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Abstract: Production and transport of reactive species through plasma-liquid interactions plays a 
significant role in multiple applications in biomedicine, environment, and agriculture. We 
experimentally investigated the transport mechanisms of hydrogen peroxide H2O2 and ozone O3, 
as the typical plasma species, into water.  We measured the solvation of gaseous H2O2 and O3 in 
airflow into water bulk vs. electrosprayed microdroplets while changing the gas and water flow 
rates, applied voltage that determines the gas-liquid interface area, and treatment time. The 
solvation rate of H2O2 and O3 increased with the treatment time and the gas-liquid interface area. 
The total surface area of the electrosprayed microdroplets was larger than that of the bulk, but 
their lifetime was much shorter. We estimated that only microdroplets with diameters below ~ 40 
µm could achieve the saturation by O3 during their lifetime, while the saturation by H2O2 was 
impossible due to its depletion from air. Besides the short-lived flying microdroplets, the longer-
lived bottom microdroplets substantially contributed to H2O2 and O3 solvation in water 
electrospray. This study contributes to a better understanding of the gaseous H2O2 and O3 
transport into water as a function of different parameters and will lead to design optimization of 
the plasma-liquid interaction systems. 

Keywords: plasma-liquid interactions; water electrospray; aerosol microdroplet; bulk water, 
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1. Introduction 

Interactions of non-equilibrium plasmas with liquids, known as plasma-liquid interactions [1–
3], have become an emerging topic in the field of plasma science and technology which contributed 
to many applications, ranging from environmental remediation [4,5] to material science [6,7] and 
health care [8,9]. The varieties of plasma interactions with liquids are of great importance in a 
plethora of various plasma-liquid systems because the liquid properties change in time under the 
influence of the interaction with plasma, and vice-versa [10]. The distinctive characteristics of non-
equilibrium (cold) atmospheric plasmas, which are often created in ambient air, lead to a broad 
extension of their use in various biomedical applications [11–16]. Cold plasmas can be effective 
tools for microbial decontamination and sterilization [17], interact with living tissues [18], treat 
mammalian and cancerous cells [19], induce blood coagulation [17,20], can be applied in wound 
healing [21] and dentistry  [22], and can be successfully transferred into clinical practice [15,16,23]. 
Novel applications in water cleaning, food production, and agriculture (e.g. seed germination and 
plant growth promotion, pest control) without causing undesired side-effects or environmental 
burdens are on their way [24–27]. 

Atmospheric air plasmas in contact with liquid water or aqueous solutions generate “plasma-
activated water” (PAW), which contains various reactive oxygen and nitrogen species (RONS), e.g. 
hydrogen peroxide (H2O2), nitrate (NO3-), and nitrite (NO2-) anions, ozone (O3), as well as other 
short-lived species [24,28–30]. It has been reported by several groups that these typically acidic 
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PAW solutions are effective in killing and inactivating bacteria in suspensions [29,31,32]. PAW and 
other plasma-activated water solutions are examples of the outcome of plasma-liquid interaction, 
where the reactive plasma RONS are transported/dissolved into water. This is very relevant in 
plasma applications in biomedicine and medical therapies, where the plasma interaction with cells 
and tissues is usually mediated through thin layers of water solutions covering the biological cells 
and tissues, and the RONS activate and interact with this liquid thin layer before they reach the 
tissue [31]. 

The motivation of this article is to better understand the transport mechanisms of various 
plasma gaseous reactive species into the water. This would bring a stronger theoretical-
experimental baseline for the progressing research of cold plasma and PAW applications in 
biomedicine: beginning from bio-decontamination to various medical therapies (dentistry, wound 
healing, cancer treatments), as well as applications in water cleaning, food production, and 
agriculture. 

In general, the transport (solvation, dissolution) of gases into liquids is governed by Henry’s 
law solubility coefficient 𝑘ு (mol mଷPa⁄ ) which is usually used to describe the solubility of the gas 
species in liquids, e.g. water, defined as: 

𝑘ு ≝ 𝑐௜ 𝑝௜⁄ , (1)

Here, 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. 𝑘ு 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, these coefficients are important to describe the distribution of trace species between the 
air and liquid droplets (aerosol). Henry’s law coefficient can be also expressed as the dimensionless 
ratio between the aqueous-phase concentration 𝑐௜ of a species and its gas-phase concentration 𝑐௚ in 
Equation (2), where, 𝑅 and 𝑇 are the gas constant and temperature, respectively [33]. 

𝑘ு
௖௖ ≝ 𝑐௜ 𝑐௚⁄ = 𝑘ு × 𝑅𝑇, (2)

Hydrogen peroxide H2O2 and ozone O3 as examples of the plasma long-lived gaseous RONS 
have Henry’s law solubility coefficients 𝑘ு ≈ 9 × 10ଶ and 10ିସ mol mଷPa⁄ , respectively. Henry’s law 
solubility coefficient of H2O2 is almost 7 orders of magnitude larger than that of O3, which means 
that these RONS generated in the air (gas phase) are not dissolved into water (aqueous phase) at the 
same rate. While H2O2(g) readily transfers into the water through the gas-liquid interface, O3(g) is 
hardly dissolved into water based on its very low Henry’s law coefficient. Species transport 
through the gas-liquid interface can be conceptualized by the change in density across the interface 
and estimates that this transition occurs over a few nanometers or less. The length scale of the 
transition from the vapor to liquid is 0.3-0.6 nm under ambient conditions. The rough interface has 
fluctuations over picoseconds with water exchanging from the bulk to the boundary over several 
picoseconds [3]. The plasma-liquid interface area is a key parameter maximizing the contact 
between the plasma and the treated water solution, thus determining the obtained plasma chemical 
effects [34]. 

Verlackt et al. in a 2D axisymmetric fluid model investigated the accumulation of RONS in a 
buffered aqueous solution during the plasma jet treatment flowing into the ambient air. The density 
of H2O2 species shows a sudden drop 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 O3 species remains constant above the gas-liquid interface for 1 min of plasma treatment, 
where its density is much higher in the gas phase compared to the liquid phase [35]. 

Water was considered as a model system in MD simulations to provide an atomic-level insight 
into the plasma-liquid film interaction mechanisms. It was found H2O2 species can travel through 
the water interface layer during the simulation period 1.4 ns, penetrate deeper, and eventually 
reach the surface of biomolecules. The obtained calculations predict that the main plasma species 
can interact with bio-organisms [36]. 

Kruzselnicki et al. in computational modeling from 0 and 2D investigated DBD air plasma 
activation/treatment of water microdroplets. Long-lived RONS in liquid: e.g. H2O2(aq) and O3(aq) 
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are relatively stable and accumulate with each discharge pulse. Lower 𝑘ு  species, such as O3, 
quickly reach a saturated state relative to their gas-phase density, while large 𝑘ு species continue to 
increase their aqueous densities. For lower 𝑘ு, a droplet is rapidly saturated and “tracks” gas-phase 
species, while for large 𝑘ு, the droplet continues to solvate the gas-phase species. High 𝑘ு species 
take a longer time to reach equilibrium and are more sensitive to transport [37,38]. 

For aerosol diffusion, the increasing number of droplets leads to an increase in their total 
volume, their surface area, while the distance between them decreases. The larger surface-to-
volume ratio increases the rate of gas-phase solvation into the droplets if the droplet is under-
saturated. If the droplet density is too low, solvation is transport-limited (large distances between 
the droplets) but if the droplet density is too high, depletion of the gaseous density limits the 
solvation (large total volume of droplets), especially for high 𝑘ு species such as H2O2 due to their 
rapid transport into the droplets [37,38]. 

