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ABSTRACT

Systems where cold atmospheric plasma interacts with liquid aerosols provide information on unexplored physico-chemical

phenomena and yield multiple advantages. Plasma-activated aerosols show high chemical reactivity within small liquid mi-

crodroplet volumes, making them suitable for various applications and industrial processes. Plasma-aerosol interactions
present complex interdisciplinary challenges that demand detailed investigations of the underlying physical, chemical, and
transport mechanisms. This short review focuses on the key challenges in understanding plasma-aerosol interactions and the
diagnostic hurdles in elucidating the physical and chemical mechanisms governing microdroplet interactions with plasma
discharges. The scalability of plasma-aerosol systems, including high-throughput charged water flows, are analyzed. Some

“niche” applications of plasma-aerosols are identified, especially in decontamination, nitrogen fixation, and agriculture. The

controversies in the field are also introduced and critically discussed. The review concludes with a proposed path and outlook

for the development of plasma-aerosol technology.

1 | Introduction

Aerosols, comprising tiny solid particles or liquid droplets sus-
pended in gas, play significant roles in various environmental,
health, and technological contexts. Examples such as dust,
smoke, mist, and fog illustrate the diversity of aerosols, which
can occur naturally or can be artificially generated. Their study
is essential due to their profound impacts on climate change, air
quality, and human health. Of particular concern is the role that
aerosols play in transmitting infectious diseases [1]. Aerosols,
especially those smaller than 5pum in diameter, can carry
pathogens such as viruses and bacteria, remaining airborne for
extended periods. This characteristic facilitates the spread of
respiratory diseases such as COVID-19, flu, and tuberculosis [2].

On the other hand, artificially generated aerosols are utilized
in various industries, particularly in healthcare. Water aero-
sols, in particular, are used in medical inhalers to deliver
medications directly into the lungs of patients suffering from
respiratory conditions like asthma and chronic obstructive
pulmonary disease [3]. Water aerosols are also integral to dust
suppression systems in mining and construction industries,
enhancing air quality and worker safety by minimizing par-
ticulate matter in the air [4]. Atomization of paint in spray
and aerosols is a key technique for many industrial painting
and coating processes. In agriculture, aerosols are a pivotal
technology that enables efficient delivery of pesticides and
herbicides. By dispersing chemicals as fine mists, farmers can
apply them more accurately, reducing waste and thus the
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environmental impact [5]. However, despite these benefits,
common chemical aerosols are still based on chemical agents
that pose environmental risks, such as water contamination
and adverse effects on beneficial insect populations. Thus,
more sustainable aerosol technologies are needed to balance
efficiency with environmental safety.

Plasma-treated or plasma-activated water (PAW) represents an
innovative alternative to traditional chemical treatments, of-
fering a more environmentally friendly approach. This tech-
nology uses cold atmospheric plasma (CAP), a state of matter
in which energetic electrons exist alongside cooler, less ener-
getic ions and neutral molecules. CAP generates reactive
species like ions, radicals, and excited molecules, which can
initiate chemical reactions at room temperature. Plasma can
be generated by only using air and electrical power inputs.
Plasmas in contact with water can generate reactive species
such as nitrates NO3 ™, nitrites NO,~, hydroxyl radicals «OH,
hydrogen peroxide H,0,, ozone O3, and atomic oxygen O,
and thus constitute a nitrogen fixation technique or an
advanced oxidation technique that may be free of solvent and
long-term residuals and is therefore eco-friendly and sustain-
able. Most of the plasma reactor geometries that have been
considered in the past decade consist essentially of batch
processes where the plasma is generated either above the
surface of the liquid or inside it. These configurations have
demonstrated the potential of cold plasma in agriculture and
medicine [6-8]. Nevertheless, various attempts to achieve
technological transfer have highlighted the limitations in the
scalability of these reactors, especially due to the limit in
species transfer between the plasma phase (where they are
produced) and the liquid phase (where they are stored
or used).

Plasma-activated aerosols (PAAs), often referred to as plasma-
activated mist (PAM) or fog, are a combination of cold plasma
with micrometric aerosol particles (Figure 1). PAAs have the
potential to overcome several limitations of classical batch
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configurations and offer special advantages in terms of con-
trollability, thus providing new perspectives for plasma-liquid
applications. The extremely high surface/volume ratio allows
harvesting of ultrashort-lived reactive species that have a rela-
tively small impact in batch processes due to their short depth
of penetration. In fact, microdroplets can be regarded as micro-
reactors that, through CAP action, can be chemically and
physically tailored for specific effects and be easily delivered to
the desired target. PAAs have also been reported to achieve
extremely high yields of reactive species production [9] and
pollutant degradation.

Plasma-aerosol interactions also show potential in medical ap-
plications. PAW aerosols have been proven to be effective in
deactivating pathogens in aerosols, and surface decontamination,
providing a more environmentally friendly solution to air and
water purification [10-15]. This application is especially relevant
in developing countries, where access to clean water and sani-
tation can be limited. Portable, low-energy plasma devices offer a
practical way to decontaminate contaminated water or air,
reducing the spread of infectious diseases and improving public
health outcomes. Furthermore, PAAs have also been investi-
gated for the removal of particulate matter, NOx, SOx, and
volatile organic compounds (VOCs) from industrial and
household exhaust gases [16-18].

In agriculture, PAAs show great promise in promoting crop
growth while reducing the negative environmental impact
typically associated with chemicals [19]. The use of PAA en-
ables the creation of these reactive species with minimal energy
input, making it an attractive technology for sustainable agri-
culture. Cold plasma has also been more recently investigated
as a new source to generate charged aerosols for applications,
such as rain enhancement [20].

Moreover, CAP can alter the chemical properties of aerosol
surfaces, enabling applications in material synthesis, where
aerosols serve as carriers or reactants in plasma-assisted
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FIGURE 1 | Schematic representation of plasma-aerosol interactions, including the chemistry and transport of reactive oxygen and nitrogen
species.
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processes such as plasma-assisted coating deposition of non-
volatile precursors [21, 22]. The reactive species generated in
the plasma (e.g., ions, radicals, excited molecules) can also
interact with the solid aerosol particles, leading to chemical
reactions. This can be used to modify the surface properties
of particles or to synthesize new nanomaterials [23]. A range of
new fascinating applications, such as the in-flight synthesis of
nanoparticles for direct in situ delivery [24], can be envisaged
thanks to PAA technology.

The number and variety of PAA system configurations are
rapidly growing, but three common aerosol generator systems
are usually adopted:

« Pneumatic: the water flow is fragmented into small droplets
due to the friction with surrounding air. It may require an
additional air flow (e.g., pressurized can, carburettors).

« Piezoelectric: a piezoelectric membrane presenting micro-
metric holes vibrates at high frequency and can produce
fine aerosols (e.g., cosmetic moisturizers).

+ Electrospray: the water flow is fragmented into small
droplets by the effect of an electric field generated between
a needle and a mesh or a ring.

These in turn can be combined with plasma generation
systems, which usually include dielectric barrier discharges,
plasma jets, corona, gliding arc, and transient spark (TS).
The production of the aerosol mist usually takes place before
its treatment by plasma, except for electrospray (ES), in
which the same needle at high voltage can produce, at the
same time and location, both the droplets and the plasma
(e.g., TS discharge [13]). When a sufficiently high voltage is
applied on the capillary (or nozzle) with a liquid flowing
through it, the effective surface tension of the liquid starts to
decrease due to the presence of an electric field, causing
charge separation inside the liquid. This implies that the
volume of the forming droplets decreases. When a critical
voltage is reached, the shape of the droplet changes to con-
ical, referred to as a Taylor cone [25]. Finally, a jet emerges
from the tip of the Taylor cone and breaks into smaller
droplets due to various instabilities [26, 27]. These charged
droplets are then accelerated by the electric field: the ES
phenomenon occurs. The droplets may further explode if
their charge exceeds the Rayleigh limit [28, 29].

Whereas the numerous attractive applications mentioned
above have led to research work, the theoretical and fun-
damental approach to this new category of plasma is lagging,
and many of the underlying mechanisms remain barely
investigated [30]. The generation of plasma in biphasic en-
vironments, where gas and liquid phases coexist, presents
significant diagnostic and modeling difficulties. The behav-
ior of charged aerosol droplets in plasma fields is influenced
by factors such as droplet size, electric field strength, and
plasma parameters [20]. Furthermore, plasma-aerosol in-
teractions can introduce instabilities in plasma discharges,
leading to inefficiencies. For example, aerosol particles can
disrupt the plasma, causing streamer branching or pre-
mature discharge extinction. Understanding the fundamen-
tal mechanisms governing plasma-aerosol interactions is

crucial to optimizing system performance and ensuring
scalability for large-scale applications.

