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Abstract

Dielectric Barrier Discharges are used to investigate the production of hydrogen perox-
ide. Dielectric barriers limit the maximum current, causing microdischarges with the
duration of nanoseconds. Water vapor in the gas flow of the plasma is responsible for
complex chemistry, leading to the formation of OH radicals and subsequently hydrogen
peroxide. Great care is taken to determine the produced amount of hydrogen perox-
ide. Heating is applied to avoid condensation of water vapour in tubing and hysteresis
in the measurements is prevented. The key parameter for the comparison of differ-
ent discharge geometries is the energy efficiency of the progress. Therefore, a correct
measurement of the power dissipation in the discharge is of high importance. Power
measurements generally include system losses as well, which reflects on the energy ef-
ficiency. System losses are corrected by applying a phase shift to the voltage signal,
leading to the power which actually dissipated in the discharge. The production of
hydrogen peroxide is studied as a function of the discharge gap size, the gas residence
time and the used gas admixture. The energy efficiency turns out to be inversely pro-
portional to the residence time. Minimising the residence time to a few milliseconds
results in a energy efficiency up to (1.4± 0.4g/kWh).
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Chapter 1

Introduction

1.1 Hydrogen peroxide

Hydrogen peroxide (H2O2) is used in many chemical processes as an oxidant. It can be
used as a disinfectant or for bleaching of e.g. paper. Unlike the often used chlorinated
oxidants, the use of H2O2 is considered to be environmentally friendly because water is
the only byproduct. However, the production of H2O2 is not environmentally friendly
due to waste materials and a high energy input [11]. additionaly, transport of H2O2 is
expensive, due to safety measures as H2O2 is a corrosive substance and because explo-
sive gasses may arise from high density hydrogen peroxide.

This work is part of a project concerning the use of H2O2 as an oxidiser in propene
epoxidation. Propene oxide is, for example, an important intermediate in the produc-
tion of glycols, polyethers and polyols. Although it finds many different applications,
the current used method of propene epoxidation, using H2O2 as oxidant, is environ-
mentally unfriendly. However, clean H2O2 production would make the whole process
clean, safe and efficient. To realise this, an in situ cheap and clean method to produce
hydrogen peroxide in the gas phase is necessary. The possibility to do this with plasma
chemistry is under investigation. [1]

1.2 Plasma chemistry

A plasma induces chemical reactions due to the presence of charged particles. Ions
for example, can lower activation energy of reactions. Electrons excite, ionise and
dissociate molecules and atoms. In this environment complex molecules can form from
simpler constituents [10]. In this way H2O2 can be produced when water molecules
are present in a gas discharge. It has been shown that for this process the reaction in
equation (1.1) is the predominant one, amongst many others [17].

OH +OH → H2O2 (1.1)
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The main pathway for formation of OH radicals by electrons of a few electronvolt is
direct dissociation:

H2O + e→ H− +OH (1.2)

Another pathway is stepwise vibrational excitation of water with low energy electrons
(∼ 1eV). This excited molecule gets dissociated by a collision with another (non-
excited) water molecule or with an already formed hydrogen atom.

H2O + e→ H2O
∗ + e (1.3)

H2O
∗ +H2O → H +OH +H2O (1.4)

H +H2O
∗ → H2 +OH (1.5)

There are also reactions which influence the production of hydrogen peroxide nega-
tively. For example, OH radicals can be quenched by reactions with hydrogen molecules
or H2O2 can dissociate through reactions with other radicals. [18]

1.3 Dielectric barrier discharge

Plasma assisted production of H2O2 is, among others, possible in a dielectric barrier
discharge (DBD). A DBD is a discharge where one or both electrodes are covered with
a dielectric barrier. It has been used for ozone production for many years [22]. It
has to be operated by a AC voltage as the dielectric barriers limit the charge transfer
through the discharge. This current block of the barriers leads to a charge build up at
the dielectric barrier, countering the electric field which leads to a short lifetime of the
discharge. Because of this short lifetime (a few nanoseconds) the gas temperature stays
low and radicals are produced more efficiently. Besides the low gas temperature, the
advantage for plasma chemistry is that DBD can be operated at atmospheric pressure.
This makes a DBD a relatively cheap and easy usable type of discharge. [10, 15]

In most configurations a DBD is operated in a filamentary mode. The discharge
consists out of small streamer channels (microdischarges) with a radius of about 0.1
mm in which the electron density is high compared to the background. At each half
period of the voltage signal, streamer channels originate in areas with an increased local
electron density as soon as the break down voltage is exceeded. When the streamer
reaches the cathode barrier, electrons spread out over the surface. This build up of
surface charge terminates the filament as this locally decreases the electric field. As
long as the voltage has not reached its maximum value, new filaments occur because
the electric field is still rising. When the applied voltage is decreasing, no filaments
are formed until the break down voltage in the next half period is reached [14]. For
some configurations, homogeneous glow discharges can be formed between the dielectric
barriers. In this case the charge build up at the barriers is not fast enough to terminate
the discharge and the discharge exists as long as the voltage is rising [25]. However, it
is shown that glow discharge are difficult to stabilise as small inhomogeneities in the
glow discharge will lead to a transition to a filamentary discharge [4].
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Table 1.1: Energy efficiency of hydrogen production discussed in several pub-
lications.