Oinuma et al. in their quantitative study investigated the reactivity transfer of OH from the gas 
phase RF discharge plasma to the liquid phase and how its diffusion limitations impact formate 
decomposition in the water microdroplets. In droplets with a lower diameter, they observed a 50% 
reduction in formate concentration after plasma treatment for droplet residence times of ∼10 ms, 
while only 28% for droplets with higher diameter. The oxidation of formate by the plasma was 
improved after plasma treatment of smaller size droplets with increased surface-to-volume ratio 
[39]. 

Plasma activation of water droplets and aerosols results in an increasing surface-to-volume 
ratio and thus accelerates the transport of RONS into the water. This concept has been adopted by 
several research groups [40–42], as well as our previous work [31,32,43]. For instance, in two 
different cold air plasma sources (streamer corona and transient spark discharge), PAW was 
prepared by applying water electrospray to fine aerosol droplets directly through the active plasma 
zone, which results in a very efficient transfer of gaseous RONS into water. The increased surface 
area of the plasma-liquid interface promotes water evaporation and the transfer of RONS from the 
plasma into the water. H2O2(g) produced near the air plasma-liquid water interface shows an 
extremely fast dissolution through this gas-liquid interface [31]. 

In similar comparative experiments of Bosi et al., the concentrations of O3 and H2O2 produced 
in two atmospheric plasma discharge sources (streamer and dielectric barrier DBD) were 
determined for water treatment as a function of input energy. In the solutions treated with the 
streamer, both O3 and H2O2 were present in higher concentrations than with the DBD. For both 
configurations, the concentration of O3 in solution increased at the beginning of the treatment, 
reached a maximum, and then decreased, while the concentrations of H2O2 increased during all the 
treatment time [44]. 

In a review by Locke et al., the formation of H2O2 was investigated in various electrical 
discharge plasma reactors with water. Several relatively high energy discharges directly in and over 
the liquid water with bubbles, and capillary discharges showed improvements in gas-liquid mass 
transfer characteristics. The highest H2O2 yields were found for the water droplet spray which 
provides large surface areas and small length scales to enhance the mass transfer rates, followed by 
the water vapor gas [45]. 

H2O2 formation in multiple plasma-water systems has been extensively studied over the last 
decades. In a study of H2O2 formation in hybrid gas-liquid electrical discharge reactors (with 
different configurations), the corona-like discharge was applied directly above the bulk water 
surface. The H2O2 concentration as a function of time increased almost linearly with the applied 
voltage and the production rates of H2O2 were similar in all reactor configurations [46]. In electrical 
discharges using different gases (air, argon, and oxygen) over the water surface, the higher 
efficiency of H2O2 formation as a function of power was attributed to the large electric field, and 
current streamers interacting with the water surface causing an efficient mixing at the interface. 
Corona discharges in a similar system yield H2O2 production very similar to the other gas plasma 
reactors over water [47]. 
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Winter et al. tracked the plasma generated H2O2 from the gas into the liquid phase. With a 
rising H2O2 amount in the gas phase, the liquid phase H2O2 concentration increases whether H2O2 is 
created by the plasma in the gas phase or by the H2O2 bubbler (without plasma), with a slightly 
higher liquid H2O2 concentration for the plasma case. It was found that more than 60 % of H2O2 
produced in the liquid phase was without a direct plasma effect. This is because the H2O2 solvation 
process in the gas phase is dominant [48]. 

Electrospray (ES) or electrohydrodynamic atomization of liquids is one of the very efficient 
ways of producing liquid aerosols. It occurs from a conical meniscus located at the end of a 
capillary tube continuously supplied with liquid under the influence of a strong electric field. When 
a liquid flows through the nozzle (capillary tip) which is exposed to an electric field, positive and 
negative charges separate inside the liquid droplet, and charges of the same polarity as the nozzle, 
move towards the droplet surface, inducing a surface charge density on the liquid-air interface 
(liquid surface). The charged droplets generated from the nozzle of the high electric potential have 
different sizes ranging from large (mm) to very small (nm) droplets, at various droplet populations 
from polydisperse to monodisperse, at different flow rates where the droplet diameter (size) is 
controlled by varying the ES flow rate or the electrical conductivity of the liquid [49–53]. There are 
many parameters involved in the ES process, which determine different modes of continuous and 
intermittent ES, producing aerosols of highly varied characteristics. The important parameters are 
the geometry of the system used, applied voltage, the dielectric strength of the ambient medium, 
liquid flow rate, and the physical properties of the liquid such as electrical conductivity, surface 
tension, and viscosity. Due to the high electric potential and low radii of the capillary nozzle, water 
meniscus, and the jet at the nozzle outlet, the electric field at the surface of those objects is often 
sufficiently high to cause ionization processes in the surrounding gas. The corona discharge occurs 
at a low discharge power around the sharp edges of the nozzle where the electric field is locally 
applied [54]. The time of surviving the liquid aerosol droplets in the sub-micrometer dimension (a 
few milliseconds) in low-temperature atmospheric pressure (corona) plasmas, is sufficient to 
produce many chemical reactions in the liquid aerosol [55]. 

The coupling of plasma-liquid interaction to the liquid ES with plasma chemical processes has 
many technical advantages, as it employs the same device and the same high voltage power supply 
applied to the capillary nozzle. Also, as mentioned above, this configuration enables the efficient 
mass transfer of active species produced by plasma into the water droplets due to the micrometer-
scale dimensions of the droplets with a large surface-area-to-volume ratio [56]. The interest and 
applications of water ES for the liquid sprays have been applied to various areas due to low cost, 
environment-friendly, and biocompatible water treatment [57]. 

Stancampiano et al. in their review conclude that plasma-aerosol droplets act as efficient 
microreactors where reaction rates, mixing and surface-to-volume ratio are enhanced. Ongoing 
experimental and simulation work in plasma control developments and precision microdroplet 
generation, which are in turn affected by the range of available gases, liquids, or colloids and the 
choice of plasma parameters, droplet sizes, and exposure time, as well as a better understanding of 
droplet transport for the in-situ delivery of chemicals, will lead to opening new horizons for future 
plasma applications [58]. 

In this work, we focus on studying the transport mechanism of highly vs. lowly soluble cold 
air plasma generated species into the water: H2O2 vs. O3. We compare the transport of these species 
separately, into the bulk water through a simple water surface and into aerosols generated by ES. 
We measure H2O2 and O3 concentrations dissolved into the water, and their depletion in the gas 
phase due to this transport according to Henry’s law solubility. Changing the water flow rate and 
the applied voltage on the ES needle electrode is considered a turning point between the lower to 
the larger surface area of the produced water droplets. This change creates accelerated charged 
droplets with different specifications such as size, average speed, and lifetime inside the reactor 
filled with the studied gaseous species. We control these parameters with various gas flow rates of 
gaseous H2O2 and O3 during different treatment times when the water (bulk or aerosol) is exposed 
to the incident H2O2 and O3 species. We present experimental results coupled with theoretical 
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calculations and analyze the solvation saturation coefficients for H2O2 and O3 separately. Our 
analyses will presumably lead to a deeper understanding of the gaseous plasma species transport 
into the water (aqueous) phase for various surface-to-volume ratios, which underlines many air 
plasma applications in biomedicine, environmental sciences, and agriculture. 

2. Materials and Methods 

The transport of gaseous H2O2 and O3 generated by external sources into water is investigated 
in two types of reactors: bulk water and electrosprayed (ES) aerosols. The concentration of 
dissolved H2O2 and O3 in the water and their loss in the gas phase was measured.  The optical 
imaging technique was employed to analyze the size, density, and surface area of the 
electrosprayed water microdroplets during the transport of H2O2 and O3 from air into water. 