Thus, combining CAP with aerosol technology presents en-
ormous potential for innovations in agriculture, environmental
science, medicine, and industrial pollution control. PAAs offer
efficient, sustainable alternatives to traditional chemical-based
methods, reducing environmental impacts while enhancing
process efficiencies. However, to fully realize the potential of
plasma-aerosol systems, further research is needed to address
the challenges of diagnostics, stability, and scale-up. Since
5 years ago, when a first opinion paper on plasma-aerosols was
published, the number of papers published on the topic has
significantly increased. In this review paper, we address the
new emerging challenges, controversies, and perspectives in the
field. By advancing our understanding of plasma-aerosol in-
teractions, scientists can develop innovative solutions to some
of the most pressing challenges of our time, from pollution and
climate change to public health.

2 | Challenges in Understanding the Formation
and Transport of Plasma-Reactive Species Into
Aerosols

2.1 | Formation of Reactive Oxygen and Nitrogen
Species (RONS) in CAP

The formation of RONS in cold atmospheric air plasmas is
relatively well understood. Nonequilibrium plasmas in atmo-
spheric air produce a complex mixture of gaseous RONS
through numerous electron-driven and radical reactions [31].
Primary radical species such as hydroxyl radicals («OH), atomic
oxygen (O), and atomic nitrogen (N) are formed by the disso-
ciation of air molecules (N,, O,, H,0). These reactive species
then recombine and interact with other radicals and molecules
to form secondary RONS, including ozone (Os3), hydrogen per-
oxide (H,0,), nitrogen monoxide (NO), and nitrogen dioxide
(NO,7) [32, 33].

The exact composition of these plasma-generated RONS is
highly dependent on the specific plasma generation method
used. Factors influencing this composition include the type of
electrical discharge, power input to the plasma, and the gas
composition.

For example, a corona discharge in dry air primarily produces
ozone, whereas a dielectric barrier discharge could yield a
broader range of species like ozone and nitrogen oxides,
depending on the input power. Higher power generally leads
to increased generation of reactive nitrogen species. It was
found that low-power (0.04-0.1 W/cm?) surface dielectric
barrier discharge (SDBD) resulted in O; as the dominant
species, whereas high-power (0.1-0.62 W/cm?) SDBD resulted
in the formation of nitrogen oxides [34]. In spark-like dis-
charges (TS or gliding arc), the generation of nitrogen oxides
dominates [35, 36].

When CAP is in contact with water (bulk or aerosol), the
presence of water vapor significantly impacts the dominant
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RONS produced. Hydroxyl radicals (OH) are produced by
reactions such as [37, 38] the following:

e+ H,0 - e+ OH + H, M

O<1D) + H,0 — OH + OH. (1)

These OH radicals can significantly reduce O; through the
following reactions [39]:

OH+O3 d H02 + 02, (III)

H02 + 03 — OH + 202. (IV)

Furthermore, OH radicals are crucial for the formation of
hydrogen peroxide (H,O,) in the gas, for example, by the
reaction (V) [40]:

OH +OH + M —= H,0, + M. %)

The OH radical is also responsible for forming HNO, and HNO;
through the reactions [33, 41]:

NO + OH + M (= O,0r N,) - HNO, + M, (VD)

NO, + OH + M — HNO; + M. (VID)

These reactions are also important in humid air without aero-
sols. However, the water content in humidified air is limited by
the absolute partial water pressure at a given temperature, and
in CAP, the gas temperature remains close to ambient tem-
perature. In the case of plasma in contact with aerosols, the
amount of water molecules in the gas phase can significantly
increase under certain conditions.

In a TS discharge, the overall gas temperature remains close to
ambient temperature, but TS generates thin spark plasma
channels where the gas temperature temporarily increases
above 2000K [42]. In this confined hot gas region, a much
higher absolute water vapor pressure can be obtained compared
to the room temperature. This can explain the observed twofold
increase of the relative Ha line intensity in the optical emission
spectra of TS with ES microdroplets compared to the spectra of
TS in humidified synthetic air [43]. The presence of the Ha line
is mainly attributed to the impact of electrons on H,O mole-
cules [44]. Therefore, the increased Ha line intensity suggests
that more H,0 molecules are dissociated into highly reactive H
and OH radicals in TS with ES water microdroplets compared
to TS in humidified gases.

The composition of the plasma gas influences the formation of
aqueous RONS not only directly, by changing concentrations of
gaseous RONS, but also indirectly. Different plasma gases lead
to varying concentrations of dissolved gaseous species in the
liquid, which can further impact RONS concentrations in the
PAW [45]. For example, using O, plasma with dissolved O, in
the water (without N,) favors the formation of OH radicals
compared to using air plasma, where both N, and O, are dis-
solved. Interestingly, the presence of only dissolved N, (without

0,) also promotes the formation of OH radicals (and nitrites
and nitrates) compared to the case where both N, and O, are
dissolved.

2.2 | Henry's Law on Solubility

In general, the solubility of the gaseous species in liquids, for
example, water, is described by Henry's law solubility
coefficient kg

kg = ci/p; (€Y

where c; is the molar concentration of i species in the aqueous
phase and p; is the partial pressure of that species in the gas
phase [46]. The kg is described as the proportionality factor of
the amount of the dissolved gas in the aqueous phase to its
partial pressure in the gas phase. In atmospheric chemistry, this
coefficient is important to describe the distribution of trace
species between the air and liquid droplets (aerosol). Henry's
law coefficient can also be expressed as the dimensionless ratio
between the aqueous-phase concentration c; of i species and its
gas-phase concentration c,:

kg = Ci/Cg = ky X RT, (2)

where R and T are the gas constant and temperature,
respectively.

Henry's law coefficient, however, does not describe the rate of
the solvation process. It relates concentrations in the gas and
the liquid phase in steady state, with an equilibrated transfer
(flux) of i species from the gas into the liquid phase, and the
backward transfer (flux) from the liquid into the gas phase. Out-
of-equilibrium steady state, which is typically the case in
plasma-liquid interactions, these fluxes are not equal, assuming
that kinetic equilibrium conditions with equal fluxes could lead
to underestimation of the flux of the species entering the liquid
[47]. Moreover, Henry's law does not take into account effects
such as the geometry of the interface, the effect of an electric
field (through polarization of the species), or the effect of
electrical charges over the droplet that should be considered in
plasma-aerosol interactions. Nevertheless, Henry's law solu-
bility coefficient is a good indicator in the first approximation to
assess which gaseous RONS should play important roles in the
formation of aqueous RONS [48, 49].

The solubility of the gaseous RONS in water varies markedly,
and even if their concentrations in the gas phase are similar,
their achieved aqueous concentrations in water could be sig-
nificantly different due to very different Henry's law solubility
coefficients of each gaseous species [50]. Table 1 shows Henry's
law solubility coefficients k; (mol/m>Pa), including the
dimensionless k; constant, for the most typical long-lived
gaseous plasma RONS [46].

The formation of RONS in aerosols in contact with plasma is
influenced by several other factors, namely, the generation of
reactive species in plasma, transfer of these species to aerosols,
and chemical reactions inside the liquid phase.
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TABLE 1 | Henry's law solubility coefficients kz and ky“ of gas-
eous species [46].

Gaseous species kz; (mol/m3 Pa) kg
H,0, 9.1 x 10* 2.26 x 10°
HNO, 4.8%x10" 1.19x10°
NO, 1.2x10* 2.97x107!
NO 1.9x107° 4.71%x1072
0; 1074 248x107!
HNO; 2.1x%10° 5.22x10°
2.3 | Transport from the Gas Plasma to the
Liquid

The transport of reactive species from the plasma gas, where
they are generated, to the liquid, most typically water, is a
complex process with many aspects that are not fully
understood.

The interface between the plasma and water is a critical zone
for the transport of reactive species. The properties of this
interface, such as its surface area and charge, can affect the
transport of reactive species. The lack of a clear definition of the
interface (gas-liquid or plasma-liquid) is one of the challenges
of the plasma-aerosol field. The interface is the boundary where
the two phases (gas and liquid) meet. It is a very thin region,
typically nanometers thick, where physical properties change
dramatically. For example, the mass density decreases from
around 0.9 g/cm® in the water droplet to almost zero within
0.5nm [51]. The unique hydrogen-bonding network of water
plays a crucial role in interfacial properties [52].

The interface is constantly in bidirectional fluxes, with water
molecules evaporating into the gas and returning to the liquid.
Evaporation from microdroplets is a more rapid process than
the evaporation from a flat water surface. The curvature of the
droplet plays a role, as molecules at the curved surface experi-
ence weaker intermolecular forces and can escape more easily.
Evaporation from a flat surface is mainly influenced by factors
like the temperature, the inlet gas flow rate, and its humidity.
Droplet evaporation, however, is additionally affected by its
size, shape, and velocity. However, the evaporation lifetime of
microdroplets with a diameter as small as 10 um is still rela-
tively long (> 10 s even at 1000 K [53]), compared to the lifetime
of many plasma-reactive species.

