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Abstract—Interactions between plasmas and liquids lead to the formation of a variety of unique reactive species
for chemical and materials applications that makes plasma-induced liquid chemistry attractive for industrial
applications. While formation of various chemical species have been observed, a complete understanding of the
chemistry occurring at the plasma–liquid interface remains unclear. Here, we study the properties of water
exposed to a helium plasma at atmospheric pressure in open air and in argon-controlled environments with sys-
tematic changes to process conditions. The pH, temperature, and conductivity are monitored as a function of
plasma current and processing time. In addition, molecular oxygen (O2) and hydrogen peroxide (H2O2) are
quantitatively measured. We find that the electron density which is controlled by plasma current plays an import-
ant role and the number of electrons injected from the plasma into water can be related to the number of H2O2
molecules generated. We support this result with a mechanistic description of reaction pathways at the plasma-
water interface.
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INTRODUCTION
Plasmas formed inside liquids and at the surface of

liquids have become of increasing interest in the last
few years, mainly due to their practical applications in
many areas [1–3]. A number of investigations have
addressed reaction mechanisms taking place in
plasma-liquid systems and species present both in the
gas and in the liquid phase have been characterized
[4]. Chemical reactions occurring near the plasma–
liquid interface are of particular importance because
of unique reactive species that could be important in
biological [5], chemical [6], and materials [7] applica-
tions. However, the interfacial reactions are highly
complex and system-dependent because of the differ-
ent gas environments, electrode configurations, and
solutions that have been studied, making it difficult to
obtain clear, in-depth understanding of the reaction
mechanisms [8]. In general, plasma–liquid interac-
tions generate a variety of different energetic species
(depending on the type of plasmas and liquids) such as
hydrogen peroxide (H2O2), hydroxyl radicals (OH•),
hydroperoxyl radicals (HO2), hydrogen radicals (H•),
oxygen radicals (O•), ozone (O3) [2, 4, 9]. Different
techniques have been used to analyze the generated
species either in the gas or liquid phase, including pH
and conductivity measurements [10], optical emission

spectroscopy (OES) [11], gas chromatography [12],
mass spectrometry [13], cyclic voltammetry [14], and
UV–Vis absorbance spectroscopy [15]. In particular,
pH and conductivity measurements are simple and
easy to implement, but can provide important insight.
Identifying the presence and nature of various chemi-
cal species in the liquid can be a leading key to under-
stand the plasma-activated chemistry. In the present
study, we characterized changes in pH, temperature,
and conductivity of water (distilled water with an ini-
tial conductivity of 1.9 μS cm–1) exposed to a plasma
as a function of time, and correlated the changes to the
formation of oxygen molecules and hydrogen peroxide
(H2O2) which were directly measured by spectro-
scopic techniques. Results were compared for a back-
ground of air versus argon (Ar) in order to understand
the effect of oxygen (O2) and nitrogen (N2) in air on
reaction chemistry. We find that the acidity of water
increases with current and time of plasma processing
and the atmospheric air surrounding the plasma
affects the pH level of water during treatment. We also
show that H2O2 concentrations are found to be cur-
rent-dependent and the backgrounds of air and Ar
indeed affect the H2O2 concentrations in water. From
these measurements, we are able to hypothesize possi-
ble reaction channels at the plasma-liquid interface.
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Fig. 1. Schematic of the experimental setup used to study
plasma–water interactions; DC is direct-current. 

Liquid

Microplasma

Carbon rod
(anode)

DC power
supply

+
R = 100 k��

Helium
gas flow

Capillary
tube

(cathode)

Fig. 2. Temperature of water exposed to plasma at constant
currents of 2.5 and 5 mA as a function of time. 
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While the study is again system-specific, the plasma-
aqueous solution interface that is studied here is one of
the most widely encountered chemistries and, there-
fore, has wide applicability.

