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Abstract. The paper evaluates concentration of hydrogen peroxide produced by a novel pin-hole
plasma source in electrolyte solutions with or without gas addition. An effective production rate of
hydrogen peroxide is decreased by the increased argon as well as oxygen flow rate through the plasma
region. Further, it is enhanced by higher solution conductivity while it is decreased in the strongly
basic conditions with the highest pH values.
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1. Introduction
Nowadays there are many different electrode configurations ensuring discharge generation directly in the
liquid phase [1, 2]. A very high electric field value is
usually necessary for the initiation of the breakdown.
Typical electrode configurations are point to plane
[3–5], coaxial [6] or pin-hole systems [7–10]. Especially pin-hole systems are often combined with the
additional gas bubbling that extends chemical mechanisms utilised in further applications [11–13]. All
discharges in the liquid phase are usually supplied
by pulsing high voltage both in the direct current
and alternating current regimes up to the microwave
excitation region [14, 15]. This paper presents results
obtained by a recently developed electrode system
based on the pin-hole discharge configuration without the gas bubbling that was patented in the Czech
Republic as well as in the European Union [16–18].
This device has been further modified for the additional gas bubbling through the plasma region [19].
In both electrode modifications (without and with
the gas addition), the discharge is generated by DC
non-pulsing voltage in various electrolyte solutions
giving different pH values. Thus the previously published detailed characteristics of this plasma source
[20] are extended by chemical experiments focused on
hydrogen peroxide determination in the dependence
on solution properties and gas addition.

2. Experimental setup
The electrode system consisted of two electrodes [20].
The main jet electrode (Figure 1) was constructed by
a tungsten wire (diameter of 1.0 mm) which was inserted into a dielectric cylindrical rod made of Macor
ceramics with outer diameter of 10 mm and with one
conical end. An orifice with the diameter of 1.2 mm
was made in the ceramics along its longitudinal axis.
A small gap of 1 mm was kept between the end of
the wire electrode and the end of the dielectric rod.

This configuration substantially increased electric field
intensity and thus it allowed plasma ignition at relatively low applied voltage (Figure 2). An outer glass
tube served as a holder and as a gas inlet. The second
electrode was a planar plate made of platinum with
dimensions of 20×100 mm2 . Concerning the sputtering and lifetime of used electrodes, the main electrode
was made of relatively hard ceramics that prolonged
the electrode lifetime to hours with any significant
sputtering if the positive voltage polarity was applied.
Moreover, the tungsten wire inside the ceramic rod
was prevented from its erosion by the plasma operation. On the other hand, the plate counter electrode
(as the cathode) was much more affecting by the ions
and a remarkable sputtering of the plate was visible
after tens of hours of plasma operation. Commonly,
we used two electrode materials in this plasma system. Aluminium was quite easily sputtered by the
discharge, but it had been reported that this element
did not decrease the hydrogen peroxide formation a
lot [21]. The second electrode material, which we
used in experiments presented in this paper, was platinum which was not sputtered so rapidly, but it can
serve as a surface catalyser in hydrogen peroxide decomposition [21]. We chose this stable material for
comparative measurements supposing that it had the
same effect in all experiments.
Both electrodes were immersed in a vessel containing 500 ml of electrolyte solution with initial conductivity of 300, 1 000 or 15 000 µS cm−1 (Figure 3). The
used electrolyte set the initial pH of the solution
on 5 (NaH2 PO4 ), 9 (Na2 HPO4 ) or 11 (Na3 PO4 ) and
its value remained constant within 3 % during the
plasma operation. The change of solution conductivity during the plasma operation depended on the
pH. In case of lower pH (5 and 9), conductivity was
stable or slightly increased by no more than 15 % of
the initial value during the experiment. In case of
strong basic conditions (pH 11), conductivity was even
slightly decreased by no more than 10 % of the initial
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Figure 2. Detailed photo of the active plasma region
around the end of the jet electrode (applied power of
50 W without the gas addition, positive polarity; phosphate solution: pH 5, 300 µS cm−1 ).

Figure 1. Photo of the jet electrode allowing the gas
bubbling through the plasma region.

value. Effects of the gas addition on hydrogen peroxide production were studied for two gases (argon and
oxygen) with flow rates in the range of 10–50 ml min−1 .
For comparison, a set of experiments without the gas
bubbling was carried out at the same conditions, too.
The system was supplied by DC non-pulsing high
voltage up to 2 kV with the positive polarity on the
main electrode. The discharge itself showed selfpulsing operation [20] giving the mean input power
from the range of 50–150 W.
Production of chemical active species was represented by hydrogen peroxide formation. Concentration of hydrogen peroxide was determined by a standard colorimetric method using a specific titanium
reagent [20, 22]. Uncertainty of hydrogen peroxide
estimation varied from 5 to 10 %.
Based on the linear increase of H2 O2 concentration
during the initial discharge treatment, an effective
production rate η(H2 O2 ) in mg kJ−1 was calculated
according to the following equation:
η(H2 O2 )

a×M ×V
=
P

3. Results
3.1. Influence of solution pH and conductivity

(1)

where a is the coefficient of the linear dependence
of H2 O2 concentration in time (in mol L−1 s−1 ), M
is the molecular weight of H2 O2 (34 g mol−1 ), V is
the treated volume (in L) and P is the input power
(in W).
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Figure 3. Experimental scheme consisting of both electrodes immersed into the electrolyte solution: 1 – jet
electrode, 2 – counter electrode, 3 – gas inlet, 4 – glass
vessel with electrolyte solution, 5 – active plasma region.