2.1. Generation and analysis of H2O2 and O3 in the gas phase  

Because of relatively low concentrations of H2O2 and O3 generated by the positive corona 
discharge that we typically use in biomedical applications [22,31,32,43], we used here two different 
external gas sources of higher concentrations of H2O2 or O3. It enabled us to study the species 
transport into the water at higher gaseous concentrations. We worked with H2O2 and O3 gases 
individually, where each one was mixed separately with an airflow to form a gas mixture with a 
specific dilution ratio, flow rate, and gas concentration. This gas mixture was pumped into two 
different reactors (ES and bulk) through PTFE tubes with an inner diameter of 4 mm and then 
measured by two individual electrochemical gas sensors of H2O2 and O3, type MEMBRAPOR. The 
gas sensors were connected to the reactor by PTFE and silicon tubes with the same inner diameter. 
Each gas sensor was attached to its transmitter board connected with an Arduino circuit, where the 
functional code is uploaded and displayed on LCD showing the gas concentrations in ppm. 

The external source for H2O2 is a bubbler glass tube containing 30 % (w/w) H2O2 solution in 
water with a corresponding molar concentration of 9.8 M. It is bubbled using a variable airflow to 
produce H2O2 vapor with a high relative humidity > 90 %. This H2O2 vapor is mixed by a 1:1 ratio 
with dry air from an air pump to avoid the condensing of the water vapor in the H2O2 gas sensor 
and to keep a recommended relative humidity range of 15-90 %. The H2O2 gas sensor type 
H2O2/CB-500 has a nominal range of 0-500 ppm with a resolution < 1 ppm and maximum overload 
of 1000 ppm. We run the H2O2 experiment at a concentration value of ~ 110 ppm of H2O2. 

We used the O3 generator type EASELEC as an external source of O3 with an O3 output of 300 
mg/h and a flow rate 2-3 l/min, which is mixed by 2:1 ratio with an airflow produced by an air 
pump to reach a concentration of ~ 450 ppm of O3 before starting the O3 experiment. Since the O3 
generator has a constant output flow rate, we used a by-pass valve in one of its two output 
terminals to avoid limiting its designed gas flow rate and allow a lower concentration of O3 than its 
default output. The O3 gas sensor type O3/C-1000 has a nominal range of 0-1000 ppm with a 
resolution of 0.3 ppm and maximum overload of 2000 ppm. 

We control the air-flow rate with H2O2 vapor or O3 gas using flow meters AALBORG. During 
each experiment of H2O2 or O3, the gas sensors are supposed to record a decrease in the H2O2 or O3 

concentration of the gas mixture inside the reactor. This concentration loss in the gas phase 
represents how much of the H2O2 or O3 species were transported/dissolved into the water (bulk or 
aerosols). 

2.2. Transport of gaseous H2O2 and O3 into the bulk water 

The experimental setup shown in Figure 1 consists of the air pump, external sources of H2O2 
vapor and O3 gases, and gas sensors as described in the previous section. 
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Figure 1. Schematic of the experimental setup for investigation H2O2 and O3 transport into bulk 
water. 

We used in parallel the bulk water reactor and the gas chamber that have the same cylindrical 
geometry and dimensions (diameter, height, and volume of the gaseous space 13 mm, 11 mm, and 
1.4 ml, respectively). There is a piston at the bottom of the bulk reactor to keep the height and 
volume of the gaseous space constant for different water volumes. The filled bulk of deionized 
water (with conductivity < 3 µS/cm) at the bottom of the reactor has a fixed surface area exposed to 
H2O2 or O3 gaseous species. The volume of the bulk water is determined by its depth H. 

The gas mixture of H2O2 diluted vapor or O3 diluted gas is first pumped through a three-way 
valve type BUERKLE PP/PE into the gas chamber with no water and then into the gas sensor. When 
reaching the stable starting point of the gas concentrations 110 or 450 ppm for the H2O2 vapor or O3 
gas, respectively, the gas mixture is transferred into the bulk reactor filled with the specific water 
volume. At that moment, the treatment time is started, and the gas sensor is connected to the bulk 
reactor. The treatment time means the exposure time of this bulk water (with a fixed surface area 
and different volumes) to the incoming gas mixture. There was slight turbulence of the surface of 
the water bulk during the flow of the gas mixture at the highest flow rates used (2 l/min). 

2.3. Analysis of the sizes of water microdroplets using Fast/HS camera imaging and transport of gaseous 
H2O2 and O3 into the water aerosols 

We measured the diameter and density of the water aerosol (large droplets + electrosprayed 
microdroplets) by high-speed visualization to investigate the transport of the gaseous species into 
the water. Figure 2 shows the schematic diagram of our ES experimental setup. It consists of a 
positive dc High Voltage (HV) power supply type Spellman’s Bertan model 210-30R of 135 W and a 
syringe pump type NE-300 which delivers the deionized water (with conductivity < 3 µS/cm) 
continuously through a silicon tube with an inner diameter of 2 mm and controlled water flow rates 
(100-1000) µl/min into a blunt hollow needle electrode (anode) nozzle with the outer and inner 
diameters 0.7 and 0.5 mm, respectively. The needle electrode is placed opposite to a rounded wire 
of 1.5 mm diameter as a grounded electrode (cathode). The two electrodes are in point-to-plane 
geometry, both are stainless-steel with the shortest gap distance of 16 mm. HV from the power 
supply is applied through a ballast resistor 13.5 MΩ on the needle electrode. This HV is measured 
using a dc HV probe type AGILENT N2771A and then processed by a digital oscilloscope type 
TEKTRONIX TDS 1012. 
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Figure 2. Schematic of the experimental setup for the Fast/HS camera imaging technique and 
investigation H2O2 and O3 transport into water ES. 

We used two types of cameras placed in front of the water aerosols to visualize the 
electrosprayed aerosol and measure the size of the water droplets. A digital Fast camera type 
CASIO EXILIM was used mainly for the slower and larger size water droplets, with typical record 
parameters 60 fps (frame per second) and shutter speed 1/40,000 s (exposure time 25 µs). It 
provided photographs of size 562 × 623 pixels and resolution 29.2 µm /pixel. Additionally, High 
Speed (HS) camera Photron FASTCAM SA-Z type 2100K-C-32GB was used mainly for the faster 
and lower size of the water microdroplets produced during the ES process, with typical record 
parameters 25,000 fps and shutter speed 1/50,000 s and 1/133,333 s (exposure time 20-7.5 µs) which 
provided photographs of the size 840 × 1024 pixels and resolution 21.875 µm /pixel. 

To improve the spatial resolution of the camera at short exposure times and high shutter 
speed, sufficient light illumination was needed. The droplets were illuminated with two strong 
light sources, white LED type LEDLENSER P7R placed in front of the Fast camera with the droplets 
in between, and type DEDOLIGHT daylight 400D placed beside the HS camera directed to the 
microdroplets. The Fast/HS camera records photographs of the electrosprayed water microdroplets, 
which were processed and analyzed by the software Microsoft Office Picture Manager and GIMP 
(version 2.10.22). 