Reactive plasma species have different reactivities and lifetimes,
which affect their transport to water. One of the main chal-
lenges in transporting reactive species to water is that they can
be quickly quenched by reactions with other species in the gas
phase or at the gas-liquid interface. This can reduce the number
of reactive species that dissolve in the bulk water.

Species transport through the gas-liquid interface can be
conceptualized by the change in density across the gas-
liquid (plasma-liquid) interface. This transition occurs over
a few nanometers or less. The rough interface has fluctua-
tions with water exchanging from the bulk to the boundary

over several picoseconds [54]. Water, which is considered as
a model system in molecular dynamics simulations, provided
an atomic-level insight into the plasma-liquid film interac-
tion mechanisms. It was found that plasma-generated H,O,
molecules can travel through the water interface layer
within 1.4 ns [51].

The plasma-liquid interface area is a key parameter that max-
imizes the contact between the plasma and the treated water
solution, thus determining the obtained plasma chemical ef-
fects [55].

One of the ways to prepare the PAW efficiently is by improving
the RONS transfer into water by increasing the total water
surface area using the water aerosolization process by produc-
ing water microdroplets of a high surface-area-to-volume ratio
[56]. This significantly increases the plasma-water interaction
surface area and thus enables more efficient transfer of the
plasma-reactive species into the water, which is of vital
importance, especially for poorly soluble species, such as NO,
NO,, and Os. Although aerosolization in some experimental
arrangements reduced the RONS concentrations in PAW [57],
the approach of increasing the plasma-liquid interaction sur-
face area in microdroplets was adopted by several research
groups [13, 58-63].

Despite the successful application of PAW formation by
changing bulk water into the aerosol of microdroplets, the
transport of reactive species from their generation in the plasma
(gas phase) to water aerosols is a complex process that has not
been fully understood as yet. Several approaches can be used to
investigate this topic. One challenging approach involves using
specialized diagnostic techniques to monitor species at the
plasma-microdroplet interface.

Computational modeling can be used to simulate the transport
of reactive species from CAP to liquids, especially water [56,
64-66]. This helps in identifying the factors that influence the
transport and optimize plasma-based water treatment technol-
ogies. By using computational techniques, it was shown that a
gas containing RONS generated by plasma in contact with
water microdroplets is far from steady-state conditions assumed
by Henry's law, where constant fluxes of species from the gas to
liquid phase and back are assumed [56].

This can be demonstrated for the example of two species,
hydrogen peroxide H,O, and ozone Os, because Henry's law
solubility coefficient of H,0O, is almost seven orders of magni-
tude larger than that of O3 (Table 1). This means that although
H,0, readily transfers into the water through the gas-liquid
interface, O; is hardly dissolved into water due to its very low
Henry's law coefficient. For this reason, the assumption of a
constant partial pressure is generally valid only for weakly
soluble species (with low k) species (e.g., O3), as shown by
Verlackt et al. [64], who investigated H,O, and O3 as examples
of highly and poorly soluble cold plasma species in a 2D
axisymmetric fluid model. The density of H,O, shows a sudden
decrease at the gas-liquid interface due to the fast transfer into
the liquid, where its density is significantly higher compared to
the gas phase. On the other hand, the density of O; remains
constant above the gas-liquid interface for 1 min of plasma
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treatment, where its density is much higher in the gas phase
compared to the liquid phase. For highly soluble species (e.g.,
H,0.,), the gas density of species is not significantly depleted
and can be considered constant only if the total volume of water
is small and thus a small amount of the gas-phase species can be
dissolved. Kruszelnicki et al. calculated that for aerosol solva-
tion, the H,0, depletion is negligible only for microdroplets
with a diameter below ~30 um [56]. For bigger microdroplets
with a larger volume, the surrounding H,O, of these micro-
droplets was already depleted.

Further insights can be gained by systematically correlating the
composition of RONS in both gas and liquid phases under
various experimental conditions (different plasma sources,
power, gas composition). There are relatively few studies that
sufficiently address the composition of both gaseous and liquid
products in the formation of PAW [67]. However, computa-
tional models require validation by reliable experimental data,
which are still very limited.

Typical long-lived plasma oxidizing species, H,O,, and its for-
mation in multiple plasma-water systems have been extensively
studied over the last few decades. In a review by Locke et al.,
the formation of H,0, was investigated in various plasma
reactors with discharges directly in and over the liquid water
with bubbles, and capillary discharges, in terms of H,0, gas-
liquid mass transfer characteristics. The highest H,O, yields
were found for the water droplet spray, which provides large
surface areas and small length scales to enhance the mass
transfer rates [9].

Gorbanev et al. [68] and Winter et al. [69] assessed the transi-
tion of H,0, into the liquid and found a direct correlation
between the concentration of H,0O, in the gas phase and the
liquid media.

With increasing H,O, amount in the gas phase, the aqueous
H,0, concentration increased, irrespective of whether H,0, was
created by the plasma in the gas phase or by the H,0O, bubbler
(without plasma), with a slightly higher liquid H,0, concentra-
tion for the plasma case [69].

Machala et al. [70] observed the formation of RONS by two
types of atmospheric air plasma discharges in contact with
water: streamer corona (SC) and TS. SC discharge was charac-
terized by low power (0.2-0.4 W), short low current pulses
(~10mA, 10-100ns), and a typical repetition frequency of
10-30kHz, whereas TS was characterized by higher power
(1.5-2.3 W), short high current pulses (~10A, ~25ns), and a
typical repetition frequency of 1-4kHz [71]. Use of SC pre-
dominantly yielded the formation of H,O, and Os, and use of
TS yielded H,0, and (H)NOx. The produced gaseous RONS are
readily dissolved in water, resulting in aqueous H;Oxaq), O3(aq)s
NO,~, and NO;™, respectively, in the PAW.

Additionally, simplified experiments focusing on the transport
of single species from an external source (e.g., pressure cylin-
ders) to water aerosols can enhance our understanding of RONS
solvation to water aerosol. In this context, comparison of the
transport of RONS to bulk water with that to aerosols is also
crucial.

Hassan et al. recently studied the transport mechanism of
medium versus weakly soluble gaseous RNS, namely, HNO,,
NO,, and NO generated in atmospheric air external sources in
contact with bulk water, and two different aerosol interaction
systems using either nebulized or ES microdroplets [49]. This
work follows a previously published work in which the trans-
port mechanism of highly and poorly soluble ROS (H,O, and
03) in bulk water and electrosprayed microdroplets (depicted in
Figure 2) was studied [48].

The solvation rate of H,O, and O; increased with the treat-
ment time and the gas-liquid interface area. The total sur-
face area of the electrosprayed microdroplets was much
larger than that of the bulk, but their lifetime was much
shorter. It was estimated that only microdroplets with
diameters below ~40um could achieve saturation by O;
during their lifetime. This finding aligns with computational
results [56], where the Os;nq) density reaches saturation
during the simulation after 1 ms of O; solvation from the
plasma, regardless of the droplet diameter (5-20 um). Nota-
bly, O; saturation was also observed in experiments with
bulk water with a flat surface, although a longer treatment
time was required. For example, with 450 ppm of Os in air at
a flow rate of 1.6slm and a bulk water surface area of
13 mm?, 0.2 nmol of O; dissolved after 1 min, whereas only
0.5nmol dissolved after 4 min, which indicates nonlinear
solvation, hence the saturation effect [48].

For bigger ES microdroplets where the saturation is not
achieved during their (flying) lifetime, the solvation of Oz can
continue even after the microdroplets reach the reactor walls.
On the other hand, the saturation by H,O, in the ES micro-
droplets was unreachable due to its depletion from air [48]. The
solvation of H,O, thus continued after the flying period of
microdroplets. Besides the short-lived flying ES microdroplets,
the longer-lived microdroplets deposited on the reactor bottom/
walls therefore substantially contributed to the solvation of
H,0, and > 40 um microdroplets even of O [48].

FRITIND
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o

0 kV 9kV 11 kV 13 kV

FIGURE 2 | High-speed camera imaging of water electrospray at
various voltages, 300 uL/min. Data from the experiments of M.E.
Hassan, M. Janda, and Z. Machala and in part reprinted from [48] with
permissions.
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It was confirmed that among NO, NO,, and HNO,, the latter is
the dominant contributor to NO,™ ion formation in water [49].
A higher transport efficiency of O; and a much higher NO,™
formation efficiency from gaseous NO, or HNO, than predicted
by Henry's law were observed compared to the transport effi-
ciency of H,0,, which corresponds to the expected Henry's law
solvation. This could be attributed to the depletion of the H,0,
concentration in the g~as phase, as predicted by computational
simulations.