As the previous results [20] indicated significantly
higher production of hydrogen peroxide when positive
polarity was applied on the main electrode, presented
results are also focused on this configuration. An
influence of pH and solution conductivity set by the
chosen electrolyte is demonstrated in Figures 4 and 5
and obtained effective production rates of hydrogen
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peroxide are presented in Table 1. These results were
obtained in the regime without the gas addition.
Concentration of hydrogen peroxide produced during the discharge in the phosphate solution with initial
conductivity of 1 000 µS cm−1 without the additional
gas bubbling is compared for acidic (pH 5) or basic
(pH 9 and 11) conditions (Figure 4). H2 O2 concentrations obtained after the 3-minute plasma treatment
are from 0.9 to 1.3 mmol l−1 . These results are similar
to our previous studies carried out in the diaphragm
discharge configuration [7] or others in the point to
plane pulsed supplied configurations [3]. According
to the effective production rate η(H2 O2 ) , lower pH values supports H2 O2 formation (η(H2 O2 ) = 2.4 mg kJ−1 )
while it is more than twice decreased in strongly basic
conditions (pH 11: η(H2 O2 ) = 0.9 mg kJ−1 ).
Hydrogen peroxide is formed by several termination
reactions taking place during the electric discharge in
water [23, 24]:
2 ·OH → H2 O2 , (k ∼ 4×109 dm3 mol−1 s−1 ),
2 HO2 · → H2 O2 + O2 , (k ∼ 2×106 dm3 mol−1 s−1 ),
H· + HO2 · → H2 O2 , (k ∼ 1×1010 dm3 mol−1 s−1 ).
Taking into account previous reactions, the most
determining factor for hydrogen peroxide formation
is the amount of hydroxyl radicals. The main mechanisms of the ground state OH(X ) radical production
are dissociation of water molecules by the direct impact of electrons and de-excitation of OH(A) excited
radical by quenching caused by higher contents of
water [12]. One of the most effective reactions leading
to the formation of excited state OH(A) is dissociative
recombination of water ions [25]:
H2 O+ (H3 O+ ) + e− → ·OH(A) + H·,
(k ∼ 10−8 –10−10 cm−3 s−1 ).
Therefore, formation of water ions H2 O+ by the
direct electron ionisation and increased concentration
of H3 O+ ions in acidic solutions stimulate production
of OH radical and subsequent hydrogen peroxide.
Decreasing the initial conductivity of all electrolyte
solutions from 1 000 to 300 µS cm−1 , the effective production rate of hydrogen peroxide is almost four times
lower (Figure 5). This phenomenon is typical for our
pin-hole based plasma system [20], but it is in contrary
to previously studied configurations such as the diaphragm discharge [8] or the point to plane electrode
geometry [15]. We suppose that a possible explanation of this effect is in a different optimal conductivity
for the discharge generation and stability in these
systems. While solution conductivity for maximal hydrogen peroxide production is around 400 µS cm−1 in
the diaphragm [8] or corona [15] systems, its optimum
is shifted to higher values in our new pin-hole system. Therefore, the decreasing tendency of hydrogen
peroxide production as a function of the solution conductivity would be probably detected at higher values
exceeding 1 000 µS cm−1 . However, we have not been
focused on a detailed study confirming conductivity
effect, yet.
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Figure 4. Concentration of hydrogen peroxide during the discharge treatment of electrolyte solutions
with different pH and initial solution conductivity of
1000 µS cm−1 .

Figure 5. Comparison of H2 O2 effective production
rate for different pH and selected initial solution conductivity.

On the other hand, increasing the initial conductivity to 15 mS cm−1 , that is similar to the physiological
solution, production of hydrogen peroxide is rapidly
enhanced at pH 5 and 9 (Table 1). However, a sparse
coagulation has been formed by mixing of the used
titanium reagent with the samples. Although this coagulation was removed by sedimentation before further
analysis, the results for the highest initial conductivity might be involved by this process. There are at
least two facts that can influence the relevance of the
spectrometric results. Firstly, some hydrogen peroxide might have been adsorbed on the coagulation and
therefore, coagulation removal can cause a decrease
of the final hydrogen peroxide concentration. On the
other hand, some coagulation might have remained in
the determined sample and thus, hydrogen peroxide
concentration estimated from absorption of the solution could be increased. Therefore, we consider this
data as irrelevant and subsequent experiments with
the additional gas bubbling were performed only with
the lower initial conductivity of 300 and 1 000 µS cm−1 .
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Electrolyte

pH

Conductivity
[µS cm−1 ]