To allow a very efficient mass transfer of the studied species (H2O2 and O3) into water aerosols 
and to enable the gas analyses and measurements, the HV needle and the ground wire electrodes 
were enclosed inside a transparent plastic reactor in which the water aerosols (large droplets + ES 
microdroplets) are produced and collected. It has a cylindrical geometry with the dimensions of 
diameter, height, and volume of gaseous space: 20 mm, 41 mm, and 13 ml, respectively. The 
transport process of H2O2 and O3 gaseous species into water aerosols occurs in this gaseous space 
along with a 25 mm flight distance of the water microdroplets from the needle electrode to the 
bottom of the reactor. The lifetime of these water microdroplets is the time before they reach the 
bottom of the ES reactor. There is an adjustable piston at the bottom of the reactor to keep the 
constant volume of the gaseous space and the flight distance when working with different water 
flow rates and treatment times. 
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Before starting the water flow and the applied HV on the needle electrode, the gas mixture of 
H2O2 vapor or O3 gas diluted with air was pumped into the ES reactor, and the gas sensors were 
employed for measuring their gas concentration. The H2O2 or O3 experiment started when the gas 
mixture concentration of H2O2 vapor or O3 gas reached 110 or 450 ppm, respectively. Then the 
water flow at the specific applied voltage on the needle electrode was started, for a given treatment 
time. The treatment time is the exposure time of the water aerosols to the gas mixture from the start 
until the end of the water flow. 

2.4. Analysis of H2O2 and O3 in the aqueous phase using UV-vis spectroscopy 

The aqueous phase analysis is related to the amount of the gas concentrations of H2O2 and O3 
in the gas phase, which are dissolved/transported into the water aerosols and bulk. We used UV-vis 
spectroscopy colorimetric methods for the chemical analysis of H2O2 and O3 in the aqueous phase. 
The collected water samples with added chemical reagents were analyzed by a UV/VIS absorption 
spectrophotometer UV-1800 Shimadzu. 

For H2O2, we used TiOSO4 (titanium oxysulfate) reagent. H2O2 reacts with the titanium (IV) 
ions under acidic conditions which produced a yellow-colored product of pertitanic acid H2TiO4 
with the absorption maximum at 407 nm [59]. The concentration of H2O2 is proportional to the 
absorbance according to Lambert-Beer’s law (molar extinction coefficient ε = 6.89 × 102 L/mol.cm). 

For O3, we used a simple quantitative colorimetric standardized detection method for the 
dissolved O3 in water using the indigo blue reagent II for higher concentrations of O3 (0.05-0.5 
mg/L) [32,60]. O3 decolorizes the indigo potassium trisulfonate dye rapidly in acidic conditions and 
the colorless product isatin is formed by the bleaching process. The decrease of the absorbance at 
600 nm (ε = 2.38 × 104 L/mol.cm) is linearly proportional to the increase of O3 concentration. 
Although this analytical method has limitations in plasma-treated solutions due to cross-
correlations with other RONS [61], it can be safely used in this experiment with air containing O3 
only. 

3. Results 

3.1. Solvation of O3 and H2O2 in bulk water 

Figure 3 shows the amount of dissolved O3 and H2O2 into bulk water at various water volumes 
and treatment (interaction) times. Both O3 and H2O2 solvation depends almost linearly on the 
treatment time. It is interesting to compare the dissolved molar amounts of O3 and H2O2: while O3 
dissolves at the maximum of 0.9 nmol (gas flow rate 0.8 l/min, interaction time 4 min in Figure 3a), 
H2O2 dissolves up to 10 µmol in Figure 3c at similar conditions. This agrees with a much higher 
Henry’s law coefficient 𝑘ு of H2O2 compared to O3, however, the measured difference is 4, not 7 
orders of magnitude as one would expect based on the difference of 𝑘ு. We will get to this point 
later (in subsection 4.1). The bulk liquid experiments show that H2O2 is very well soluble even 
without the formation of microdroplets that will also be discussed later (Figure 8c). 

The surface area of the bulk water was kept constant (133 mm2) for all tested volumes. No 
influence of the water volume (i.e. the height of the water column in the bulk reactor) was detected 
for the same treatment time. This also shows that the total gas-water interface surface area is the 
key parameter determining the solvation. 
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(a) (b) 

(c)  (d) 
Figure 3. Solvation of O3 and H2O2 at different gas flow rates (l/min) and water volumes (µl) during 
different treatment times (min) in bulk water. Total molar number of dissolved molecules as a 
function of treatment time, different water volumes, at constant gas-liquid interface area. 

At the higher gas flow rate, the residence time of the gas inside the reactor, thus also gas-liquid 
interaction time, were shorter and the amount of dissolved O3 decreased, despite the higher amount 
of O3 delivered into the reactor per unit time (Figure 3a, b). On the other hand, for H2O2, the higher 
gas flow rate resulted in slightly higher solvation, due to the higher amount of H2O2 delivered into 
the reactor per unit time (Figure 3c, d), despite the shorter gas-liquid interaction time. 

3.2. Solvation of O3 and H2O2 in electrosprayed water droplets 

When we apply a high voltage (Va) on the needle nozzle through which the water is delivered 
to the reactor with a water flow rate (Qw), the ES starts at 7.5 kV (at the lower Qw) while the dc 
corona discharge plasma onset occurs at 9 kV. Figure 4 shows an example of electrosprayed 
microdroplets obtained by HS camera imaging. From a large set of HS camera images, we were able 
to estimate the size distribution of the ES water microdroplets (Figure 5). Besides Va (Figure 5a), Qw 
also influences this size distribution (Figure 5b). However, the differences do not seem to be very 
significant. In all histograms, the largest number of droplets have a diameter around 50 µm and 
there are only a few droplets with a diameter above ~ 150 µm. The abundance of these “big” 
droplets slightly decreases with increasing Va and decreasing Qw. 
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(a) (b) (c) (d) (e) (f) (g) 

Figure 4. Examples of water droplets photographs by HS camera for different Va (kV) and Qw 
(µl/min): (a) 0 kV; (b) 9 kV, 300 µl/min; (c) 11 kV, 300 µl/min; (d) 13 kV, 300 µl/min; (e) 9 kV, 500 
µl/min; (f) 11 kV, 500 µl/min; (g) 13 kV, 500 µl/min. 

 
(a) 

 
(b) 

Figure 5. The relative abundance of water microdroplets produced by ES as a function of 
microdroplets diameter at different Va (kV) and Qw (µl/min): (a) 9, 11, 13 kV, and 300 µl/min; (b) 11 
kV and 100, 300, 500 µl/min. Microdroplets with a diameter under 20 µm are below the detection 
limit of our camera imaging. 

From the bulk water experiment, we know that the gas-liquid interface surface area is the key 
parameter determining the solvation. Therefore, we estimated the total surface area of the water ES 
droplets integrated for 1 minute, from the droplet size distributions. Figure 6 shows this total 
surface area for different Qw as a function of Va and it is compared with the surface area of the bulk 
water and water droplets (with diameter 1.5-2 mm) at 5 kV. There is a significant increase with 
increasing Va and Qw. At 13 kV and 500 µl/min for 1 minute, the produced total surface area is 
almost 190 times larger than the area during the bulk liquid experiment. 
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Figure 6. The total surface area of water droplets and microdroplets formed by ES during 1 minute 
for different Qw (µl/min) as a function of Va (kV), compared to the bulk water experiment. 

In coherence with the bulk water experiment, the amount of dissolved O3 and H2O2 into ES 
droplets increases with the treatment time, as shown in Figure 7a, b for O3, and Figure 8b, c for 
H2O2. However, this solvation rate is slower than linearly proportional with time, as observed in the 
bulk water experiment. The dissolved O3 and H2O2 also increase with increasing Va and Qw (Figure 
7c, d for O3 and Figure 8a, b for H2O2), although the effect of increasing Qw is not so significant in 
some cases. These results prove more efficient solvation of O3 and H2O2 into ES microdroplets 
compared to the bulk liquid, but they also show that the observed effect cannot be explained simply 
by the measured droplet size distribution and their total surface area. The real limitation in the ES 
experiment is the limited lifetime of the generated flying water microdroplets. 