The improvement of the transport/formation efficiencies by
nebulized and ES microdroplets, where the surface area is sig-
nificantly enhanced compared to the bulk water, is most evi-
dent for the solvation enhancement of the weakly soluble O;
[49]. NO,™ ion formation efficiency was strongly improved in
ES microdroplets with respect to bulk water and even nebulized
microdroplets, which is likely due to the charge effect that en-
hanced the formation of aqueous nitrite NO,™ ions when NO,
or HNO,™ are transported into water (shown in Figure 3).

With simplified experiments using external sources of RONS, it
is only possible to study the solvation of long-lived species to
aerosols. The influence of short-lived species on the formation
of RONS in the liquid phase can be determined from experi-
ments where the production of liquid-phase RONS by direct
contact with plasma is compared to the production of RONS
when aerosols are in contact with gas previously treated by
electrical discharges. In the first case, formation of aqueous
RONS can be influenced both by short-lived and by long-lived
species. Without direct contact of water aerosols with plasma,
only long-lived species can be solvated.

Pareek et al. recently studied the generation of PAW by TS
discharge in different gases (N,, O,, and synthetic air, dry or
humidified) with direct or indirect contact of the discharge with
water aerosol formed by the ES process [43]. In direct contact,

formation/transport efficiency
E nebulizer 500 pl/min

= ES 500 pl/min, 13 kV Henry’s law coefficient

=3 bulk 500 - K
10 107
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£
£
T 103 E10°
i)
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)
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NO, - NO,” HNO, - NO,” o8 H,0,

FIGURE 3 | Comparison of the formation efficiency of NO,~ from
NO, and from HNO,, and the transport efficiency of O; and H,0, in
nebulized and electrosprayed (ES) microdroplets, and bulk water,
shown with dimensionless Henry's law coefficients (k;“). Reprinted
from [49], with permissions from Springer Nature to open access
publications.

ES aerosol was generated within the discharge zone. In the
indirect treatment, the gas was first treated by the TS discharge
and sprayed by the water aerosol in the second section of the
reactor. It was found that in the case of TS discharge, H>O5(q)
in water is mainly formed due to short-lived reactive species,
such as OH radicals, and not by dissolution of gaseous H,0,.

2.4 | Chemical Reactions in the Liquid Water

Some aqueous RONS, such as H,0, and Os, can be transported
from the plasma phase to the water without chemical conver-
sions. However, other aqueous-phase RONS are formed
through chemical reactions within the liquid phase. For ex-
ample, aqueous hydrogen peroxide (H,Ox.q)) can be produced
by the direct solvation of OH radicals transported into the
water, where they undergo a two-body reaction [72, 73]:

OH(ag) + OH(ag) = H;02(a9)- (VIID)

As OH radicals are highly reactive and can be easily quenched
in the gas phase (e.g., by reactions III, V-VII), this pathway is
primarily possible only with direct contact between the water
aerosol and the plasma. More generally, direct plasma treat-
ment refers to a setup where the target (in this case, the aerosol
droplets) is partially or fully inside the plasma phase. In a direct
configuration, the aerosol droplets are immersed in the plasma
phase and subjected to interactions with free electrons, ions,
and short-lived reactive species (e.g., OH radicals). Conversely,
in an indirect configuration, the aerosol droplets remain in the
gas phase (typically air) and interact only with long-lived
reactive species (e.g., H,0,), which can diffuse from the plasma
through the gas to the liquid surface.

It is likely that other short-lived species also play a significant
role in the formation of H,05..q) when direct contact between
water aerosol and plasma occurs. H,O,(,q) Can also be formed
through liquid-phase reactions involving dissolved HO, radicals
[9, 74]:

HOz(aq) + HOzaq) = H202aq) + O3, (IX)

or by a sequence of electron (¢) and proton (H') associative
reactions (X and XI):

HO:q) + €(ag) = HO%ag) X)

HOg(aq) + Haq) b H202(aq)- (XI)

Interaction of dissolved singlet atomic oxygen (O('D)) with H,O
molecules has also been reported to result in the formation of
H202(aq) [75, 76]

1
o( D)(aq) + H0 — Hy0yq) (XII)

Nitrates (NO3™) and nitrites (NO,™) can be produced by the
direct solvation of nitric acid (HNO5) and nitrous acid (HNO,)
molecules, followed by their dissociation in liquid water:
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HNO;(g) = HNOj(q) < H{yg) + NO3(yg), (XIID)

HNOz(g) g HNOz(aq) And Haq) + NOE(aq). (XIV)

Alternative pathways for NO;~ and NO,™~ formation involve the
solvation of NO, NO,, and N,0s to NO(aq), NO3(aq), NO3(aq), and
N,Osaq), respectively [77]:

NOgg) + NOsq) + H0 = 2NOjg + 2HY,  (XV)

NOz(aq) + NOz(aq) + HZO i NOE(aq) + NO;(aq)

(XVI)

+ 2H{g),
NO3(aq) + H,0 — OH(aq) + NO;(aq) + H'(;q), (XVII)
NZOS(aq) + H20 g ZNO;(aq) + 2H+ (XVIII)

However, if HNO,™ is present in the gas phase, it becomes the
dominant source of NO,, even if the concentrations of NO and
NO, in the gas are higher [49, 78]. Very likely, the same can also
be claimed about HNOj; with respect to the other possible sources
of NO;3™ (4q), such as gaseous N,Os and NOs. Based on Henry's law
constant (Table 1), HNO; has much better solubility than even
HNO,, and the concentrations of N,Os or NO; in the gas would
have to be higher than the HNO; concentration by several orders
of magnitude to have a dominant effect on NO;™ () formation.
Further research is still needed to resolve this issue.

Depending on the plasma source properties, or treatment time,
the resulting NO, /NO3™ ratio in freshly produced PAW can
vary significantly [43, 70, 79].

Afterward, the NO, /NO;~ ratio undergoes further changes,
especially if the PAW has a low pH or contains a significant
amount of H;O5,q).

The acidification of PAW results from the production of H*(,q)
by reactions (XIII to XVII). At low pH, NO3™(aq) is also formed
from NO,™ (oq) by a disproportionation reaction [80]:

3 NOE(aq) + 3HY > ZNO(aq) + NOg(aq) + Ht + HzO
(XIX)

If the initial PAW pH is not too low, the decrease in the NO,™
(aq) Concentration is relatively slow. Pareek et al. observed an
exponential-like decrease in the NO, ,q) concentration with a
characteristic time constant of 2200 min, even at an initial pH of
about 3.4 [43]. In the presence of H,O,q) at an initial con-
centration roughly equal to the initial concentration of NO,~
(aq)» the concentration of both species decreased much faster,
with a characteristic decay time of about 40 min. This is
because, under acidic conditions, NO, (,q) can react with
H,05(.q) through the following reactions [79-81]:

NO3(g) + H2O2(aq) = NOj(q) + H20, (XX)

NOE(aq) + HZ;CD + Hzoz(aq) g ONOOH(aq) + Hzo,
(XXI)

NOE(aq) + H&q) + 2 Hzoz(aq) - OzNOOH(aq) + 2H20
(XXII)

These reactions are responsible for the aging of PAW. On the
other hand, they demonstrate that for the production of per-
oxynitrous acid (ONOOHyq) and peroxynitric acid
(O,NOOH,q)), which play an important role in the anti-
microbial effects of PAW [82], it is beneficial to generate a
mixture of H;05zaq) and NO, (aq) in the liquid phase. If the
PAW generation time is too long, the final composition of PAW
is significantly influenced by these reactions, and the major
final long-lived species to be expected is NO3™ (aq).

The pH and initial dissolved organic matter content of the water
solution can affect the concentration of reactive species in PAW.
For example, +OH radicals can be scavenged by dissolved
organic matter, and NO,™ can be converted into NO5;~ at low
pH. The presence of specific biomolecules in the cell culture
media, like the amino acid r-tyrosine, effectively creates alter-
native routes of RONS formation, which cannot be related only
to the action of the plasma [83, 84].

3 | Diagnostics Challenges

Diagnostics of aerosol microdroplets imposes numerous chal-
lenges due to their inherent characteristics. Their small size
pushes the limits of optical diagnostic techniques for their
detection. The chaotic motion of these droplets, driven by
Brownian motion and air currents, makes it difficult to track and
analyze individual particles. Their relatively short lifetime, in-
fluenced by evaporation, condensation, and coagulation, further
complicates real-time analysis. Despite these challenges, several
techniques are available for droplet analysis that provide infor-
mation about the size and amount (concentration) of aerosol
microdroplets. Nevertheless, developing noninvasive techniques
for diagnosing aerosol microdroplets’ chemical composition or
for diagnosing surface processes remains a significant challenge.