EXPERIMENTAL
The schematic of the setup used for the plasma-water

experiments is shown in Fig. 1. The electrodes consisted
of a grounded stainless steel capillary tube with an outer
diameter of 0.5 mm and an internal diameter of 0.25 mm
held at ~0.7 mm above the water surface serving as the
cathode, and a 6 mm diameter carbon rod immersed in
the water bath serving as the anode. The capillary tube
was pressurized with helium (He) gas to a flow rate of
25 standard cubic centimeters (sccm). The plasma was
powered by a direct current power supply (Glassman
High Voltage, Inc.). When a positive voltage of >2.8 kV
was applied, a microplasma was ignited in the He gas
flow between the end of the capillary tube and the water
surface. The applied voltage was varied to maintain the
current constant in experiments.

Distilled water from a water distillation facility with
a pH of ~5 and a conductivity of 1.9 μS cm–1 was used.
No additional ions were added. The small acidity and
conductivity suggest that the water contained dis-
solved carbon dioxide (CO2) which forms carbonic
acid (H2O + CO2  H2CO3  H+ + ) [16].
The distilled water (20 mL) was placed in a 5 cm diam-
eter glass Petri dish and exposed to the atmospheric-
pressure microplasma at currents of 2.5 and 5 mA,
respectively, for 2, 6, and 10 min. The corresponding
applied voltages were varied between 2.8 and 0.9 kV to
produce a constant current of 2.5 mA, and between 3.5
and 1.1 kV to produce a constant current of 5 mA; as
discussed later, it was necessary to decrease the
applied voltage to maintain a constant current because
of an increase in the solution conductivity. Additional
details of the electrical characteristics and equivalent
circuit model are detailed in the Supplementary Infor-
mation. After treating the water, the solution pH, tem-
perature, and conductivity were measured. In addi-
tion, O2 in the gas phase, dissolved O2, and H2O2 were
detected. The temperature was measured using an HI

↔ ↔ −
3HCO
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7662 stainless steel temperature probe with an NTC
sensor. The pH and conductivity were measured with
a 212 pH meter from Hanna Instruments, 712 conduc-
tometer from Metrohm, and an EC500 pH/conduc-
tivity meter from Extech Instruments Co. The tem-
perature was an average value obtained by immediately
placing a probe in the approximate area where the
plasma interfaced the liquid after the plasma was
turned off. The position of the probe was kept constant
to provide a reference location and the measurement
was not intended to produce a spatially resolved
description of the water temperature. The H2O2 con-
centration was measured spectroscopically by reaction
with titanyl ions which yields pertitanic acid, a yellow-
colored complex with a distinct absorption band at
~407 nm [17, 18]. The reaction was carried out by add-
ing a solution of titanium(IV) oxysulfate in sulfuric
acid (Ti–S) (Sigma Aldrich, UK) to the plasma-
treated water in a volume ratio of 1 : 2. Absorbance
spectra were acquired by a Lambda 35 UV–Vis spec-
trometer from Perkin Elmer. Because absorbance is
measured quantitatively, the H2O2 concentration
could be determined from the intensity of the absor-
bance at 407 nm [18]. Calibration curves were con-
structed to relate the measured values to the H2O2 con-
centration. H2O2 measurements were all carried out
shortly after processing; nonetheless, we have verified
that the H2O2 concentration remained stable after pro-
cessing for several hours. The relative O2 concentration
in the gas phase was measured near the plasma–water
interface by using a Unisense microsensor multimeter
(detection limit of 0.3 μM). The device relates the O2
concentration to an electrical signal measured (in mV).
A dissolved oxygen meter (DO 600, Extech Instruments
Co.) was used to measure the dissolved O2 concentra-
tion in the water after each treatment.

RESULTS AND DISCUSSIONS
Temperature Measurements

Temperature measurements showed that the water
temperature increased with increasing plasma pro-
F PHYSICAL CHEMISTRY A  Vol. 95  No. 13  2021
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Fig. 3. Variation in pH and conductivity of water exposed
to plasma at 2.5 and 5 mA as a function of time. 
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cessing time (Fig. 2). The temperature initially
increased rapidly. In the first 2 min, the temperature
was found to increase by 5 and 14°C for 2.5 and 5 mA
current, respectively. After 2 min, the temperature
continued to increase, but not as fast, at a similar rate
of ~0.6 K/min for both currents. Although the tem-
perature increased, the evaporation losses were mini-
mal, ~0.05% (by volume) per minute.