(a) (b) 
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(c) (d) 
Figure 7. Solvation of O3 as a molar number of dissolved molecules in ES at a constant gas flow rate 
(l/min). (a), (b) two values of constant Qw (µl/min) and different treatment times (min); (c), (d) 
different Qw (µl/min) during different treatment times (min) in ES and bulk water. 

We must note that the decrease of O3 concentration in the gas phase was not measurable at the 
resolution of 0.3 ppm of our O3 gas sensor. On the other hand, we observed a measurable depletion 
of H2O2 in the gas phase, both in the bulk and ES experiments. The amount of remaining H2O2 in 
the gas phase limits the concentration achievable in the liquid phase (this issue will be discussed 
later in detail). Measured concentrations (number of moles) of dissolved H2O2 fits well with the 
molar amount of H2O2 depleted from the gas phase (Figure 8c, d) within the experimental 
uncertainty. 

(a) (b) 
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(c) (d) 
Figure 8. Solvation of H2O2 as the molar number of dissolved molecules in ES. (a), (b) different gas 
flow rates (l/min) and Qw (µl/min) during 1 min treatment time; (b), (c) the same gas flow rate 2 
l/min and different treatment times (min) in ES and in (c) also bulk water added; (d) depleted H2O2 
from the gas at the conditions of (c). 

Let us go back to the limited lifetime of the electrosprayed microdroplets. During the ES 
process, the microdroplets fly from the needle nozzle towards the bottom of the reactor. The 
relevant lifetime of the microdroplets is not the duration of the experiment, but the time between 
their formation and the moment when they hit the bottom of the reactor. The lifetime of these 
microdroplets can be calculated from their traveled path and their speed vd. Figure 9 shows the 
distribution of their speed as a function of their diameter, as measured by the HS camera. The 
shortest possible path of a droplet which moves perpendicularly to the ground is 2.5 cm, but the 
real path of a droplet deviated from the axis of the reactor can be as long as ~ 3 cm. For the biggest 
and the slowest microdroplets (vd ~ 3.5 m/s), we thus get the longest lifetime up to ~ 9 ms. 

 
Figure 9. Speed of ES microdroplets measured from the HS camera images and their lifetime as a 
function of their diameter dk. 
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Compared to the interaction (i.e. treatment) time during the bulk experiment (1-4 min, i.e. 
order of 100 s), the lifetime of flying microdroplets is by 4-5 orders of magnitude shorter. Taking 
into account that the total surface area of ES microdroplets is augmented much less with respect to 
their much shorter lifetime compared to the bulk (the highest measured total surface area 
augmentation factor was 190 at 13 kV and 500 µl/min), we should in fact observe a lower amount of 
dissolved O3 and H2O2 into ES droplets compared to the bulk water. This contradicts the 
experimental results. To resolve this problem, it is necessary to consider the effect of microdroplets 
which stay as separated microdroplets for a certain time even after they hit the bottom of the 
reactor. They could stay at the bottom like these separated droplets for a much longer time than just 
a few ms before they merge to form bigger droplets and eventually a uniform bulk liquid. 

In the real ES experiment with a constant Qw running for a specific treatment time, the total 
amount of dissolved O3 and H2O2 molecules is given by the sum of those dissolved during the short 
lifetime of flying microdroplets, then the molecules absorbed by microdroplets sitting at the bottom 
of the reactor, and finally by merged bigger droplets (eventually forming bulk liquid) formed later 
during the experiment. There are also some sprayed microdroplets sitting on the walls of the ES 
reactor due to the ES process. The amount of these sprayed droplets is increased with the increase 
of Qw, Va, and the treatment time. Contribution of various phases (flying, bottom, and sprayed 
droplets, besides the formed bulk) to H2O2 and O3 solvation into the liquid water will be discussed 
in the next section, based on a comparison of theoretical calculations with the experimental results. 

4. Discussion 

4.1. Theory of mass transfer from gas to the liquid phase. The role of surface area 

In the first approximation let us assume that all the solvation process is guided by the surface 
area with the equilibrated transfer of molecules of the same species i from the gas into the liquid 
phase and the backward transfer of molecules from the liquid into the gas phase. 

First, let us express the flux of molecules from the gas into the liquid phase: 
 

𝑗௜
ା =  

ଵ

ସ
𝑛௜𝑣௜  =  

௩೔

ସ௞ಳ்
𝑝௜  =  𝛽𝑝௜ , (3)

Here, ni is the density of i-th species, vi is the mean chaotic velocity of these molecules, 𝑘஻  is the 
Boltzmann constant, T is the gas temperature, and pi is the partial pressure of i-th molecules.  

Next, we can assume that the flux of i-th species from the liquid phase back to the gas phase is 
proportional to its molar concentration in the liquid phase ci: 

𝑗௜
ି =  𝛼𝑐௜ , (4)

In the steady state, these two fluxes are equal. It is possible to derive the constant α using 
Henry’s law coefficient 𝑘ு

௜ , because in the steady state: 

𝑐௜  =  
ఉ

ఈ
𝑝௜  =  𝑘ு

௜ 𝑝௜, (5)

Knowing the fluxes in both directions, the number of transferred molecules ΔNi in time Δti into 
the liquid phase with surface area S can be expressed as 

𝛥𝑁௜  =  (𝛽𝑝௜ − 𝛼𝑐௜)𝑆𝛥𝑡, (6)

In combination with the expression ci = Ni/(NAV), where V is the volume of the liquid phase and 
NA is the Avogadro constant, we can derive an equation describing the evolution of ci: 

d௖೔

d௧
 =  

ௌఉ௣೔

ேಲ௏
−

ௌఉ

ேಲ௏௞ಹ
೔ 𝑐௜, (7)

Assuming an initial concentration in the liquid phase to be zero, ci (0) = 0, we obtain this 
expression for the aqueous concentration of the i-th species at time t: 
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𝑐௜(𝑡)  =  𝑝௜𝑘ு
௜ ቆ1 −  𝑒𝑥𝑝 ൬

ିௌఉ

ேಲ௏௞ಹ
೔ 𝑡൰ቇ, (8)

In this simplified theory, we assumed that the partial pressure of species i did not change in 
time and that the concentration in the liquid phase was homogeneous. This equation is valid both 
for bulk liquid as well as for microdroplets. If we consider only spherical droplets with diameter dk, 
we finally get an expression where mi is the mass of i-th molecules. 

𝑐௜(𝑡)  =  𝑝௜𝑘ு
௜ ቆ1 −  𝑒𝑥𝑝 ൬

ି଺௧

ேಲௗೖ௞ಹ
೔ ඥଶగ௠೔௞ಳ்

൰ቇ, (9)

We can see that ci(t) converges towards a saturated concentration cisatur. with the increasing 
time. To be able to compare results for O3 and H2O2, it is better to look at the evolution of the 
saturation degree ξi defined as ξi(t) = ci(t)/cisatur..  Figure 10 depicts examples of the saturation degree 
time evolutions calculated by this simple theory based on fluxes inside and outside of droplets. 

The saturation will be reached relatively slowly in the case of H2O2 (Equation 9, Figure 10) due 
to the large Henry’s law coefficient. Let us apply this theory to the solvation of H2O2 in bulk water. 
We must consider how many molecules are needed to achieve saturation in the liquid. With the 
gaseous concentration of H2O2 ~ 100 ppm (~ 2.46 × 1015 cm-3), the saturated concentration in liquid 
water is ~ 10 M. Thus, approximately 6 × 1021 molecules must be dissolved to achieve the saturation 
and more than 2 × 103 liters of the gas passing through the reactor would be needed. With the gas 
flow of 1 l/min at input concentration 100 ppm, even if we assumed that all H2O2 is dissolved and 
nothing leaves out from the reactor, such an experiment would take more than 33 hours. This figure 
would be even larger because not all gaseous H2O2 molecules can be dissolved. 