Method Energy efficiency Reference
O2/H2 gas mixture in a DBD 80 g/kWh [26]

Water spray through a gliding arc in argon 81 g/kWh [7]
DBD with humidified argon 0.14 g/kWh [13]

Pulsed DBD with steam 0.40 g/kWh [18]

1.4 This work

In this work the H2O2 production in a DBD operated with humidified gas is char-
acterised. The next chapter gives a detailed description about the used setup. The
techniques to measure the production rate of H2O2 are explained. An extensive dis-
cussion about the power dissipation in the discharge is given in chapter 3 on page 15.
After this, results are presented. Here, the influence on H2O2 production of parame-
ters like input power, carrier gas (argon or helium), gap size and gas residence time
are presented and discussed. Conclusions are made and recommendations for further
research are done in the last chapter.

1.5 Known results

Many different experiments with various methods on hydrogen peroxide production
in plasmas are performed. Because these methods are fundamentally different from
each other, the only way to properly compare them is by energy efficiency in gram
per kilowatt hour (g/kWh). The energy efficiency of reported plasmas varies from
0.04 g/kWh up to 81 g/kWh [18]. Table 1.1 contains data from different publications
concerning production of hydrogen peroxide. To put these numbers in perspective, the
thermodynamic limit for H2O2 formation from H2O or O2 and H2 is 400 g/kWh and
652 g/kWh, respectively [18].

Preceeding to this work, measurements on H2O2 production were performed with
similar equipment as is used for the measurements presented in this report. Figure 1.1
on the next page shows energy efficiency of H2O2 production as a function of the
power in humidified argon and helium [8]. These measurements were performed in a
DBD (size: 37.5 × 9.3 × 1.0 mm) with a flow of 2 standard liter per minute (SLM).
The explanation given for the high energy efficiency at low powers in helium is that
the amount of produced H2O2 stays the same while the power input is lowered. The
difference in efficiency between argon and helium is explained by higher OH densities
in argon than in helium. [9] For these results the accuracy of the lower powers are
questioned.
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Figure 1.1: Energy efficiency as a function of power in helium and argon of
preceding measurements. [8]
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Chapter 2

Setup and measurement techniques

This chapter aims to describe the experimental setup used in this work. The main part
of the setup is the DBD, where H2O2 is produced. An overview of the experimental
setup is shown in figure 2.1 on the following page. It consists out of three main parts:
the gas supply, the DBD and the detection setup. Special attention is given to the
method to determine the amount of H2O2 produced in the reactor.

2.1 Reactor

A drawing of the reactor is shown in figure 2.2 on the next page. The reactor was
designed in such way that the dimensions of the DBD are relatively easily adjustable
and the discharge is optically accessible. A copper high voltage electrode is electrically
connected to the power source by a screw through the body. A configuration with
dielectric barriers covering both electrodes is used to avoid losses of H2O2 at metal
surfaces. A glass plate (pyrex, 100× 20× 1 mm) is glued to the electrode with silicon
glue and covers the whole bottom surface of it. The low voltage electrode has a different
design and is shown in figure 2.3 on page 9. An electrode is painted on a glass plate
(pyrex, 100 × 20 × 1 mm) with silver paint and has therefore adjustable dimensions.
Unless noted differently, the electrode has a length of 92mm and is 12mm wide with
rounded corners, covering an area of 1073 mm2. By making the electrode smaller than
the dielectric barrier, discharges in unwanted places are avoided as good as possible.
A copper wire is led through one of the pipes and attached to the painted electrode to
make electric connection. The low voltage electrode can be placed at different distances
from the high voltage electrode which results in a variable discharge gap of typically
0.5-1.5 mm. This gap in combination with the size of the low voltage electrode defines
the discharge volume. The copper pipes are connected to the electrodes and keep
them in position. The pipes can also be used to supply water, cooling the electrodes.
However, cooling the electrodes has turned out not to be a necessity. It is found that
during operation the temperature of the high voltage electrode is only increased by a
few kelvin. Besides, cooling water has negative influence on the power measurements.
Cooling water acts as a resistive channel through which electric current ”leaks”. Two
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Figure 2.1: Schematic view of the experimental setup. 1) Gas supply. 2)
Mass flow controllers. 2) Bubbler for gas humidification. 4) AC power source.
5) High voltage probe. 6) Current probe. 7) Low voltage probe. 8) Measure-
ment capacitance. 9) Light source (LED). 10) Detection vessel. 11) Optical
fibers. 12) Spectrometers.

Figure 2.2: Core part of the reactor. Two electrodes covered by dielectric
barriers define the DBD. Windows shield the reactor from two sides to make
it leak tight (not shown). 1) Reactor body (PVC). 2) High voltage electrode
(copper). 3) Pipes for cooling (copper). 4) Low voltage electrode body. 5)
Dielectric barriers (pyrex) bounding the discharge gap. 6) Block to keep elec-
trodes in position (PVC) 7) Gas inlet 8) Gas outlet. 10) Windows making the
DBD optical accessible for LIF measurements.
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Figure 2.3: Low voltage electrode. Two copper rods are attached to the
electrode body (PVC). A silver electrode is painted on a glass plate which will
be glued to the electrode body. The silver paint is used to glue a copper wire to
the electrode, the wire is led through one of the pipes to make electric contact.

covers consisting of a framework of PVC with glass (pyrex) in the middle are sealing
the electrode from the side. These make the DBD leak tight while it is still optically
accessible. The glass windows are placed tightly against the electrodes so that most of
the gas flowing through the DBD is treated.