The observed increase in the temperature of the
water after exposure to the plasma is not surprising.
The neutral gas temperature of atmospheric-pressure
microplasmas has been estimated to be on the order of
hundreds of Kelvins and as high as 1000 K [19]. How-
ever, despite the high temperature, the plasma-water
interface is relatively small compared to the volume of
the water bath and heat from the microplasma is easily
dissipated. Another possible mechanism for the heat-
ing of the bath is ohmic heating. To assess the role of
ohmic heating, we carried out experiments with a
standard electrochemical setup, i.e., the stainless steel
capillary was in physical contact with the liquid to
allow current f low without forming a plasma. We
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Fig. 4. (a) Time dependence of the relative molecular oxygen c
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found that the water temperature increased with a very
similar trend (an increase of 18°C at a current of 5 mA
after 10 min) demonstrating that ohmic heating is the
main factor contributing to the temperature increase.
Nonetheless, we note that strong temperature gradi-
ents are expected in the proximity of the plasma–
water interface which are very likely balanced by con-
vective cooling both in the gas and liquid phase, lead-
ing to the lower average temperature.

pH and Conductivity Measurements

The pH was found to decrease after plasma expo-
sure, changing more rapidly in the first 2 min and with
a much more pronounced slope at 5 mA as compared
to 2.5 mA current (Fig. 3).

The conductivity was found to follow the pH (see
Fig. 3). This aspect will be further discussed below. A
common feature of the temperature, pH, and conductiv-
ity changes is a strong dependence on discharge current.

Oxygen Measurements

The relative O2 concentration in the gas phase above
the water surface was found to increase with time
(Fig. 4a). The oxygen concentration returned quickly to
the initial value once the plasma was turned off. The
dissolved oxygen concentration in water also increased
over time (Fig. 4b). Increasing the current from 2.5 to
5 mA enhanced the oxygen production rate in water.

The formation of O2 gas as result of plasma–water
interactions has been previously reported [20–25].
Multiple reaction paths are possible for the generation
of O2. One type of reaction may involve charged and
excited species in the plasma dissociating water vapor
to produce gas phase radicals. Previous experiments
have shown singlet delta oxygen O2 ( ) and superox-

ide  in plasmas containing water vapor [21, 26].
Alternatively, electrons from the plasma that interact
with water molecules either at the gas side of the
plasma–liquid interface, or at the liquid side as
hydrated electrons by solvating, may react with water

Δ1
g

−•
2O
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Fig. 5. H2O2 concentration plotted as a function of pro-
cessing time at two different plasma currents. 
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Fig. 6. H2O2 concentration (mM) in plasma treated water
as a function of plasma current. The process time was
10 min in all cases. Inset shows the H2O2 concentration at
the lower currents. 
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Fig. 7. Comparison of (a) pH and (b) hydrogen peroxide concentrations for the plasma treated water samples in argon-controlled
environment and in open air. The water samples were treated at current of 2.5 mA for the time period up to 10 min. 
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molecules to form a range of radicals (e.g., H, OH, O)
leading to molecular oxygen as result of cascaded
chemistry within the bulk of the liquid. Solvated elec-
trons are known to be one of the most reactive species
in all of chemistry [27]. Another possibility is that O2
gas is generated at the metal anode by water electroly-
sis. As we show in our analysis below, the main contri-
bution to O2 formation is believed to be water oxida-
tion at the anode.

Hydrogen Peroxide Measurements
As previously described, H2O2 was spectroscopi-

cally detected and the concentration (in mM) was
determined from calibration curves. It should be noted
here that it is well known that H2O2 is not formed in a
standard electrochemical cell which we also verified
with our experimental setup; therefore, the formation
of H2O2 assumes particular importance because it sug-
gests that very different mechanisms are at play in
plasma-induced liquid chemistry.

The H2O2 concentration was found to increase with
time at an almost constant rate at process times larger
than 2 min, with a higher rate at higher current (Fig. 5).

The observed increase in H2O2 concentration over
time is consistent with previously reported results [10,
28, 29], although the system configurations were differ-
ent. We extended these experiments to other currents
RUSSIAN JOURNAL O
and found that the H2O2 production rate showed a lin-
ear dependence on current above 0.10 mA (Fig. 6).