η(H2O2)
[mg kJ−1 ]

NaH2 PO4

5

Na2 HPO4

9

Na3 PO4

11

300
1 000
15 000
300
1 000
15 000
300
1 000
15 000

1.68±0.08
2.39±0.12
6.70±0.70*
1.45±0.07
2.36±0.12
7.00±0.70*
0.30±0.02
0.93±0.05
0.08±0.01*

Table 1. H2 O2 effective production rate for different pH and initial solution conductivity. (* coagulation)

3.2. Influence of gas addition
An influence of the gas addition into the plasma region
is demonstrated in Figures 6, 7 and 8. It is obvious
that hydrogen peroxide effective production rate is
significantly decreased by the added gas although even
the smallest flow rate of 10 ml min−1 is used and it
is further decreasing by the increasing flow rate independently on the gas quality (Figure 6). Comparing
both studied gases, argon as an inert gas and oxygen
as a reactive gas, the influence of their addition into
the system is similar for pH 5 and 9 (Figures 6 and 8).
Both of them substantially decrease the H2 O2 effective production rate and this decrease is higher at the
acidic conditions (pH 5). At the highest basic pH of
11 (Figure 7), final production of hydrogen peroxide
is influenced only slightly by the presence of oxygen
while there is a remarkable decrease of the hydrogen
peroxide effective production rate in case of argon.
However, production of hydrogen peroxide is much
lower at this pH even without any gas addition.
An explanation of the negative influence of the gas
addition on the hydrogen peroxide formation could be
an irregular discharge operation due to the presence
of gas bubbles in the plasma region. This instability
requires higher energy consumption to maintain the
discharge in operation and thus, the effective production rate of hydrogen peroxide is decreased. Moreover,
this phenomenon also decreases the possibility of particles collisions in the liquid phase. Especially, collisions
between active species such as radicals are important
for the hydrogen peroxide formation. Similar problems and decreased production rates were observed
also in other underwater systems, especially for helium
[12, 13].
In our system, we have obtained H2 O2 effective
production rates above 2.2 mg kJ−1 without the gas
bubbling and decreased values of 0.8 mg kJ−1 in basic (pH 9 and 11) and even lower than 0.5 mg kJ−1
in acidic (pH 5) solutions bubbled with argon. In
the mentioned underwater system [12], the highest
efficiency of H2 O2 production is reported for air
plasma (0.82 mg kJ−1 ) and it is further decreased in
nitrogen (0.65 mg kJ−1 ), argon (0.53 mg kJ−1 ) and he68

lium (0.41 mg kJ−1 ).
Comparing our plasma system generating the discharge directly in the solution to other systems, e.g.
using the plasma only in contact with liquids, we obtained quite satisfying results. While we produced
1–1.4 mM concentration of hydrogen peroxide by the
3-minute treatment of 500 ml phosphate solution without any gas bubbling and 0.6–0.8 mM with argon or
oxygen addition, hydrogen peroxide concentrations
reported in other systems were lower. For example, hydrogen peroxide concentration of 0.4 mM was achieved
by the electrospray spark discharge applied on 2.5 ml
of buffer phosphate solution for 5 minutes [26]. Even
lower hydrogen peroxide concentration of 0.2 mM was
obtained by the pulsed DC discharge above the buffer
phosphate solution of 900 ml after 30 minutes [27].
Although the mechanisms of OH(A) radical formation is supplemented by dissociative excitation of
water molecules with argon metastables [12]:
H2 O + Ar∗ → Ar + ·OH(A) + H·,
it does not seem sufficient to enhance final production of hydrogen peroxide.
Concerning oxygen addition, interaction of oxygen
molecules with plasma might lead to the formation of
ozone. Subsequently, ozone rapidly reacted with hydrogen peroxide causing its significant decomposition,
especially at higher pH [28].

4. Conclusions
Hydrogen peroxide is formed by our novel pin-hole
based plasma source in electrolyte solutions with different pH values and initial conductivities. The effective production rate of hydrogen peroxide reaches
values of about 2.4 mg kJ−1 (NaH2 PO4 electrolyte,
pH 5, 1 000 µS cm−1 ) and it is significantly decreased
by the increasing pH value as well as by the decreasing solution conductivity. Especially the effect of
solution conductivity is substantially different in our
plasma source comparing to other electrode systems.
Addition of gas flowing through the plasma region significantly decreases the H2 O2 effective production rate
no matter which gas, inert argon or reactive oxygen,
is used.
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Figure 6. Influence of argon and oxygen flow rate
on the H2 O2 effective production rate in Na2 HPO4
solution (pH 9).
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Figure 8. Comparison of H2 O2 effective production
rate for different gas addition and pH.
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