2.2 Gas supply

A constant supply of humidified gas is essential for getting a stable gas discharge. Mass
flow controllers are used to let a controlled amount of gas per unit time pass through
the connected tubes. The used mass flow controller (Brooks Delta) has a range of
0-10 standard liter per minute (SLM) and is operated with either helium or argon.
A second mass flow controller could be used to modify the gas admixture, e.g. by
mixing in small amounts of nitrogen. To humidify the gas, a bubbler is placed between
the mass flow controller and the DBD. Gas is led to the bottom of the water volume
where it emerges as bubbles. Because the water content is dependent on the water
temperature, the temperature of the water is monitored. The water content in percent
is calculated with the vapour pressure relative to atmospheric pressure. The vapour
pressure is calculated by the Antoine equation (equation (2.1)) [2].

10 log p = A− B

C + T
(2.1)
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Figure 2.4: Detection Vessel. 1) Glass vessel filled with ammonium meta-
vanadate. 2) Socket keeping the vessel in position. 3) Lid which gives the
possibility to replace detection liquid. 4) Connections for optical fibers.

Where p is the vapour pressure, T the temperature and A, B and C constants which
relates these physical quantities to each other depending on the vapour. The typical
operational temperatures lay between 23 and 25◦C and will result in a water content
of 2.7-3.3 percent, assuming saturation of vapour pressure. Experiments with a similar
setup on the influence of the water content on the H2O2 production have shown that in
this range these fluctuations are of negligible effect. In some experimental conditions
condensation of the water vapor is observed on the inside of the tubing leading from the
bubbler to the reactor. This undesired effect is due to the relatively low temperature
of the wall. A heating wire is wrapped around the gas tube to avoid this.

2.3 Detection of H2O2

Detection method

To measure the amount of H2O2 produced in the reactor, a colorimetric absorbtion
method described by Nogueira et. al. [20] is used. A bubbler head is attached to the
exit of the reactor and placed in a detection vessel (figure 2.4), which is filled with the
detection liquid. The detection liquid is an acidic solution of ammonium metavanadate
(NH4V O3) in water. H2O2 reacts with the vanadate group according to the following
redox reaction.

V O−
3 + 4H+ +H2O2 → V O3+

2 + 3H2O (2.2)

Hydrogen peroxide causes oxidation of the vanadate group. The oxidised vanadate gives
the liquid a red/orange colour, as is shown in figure 2.5 on the next page where a used
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(a) Unused (b) Used

Figure 2.5: Two batches of ammonium metavanadate. After reaction with
hydrogen peroxide, the detection liquid turns red/orange.

and an unused batch of detection liquid is shown. The light source is a LED (Roithner
LaserTechnik GmbH LED450-6) with the highest intensity at 450 nm, which is the
best absorbed wavelength by the detection liquid. Beer’s law (2.3) gives the relation
between the concentration of H2O2 and the absorption of light in the detection vessel.

10 log

(
I

I0

)
= −εlc (2.3)

Where the logarithm of the relative light intensity is lined to the concentration of H2O2

c in mol/l. The molar absorption coefficient ε is 283 L/mol·cm [20] and in this setup
the optical path length l is 2.7 cm. The light intensity I is measured continuously,
relative to a reference intensity Io. At a constant production rate, the light intensity
will decay exponentially. Then Beer’s law can be used to find the concentration H2O2

as function of time. The saturation value of the detection liquid at which Beer’s law is
not valid anymore is never reached. When all parameters are kept constant, this will
be a straight line and the production yield in g/min can be found. Together with the
power dissipated in the discharge, the efficiency of the production in g/kWh can be
calculated.

Instability of the LED

It is found that the intensity of the light source may fluctuate or drift during the
course of a measurement. Within twenty minutes (typical length of a measurement)
the light intensity can be off up to 4% with respect to the initial intensity. This leads
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Figure 2.6: Picture of the bubbler head, taken immediately after production.
Condensation inside the tube is shown at the top of the picture. At the bottom,
treated detection liquid is visible.

to an error of 2 mmol in the produced H2O2, which in some conditions could be more
than the actual production. To avoid these errors, a bifurcated optical fiber (Avantes
112 FCB UV600) is used. One end leads to a spectrometer (Avantes Avaspec 3648)
recording the light intensity from the LED directly every 5 seconds, the other end leads
to the detection vessel. Another spectrometer (Ocean Optics HR2000+) measures the
absorption signal every 10 seconds. The absorption data is later corrected for the
instabilities of the light intensity. Appendix A contains the Matlab script which is
used to obtain the amount of hydrogen peroxide produced in the discharge.

Reproducibility

Measurements can only be trustworthy when the same results are achieved at any
moment the same input parameters are used. Droplets of condensed water are formed
at the inner tube of the bubbler head in the detection setup. Hydrogen peroxide is
absorbed by these droplets and is not detected. This is shown in figure 2.6 where
the bubbler head is shown right after operation. Besides the condensation the picture
reveals another issue concerning the reproducibility. The orange colour of the sieve in
the bubbler head points out that H2O2 is accumulated here and is not detected. When
measurements are performed consecutively, the result of each measurement will depend
on the amount of H2O2 produced in the prior measurement. The condensation issue is

12



0 2 4 6 8 10 12 14 16 18 20 22
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

A
m

ou
nt

 o
f H

2O
2 (

m
m

ol
)

Time (min)

Figure 2.7: Amount of H2O2 produced as function of time. The discharge is
turned down after about 8.5 minutes. Then, the bubbler head is flushed with
the detection liquid a few times, leading to an increase of the amount of H2O2

detected.