The dependence of H2O2 production on the plasma
current has been previously reported [25, 30–32]. The
linear relationship suggests a first order process with
electrons playing a key role since the electron density
is linearly dependent on the current. We compared the
number of H2O2 molecules produced to the number of
electrons injected from the plasma, the latter of which
is obtained by assuming that the current is directly
related to the electron flux. This analysis reveals that
on average, one H2O2 molecule is produced for every
ten electrons injected into the water. The rate of H2O2
formation was greatest in the first 2 min with rates of
~72 µM min–1 at 5 mA, decreasing to a constant value
of ~22 µM min–1, independent of the current, at lon-
ger times (see Fig. 5). The inset of Fig. 6 shows that at
low plasma currents, the behavior is non-linear and
hence may indicate that some threshold plasma con-
ditions are required to activate the reactions which
lead to H2O2 formation.

Experiments in Argon-Controlled Environment
The pH change and H2O2 produced in plasma

treated water were measured in an argon-controlled
environment and compared with the previous results
for open air (Fig. 7).
F PHYSICAL CHEMISTRY A  Vol. 95  No. 13  2021
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Scheme 1. Schematic of possible reactions at plasma–
water interface. For simplicity, we have omitted reducing
reactions (e.g., H2 evolution), as these do not contribute to
H2O2 formation. 
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The pH of the plasma treated water in argon-con-
trolled experiment was found to be relatively constant
(~5) as compared to the open air experiments where
the pH gradually decreased over time (Fig. 7a). This
indicates that the mechanism for acidification of the
water involves air (i.e., O2 and/or N2) which we discuss
in further detail later. The H2O2 concentration
increased over time, eventually saturating at ~5 min.
This confirms that O2 in air is not responsible for the
formation of H2O2. In fact, the H2O2 concentration
was two to three times higher in an argon-controlled
environment than in open air. The ratio of the number
of electrons injected to the number of H2O2 molecules
produced was estimated to be ~2 in the first few min-
utes and increased to 5 at 10 min for the argon-con-
trolled environment.

Mechanistic Analysis of Plasma-Induced Liquid 
Chemistry

Based on the experimental results, we now provide a
qualitative description of the reactions at the plasma–
water interface that lead to the observed pH, tempera-
ture, and conductivity changes, as well as the O2 and
H2O2 products (see Scheme 1). We note that the
plasma–water interface is a highly complex and non-
uniform environment, made up of a flowing He micro-
plasma impinging on the water surface, an equilibrium
layer of water vapor, and liquid water with ionic species
(e.g., H+, OH–, ). For simplicity, we can con-
sider that at some distance above the interface, a pure
He plasma (no water vapor) exists. Similarly, at some
distance below the interface, bulk liquid water exists.
The He plasma also interacts with the surrounding air
which diffuses in at the boundaries and can affect reac-
tions occurring at the plasma–liquid interface. We dis-
cuss this issue later. Therefore, as a starting point,

−
3HCO
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Scheme 1 is relevant to an argon-controlled environ-
ment where the contribution of air is ignored.

Beginning at the anode (the immersed carbon
rod), the corresponding charge transfer reactions
should be identical to a standard electrochemical cell
which lead to molecular O2 (at the liquid– solid elec-
trode interface) via the following:

(1)

so that electrical continuity is maintained and charge
neutrality in solution is preserved. This assumption is
partially confirmed by the O2 measurements (Fig. 4).
O2 in the gas phase could also originate from the liquid
phase by the reaction

However this reaction is more likely to occur in a basic
solution while in an acidic solution, as in our case (see
Fig. 3), reaction (1) is more important.

At the cathode (plasma–liquid interface), several
reactions are possible which we classify into three cat-
egories [3]: (i) reactions that occur in the gas phase
resulting in radical species that subsequently react
and/or become absorbed in the liquid; (ii) reactions
that occur at the plasma-water interface involving
plasma electrons ( ) still possessing some kinetic
energy (e.g., dissociative electron attachment reac-
tions); (iii) reactions within the liquid phase where
electrons are essentially hydrated (or in other transient
forms) [33, 34] and can be highly reactive.