3.1 | Droplet Size/Amount Determination

The size of charged microdroplets generated by ES can be es-
timated from the measured electric current corresponding to
their carried electric charge [85]. However, for an accurate es-
timate of droplet size, it is necessary to distinguish between the
discharge current and the current carried by charged ES mi-
crodroplets. It is possible to separate these two currents in the
case of continuous glow corona discharge [86]. However, it
becomes much more complicated in pulsed discharges.

Imaging techniques are also frequently used to monitor mi-
crodroplets [87-89]. Modern fast cameras enable recording of
videos with a high frame rate for microdroplet visualization and
enable obtaining droplet size from camera photographs. How-
ever, the process is quite laborious and requires detailed post-
processing of the obtained photographs.

Several other techniques are available for droplet size/concen-
tration diagnostics. These include imaging techniques based on
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shadowgraphs and holography, diffractometry, particle-sizing
interferometry, and optical counters based on light scattering
(see [90] and references therein). Based on these techniques,
several probes were developed, useful, for example, for wet
steam investigation in power plants [91, 92]. However, these
probes as well as some of the methods are not suitable for
droplets’ characterization in small gaps used to generate ES
with the discharge. For the ES characterization, several authors
also used phase Doppler anemometry [93, 94]. This technique
allows measurement of the size distribution and velocity of
droplets, as well as their concentration. The measurement point
is determined by the intersection of two focused laser beams. As
a particle moves through the measurement point, it scatters
light from both laser beams, generating an optical interference
pattern. The light-collecting optics projects a fraction of the
scattered light onto multiple detectors. Each detector converts
the optical signal into a Doppler burst with a frequency linearly
proportional to the particle velocity. The phase shift between
the Doppler signals from different detectors is a direct measure
of the particle diameter.

Laser scattering techniques like Mie scattering and dynamic
light scattering (DLS) are used to measure the size distribution
and concentration of aerosol particles. Use of these methods can
enable determination of how the plasma affects the particle
size, morphology, and agglomeration [95]. Recently, a relatively
simple technique suitable for the detection of larger charged
microdroplets (diameter of 10-400 um) combining electrical
current measurement and attenuation of light intensity of two
planar laser beams was developed [96].

3.2 | Ex Situ Chemical Diagnostics of PAW

The concept of transforming bulk water into aerosol micro-
droplets centers on increasing the surface area to volume ratio.
This enhancement facilitates the transport of reactive species
from the gas phase to the liquid phase. To study this transport
indirectly, the composition of condensed aerosol that has been
exposed to a gas-containing reactive species can be analyzed.
This ex situ diagnostic provides valuable information about the
extent of species transfer and the nature of the chemical
transformations that occur within the aerosol droplets.

However, this indirect ex situ method is best performed in
single-species experiments to avoid interference between vari-
ous gas-phase RONS and the formation of liquid-phase prod-
ucts, for example, NO,~ by solvation of different gas-phase
species [49]. Another drawback of this indirect ex situ approach
is the relatively long time needed to accumulate enough con-
densed aerosol microdroplets for analysis. During this time,
partial conversion of solvated RONS can occur, for example, by
a disproportionation reaction that involves conversion of NO,™~
into NO3;™ at lower pH [80].

3.3 | In Situ Aerosol and Interface Diagnostics
Results from specialized diagnostic techniques to monitor

species in situ in aerosol microdroplets or at the plasma-
microdroplet interface are therefore highly valuable. Several

challenging approaches can be used to research this topic. One
challenging approach involves using specialized diagnostic
techniques to monitor species at the plasma-microdroplet
interface. Sremacki et al. [57] studied the role of aqueous
aerosols in modulating reactive species production by an RF
plasma jet. A combination of several physical and chemical
analytic techniques was used. Optical emission spectroscopy,
electron paramagnetic resonance spectroscopy, and a bio-
chemical model based on cysteine as a tracer molecule have
been applied. This research revealed that aerosol injection shifts
the production of ROS from atomic and singlet oxygen toward
OH radicals, which are generated in the droplets. Species gen-
eration occurred mainly at the droplet boundary layer during
their transport through the effluent.

Oinuma et al. [59] studied the transport of OH generated by an
RF plasma to controlled-size microdroplets containing formate.
Detailed plasma diagnostics, ex situ analysis of the plasma-
induced chemistry in the droplet, droplet trajectory, and size
measurements enabled a quantitative study of the reactivity
transfer of OH from the gas-phase plasma to the liquid phase.
The key point of their success was a controlled plasma—-droplet
interaction experiment, with stable plasma and controlled for-
mation of single-sized microdroplets by a micro-droplet dis-
penser, with a specified plasma-microdroplet interaction time.
The obtained results enabled validation of a one-dimensional
reaction-diffusion model used to calculate the OH transport
and formate oxidation inside the droplet. The model showed
that formate conversion is dominated by near-interfacial
reactions with OH radicals and is limited by the diffusion of
formate in the droplet.

In situ monitoring of the plasma-liquid interface is also pos-
sible by using Raman light sheet microspectroscopy [97]. The
Raman modes of the —O—O stretch of H,0, and the symmetric
stretch of NO;~ and —OH bend of water can be measured
simultaneously while measuring at depths less than about
20 um from the interface. Recently, it was shown that this
technique can also be used to monitor NO;~ in ES micro-
droplets [98]. However, the detection limit needs to be im-
proved from about 1 mM to much lower values, so that this
technique can be used for probing the gradual increase of
NO;™ in the microdroplets exposed to the plasma. This could
probably be achieved by using the coherent anti-Stokes Raman
scattering technique.

3.4 | Single-Droplet Diagnostics

Aerosol production is inherently chaotic, particularly regarding
the spatial distribution of droplets. This variability poses sig-
nificant challenges for performing repetitive measurements
with micrometric spatial resolution. Achievement of a repro-
ducible aerosol droplet distribution remains an unresolved
issue, even within the broader field of aerosol science. To tackle
the complexity of plasma-aerosol multiphase and multiscale
systems, a few groups attempted to investigate the interaction of
plasma discharges with a single water droplet. Maguire et al.
successfully conducted a study in which controlled single-
microdroplet streams were exposed to an RF plasma with
optical imaging, which opens up possibilities for gas-phase

9 of 21

85U8017 SUOWWIOD BAII8.D 3(gedl|dde ) Aq peusenob ke o e YO 9sn Jo Sa|ni Joj Akeid18UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI 0D A8 | 1M ARe.d | jBul[U0//:SdNL) SUORIPUOD Pue SIS | 8L} 88S *[7202/2T/0E] Uo AIqiaulluO A8]IM * BINEAOIS SLR.ILI0D - epuer oL N Aq 52200202 dedd/z00T 0T/1op/uod A im Ariqipuuo//sdny wouy pepeojumod ‘0 ‘69882T9T



(@)

Discharge channel

/

Cathode I T t- Anode

Droplet

Small droplet

FIGURE 4 | Discharge digital photos of suspended droplets with different conductivities in a needle-needle electrode. (a) Low-conductivity
droplet. (b) High-conductivity droplet. Reprinted from [101], with permissions from John Wiley & Sons.

microreactors and remote delivery of active species for plasma
medicine [99]. Another approach, also derived from the aerosol
scientific domain, is to initiate the suspension of a single droplet
ether by a capillary [100] or through acoustic levitation [101],
exposed to a pin-to-pin nanosecond discharge. These studies
offer useful insight into the propagation of the plasma discharge
in the presence of a relatively big water droplet (a few milli-
meters) of high conductivity (2-50 mS/cm) and are in partial
agreement with the computational work performed by Babaeva
et al. on streamer propagation in the presence of micrometric
particles [102]. In these studies, the plasma propagates from the
high-voltage electrode to the droplet and reignites on the
opposite side of the droplet to propagate toward the ground
electrode. This phenomenon is not observed in the case of low-
conductivity droplets (< 0.5 mS/cm), for which the plasma ap-
pears to propagate around the droplet surface (Figure 4). Thus,
liquid conductivity as well as its permittivity appear to be piv-
otal parameters that determine plasma propagation in the
presence of droplets.

It should be noted that during plasma-aerosol interactions,
RONS are being delivered into the droplets, including transport
and formation ions (e.g., NO, ) imposing charges therein,
which increases the liquid conductivity during this treatment.
Consequently, the low-conductivity droplet behavior where
plasma propagates around the (dielectric) droplets may trans-
form into high-conductivity behavior where (conductive)
droplets are bridging the discharge propagation. This phe-
nomenon is more likely to occur with microdroplets of smaller
sizes with higher surface-to-volume ratios, thus enhanced
RONS transport. To the authors’ knowledge, this has not been
experimentally investigated in the literature.

4 | Identifying the “Niche” Applications

Identifying the “niche“ applications of PAAs represents a
challenge for this novel technology in the broad field of estab-
lished aerosol applications. The type of application is typically
driven by the chemical composition of PAW/PAA and its effect.
A major advantage of PAA with respect to more commonly
used PAW applications is that when PAW is aerosolized, only
small amounts are sufficient, as opposed to large volumes, for
example, in agriculture applications. Compared to applying
bulk liquid PAW, PAA are very chemically efficient, especially
because they represent micro-reactors due to the very efficient
transfer of plasma-reactive species into microdroplets.