solved with a heating wire that is traced around the tube of the bubbler head to avoid
condensation on the inside of the tube. The ammonium metavenadate is refreshed
prior to each measurement to make sure that possible heating of the detection liquid
has no influence on the measurements. However, this does not solve the problem of
the orange coloured detection liquid in the end of the bubbler head and the sieve. This
problem is solved by ”cleaning” the bubbler head and sieve in between two consecutive
measurements. This is done by letting the detection liquid flow into the bubbler head.
All detection liquid is mixed and prepared for a next measurement after the liquid is
flushed in and out the bubbler head a few times. Figure 2.7 shows this procedure,
after 8.5 min the discharge and gas flow are shut down after which the bubbler head is
flushed with the detection liquid for five times. The first time flushing brings a lot more
H2O2 in the detection vessel. This amount decreases each time the bubbler head is
flushed until there is no further influence of the cleaning procedure. As a consequence,
not all H2O2 will reach the detection vessel at the beginning of a new measurement.
The amount of hydrogen peroxide in the end of the bubbler head and the sieve has
to saturate before continuous H2O2 production is measured. The time it takes before
a linear slope between the concentration H2O2 and time is obtained, ranges from less
then a minute at high production rates up to ten minutes for very low production rates.
By performing this cleaning method, reproducible production rates are achieved. The
residue hydrogen peroxide in the bubbler head is probably the reason for the high
energy efficiency in figure 1.1 on page 6 at low power. In between these measurements
the bubbler head has not been cleaned. The H2O2 detected with a helium discharge
of less then 0.1 W was probably not only produced by the discharge, but also in a
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preceding measurement at a higher power. This effect is avoided in presented results
by the method described above.

2.4 Gas temperature

It is shown that the gas temperature is an important parameter to gain knowledge
about chemistry in an atmospheric pressure discharge [6] and therefore interesting to
comment on for hydrogen peroxide production. The emission spectrum of the OH(A-
X) transition is used to determine the gas temperature in a humidified argon discharge.
A Boltzmann plot of the lower rotational bands of OH gives a good estimation of the
gas temperature [12].

The rotational bands of nitrogen N2(C − B) are used to determine the gas tem-
perature in a humidified helium discharge [5]. A small fraction of nitrogen is added
to the gas admixture, under the assumption that the discharge behaviour is not influ-
enced significantly. Theoretical spectra for different temperatures are compared with
the measured spectrum (around 337 nm). The theoretical model fitting best to the
measured spectrum gives the rotational temperature and hence the gas temperature.

Both methods to determine the gas temperature did not lead to satisfactory results
due to a low signal to noise ratio. Based on this, only a very rough estimation of the
gas temperature in a 1.5 mm gap could be made. In a helium discharge, the gas
temperature lies between 300 K and 400 K. In an argon discharge the temperature is
found between 300 K and 450 K. Expected variations of the gas temperature were not
observed. In the future, the signal to noise ratio could be improved by replacing the
pyrex windows by quartz, increasing the transmittance and hence improve the signal
to noise ratio.
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Chapter 3

Power

Hydrogen peroxide production is measured per unit power to compare different dis-
charges and different methods. In potential applications, energy consumption is one
of the bigger costs. This makes the power perhaps the most interesting and important
parameter in the system. This chapter describes the way the power is determined and
the way of dealing with power losses is explained.

3.1 Electrical setup

In figure 2.1 on page 8 a simplified view of the electronics of the setup is shown. A
resonant AC power source (PVM500 Plasma Driver) is used to power the discharge.
It is set to operate with a frequency of 23 kHz and voltages up to 20 kV. A voltage
probe (Tektronix P6015A) is used to measure the voltage at the high voltage electrode.
The low voltage electrode is connected to a measurement capacitor (8.8 nF). The volt-
age across this measurement capacitance is measured by a voltage probe (Tektronix
P5100). The current running between the DBD and measurement capacitor is moni-
tored by a Rogovski coil (Pearson 6585). The signals of the probes are recorded by an
oscilloscope (Agilent InfiniiVision DSO-X2024A).

Voltage and current signals of some discharge examples are shown in figure 3.1 on
the following page. The current is 90◦ in phase ahead of the sinusoidal voltage. Each
half period microdischarges arise as soon as the breakdown voltage is reached. This is
revealed by current peaks, each representing series of filamentary microdischarges [25].
The rise time of the current probe (1.5 ns) is not short enough to detect the current
increase due to individual filaments. The discharge persist until the voltage reaches
its maximum. After this point, the surface charge on the dielectric barriers counters
the applied electric field. In an argon discharge, filaments are clearly visible to the
naked eye at low powers. When the input power is increased, more and more filaments
are formed each half period. At high powers, it is not possible to recognise individual
filaments anymore and the discharge looks smooth throughout the discharge area.
However, the peaks in the current show the filamentary nature of the discharge. This
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(a) Argon 1.0W
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(b) Argon 4.3W
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(c) Helium 0.7W
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(d) Helium 5.3W

Figure 3.1: Voltage and current as function of time for different discharges
in a 1mm gap. The current peaks show the filamentary nature of the discharge,
which exist when the applied voltage is rising.

16



Figure 3.2: Ideally shaped Lissajous Figure. The area enclosed by the voltage
and charge signal gives the energy dissipation per period.

is also the case for a discharge in helium. Although the discharge looks homogeneous
over almost the complete operational power domain, the discharge is still filamentary.
A glow discharge would have presented itself as a large, smooth peak in the current
signal. The observed current signal is far from smooth and shows a lot of individual,
overlapping peaks, identifying a filamentary discharge. Only at the lowest possible
powers, the discharge shows inhomogeneous behaviour.