Reactions of type (i) are different than those typi-
cally encountered in plasma chemical processes
because electrons react with vapor supplied from (i.e.,
in equilibrium with) the liquid. The species produced
via reactions (i) (i.e., , , etc.) may react and/or
be absorbed in the liquid. Direct ionization of water
molecules is unlikely because of the high energy
required (above ~12.6 eV) compared to direct electron
dissociation (~5.1 eV) [21]. Since the O–H bond
energy is ~5 eV, water molecules will split into different
chemical species such as , , , etc. For
instance  and  radicals are formed via the fol-
lowing reaction [4]:

(2)

Reactions of type (ii) occur closer to the interface
where electrons may be affected by the intermolecular
potential of liquids. Dissociative electron attachment
at the interface is an interesting type of reactions that
could, for instance, lead to the following reaction (at
plasma–liquid interface):

(3)

Here, subscript g/l indicates the species existing at
gas–liquid interface. Electrons at the plasma–liquid

+ −→ + +2 l 2 g( ) ( ) ( ) (l s)2H O O 4H 4e ,

→ + +– –
2 24OH O 2H O 4e .

−
gase

•H •OH

•H •OH •O
•H •OH

• •+ → + +– –
2 (H O e OH H e in gas).

− • −+ → +( ) ( ) (2 l g g/l (g) )/lH O e OH H .
l. 95  No. 13  2021



2696 JENISH PATEL, KESHVANI
interface may also become solvated ( ) when they
reach the bulk liquid without inducing any reaction of
type (ii), leading to reactions of type (iii). Although the
formation of hydrated electrons remains a debated topic
[35, 36], once formed, they are known to react very
quickly with the most likely reaction (in liquid) being:

(4)
Direct reduction of H+ with hydrated electrons
(2H+ + 2e– → H2 (all in liquid)) is also possible. How-
ever, direct reduction of hydrogen ions, even in a stan-
dard electrochemical cell, does not occur with
hydrated electrons. In an electrochemical cell, reduc-
tion of hydrogen ions takes place either at the interface
of the metal electrode (i.e.,  → H2(l)) or via
OH– ions. As the metal–liquid interface is missing in
the plasma–liquid cell, only hydrated electrons are
available (i.e., ) which are more likely to immedi-
ately react with water molecules (i.e., reaction (4))
before they can encounter hydrogen ions since the life
time of hydrated electrons is very short and their pen-
etration depth in water is limited [35–37].

Cascaded chemistry, defined here as coupled and
multistep reactions involving different species and
phases, will result from the proposed reactions
induced at the plasma–liquid interface. In this study,
we did not measure the production of molecular H2;
however Witzke et al. [38] using a similar set-up have
demonstrated that H2 gas is indeed produced from
similar plasma-liquid systems. Therefore, it is reason-
able to assume that hydrogen radicals produced by
reaction (4) or dissolved in water from reaction (2) can
form gas phase H2 by the following reaction (in liquid):

(5)
Negative hydrogen ions generated by reaction (3) will
probably have very short lifetimes and rapidly react
with water via the reaction H– + H2O → OH– + H2,
reproducing species also formed by reactions (4) and
(5). Overall, increased production of H+ and OH–

ions contribute to the pH and conductivity changes.
The formation of H2O2 is a clear example of cas-

caded chemistry and can involve several different
reaction paths. H2O2 may be formed via recombina-

tion of  radicals in the gas-phase and subsequent
absorption of H2O2 in the liquid, which has been pre-
viously reported [39, 40]. H2O2 may also be produced
directly in the liquid; we have previously analyzed the
reaction channels that may be possible considering a
range of reports in the literature [24]. One of the more
likely reaction paths is dissociative electron attach-
ment shown by reaction (3), followed by [24]:

(6)
A third possible reaction leading to H2O2 is the
Clarke-type reaction [41] (O2 + 2H+ + 2e– → H2O2)

−
aqe

•+ → +– –
2H O e OH H .

+ −+l) s( ( )2H  2e

−
aqe

• → 22H H .