The average residence time of the gas in the bulk reactor with ~ 1.4 cm3 volume, the depth of 
the bulk liquid H, and the gas flow rate 1 l/min, is approximately 0.08 s. If we estimate the dissolved 
amount of H2O2 into the bulk water using the theoretical Equation (8), we find out that for H = 7.54 
mm (1000 µl of water in the reactor) and time 0.08 s, only about 37% of available H2O2 molecules 
can dissolve.  At H = 3.77 mm (500 µl) and H = 1.51 mm (200 µl), 60% and 89% of the H2O2 can be 
dissolved within 0.08 s, respectively.  

Taking all this into account, we estimated the expected saturation degree for H2O2 as a function 
of time and H and compared it with experimental results (Figure 11). We observe quite a good 
agreement between the theoretically calculated and the experimental saturation degrees, except for 
H = 1.51 mm. Here, significantly less H2O2 can be dissolved within the gas residence time inside the 
reactor than predicted. This could be explained by the fact that at H = 1.51 mm, the depletion of 
H2O2 from the gas is already too high and the saturation concentration of H2O2 in the liquid phase 
should be lower than the expected maximum 10 M, corresponding to the lower concentration of 
H2O2 in the gas phase. 

The H2O2 depletion from the inlet air and so its insufficient amount in the vicinity of the gas-
water interface can also explain why only ~ 104 times more H2O2 than O3 was solvated, although 
Henry’s law coefficient of H2O2 is larger by 7 orders of magnitude than that of O3. 
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Figure 10. Examples of saturation degree time evolutions calculated by a simple theory (Equation 9) 
based on fluxes inside and outside of droplets. 

 
Figure 11. Saturation degree ξH2O2 of H2O2 as a function of treatment time and bulk water depth H. 
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The real situation is even more complicated for ozone and this simple solvation theory is not 
sufficient. For O3, with a very low Henry’s law coefficient, the formula (9) predicts very fast 
saturation of water by dissolved ozone even for large droplets with dk = 3 mm (Figure 10), as well as 
for the bulk liquid. This means that even without the ES, the droplets with a diameter of 3 mm 
would be saturated by O3 almost immediately at the moment when they are created, long before 
they hit the reactor bottom. The bulk liquid water would also be saturated in less than one second. 
This contradicts our experimental findings (Figures 3 and 7) that the gas-liquid interaction time 
determines the solvation. 

The major problem of the above theoretical considerations is the assumption that the dissolved 
molecules spread immediately inside the entire droplet. To correct this theory, we must take into 
account the fact that the dissolved species concentration inside the liquid equalizes only very 
slowly by diffusion. It is only a thin layer next to the surface that becomes saturated quickly. 

Thus, we must take into account the diffusion of dissolved molecules inside the liquid water 
that will make the characteristic saturation time longer. 

4.2. O3 diffusion into the bulk liquid 

In a 1-dimensional situation (bulk liquid) we can estimate the distance L to which O3 will 
diffuse during a given time by a simple equation 

𝐿 ∼ ඥ2𝐷ைଷ𝑡, (10)

where DO3 is the diffusion coefficient of O3 in water.  At 300 K, DO3 = 2 × 10-5 cm2/s [62]. To 
simplify the calculation, we can assume that the surface area is quickly saturated by dissolved O3 
molecules and their concentration there can be considered as constant (cO3satur.). We can use the 1-
dimensional theory of diffusion to describe the concentration evolution in time and depth h of the 
bulk liquid. 

𝑐ைଷ(ℎ, 𝑇) = 𝑐ைଷ
௦௔௧௨௥.𝑒𝑥𝑝 ቀ

ି௛మ

ସ஽ೀయ௧
ቁ, (11)

Integration from 0 to H (the total depth of the bulk liquid) gives us the average concentration 
in a given time and hence the degree of saturation ξO3 as a function of time and H (Equation 12) 

𝜉ைଷ(𝐻, 𝑡) =
∫ ௘௫௣

ಹ
బ ൬

ష೓మ

రವೀయ೟
൰d௫

ு
, (12)

Figure 12 shows the calculated saturation degree time evolutions for three different values of 
H: 1.51 mm, 3.77 mm, and 7.54 mm (they correspond to the water volumes 200 µl, 500 µl, and 1000 
µl in the bulk reactor, respectively). With H = 3.77 mm and the treatment time 4 min (240 s), the 
theoretical average concentration of O3 should reach only about 32 % of the saturation level. For H = 
7.54 mm, this number is even lower (16 %). The theoretical curves are compared with experimental 
results in Figure 12. There is a relatively good agreement within the experimental uncertainty, 
except for H = 1.51 mm, where experimental values are below the theoretical ones. At H = 1.51 mm 
the amount of water is very small (200 µm). Even slight vibrations and shivering of the water 
surface due to the gas flow can have a significant influence on the O3 solvation inside the bulk 
liquid. 
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Figure 12. Saturation degree ξO3 of O3 as a function of treatment time and bulk water depth H. 

4.3. O3 diffusion in microdroplets 

Like in the bulk liquid, the calculation is easier if we assume that the surface area is quickly 
saturated by O3 molecules and the concentration here can be considered as constant (cO3satur.). Next, 
we estimate the saturation degree ξO3 in the droplets as a function of time and rk (droplet radius). 
We approximate the concentration of dissolved O3 inside the droplet as a function of time and 
radial coordinate r by the function 

𝑐ைଷ(𝑟, 𝑡) = 𝑐ைଷ
௦௔௧௨௥.𝑒𝑥𝑝 ቀ

ି(௥ೖି௥)మ

ସ஽ೀయ௧
ቁ, (13)

The saturation degree by ozone ξO3 as a function of time and rk in spherical coordinates can be 
then calculated by Equation (14) 

𝜉௜(𝑟, 𝑡) =
ଷ×∫ ௥మೝೖ

బ ௘௫௣ቆ
ష൫ೝೖషೝ൯

మ

రವ೔೟
ቇd௥

௥ೖ
య , (14)

As we already mentioned, the longest expected lifetime of generated microdroplets is ~ 10 ms. 
Therefore Figure 13 shows the estimated saturation degree for droplets with different diameters in 
the time scale up to 10 ms. 
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Figure 13. Estimated evolution of saturation degree ξO3 of O3 as a function of time and diameter of 
flying microdroplets, calculated for O3 diffusion in the water microdroplets at 300 K. 

From Figure 13 we can conclude that only very small microdroplets with a diameter below ~ 
40 µm could be saturated within this time of ~10 ms scale. To achieve the highest solvation rate, it 
would be thus preferable if all droplets had this diameter (or lower). Our measurements show that 
most of the detected droplets have a slightly larger diameter, around 50 µm (Figure 5).  In real ES, 
the average size of the microdroplets might be even smaller, because we were not able to detect 
droplets with a diameter below ~ 20 µm by our imaging technique with the resolution of 21.875 µm 
/pixel. 

However, the droplet size distribution histograms shown in Figure 5 do not reflect that the 
overall saturation degree depends significantly on the volume of droplets. If we merge 10 tiny 
ozone-saturated droplets (dk = 10 µm) with 1 larger droplet with dk = 200 µm and ξO3 = 0.1, the 
resulting ξO3 would be only 0.100125. For this reason, we recalculated the data from Figure 5a to 
show the relative contribution of droplets with different diameters to the total volume Pv(dk). In this 
representation (Figure 14), the contribution of the tiny droplets is minimal. For verification, we 
artificially modified the size distribution histogram measured at 13 kV and 300 µl/min. We doubled 
the number of droplets with a diameter of 20-40 µm and we added droplets with a diameter below 
20 µm as if their relative abundance were ~ 37 %.  The influence of this modification on Pv(dk) was 
almost negligible (Figure 14). We can see that there is a significant difference between Pv(dk) at 9 and 
13 kV, although the difference between 9 and 13 kV seemed to be negligible in the original size 
distribution histogram of the droplets (Figure 5a). 
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Figure 14. Relative contribution of the droplets with different diameters to the total volume Pv(dk) 
and saturation degree at the end of their lifetime ξfin(dk) as a function of droplet diameter, Va = 9 and 
13 kV, Qw = 300 µl/min. 