3.2 Power measurement

Because it is not possible to resolve individual microdischarges, determining the power
by multiplication of current and voltage would lead to inaccurate results. A more
accurate way to calculate the power is introduced by Manley [19]. The charge on a
measurement capacitance is determined by Q = CV , which is the same as the charge
on the DBD electrodes. The measurement capacitance and the DBD can be seen as two
capacitances in series. Because the measurement capacitance is much bigger then the
capacitance of the DBD, the influence of the measurement capacitance on the whole
system is negligible. The current through the measurement capacitance is physically
integrated and hence the short current pulses are included in the power measurement.
Because both the voltage and the charge are oscillating, a plot of these two values will
form a lissajous figure, of which an ideal shape is shown in figure 3.2. An integral over
the enclosed area gives the energy dissipated by the discharge in one period. Multi-
plication with the frequency then gives the power. The slopes AB and CD correspond
to the capacity of the DBD without the discharge, these are the dark periods during
which no filaments arise. The slopes BC and DA give the capacitance of the DBD
when there is a discharge.

The two voltage signals, used for to obtain the power, are 1024 times averaged
by the oscilloscope to reduce noise. A numerical calculation of the Lissajous figure’s
enclosed area gives the dissipated power in the discharge. This is done with the Mat-
lab script which is shown in appendix B. It was found that the high voltage probe,
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Figure 3.3: Measured Lissajous figures with and without discharge. Power
dissipation is measured, even without discharge in the DBD.

compared to the low voltage probe, gives a delay to the signal. This delay of 0.5 µs
was found by comparison of the two probes when connected at the same point. This
delay is not dependent on the applied voltage and is therefore corrected in the script
used to calculate the power. Figure 3.3a shows a measured Lissajous figure of an argon
discharge at 2.8 W. It is also possible to do a power measurement without a discharge
in the discharge gap. This is done by letting air run through the gap. Air has a larger
breakdown voltage than helium and argon, and therefore power measurements with
and without discharge can be compared. Figure 3.3b shows that power is dissipated
even without discharge, indicating resistive losses. In case of an ideal DBD, this lis-
sajous figure would be a straight line through the origin. Figure 3.4 on the facing page
shows measured powers without discharge compared with discharge powers in both
helium and argon as function of RMS (root mean square) values of voltage and cur-
rent. In case of a discharge, the operational current and voltage domains are limited.
At high values for these parameters, discharges occur at unwanted places, for example
between the glue of the dielectric barriers and the cover glass. Powers obtained without
a discharge are limited by the breakdown voltage of air.

These figures clearly show that power is not only dissipated by the plasma, but
that power losses in the system do occur. To gain knowledge about hydrogen peroxide
production in a dielectric barrier discharge, the power dissipated by the discharge itself
is the determining parameter and is used to calculate the energy efficiency. Power lost
in the system does not influence the H2O2 yield. A more detailed description on how
to find the plasma dissipated power is given in section 3.4.
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Table 3.1: Capacitance of the DBD measured at different gap sizes on both
the high voltage as well as the grounded side of the electrode.

Gap Capperant (High voltage side) CDBD (grounded side)
0.5mm 25.7± 0.2 pF 13.0± 0.4 pF
1.0mm 23.4± 0.3 pF 11.1± 0.2 pF
1.5mm 22.3± 0.2 pF 9.6± 0.2 pF

3.3 Equivalent circuit

To understand power losses in the system, an equivalent circuit can be analysed. An
electronic representation of an ideal DBD can be seen as three capacitors in series when
there is no discharge, one for each glass plate and one for the air gap. A discharge is
represented by a variable resistor in parallel with gap capacitance [21]. The circuit for
a DBD is shown in figure 3.5 on the next page. The capacitance of the DBD can be
obtained by comparing the current to the time derivative of the voltage as in:

I(t) = CDBD
dV

dt
(3.1)

The current can be measured with a current probe on both the high voltage and
grounded side of the DBD. When the currents are measured at spots A and B at the
same time, they are not consistent and hence different values for the capacitance are
obtained. This is shown in table 3.1. This difference can be explained by stray capac-
itances, connecting the DBD electrically with its surroundings. In an electric circuit,
this can be seen as branches with capacitances connected ground. Because the voltage
on the grounded side is relatively small, stray capacitances here are negligible. The
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Figure 3.5: Circuit for a DBD. The discharge is represented as variable
resistor.

stray capacity connecting the high voltage side to ground in parallel with the DBD
is found by the difference between the measured capacitances, resulting in roughly
12 − 13 pF. The high voltage is measured at point A, which is the voltage over the
DBD. Also, the charge on the DBD is measured with the measurement capacitance on
the grounded side and is based on the current through the DBD. This means that the
stray capacitance does not have an influence on the power measurements.

The observed power losses are due to the DBD not being ideal. First of all, the
pyrex dielectric barriers are no ideal capacitors and will consume power due to their
non-infinite resistivity. This can be seen as a resistive load in series with the discharge
gap. Also the glass windows covering the DBD have a non infinite resistance and hence
a resistive load in parallel with the DBD should be taken into account. This could be
accompanied with a capacitance in series to it. Figure 3.6 on the next page shows a
cross section of the DBD with the windows. It is impossible to determine where the
windows couple in to the system or to determine the value of the glasses impedance.
A possible equivalent circuit is shown in figure 3.7 on the facing page. The values of
the different impedances in this equivalent circuit and how they are connected to each
other is unknown, so it is impossible to pinpoint the power losses. However, when a
way is found to calculate the power dissipation of the discharge, it does not matter
that exact nature of the power losses is unknown.