•OH

→ 2 22OH H O in liqu( id).
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which could occur at the anode when a large amount
of O2 and H+ are present. However, we do not believe
this mechanism is likely since H2O2 was also formed
when we used a different plasma configuration with-
out the anode in contact with the liquid [42]. H2O2
formation is also possible via recombination of
hydroperoxyl (HO2) radicals which are generated by
the following reactions (in liquid) [24, 43]:

(7)

(8)
However, reaction (8) is highly improbable since O2 is
produced locally at the anode and immediately dif-
fuses into the gas-phase, while hydrogen radicals are
mainly produced at the plasma–liquid interface and
are likely to induce reaction (5). In summary, H2O2 is
most likely produced via reaction (6), either following
OH formation through reaction (4), or gas-phase
reaction (2). The relative importance of these two
reactions, one in the gas phase and the other in the liq-
uid phase remains debatable.

The experiments in an argon-controlled environ-
ment indicate the importance of air on plasma-
induced chemistry with water. In particular, the results
suggest that air may be the cause of acidification. It has
been previously shown that air can lead to the forma-
tion of NO2 which is readily absorbed in water where it
can reduce the pH of the solution via the formation of

 and  ions [44, 45]. Rumbach et al. have
reported that there are two types of reactions that
occur in a plasma–liquid systems: charge transfer and
plasma neutral reactions [44]. The decrease in pH in
air experiments may be due to the plasma neutral reac-
tions where the gaseous ions (e.g., NO2), radicals,
molecules, etc. from gas-phase chemistry dissolve in
the liquid to form HNO3 and HNO2 acid via the fol-
lowing reactions (in liquid):

(9)
and

(10)
This is confirmed by the absence of a pH change when
water is treated in an argon background. The argon-con-
trolled environment experiments also showed that the
H2O2 concentration was two to three times higher than
for a background of air. This may indicate that when the
experiments are carried out in air, H2O2 is decomposed
over time. H2O2 can be decomposed by  ions
through the following reaction (in liquid) [46]:

(11)
The rate of reaction (11) is very high in acidic solution
and it decreases as the acidity is reduced. Therefore,
under an argon atmosphere, the H2O2 concentration
remains high because  ions are not formed, while
in air, H2O2 is still produced, but it is consumed via

+ →2 2H O HO ,

→ +2 2 2 22OH H O O .

−
2NO −

3NO

+ −+ → + +2 2 33NO H O 2H 2NO NO

+ − −+ → + +2 2 3 22NO H O 2H NO NO .

−
2NO

− −+ → +2 2 2 3 2H O NO NO H O.

−
2NO
F PHYSICAL CHEMISTRY A  Vol. 95  No. 13  2021
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reaction with  ions. Since the ratio of the number
of electrons to that of H2O2 molecules is ~2 in the first
few minutes under argon, the electrons do appear to be
primarily involved in reactions involving precursors to
H2O2. We emphasize that while our experiments sup-
port the qualitative nature of our mechanistic descrip-
tion, further work is required to evaluate the kinetics
and provide a complete quantitative picture.

CONCLUSIONS

We have demonstrated that the temperature, pH,
and conductivity of water are influenced by plasma
treatment. We also observed the formation of molecu-
lar O2 in the gas and liquid phase (dissolved), and
H2O2 in solution. Experiments conducted in argon
and in open air show distinct differences that point to
the role of O2 and N2 in air. The relation between the
hydrogen peroxide concentrations and the current of
plasma processing revealed that a major part of the
injected electrons contribute to formation of H2O2 via
the reactions either at the plasma-water interface or
from gas-phase reactions. Based on this analysis we
have produced a qualitative reaction model leading to
a possible description of the plasma-water interactions
in this case. The understanding of this simple plasma-
induced chemistry with water can open up a vast range
of plasma-activated chemistry in liquid with enor-
mous potential for the synthesis of chemical com-
pounds, nanomaterials synthesis and functionaliza-
tion and a wide range of applications such as water
treatment and the emerging field of plasma medicine
[47]. In addition to the immense application potential,
we would like to emphasize that there might be opportu-
nities for dialing reactions in the liquid phase (e.g., inset
of Fig. 6). Hybrid plasma-liquid models [48–50] sup-
ported by more experimental evidence will be required
to give a full quantitative account of all reactions. Our
contribution here has however highlighted important
aspects that will be essential and will form the basis for
future developments in this new scientific endeavor
which has been possible only recently thanks to great
progress in atmospheric pressure plasma science.
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