Figure 14 also shows ξfin(dk), the saturation degree of O3 at the end of the droplet lifetime 
(Figure 9, path 3 cm) as a function of droplets diameter. Finally, we can define the effective 
saturation degree ξeff of droplets hitting the bottom of the reactor by integrating the product of Pv(dk) 
with ξfin(dk) over the entire range of diameters: 

𝜉௘௙௙ = ∫ 𝜉௙௜௡
ௗೖ

(𝑑௞)𝑃௩(𝑑௞)d𝑑௞, (15)

Figure 15 shows the ξeff calculated for all Va and Qw, which increases with the applied voltage 
that shifts the relative contribution distribution towards the smaller diameter droplets (Fig. 14) As 
we can see there is no significant dependence on the Qw, though ξeff is probably slightly smaller at 
500 µl/min than at lower Qw. This could mean slightly bigger droplets on average. On the other 
hand, ξeff calculated at 100 µl/min is probably slightly higher than at higher Qw, except for Va = 13 
kV, when the formation of microdroplets was most probably influenced by the onset of corona 
discharge. The increase of ξeff with increasing Va can partly explain the increase of the dissolved O3 
amount with increasing Va (Figure 6). For a more precise explanation of the observed dependence of 
solvation on Va, we must also consider the microdroplets sitting at the bottom. 
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Figure 15. Effective O3 saturation degree ξeff of flying microdroplets as a function of Va (kV) at 
different Qw (µl/min). 

To estimate the role of microdroplets sitting at the bottom of the reactor, we have to consider 
some simplifications. We will further assume that these bottom microdroplets are semi-spheres 
(with a contact angle 90º) with the same volume as their parent microdroplets from the ES. 
Consequently, their diameter ds will be slightly bigger than the diameter of their parent 
microdroplets (ds ~ 1.26 dk). Next, we can estimate the saturation degree reached in these bottom 
microdroplets if we know their lifetime (τs). Water flow rate Qw is constant during the experiment 
and if they do not coagulate, their average lifetime would be equal to ½ of the total treatment time. 
Thus, for the Qw of 200 µl/min, the total water volume 1 ml would be collected at the bottom in 5 
minutes (300 s) and the average lifetime of bottom microdroplets would be 150 s. In reality, this 
average lifetime of bottom microdroplets is certainly lower, as we explain in the following section. 

In the ES experiment, the droplets are sprayed into a relatively wide solid angle. As a result, 
they are distributed all over the reactor bottom (even walls) in the initial phase. Gradually, bigger 
droplets start to be formed at places with the highest flux of merging droplets. This process 
decreases the average lifetime of bottom microdroplets. Moreover, as the reactor bottom gets 
gradually more and more covered by big droplets, more and more incoming microdroplets hit 
these big droplets instead of the clean surface of the reactor bottom, having thus the bottom lifetime 
τs = 0 s. A correct assessment of the bottom droplets' lifetime will require further studies. Here, as 
for the first approximation, we can estimate the saturation degree of the bottom microdroplets 
using τs = 1-10 s as shown in Figure 16. As we can see from Figure 16, for ds = 300 µm 
(corresponding to the parent microdroplets with dk = 238 µm), the saturation degree will exceed 
90% within τs = 10 s, even starting from the saturation degree 0. This shows that the solvation into 
bottom microdroplets plays a significant role in our experiment, even if their average lifetime is in 
the order of 1 s, which is still much longer than the lifetime of flying microdroplets (~10 ms). 
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Figure 16. Estimated evolution of saturation degree ξO3 as a function of time and diameter of bottom 
microdroplets, calculated for O3 diffusion in the water at 300 K, time span up to 10 s. 

4.4. Roles of flying microdroplets, sitting bottom microdroplets vs. solvation in the formed bulk 

The calculated effective saturation degree ξeff of flying microdroplets (Figure 15) can help us to 
assess the importance of flying microdroplets vs. sitting bottom microdroplets vs. formed bulk 
water solvation of O3. We have to compare ξeff to the measured ξO3 values under various 
experimental conditions. It is demonstrated in Figure 17. 

First, let us look at the ES experiment with Qw of 500 µl/min and a treatment time of 2 min. The 
total amount of collected water is 1000 µl. Qw is relatively high, and the bulk liquid is quickly 
formed and then exists during most of the treatment time. The contribution of bottom 
microdroplets should be thus small.  We can estimate the contribution of the solvation in the 
formed bulk from the experiment with bulk water with volume 1000 µl (H = 7.54 mm) and the 
duration 1 min (1/2 of the ES experiment time, because in the ES experiment the average water 
residence time inside the reactor is ½ of the treatment time), where we achieved the saturation 
degree only around 0.045 (violet dashed line at the bottom of Figure 17).  Thus, in the ES 
experiment even at low Va = 7.5 kV, where ξO3 is significantly higher (~ 0.25) than the bulk (0.045), 
the saturation must be mostly achieved thanks to the flying microdroplets. This can explain a good 
correlation between the measured ξO3 and ξeff for Qw = 500 µl/min in Figure 17. 

Second, let us consider the ES experiment with the Qw only 100 µl/min, with no formed bulk 
and no big droplets formation during most of the treatment time. Thus, the contribution of bottom 
droplets should be crucial, while the contribution of the O3 solvation into the formed bulk should 
be small, although, in the bulk water experiment with the volume 200 µl (H = 1.51 mm) and 
duration 1 min, we achieved the saturation degree ξO3 ≈ 0.23.  In the ES experiment, even at low Va 
7.5 kV, ξO3 reached almost 0.4. The formed bulk solvation contribution would be even less 
important at higher Va, where the advantage of flying and bottom microdroplets is already clearly 
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visible because ξO3 grows with increasing Va up to 1.12 ± 0.57. When comparing the ES experiment 
with Qw 500 µl/min and 100 µl/min, we can see that the significant increase of ξO3 should be mostly 
due to the sitting bottom droplets. This also explains a high experimental uncertainty of the 
measured ξO3. The coagulation of microdroplets and big droplet formation is significantly different 
in each individual experiment. 

 
Figure 17. Comparison of O3 ξeff calculated from the size distribution histograms (Figure 5) of flying 
microdroplets with the measured ξO3 of bottom microdroplets two sets of ES experiments (Qw = 100 
and 500 µl/min), and O3 saturation in the corresponding bulk experiments. 

Parallel to O3, we can also assess the role of flying and bottom microdroplets from the results 
of H2O2 solvation in the ES experiments. The situation is slightly different than in the case of O3 and 
we cannot use the effective saturation degree ξeff, since it was calculated by considering O3 
diffusion, assuming instantaneous saturation of a thin surface layer. As we discussed earlier, there 
are not enough H2O2 molecules in the gas during the experiments to achieve saturation in water 
and the gaseous concentration of H2O2 is significantly depleted. Contribution of various 
phenomena (flying droplets, bottom droplets, formed bulk) to H2O2 absorption into liquid water 
should rather be demonstrated on the solvation efficiency parameter ηH2O2, which determines how 
many of the total H2O2 molecules from the gas was dissolved concerning all available H2O2 
molecules. 