3.4 Plasma dissipated power

An intuitive method to determine the power dissipated in the discharge would be a
subtraction of the power losses from the measured power. However, the Lissajous fig-
ures shown in figure 3.3 on page 18, can not be measured at the same time. Therefore
the voltage or the current should be used as an indicator, so it is known how much
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tances are not consuming any power but do influence the electric characteristics
of the DBD. It is not possible to determine the values of the shown components.
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Figure 3.8: Phasor diagram of the load of the system without discharge (off)
and with discharge (on). The change in the total load due to the presence of a
discharge is shown by ∆Ztotal

power losses should be subtracted. Figure 3.4 shows that using voltage or current as an
indicator leads to different losses for a measured power. In case all power losses happen
due to resistive components in series with the discharge gap, the powers at the same
current should be subtracted from each other. In this case the current through the
discharge determines the power lost in the system. If resistive parts would only be in
parallel with the discharge gap, the voltage across the discharge determines the power
losses. This means that powers at the same applied voltage should be subtracted from
each other. Based on the possible equivalent circuit in figure 3.7, subtraction of the
power losses with either voltage or current as indicator, is not possible. When using
the voltage, the power loss due to resistance in series with the discharge gap is under-
estimated. The reason is that a discharge causes a higher current through the DBD
and the resistive parts in series with it causing higher power losses here. When using
the current as indicator, the power losses in parallel are overestimated. A discharge
will make less current run through the resistive parts in parallel with the discharge,
resulting less power losses here.

The total load of the reactor has both an absolute value and a phase, which are
different with or without discharge. When the discharge is turned on, the load of the
discharge gap changes according to equation (3.2).

∆Zgap =
Rdis

jωCgapRdis + 1
− 1

jωCgap

=
Rdis

1 + C2
gapR

2
disω

2
+

j

Cgapω(1 + C2
gapR

2
disω

2)
(3.2)

The load of the discharge gap and the system both become more resistive and less
capacitive. Two electric components in parallel always represent a smaller load than
either one of the components separately and thus the total load of the system becomes
smaller. This change is visualised in the phasor diagram of the different loads in the
system in figure 3.8. It should be mentioned that due to the variable resistance of the
discharge Rdis, the load with discharge is changing in size and in phase over time.
The phase shift of the load is of importance for the power measurements, as shown in
[16]. In case of an ideal DBD, a Q−V plot without discharge would result in a straight
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line and no power is dissipated. Figure 3.9a on the following page shows the phase shift
between low and high voltage of the total load with a discharge. The corresponding
lissajous figure is shown in figure 3.9b. This Lissajous figure shows that power is dissi-
pated and that the DBD is not ideal. In figure 3.9c the voltage and charge are shown
in case of a discharge. The phase shift between the two signals increases and varies
due to the variable resistance of the discharge. Figure 3.9d shows measured lissajous
figure, which gives the power dissipated by the discharge including system losses. In
this figure, the system losses are indicated by the rounded corners at maximum voltage
[3]. This can be understood as follows. Starting point is an ideally shaped Lissajous
figure, with sharp corners because the high and low voltage reach their maximum at
the same time. This would mean that the phasor in figure 3.8 on the preceding page is
on the imaginary axis and no phase shift would exist between the high and low voltage.
The power losses are due to resistive components which cause a phase shift between the
two voltage signals. Because of this phase shift, the high voltage reaches its maximum
prior to the low voltage which results in rounded corners of the lissajous figure.
To determine the power which is actually dissipated by the discharge alone, the infor-
mation on the phase of the system without a discharge is used. When the voltage and
charge signals are corrected with a phase shift (figure 3.10a on page 25), so that the
DBD is virtually an ideal capacitor, no power dissipation is measured as the Lissajous
figure in figure 3.10b becomes a straight line. When this phase shift is applied to the
measured voltage and charge when a discharge is present (figure 3.10c on page 25), the
measured power in the Lissajous figure (figure 3.10d on page 25) is the power dissipated
due to the presence of the discharge. The applied phase shift is independent of the
total input power and only determined by the configuration of the DBD. Therefore,
current or voltage is not needed as an indicator for subtraction.

As a comparison, the powers obtained with the different methods are shown as
function of the applied voltage in figure 3.11a (for helium) and in figure 3.11b (for
argon). At low voltage, all powers (without correction, the powers corrected with the
phase shift and the powers corrected by subtraction using RMS current or RMS voltage
as indicator) are roughly the same. However, at higher RMS voltages a significant dif-
ference is found between the different methods. Subtraction using RMS current gives
nonphysical results. For argon, increasing the voltage does not make any difference
anymore for the found applied power. For helium the applied power even decreases
at higher voltages. It looks like the applied power would become negative with this
method if higher voltages could be applied to the discharge. The powers found by
phase shifting the signal are in between the methods using the voltage and the method
using the current.

Making the DBD virtually ideal by phase shifting the signal, results in the power
dissipated due to presence of the discharge. However this does not mean that this is
the power which is dissipated by the discharge. The nature of the losses can change
due to the existence of the discharge. The current through the two branches in the
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Figure 3.9: Behaviour of voltage over de DBD and charge on the DBD with
and without a discharge. Power dissipation without discharge is caused by a
phase shift between the high and low voltage signals. These resistive losses are
visible in the lissajous figure with discharge by rounded corners at maximum
voltage.
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Figure 3.10: Behaviour of voltage over de DBD and charge on the DBD with
and without a discharge after an artificial phase shift is applied. Due to this
phase shift, no power losses are measured resulting in the plasma dissipated
power.
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Figure 3.11: Powers found with different methods as function of the RMS
voltage.

