phys. 2016, 144, 085101. [CrossRef] [PubMed]

English, N.J.; Clarke, E.T. Molecular dynamics study of CO, hydrate dissociation: Fluctuation-dissipation and non-equilibrium
analysis. J. Chem. Phys. 2013, 139, 094701. [CrossRef]

Ghaani, M.R,; English, N.J. Developments of Cutting-Edge Techniques for Facile Gas/liquid Nano-Bubble/droplet Formation
for Greatly-Enhanced Gas Storage in Liquids for Months (Several-Fold above Equilibrium Solubility), and Facile de-Gassing,
British Patent Office, Oct. 2018. Ref. # 1816766.2019, 8, and Three Ensuing PCT Filings Now at National-Examination Stage
in EU, Japan, USA, Canada, S. Korea, Saudi Arabia, China, Australia, New Zealand. These Three PCT Details are as Follows:
(i) A System, Method and Generator for Generating Nanobubbles or Nanodroplets PCT/EP2019/078003 (Oct 2019); (ii) A
System and Method for the Treatment of Biogas and Wastewater PCT/EP/2019/078017 (Oct 2019); (iii) A System, Method and
Generator for Generating Nanobubbles or Nanodroplets at Ambient Conditions PCT/EP2020/061107 (Apr 2020). Available
online: https:/ /patentscope.wipo.int/search/en/detail.jsf?docIld=W02021073780 (accessed on 20 January 2022).

Yang, X.; Nie, J.; Wang, D.; Zhao, Z.; Adachi, M.K.Y.; Shimizu, K.; Lei, Z.; Zhang, Z. Enhanced hydrolysis of waste activated
sludge for methane production via anaerobic digestion under N2-nanobubble water addition. Sci. Total Environ. 2019, 693, 133524.
[CrossRef]

Etchepare, R.; Oliveira, H.; Azevedo, A.; Rubio, J. Separation of emulsified crude oil in saline water by dissolved air flotation with
micro and nanobubbles. Sep. Purif. Technol. 2017, 186, 326-332. [CrossRef]

Sobieszuk, P; Strzyzewska, A.; Ulatowski, K. Investigation of the possibility of culturing aerobic yeast with oxygen nanobubble
addition and evaluation of the results of batch and semi-batch cultures of Saccharomyces cerevisiae. Chem. Eng. Process.-Process
Intensif. 2021, 159, 108247. [CrossRef]

DelSontro, T.; Beaulieu, J.J.; Downing, J.A. Greenhouse gas emissions from lakes and impoundments: Upscaling in the face of
global change. Limnol. Oceanogr. 2018, 3, 64-75. [CrossRef] [PubMed]

Jin, N.; Zhang, F; Cui, Y; Sun, L.; Gao, H.; Pu, Z.; Yang, W. Environment-friendly surface cleaning using micro-nano bubbles.
Particuology 2022, 66, 1-9. [CrossRef]

Chen, H.; Mao, H.; Wu, L.; Zhang, J.; Dong, Y.; Wu, Z.; Hu, J. Defouling and cleaning using nanobubbles on stainless steel. J.
Bioadhesion Biofilm Res. 2009, 25, 353-357. [CrossRef]

Reale, R.; English, N.J.; Marracino, P.; Liberti, M.; Apollonio, F. Translational and Rotational Diffusive Motion in Liquid Water in
Square-Wave Time-Varying Electric Fields. Chem. Phys. Lett. 2013, 582, 60-65. [CrossRef]

Human Development Report 2006. In UNDP, 2006, Coping with Water Scarcity. Challenge of the Twenty-First Century; United
Nations Water Office: Geneva, Switzerland, 2007.


https://patents.google.com/patent/WO2014148397A1/en
https://patents.google.com/patent/WO2005084786A1/en
http://doi.org/10.1016/j.cocis.2021.101427
http://doi.org/10.1021/acs.chemrev.7b00571
http://www.ncbi.nlm.nih.gov/pubmed/29300087
http://doi.org/10.1016/j.drudis.2019.09.018
https://www.europarl.europa.eu/RegData/etudes/STUD/2021/653622/EXPO_STU(2021)653622_EN.pdf
http://doi.org/10.1039/C1SC00676B
http://doi.org/10.1136/bmj.322.7296.1222
http://doi.org/10.21273/HORTSCI.19.1.212
http://doi.org/10.1016/S0167-7799(99)01363-3
http://doi.org/10.1021/acs.jpcc.6b06524
http://doi.org/10.1021/acs.jpcc.6b12803
http://doi.org/10.1063/1.4941108
http://www.ncbi.nlm.nih.gov/pubmed/26931725
http://doi.org/10.1063/1.4819269
https://patentscope.wipo.int/search/en/detail.jsf?docId=WO2021073780
http://doi.org/10.1016/j.scitotenv.2019.07.330
http://doi.org/10.1016/j.seppur.2017.06.007
http://doi.org/10.1016/j.cep.2020.108247
http://doi.org/10.1002/lol2.10073
http://www.ncbi.nlm.nih.gov/pubmed/32076654
http://doi.org/10.1016/j.partic.2021.07.008
http://doi.org/10.1080/08927010902807645
http://doi.org/10.1016/j.cplett.2013.07.030

Environments 2022, 9, 33 15 of 15

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

United Nations; Department of Economic and Social Affairs; Population Division. World Population Prospects: The 2015 Revision,
Methodology of the United Nations Population Estimates and Projections; ESA /P /WP.242; UN Population Office: New York, NY,
USA, 2015.