In the bulk experiments, by fitting experimental data we obtained ηH2O2 values 0.51, 0.585, and 
0.60 for water thickness 7.54, 3.77, and 1.51 mm, respectively, at the gas flow rate 1 l/min. Figure 18a 
shows the solvation efficiency obtained in the H2O2 ES experiment with Qw 200, 500, and 1000 
µl/min, treatment time 1 min, at the gas flow rate 1 l/min. If we compare the bulk liquid experiment 
with H = 3.77 mm (500 µl of water) where ηH2O2 = 0.585, with the ES experiment (Figure 18a), we can 
see that at 7.5 kV and Qw = 500 µl/min, the solvation efficiency is also only around 0.5.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 December 2020                   doi:10.20944/preprints202012.0025.v1

https://doi.org/10.20944/preprints202012.0025.v1


 24 of 29 

 

It does not mean that at 7.5 kV there is no contribution of microdroplets to the dissolved H2O2. 
In the ES experiments, the bulk is being formed gradually and the water is sprayed into the reactor 
gradually, while in the bulk experiments all the water is inside the reactor all the time since the 
start. The average time during the water could be exposed to the gaseous H2O2 in the ES experiment 
is only 1/2 of the treatment time of the bulk experiment. Thus, it is more reasonable to compare the 
solvation efficiency from the ES experiments with ½ of the solvation efficiency obtained in the bulk 
liquid experiments (Figure 18a). Thus, we assume that at 7.5 kV and 500 µl/min where ηH2O2 ~ 0.5 
(Figure 18a), the highest theoretical contribution of H2O2 solvation to the bulk liquid is about 0.29, 
i.e. 50%, from 0.58. This number is probably slightly higher at higher Qw (faster bulk liquid 
formation), and slightly lower at lower Qw.  

We can see that the solvation to microdroplets (both flying and bottom) plays an important 
role since the parameter ηH2O2 increases with an increasing Va at all Qw. The highest solvation 
efficiency approaching 100% was obtained at Qw = 1000 µl/min. As we already discussed, the 
formation of big droplets and the formed bulk water inside the ES reactor is the fastest at the Qw = 
1000 µl/min, where the role of the sitting bottom droplets should be minimal. This seems to indicate 
that the solvation effect is mostly due to flying microdroplets. However, we must also consider the 
fact that ηH2O2 depends on the total amount of flown water. More water can simply dissolve more 
H2O2. 

To compare data obtained at different Qw, it is necessary to normalize the solvation efficiency 
ηH2O2 to the same flown water volume, e.g. to 1000 µl. Before this normalization, the H2O2 solvation 
in the ES experiment with Qw of 200 µl/min (gas flow 1 l/min, treatment time 1 min) seems to be 
much less efficient than in the experiments with higher flow rates (Figure 18a). After this 
normalization (Figure 18b), however, the trend is the opposite: the highest normalized solvation 
efficiency occurs at Qw = 200 µl/min. This indicates that the solvation into sitting bottom droplets 
plays a significant role at these lower Qw, although we are not able to estimate its exact contribution 
from this normalized solvation efficiency. 

(a) (b) 
Figure 18. Solvation efficiency and the solvation efficiency of H2O2 normalized to 1000 µl of water at 
a gas flow of 1 l/min (a) H2O2 solvation efficiency ηH2O2 as a function of Va (kV), treatment time 1 min, 
at different Qw (µl/min); (b) comparison of the H2O2 solvation efficiency normalized to 1000 µl of 
water, both as a function of Va. 

5. Conclusions 

Motivated by the increasing interest in plasma-liquid interactions and their biomedical, 
agriculture, and other applications, the objective of this article was to investigate the transport of 
the most typical air plasma reactive species (O3 and H2O2) into water. We conducted solvation 
experiments with single O3 and H2O2 species in the airflow at elevated concentrations and analyzed 
their transport into bulk water vs. electrosprayed aerosol microdroplets. 
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The gas-water interface surface area and the treatment (interaction) time are shown to be the 
key parameters of determining the amount of dissolved O3 and H2O2 in the bulk water regardless of 
the water volume. The higher the gas flow rate of the incoming air with O3 or H2O2 resulted in a 
lower amount of dissolved O3 due to the insufficient interaction time. On the other hand, we 
detected slightly higher solvation of H2O2 thanks to more incident H2O2 molecules, despite their 
shorter interaction time. 

The size distribution of the electrosprayed water microdroplets was measured by the Fast/HS 
camera imaging. The total surface area of water microdroplets increased with the increasing 
applied voltage and water flow rate. The dissolved O3 and H2O2 also increased with increasing 
voltage and water flow rate, but the observed effect cannot be explained simply by the measured 
droplet size distribution and their total surface area. The limitation in the ES experiment is a very 
short lifetime (up to 9 ms only) of the generated flying microdroplets. In addition to the very short 
flying phase of the ES microdroplets, there are other phases of their total interaction time with O3 
and H2O2, such as microdroplets sitting at the reactor bottom (and walls) until they merge and form 
the bulk and the progressively forming bulk at the reactor bottom. All these phases of the water 
interaction with O3 and H2O2 strongly contribute to the solvation of O3 and H2O2 into ES water. 

We confronted the experimental results with a simple theory. There is a good agreement 
between the experimental and theoretical results of the time evolution of the saturation degree of 
H2O2 and O3 for different bulk water volumes (i.e. water depth). We got ~ 104 times more H2O2 than 
O3 solvated in the water despite the 107 times larger Henry’s law coefficient of H2O2 than that of O3 

because of the amount of gaseous H2O2 molecules next to the gas-water interface area was depleted 
to get higher H2O2 saturation in water. 

For O3, we had to consider the diffusion of dissolved O3 molecules inside the liquid water that 
makes the characteristic saturation time longer than predicted by the simple theory. After taking 
the diffusion in the liquid into account, we get a reasonable agreement of the saturation time 
evolution with the experiment. 

For O3 solvation in electrosprayed microdroplets, we had to account for their lifetime, as well 
as their contribution to the total water volume depending on their size and abundance. We also 
accounted for the sitting bottom microdroplets that have a slightly lower surface-to-volume ratio, 
but a much longer interaction time compared to the flying ES microdroplets. Finally, we had to 
consider the merging bottom droplets that progressively form the bulk at the bottom of the ES 
reactor. All water flow rates indicate the key role of the water microdroplets (both flying and 
bottom) on the total solvation during the ES. 

For highly soluble H2O2, on the contrary, we analyzed the solvation efficiency parameter, 
which determines how many of the total gaseous H2O2 molecules dissolve, concerning the available 
H2O2 molecules. Although the bulk liquid solvation is more significant than in the O3 case, the role 
of the solvation in flying and especially bottom microdroplets is important, too. 

In summary, we experimentally demonstrated and theoretically explained that Henry's law 
coefficient is not the only important parameter to determine the solvation of H2O2 and O3 gaseous 
species into the water.  Other experimental parameters, such as the gas-liquid interface surface area, 
gas flow rate, and the treatment time should be considered for the solvation in the bulk liquid. In 
the ES microdroplets, in addition to these parameters, the applied voltage and the water flow rate 
are important. The roles of these parameters on flying microdroplets, bottom microdroplets, and 
the formed bulk were established, although more detailed experimental/theoretical studies of these 
individual phenomena are needed in the future. These physical parameters enable us to control the 
solvation efficiency of H2O2 and O3 gases into water bulk and electrospray. Our findings contribute 
to a better understanding of the solvation process of different gaseous species and can lead to 
optimization of the water sprays and other plasma-water interaction systems and their working 
conditions for multiple applications. 
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