reactor (as is shown in figure 3.7 on page 21) is divided differently. Therefore it is
expected that less losses in the parallel path and more losses due to components in
series with the discharge gap occur. The phase shift causes the Lissajous figure to
change its shape. As can be seen in figure 3.10d, the Lissajous figure has sharp in
stead of rounded corners at maximum voltage. This is like in the ideal case where no
power losses occur. This means it is safe to assume that the calculated power after the
phase shift is the power which is actually dissipated power by the discharge. Hence
this is the method which is used to determine the power consumption in the discharge.
The matlab function with which the plasma dissipated power is calculated is shown in
appendix B

26



Chapter 4

Results & discussion

This chapter shows the dependance of several parameters, like input power and dis-
charge dimensions, on hydrogen peroxide production. Unless noted differently, the
used flow rate is 2 SLM. In most cases, the H2O2 production will be quantified in two
ways. ”Yield” will present the absolute production rate in g/min. ”Energy efficiency”
in g/kWh relates this to the power dissipation of the discharge. A discussion of the
errors is found in Appendix C.

4.1 Carrier gas and power dependence

The amount of hydrogen peroxide produced in a DBD is dependent on, amongst others,
the energy dissipation in the discharge and on the carrier gas used. Figure 4.1 on the
following page shows the power dependence of the H2O2 production in argon. The gap
distance between the two dielectric barriers is 1 mm. A higher power input will result in
a higher yield. However, the energy efficiency decreases slightly with increasing power.
For helium (figure 4.2) the yield is rising with power as well. The energy efficiency is
rising at low power and is more or less constant for higher power. It is striking that the
H2O2 production in argon is more efficient than in helium, as is shown in figure 4.3.
For high powers this is roughly a factor 5 while for low powers the energy efficiency is
up to an order of magnitude higher. It has been shown elsewhere, that OH densities in
a DBD are roughly two times higher when argon is used in stead of helium as carrier
gas [9]. Since the predominant pathway to produce H2O2 (equation (1.1) on page 3)
needs two OH radicals, the expected difference between the two carrier gasses would
be a factor 4. Different loss mechanisms or reaction rates for equation (1.1) on page 3
could further influence this difference.

4.2 Discharge gap distance

The advantage of the used setup is that the dimensions of the DBD are adjustable.
This means the discharge gap can be varied. Figure 4.4 on page 30 shows the yield
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Figure 4.1: Yield and energy efficiency as function of power in argon at 1
mm gap distance.
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Figure 4.2: Yield and energy efficiency as function of power in helium at 1
mm gap distance.
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Figure 4.3: Hydrogen peroxide production as function of power, compared
for argon and helium at 1 mm gap distance.

and efficiency for three different gap distances. Results for gaps larger than 1.5 mm
are not shown because a higher voltage needs to be applied, leading to small discharges
in unwanted places. The figure shows a significantly lower yield at a gap distance of
0.5 mm. However, changing the gap distance from 1.0 mm to 1.5 mm does not make
a significant difference. A cause could be the larger surface to volume ratio for 0.5
mm. Ions, electrons, metastables, OH radicals and H2O2 can then be easier destroyed
at the walls, resulting in a lower yield. The yield is increasing linearly for low powers
but levels off at higher powers, except for the 1 mm gap. After a certain power level,
production and destruction of H2O2 is in balance. For the 1.5 mm gap the yield is even
decreased. Most probably the yield in the 1 mm gap would stop rising when higher
powers could have been reached.

Looking at the energy efficiency, the power dependence is about the same at all
gap distances. It decreases slightly with higher power. At the lowest possible powers
some jumps occur, mainly resulting in a higher efficiency. The power is calculated
from averaged signals and instantaneous fluctuations of the powers are not measured.
However, the discharge morphology changes with instantaneous power fluctuations at
these low powers. This leads to inhomogeneous behaviour of the discharge and jumps
in the energy efficiency occur.

The influence of the gap distance in a helium discharge is shown in figure 4.5 on the
following page. The results show similar trends with the argon discharge, decreasing
the gap distance to 0.5 mm makes a significant difference with respect to the gap
distances of 1.0 mm and 1.5 mm. At low power, the efficiency is higher with a gap of
1.5 mm than for 1 mm, but at high powers they are the same.
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Figure 4.4: Hydrogen peroxide production as function of power in argon at
different gap distances.
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Figure 4.5: Hydrogen peroxide production as function of power in helium at
different gap distances.
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Figure 4.6: Yield and energy efficiency as function of the flow rate in an
argon discharge. The gap size is 1.0 mm and the power input is 3.5 W.

4.3 Flow

Increasing the gas flow rate through the DBD leads to a higher energy efficiency of
H2O2 production, as can be seen in figure 4.6. An argon discharge in a gap of 1 mm
with a constant power of 3.5W is used. The shape of the graphs for the yield and en-
ergy efficiency do not differ from each other, because for all flow rates the same power
is used. The error bars are larger for the energy efficiency because of larger error bars
in the dissipated power are taken into account. The yield is rising with the flow rate,
showing that residence time is not to short for the production of H2O2. Increasing
the flow rate results in a higher amount of water molecules available per unit time.
Considering this, it is expected that plotting energy efficiency against the flow rate will
result in a straight line through the origin. However, this is not the case, indicating
surface losses of H2O2 molecules or OH radicals on the dielectric barriers, the cover
windows or the tubing to the detection setup. Losses due to condensation in the tubing
are minimised by heating of the surface. However, this does not avoid the formation
of an invisible liquid water film at the wall. H2O2 gets absorbed by this water film
and hence escapes from detection. It is difficult to make a quantitative analysis of this
phenomenon, but it is assumed that this effect is less strong for higher flow rates as.
At a higher flow rate, a relatively smaller amount H2O2 molecules and OH radicals
come in contact with the walls, leading to less losses.