Cao, H.; English, N.J.; MacElroy, ].M.D. Diffusive hydrogen inter-cage migration in hydrogen and hydrogen-tetrahydrofuran
clathrate hydrates. J. Chem. Phys. 2013, 138, 094507. [CrossRef]

Future Markets Technology Report. The Market for Nanobubbles/Ultrafine Bubbles: Applications, Markets and Companies, Jan.
2016. 2021. Available online: https://www.futuremarketsinc.com /nanobubbles-ultrafine-bubbles-applications-markets-and-
companies/ (accessed on 25 February 2022).

Ahmed, A K.A,; Shi, X.; Hua, L.; Manzueta, L.; Qing, W.; Marhaba, T.; Zhang, W. Influences of Air, Oxygen, Nitrogen, and Carbon
Dioxide Nanobubbles on Seed Germination and Plant Growth. J. Agric. Food Chem. 2018, 66, 5117-5124. [CrossRef]

Wang, Y.; Wang, S.; Sun, J.; Dai, H.; Zhang, B.; Xiang, W.; Hu, Z.; Li, P; Yang, J.; Zhang, W. Nanobubbles promote nutrient
utilization and plant growth in rice by upregulating nutrient uptake genes and stimulating growth hormone production. Sci.
Total Environ. 2021, 800, 149627. [CrossRef]

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 2016, 32, 11295-11302. [CrossRef]

Ebina, K.; Shi, K.; Hirao, M.; Hashimoto, J.; Kawato, Y.; Kaneshiro, S.; Morimoto, T.; Koizumi, K.; Yoshikawa, H. Oxygen and air
nanobubble water solution promote the growth of plants, fishes, and mice. PLoS ONE 2013, 8, e65339. [CrossRef]

Ohnari, H.; Ohnari, H.; Nakayama, T.; Nakata, A.; Yamamoto, T. Generating mechanism of microbubble and its physiological
characteristics. Vis. Soc. Jpn. 2003, 23, 105-106. (In Japanese)

Weber, J.; Agblevor, EA. Microbubble fermentation of Trichoderma reesei for cellulase production. Process Biochem. 2005, 40,
669-676. [CrossRef]

Matsuno, H.; Ohta, T.; Shundo, A.; Fukunaga, Y.; Tanaka, K. Simple surface treatment of cell-culture scaffolds with ultrafine
bubble water. Langmuir 2014, 30, 15238-15243. [CrossRef]

Pablo Vega-Vasquez, N.S. Mosier and Joseph Irudayaraj, Nanoscale Drug Delivery Systems: From Medicine to Agriculture. Front.
Bioeng. Biotechnol. 2020, 8, 79. [CrossRef]

Hernandez, C.; Gulati, S.; Fioravanti, G.; Stewart, P.; Exner, A. On the Fate of Mesh-Stabilised Lipid Nanobubbles after Destruction
with Ultrasound. In Proceedings of the 2017 IEEE International Ultrasonics Symposium (IUS), Washington, DC, USA, 6-9
September 2017. [CrossRef]

Cavalli, R.; Soster, M.; Argenziano, M. Nanobubbles: A Promising Efficienft Tool for Therapeutic Delivery. Ther. Deliv. 2016, 7,
117-138. [CrossRef]


http://doi.org/10.1063/1.4793468
https://www.futuremarketsinc.com/nanobubbles-ultrafine-bubbles-applications-markets-and-companies/
https://www.futuremarketsinc.com/nanobubbles-ultrafine-bubbles-applications-markets-and-companies/
http://doi.org/10.1021/acs.jafc.8b00333
http://doi.org/10.1016/j.scitotenv.2021.149627
http://doi.org/10.1021/acs.langmuir.6b01621
http://doi.org/10.1371/journal.pone.0065339
http://doi.org/10.1016/j.procbio.2004.01.047
http://doi.org/10.1021/la5035883
http://doi.org/10.3389/fbioe.2020.00079
http://doi.org/10.1109/ULTSYM.2017.8092853
http://doi.org/10.4155/tde.15.92

	Introduction 
	Microscopic Fundamentals 
	Techniques for Nanobubble Generation 
	Characterization of the Nano-Phase 
	The Context for Nanobubbles in Environmental Sustainability 
	A Wastewater and Ecosystem-Management Pathway 
	Case Study of Wastewater-Treatment 
	Agricultural Progress and Visions 
	Environmental and Sustainability Outlook 
	Conclusions 
	References