4.1 | Antimicrobial and Therapeutic Effects
of PAA

The most investigated applications of PAA (often called plasma-
activated mist, PAM) are based on its potent antimicrobial
properties. They stem from reactive species such as H,0,, Os,
NO,~, and in some cases, even transient ONOO™, O,~, and 'O,
delivered into the aerosol microdroplets during plasma activa-
tion. PAAs were used, for example, in inactivating pathogenic
bacteria [14, 103, 104]. During the COVID-19 pandemic, several
novel approaches using PAAs in combating the aerial spread of
pathogens, including surrogate viruses for coronavirus, were
published [15, 105, 106]. PAAs were also tested for disinfecting
virus-laden objects such as respirators [107] or hard surfaces
[11, 108]. A general review of the non-thermal plasma
inactivation of coronavirus, including plasma-aerosol treat-
ments, was carried out by Han et al. [109].

Another area of applications where PAA or plasma enhance-
ment of disinfectant-containing aerosols, for example, solutions
of H,0, [110], can be very conveniently applied, is the treat-
ment of various fresh produce (e.g., lettuce, spinach, kale, var-
ious fruits) and food products (e.g., beef), leading to disinfection
and extension of their shelf-life [111-113]. PAAs also have
emerging applications in medicine, especially in the treatment
of respiratory tract infections [106] or even in developing novel
cancer treatments [114].

4.2 | Nitrogen Fixation and Agriculture

Nitrogen fixation is one of the key chemical engineering pro-
cesses, leading mostly to the production of ammonia (NHs),
which is an essential building block for fertilizers, chemicals,
and energy carriers. Nitrogen fixation supports diverse biolog-
ical, agricultural, and industrial processes, especially in pro-
ducing synthetic fertilizers. Typically performed by the Haber—
Bosch process in large-scale industrial plants at high pressure
and temperature, it is currently one of the leading producers of
carbon emissions at a global scale. Novel solutions to
decarbonize nitrogen fixation include plasma-electrified syn-
thesis of NH;, as well as other forms of nitrogen (e.g., nitrites
and nitrates), using water and atmospheric nitrogen. The
intrinsic limitations of the state-of-the-art plasma-based nitro-
gen fixation solutions include energy efficiency; scalability;
direct use of clean renewable energy; and direct sustainable
application of water-based nitrogen fixation [19]. It has been
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shown that nitrogen gas and water droplets, that is, aerosol, can
serve as feeds in a plasma process for the sustainable and dis-
tributed production of ammonia or other fixed nitrogen com-
pounds, such as nitrates and nitrites [115].

PAA (plasma-activated aerosol/mist) has interesting applica-
tions in aeroponic plant cultivation. PAA nitrogen fixation
systems are applied for the continuous delivery of nitrogen-
based nutrients directly to the roots of living plants using a
custom-designed aeroponic system that increases the leaf
emergence rate and leaf area of bean sprouts by more than 30%
[19]. In parallel to fixed nitrogen, PAAs contain reactive species
promoting germination and plant growth.

A few research groups demonstrated the advantages of direct
air plasma- and indirect PAM on germination, and physio-
logical parameters of rice seeds [116] and growth parameters
of maize plants [117]. The recent review and roadmap paper
of Bilea et al. [6] introduced the topic of plasma agriculture by
describing in detail various plasma sources with potential for
agricultural applications, as well as the effects of plasma ex-
posure of seeds, both at the macroscopic scale, and concern-
ing the intricate mechanisms occurring within plants.
Generally, the main plasma-induced effects for all types of
seeds include increased germination, higher plant yield, seed
decontamination, and sometimes higher tolerance to various
stress factors. These effects are due to the physical and
chemical plasma interaction with seeds, followed by the
response of cell mechanisms.

4.3 | Other Applications

Water sprays and aerosols are very efficient methods to increase
air/gas humidity. The introduction of water droplets in the
plasma region will greatly increase the water vapor content in
the gas. It is known that high water content (70%-80% RH) in
the plasma region can lead to an increase in the production of
species such Oz and H,0, [118, 119] and generally to higher
decontamination efficiency [120]. On the other hand, com-
pletely H,O-saturated gases (with 100% RH) were also associ-
ated with less uniform plasma discharges and lower
decontamination efficacy [121]. The literature on the propaga-
tion of plasma discharges in gas mixtures with high water vapor
is still sparse and limited. A better understanding of the water
vapor gradient in plasma-aerosol systems and plasma propa-
gation in humid gases would greatly promote the advancement
of this technology.

Another unique application is the use of PAW aerosolized
spray cooling, introduced by Low et al.,, as an effective
method for rapidly absorbing excess heat from high-
temperature surfaces, such as light-emitting diodes. Com-
pared to deionized aerosols, PAAs have lower surface ten-
sion, which facilitates rapid evaporation when deposited on
a heated surface. When applied to the cooling of LED bulbs,
this technique increases the heat transfer coefficient by up to
45%, leading to a 30% increase in illuminance. Importantly,
this approach does not require modifications to the existing
spray cooling systems, such as those involving surface
coatings [122].

5 | Up-Scaling of Plasma-Aerosol Systems

In the largest majority of existing applications, ES systems are
operated in cone jet mode for the stable production of nearly
monodisperse microdroplets. Cone jet mode refers to a stable
operating regime in which a liquid, typically delivered through
a fine capillary, is subjected to a high electric field, causing the
liquid at the capillary tip to deform into a conical shape (Taylor
cone). From the apex of this cone, a fine jet of liquid is emitted,
which subsequently breaks up into highly charged micro-
droplets due to electrostatic forces. Such ESs typically operate at
very low flow rates, from uL/h to mL/h.

Nowadays, larger flow rate electrospraying is proficiently used
in agriculture and industry because of the interesting features
of charged sprays. For example, PAA (PAM) applications in
aeroponic plant cultivation are based on the continuous,
scalable, in-flow generation of PAA containing NH,*, NO;",
NO, 7, and other nitrogen fixation species through the reaction
of air plasma and high-flux water mist containing large area-
to-volume ratio micron-sized droplets. Through the solar-
energy-driven plasma-assisted oxidation confined within the
droplet micro-reactors, a liquid-phase nitrogen fixation prod-
uct dominated by NO;~ is produced in large-scale aerosol
(mist) flows (Figure 5). The unique energy concentration in
droplet microreactors leads to the increased energy efficiency
at a larger scale compared to the common lab-scale plasma
reactors. Compatibility with direct solar power, flow-reactor
chemistry, and electrified processes at industry-relevant scales
make this low-cost, low-carbon-footprint, renewable-energy-
driven process and system promising for the widespread sus-
tainable and distributed production and applications of plasma
nitrogen fixation [19].

5.1 | Large-Throughput Charged Water Flows

Several applications require treatment or utilization of large
water volumes, often above several hundreds or thousands of
kilograms per hour. For example, in agriculture, large amounts
of water-based solutions containing chemicals such as pesti-
cides, herbicides, or fertilizer must be spread on cultivated
fields. In the process and manufacturing industries, the pro-
duction of large-scale commodities is based on large production
plants, which, among the raw materials, usually include
noticeable amounts of industry-grade water. For these appli-
cations, the use of small-scale ES needles or mist generators
poses noticeable challenges because of the number of units to
be placed in parallel, the distance at which they should be kept
to avoid mutual interferences, and the corresponding specific
surface area per unit flow rate required. Besides, apart from a
few cases, the operating conditions of agricultural or industrial
processes imply the presence of gas flows and the unavoidable
entrainment of the sprayed droplets into the gas phase. Con-
sequently, the very low average droplet size that represents one
of the most important characteristics of traditional Es turns out
to be a critical problem because of their easy carryover in the
gas stream and their subsequent evaporation. Although this is a
potential advantage for some applications (such as evaporation
or humidification), this is unacceptable any time the process
requires preserving the water in the liquid state.
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For these applications, the electrospraying process should be
tuned to generate droplets with the highest possible charge-to-
mass ratio achievable for a droplet size distribution acceptable for
the specific application. For example, in agricultural applications,
this often led to the use of pneumatic nozzles generating droplets
above 100 um, whereas in process or manufacturing industries,
both pneumatic and hydraulic nozzles are used to generate
droplets with a size range from tens to hundreds of micrometers
depending on the specific application. The typical flow rates of
these units are from tenths to tens L/min and induction charging
is often the preferred choice for electrification because of the
easier management of high-voltage lines.

By reversing the perspective, the generation of plasma for water
sprays deriving from high flow rates is highly desirable because

of the possibility of extending the plasma-based processes to
several large-scale applications, such as wastewater treatment,
water remediation processes, or wet oxidation scrubbing.
Although the formation of corona discharges in large flow rate
nozzles has been reported in the literature, to the best of our
knowledge, there are still no applications on plasma processes
for such systems.

Up-scaling of plasma-aerosol systems for flow rate nozzles
above L/min is still at an early stage because of the limited
charge density that can be transferred to the spray compared
with that achievable for ESs operating in cone jet mode. This is
particularly evident for induction spray nozzles and derives
essentially from the fact that the operation of large water flow
rate nozzles implies that the liquid jet thickness and droplet size
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are in the size range of hundreds of micrometers. Larger liquid
jet and droplets imply lower surface to volume ratio and con-
sequently lower charge density. This is because, during the
induction charging, a separation of charge in the liquid occurs
thanks to the application of an external electric field at the high-
voltage electrode. According to the leaky dielectric liquid model
[123], the liquid polarizes under the effect of the electric field:
either negative or positive ions accumulate at the liquid jet/
sheet interface depending on the sign of the potential fixed at
the high-voltage electrode, whereas the same number of ions
with the opposite sign accumulates in the bulk of the liquid.
Under the effect of applied pressure and auxiliary air (for
pneumatic nozzles), the liquid jet/sheet stretches, and its
thickness is reduced from the nozzle exit section to the liquid
tip. When atomization takes place, the liquid jet/sheet breaks
and charge separation occurs, forming droplets that carry a net
charge with a sign equal to that of the ions accumulated on the
jet/sheet surface. This spray of charged droplets corresponds to
a net current flowing from the jet/sheet to the environment.
Because of induction, an opposite current travels from the lig-
uid sheet to the grounded surface of the nozzle. Experiments
revealed that for both hydraulic and pneumatic nozzles, the
induction current is an almost linear function of the applied
potential.

Nevertheless, above a certain potential, the onset of gas dis-
charges in the space between the charged electrode and the
liquid jet/sheet has been observed. For example, Marchewicz
et al. showed that for both hollow cone and full cone induction
charging hydraulic sprays, corona discharges appear when the
potential applied to the high-voltage electrode crosses a critical
level [124]. The same result has been observed by Di Natale
et al. [125] and Manna et al. [126] As suggested by Higashiyama
et al. [127] and Castle and Inculet [128] and later reported by
Marchewicz et al. [124], when the critical potential is overcome,
corona discharges occur between the charging electrode and the
liquid jet. Manna [129] and Di Bonito et al. [130] have inves-
tigated the balancing of electric current in an induction charged
spray by including in the analysis not only the spray current but
also the ground current flowing through the nozzle and the one
provided by the high-voltage generator, when such corona
discharges appear.

When time-average values of the spray current are measured,
the experiments revealed that on increasing the potential above
this critical value, the spray current decreased, eventually
reaching zero and even reversing its signs. Experiments carried
out by Di Bonito et al. using high-frequency measurements of
the spray current indicate the presence of discharges in the
form of current peaks, Trichel pulses, having a sign opposite to
the induction current (see Figure 6) [130]. On increasing the
applied potential, the induction current increases, as also the
discharges’ frequency and intensity. Consequently, the average
current decreases. At higher potentials, the discharges prevail,
finally overwhelming the induction current.

One of the most interesting experimentally confirmed features
of the process is that the corona discharge current flows both in
the liquid film and in the spray droplets. Differently from the
induction charging, in this case, the discharge current flows
from the gas to the liquid, contributing to both the current

flowing in the liquid jet/sheet and the sprayed droplets in
similar proportions.

The onset of gas ionization phenomena is achieved when the
electric field between the liquid jet and the high-voltage elec-
trode overcomes the breakdown potential of humid air. This
condition depends on several aspects: (i) the voltage applied to
the charging electrode; (ii) the distance between the electrode
and the tip of the liquid jet/sheet; and (iii) the characteristics of
the humid gas in between.

As the electrodes usually have a blunt shape, gas discharges are
likely triggered by the presence of a high-curvature surface at
the jet/sheet tip or due to the presence of a water layer on the
surface of the high-voltage electrode. Under these conditions, it
is likely that plasma processes can also take place in large-scale
sprays; however, to the best of our knowledge, there are no
reported applications of this kind in the pertinent literature and
more experimental research is needed to support development
of the plasma process with large flow rate nozzles.

For further development, comparison with competitive tech-
nologies (e.g., spraying PAW produced by bulk liquid treat-
ment; aerosols of chemical solutions) is a necessary aspect of
any study focused on scale-up and optimization of plasma-
aerosol systems. Parameters such as energy yield, water con-
sumption, treatment capacity, and treatment cost [6], together
with any other indicator used in the specific application, are
essential to promote advancement of the PAA technology.
Unfortunately, to date, there is still not enough information on
large-scale units to properly address the quantitative values of
these parameters.

6 | Controversies

6.1 | Is It Worth Using Aerosol Interacting with
Plasma?

One argument for converting water into an aerosol is to
increase the interface between the gaseous and liquid phases.
By converting bulk water into microdroplets, one can indeed
increase the active surface area by several orders of magnitude.
However, the amount of chemicals dissolved in the micro-
droplets does not depend solely on the size of this surface.
Another important parameter is the interaction time [48].
When comparing the transport of particles from gas to water
and to microdroplets, it is therefore more appropriate to use the
product of the interface area and the interaction time. For ex-
ample, microdroplets generated during electrospraying pass
through the gas phase at a relatively high speed and attach on
the reactor walls after a few milliseconds. The value of the
product of area and interaction time is smaller than if the same
volume of water without spraying was in contact with the gas
containing RONS for 1 min [48].

It is also necessary to consider what happens to the micro-
droplets after they encounter the surfaces in the reactor. In the
case of a continuous supply of new microdroplets, their
accumulation can create a layer of bulk water directly in the
reactor. In this case, the transport of reactive species from the
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gas occurs both to the surface microdroplets and to the bulk
water. If the experiment with the accumulation of water from
microdroplets lasts a minute or more, more chemicals can
dissolve in the water while it is in the form of surface micro-
droplets or bulk water in the reactor than passing through
volume microdroplets. For this reason, it remains controver-
sial as to whether it makes sense to convert water into mi-
crodroplets in volume or to increase the product of interaction
time and area by having the water form thin films on the
surface of the electrodes; also, the interaction time of the water
with the gas would be significantly longer than a few milli-
seconds. This thin-film plasma-water treatment has been
adopted, for example, in [131].

In the case of an aerosol produced by a nebulizer, the total
volume of water in the reactor can be relatively small and the
ultrafine microdroplets that condense on the surfaces will not
create bulk water in the reactor but will evaporate. In this case,
the subsequent sampling is a problem. By passing the gas with
aerosol behind the reactor through an ice bath, a condensate is
formed, which consists not only of the sampled microdroplets
but also the initial gas moisture. In certain cases, the gas
moisture may contribute more to the collected condensed
sample than the microdroplets [132]. This reduces the signifi-
cance of the obtained results if the efficiency of the transport of
reactive gas particles to microdroplets were to be estimated
from such experiments.
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In addition to the size of the interface surface and the duration
of the plasma-aerosol interaction time, the charge of the mi-
crodroplets can also influence the dissolution of various che-
micals. This is indicated by experiments comparing the
solubility of several RONS in uncharged microdroplets from a
nebulizer and charged microdroplets from ES [49]. However,
this influence has not yet been sufficiently investigated and
requires further experiments.

Furthermore, it is crucial to recognize that the total plasma-
liquid interface area increases not only by decreasing the
diameter of microdroplets but also by increasing their density in
the gas. This increased aerosol density can enhance the overall
mass transfer of all species from the gas to the liquid. Wang
et al. demonstrated this effect, showing that increased spray
density significantly improved the removal of small dust parti-
cles (<10 um) from air [133]. However, increasing aerosol
density can negatively impact electrical discharge stability,
potentially reducing the production of gaseous RONS. There-
fore, further research should investigate the complex interplay
between electrical discharges and high-density water aerosols.

Finally, the relevance of using water sprayed into microdroplets is
questionable if the goal is to dissolve highly soluble chemicals
such as H,0, and HNOs. For these compounds, the limiting factor
may not be the size of the interface, but their concentration in the
gas phase. Due to dissolution into microdroplets, a significant local
decrease in their gas-phase concentration can occur, and this can
limit the total amount that dissolves in the water.

6.2 | Charge Effects on Microdroplets, Species
Chemistry, and Transport

In natural atmospheric clouds, water droplets grow by con-
densation in a supersaturated water vapor environment. Under
subsaturated conditions, water droplets normally continue to
evaporate until they eventually disappear. In contrast, Zhang
et al. have shown that the formation of mist droplets visible to
the naked eye could be induced by direct current corona dis-
charge under supersaturated conditions. They found that
corona discharge could promote the growth of water droplets
even under subsaturated conditions. Possible mechanisms are
discussed, but not fully understood, and their results suggest
that the droplet growth enhancement is supported by the syn-
ergetic effects of droplet surface charge, external electric field,
and ionic wind generated by the corona discharge [134].

The plasma activation of droplets depends on the transport of the
droplets through the plasma, which in turn depends on their
ambipolar charging. Nayak et al. report on the transport
dynamics of water droplets, tens of microns in diameter, carried
by the gas flow through an atmospheric pressure radiofrequency
glow discharge sustained in helium. The droplets pass through
the plasma with minimal evaporation and without reaching the
Rayleigh limit. The measurements of the droplet trajectory were
analyzed using results from a three-dimensional fluid model and
a two-dimensional plasma hydrodynamics model. It was found
that the transport dynamics as the droplet enters and leaves the
plasma are due to differential charging of the droplet in the
plasma gradients of the bounding sheaths to the plasma [135].

Besides charge physical effects on the droplet motion and
coagulation, the results of Hassan et al. indicate that ES
(charged aerosol) enhances the transport of RNS (NO, and
HNO, that form NO,~ on entering water) and not ROS (H,O,,
0;) with respect to non-charged nebulized aerosol. NO,™ ion
formation efficiency was strongly improved in ES microdroplets
with respect to bulk water and even nebulized microdroplets,
which is likely due to the charge effect that enhanced the for-
mation of aqueous nitrite NO,~ ions when NO, or HNO, are
transported into water. This may indicate that charged ESs
solvating RONS that are not ionic in the gas (e.g., HNO,, NO,)
but are converted into ions upon entering water (NO,~) en-
hance this transport. More investigations must be conducted,
for example, focusing on the effect of ES microdroplet polarity.
So far, these experiments have only been carried out with
positively charged ES microdroplets with respect to negative ion
formation (NO,™) [49].

6.3 | Is the Ex Situ Water Diagnostic Useful for
Understanding the Transport of RONS?

The transport of RONS from plasma to water and their for-
mation in PAW/PAA and all its scientific and diagnostics
challenges have been discussed previously in Sections 2 and 3.
Despite the fact that it is crucial to analyze the composition of
PAAs by accumulating them as a measurable amount of bulk
liquid, the drawback of such indirect ex situ diagnostics is the
relatively long time needed to accumulate enough condensed
aerosol microdroplets for further analysis. During this time,
partial conversion of solvated RONS can occur, which is influ-
enced by liquid-phase reactions, for example, by a dispropor-
tionation reaction converting NO,™ into NO;™ at lower pH [80].
Accumulation of aerosol microdroplets to obtain enough vol-
ume for liquid analysis, for example, in an ice bath, as done by
Hassan et al. [49], takes too long a time. During this time, the
condensing treated aerosol is necessarily also influenced by the
condensing background water vapor, which may intrinsically
dilute the measured concentrations of RONS. On the other
hand, ex situ yet online diagnostics can effectively represent the
transfer of RONS and charges from PAA droplets to application
targets, such as plants, seeds, or food products. Such diagnostics
are crucial for applications, as they enable the optimization of
parameters like droplet size and velocity to ensure their effec-
tive distribution on target surfaces, which often possess unique
morphologies and properties.

7 | Proposed Path and Outlook

Despite the above-mentioned challenges, significant progress
has been made in understanding the transport of reactive spe-
cies from CAP to water. This has led to the development of
more efficient plasma-based water treatment technologies and
applications in biomedicine and agriculture.

The advantage of plasma process applications is intrinsically
related to the possibility of in situ generation of the chemicals
required for the process, such that the production costs
associated with their production are decreased and the
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corresponding impacts on the environment are eliminated. This
has potential benefits for the life cycle assessment of the plasma
process, although the management of by-products still requires
further research for a complete understanding of their impacts.
Compared to other configurations for plasma-treated water, the
use of aerosol yields the advantage of the possibility to produce
PAW on demand and directly on the target without the need for
storage.

The transport of RONS from plasma to water bulk/films/aero-
sols has been studied both numerically and experimentally. The
key transport phenomena have been identified and it was
acknowledged that some species are transported easily even
into bulk water (H,0,, HNO3), but some are significantly en-
hanced by aerosolization (O3, NO, NO,, OH). Many phenomena
and controversies must still be addressed to fully understand
and tune the process of plasma-microdroplet interactions,
which will lead to “niche“ applications and up-scaling.

A deeper understanding of plasma-aerosol interaction phe-
nomena may also be very helpful for analytical chemistry ap-
plications, for example, when samples with trace contaminants
in the form of liquid aerosols are introduced into a microwave
or inductively coupled plasma for atomic spectroscopy [136].

New/modified diagnostic techniques are crucial for advancing
our understanding of plasma interactions with water aerosols.
In situ methods are particularly important for real-time analysis
during the interaction process. These techniques should provide
valuable insights into the chemical composition of micro-
droplets and/or their surface chemistry. In situ diagnostics can
reveal the dynamics of chemical reactions at the droplet surface.

Investigation of the interaction of plasma with water aerosols
requires precise control over microdroplet generation. To advance
basic research in this area, improvements in droplet generation
tools are essential. Ideally, these tools should produce on-demand
microdroplets with specific, selectable diameters. This level of
control would allow researchers to isolate the effects of droplet size
on plasma interaction. Alternatively, enhancing existing diagnostic
tools can provide valuable insights. For instance, synchronization
of Raman light sheet micro-spectroscopy with microdroplet for-
mation can reveal real-time chemical changes.

Understanding the plasma-water aerosol interactions could also
be improved by developing techniques for more precise control
over microdroplet positioning within the reaction zone. Acoustic
levitators, for example, offer a promising solution for capturing
and stabilizing microdroplets in the plasma environment.

Furthermore, insights into plasma-aerosol interactions can en-
hance our understanding of the mutual influence between
plasma and aerosols. This knowledge can drive the development
of novel reactor designs that maximize the interaction surface
area and enhance mass transfer while minimizing any negative
impact on plasma reactivity. Such optimization can lead to faster
processing times and increased production rates of PAA.

Plasma-aerosol systems hold the potential to overcome some of
the up-scaling issues encountered while using other plasma
configurations to produce PAW. Although the feasibility for

mass production of PAW with high concentrations of long
reactive species from plasma-aerosols remains uncertain, the
adoption of this solution offers an alternative approach with
other advantages: on-demand production of aerosol charged
with short-lived reactive species directly delivered to the target;
treatment of large areas in a continuous way; and low water
consumption. Scale-up attempts should focus on optimizing
these advantages of the technology when compared to other
solutions. In particular, comparison with competitive technol-
ogies (e.g., spraying PAW produced by bulk treatment; aerosols
of chemical solutions) is a necessary aspect of any study focused
on scale-up and optimization. Indicators such as energy yield,
water consumption, treatment capacity, and treatment cost [6],
together with any other indicator used in the specific applica-
tion, are essential for further advancement of the technology.
Thus, exploration of novel applications where PAAs are utilized
directly, before condensation into bulk water, is crucial and can
be considered as another proposed path outlook. One promising
avenue lies in air purification, where airborne pollutants could
be neutralized by reactive species within the activated aerosol.
This approach could be used in ventilation systems or localized
air treatment devices, for example, to remove oil mist emitted
from cooking devices, which represents a major source of
atmospheric particulate matter in urban areas [18]. In the food
industry, PAAs (fog) could be used for the preservation and
decontamination of produce that cannot be treated by bulk
water, extending the shelf-life and reducing spoilage [137].

Once a suitable application is identified, a more in-depth un-
derstanding of plasma-water-aerosol interactions can enable
optimized PAW/PAA formation. By studying how plasma spe-
cies interact with water droplets, we can enhance the efficiency
and tailor the composition of PAW. For instance, optimizing
plasma and aerosol parameters can lead to higher concentra-
tions of desired compounds in PAW/PAA. This knowledge al-
lows for the fine-tuning of PAW/PAA composition, enabling the
production of specific RONS for targeted applications.

On the other hand, the applicability of plasma-aerosol tech-
nology has a current limitation in the flow rate that can be
provided by a single nozzle. This limits the scale of the process
that can be expanded with this technique. New nozzle designs
allowing for high-throughput aerosolized liquid flows need to
be developed further.

In conclusion, cold plasma and aerosol are two technologies
that have great potential to improve one another. Instead of
small plasmas treating large volumes of water to be stored and
used later, plasma-aerosol systems produce an activated aerosol
to treat large areas directly. Instead of chemicals that are pro-
duced, transported, stored, and later atomized, plasma—-aerosol
systems produce chemicals on the spot, moments before their
applications. Far from being trivial, optimizing the matching of
cold plasma and aerosol technologies has the potential to create
new solutions for many future applications.
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