Graphs of H2O2 production as function of flow dependency are similar when a
different power is applied or when a different gap size is used. A useful quantitative
comparison between the flow rate dependency at different gap sizes is difficult. To
make a proper comparison, the applied power and discharge morphology should be
the same. However, within the operational domains it is impossible to find a power
input at which the discharge looks the same in a gap of 0.5 mm as in a gap of 1.5 mm.
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Figure 4.7: Hydrogen peroxide production as function of power in an argon
discharge at 1 mm gap distance and an electrode of 2 cm length.

Although the volume of the discharge changes when the gap is adjusted, a comparison
by power density is not insightful because the power input does not increase linearly
with the gap distance.

4.4 Residence time

The residence time of gas in the discharge volume depends on the gas flow and the
dimensions of the discharge. As is seen in the previous section, a shorter residence time
does not have negative effects on the yield. Shorter residence times can be achieved
without changing the flow rate by changing the size of the low voltage electrode. The
shape of the low voltage electrode is changed to a rectangular shape of 20×12 mm,
making it roughly a factor 4.5 smaller. At a gap distance of 1 mm the residence time
is 12ms for the small electrode, while it is about 53ms for the big electrode. Figure 4.7
shows the yield and efficiency as function of power in an argon discharge for this smaller
electrode. The shape of the graphs are comparable with figure 4.1 on page 28 and the
yield gives similar values. However, the energy efficiency is raised by more than a
factor 4. The discharge is roughly a factor 4.5 smaller and hence needs roughly 4.5
times less power. Apparently the maximum amount of hydrogen peroxide is produced
within the residence time of 12 ms. It should be noted that the discharge volume is
expanding at high powers. This means that the residence time is slightly bigger than
calculated with the size of the electrode. It is estimated (by eye) that the expansion
starts from roughly 0.6 W and is expanded roughly 0.5 cm to each side of the discharge
at maximum power. Similar results are found in a helium discharge, as is shown in
figure 4.8. The yield is comparable with figure 4.2 on page 28 and the energy efficiency
is more than a factor 4 higher. However, in contrast to the argon discharge, the trend
for the energy efficiency is not the same for the different electrode sizes.
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(a) Yield (b) Energy efficiency

Figure 4.8: Hydrogen peroxide production as function of power in helium at
1 mm gap distance and an electrode of 2cm length.

This boost in energy efficiency due to a smaller discharge is an indication that an
optimal residence time for H2O2 production mat exist. The discharge is made a factor
smaller once again (5×12 mm), to get more knowledge about this. The residence time
is now 3ms for a gap of 1 mm. For an argon discharge the result is shown in fig-
ure 4.9. It should be mentioned that the determination of the dissipated power for this
electrode is difficult. In this configuration the power losses dominate the total power
dissipation and it is hard to determine the plasma dissipated power. This is why larger
error bars for the power are used. Comparing the results for the two small electrodes
(2.0 cm and 0.5 cm long), no higher yields or energy efficiencies are observed. One
could say that the yield is slightly lower and the efficiency is slightly higher for the
electrode of 0.5 cm. However, due to the large error bars, it is impossible to observe
a significant difference. The behaviour of the energy efficiency is different, though. In
contrast with the electrodes of 2 cm and 9 cm long, the energy efficiency is increasing
with power. An explanation for this could be that at low powers, the amount of fila-
ments is not enough to ”fill” the discharge area, and molecules can pass through the
discharge without being treated by a filaments. When the discharge area gets more
”filled up” with filaments, and more molecules get treated. In the electrodes of 2 cm
and 9 cm, a low filament density is compensated by a larger residence time. However,
a low filament density could be an explanation for the lower energy efficiency at the
lowest power in figure 4.7 on the preceding page and figure 4.1 on page 28. Expansion
of the discharge is also observed for this electrode. The absolute value of this expansion
was estimated at 0.5 cm, which is the same expansion as with the electrode of 2.0 cm
long. However, the expansion is bigger in relation to the electrode size. This might
be the reason why the efficiency is not raised significantly, although the electrode size
is made 4 times smaller and the yield is not significantly lower. Apparently the resi-
dence time is still large enough to produce the same amounts of H2O2, but a relatively

33



0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

2

4

6

8

10

12

14

Y
ie

ld
 (µ

g/
m

in
)

Power Shifted (w)

(a) Yield

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

E
ne

rg
y 

ef
fic

ie
nd

y 
(g

/k
W

h)

Power (W)

(b) Energy efficiency

Figure 4.9: Hydrogen peroxide production as function of power in an argon
discharge as yield and energy efficiency at 1 mm gap distance, a flow of 2 SLM
and an electrode of 0.5 cm length.

high power is needed for this discharge. The difficulty with determining the power at
this electrode size might also have an influence on the accuracy of the energy efficiency.

Although the energy efficiencies for the 0.5 cm long electrode are questionable due
to the error of the power, no significant difference is found in the amount of produced
H2O2. By changing the flow rate the residence time is varied, the influence of the
residence time is shown in figure 4.10 on the next page. As a function of the flow rate,
it looks like the energy efficiency is rising for low flow rates and is more or less constant
above 1.5SLM. However, as function of the residence time, a different behaviour is
observed. The energy efficiency seems to decrease linearly with the residence time.
To put this in perspective, the residence dependency on H2O2 production of the three
different electrodes are shown in figure 4.11 on the facing page. Ideally, the power
density would be the same for all these data points. The power density is the correct
way to compare the different electrode sizes as the power scales linearly with the size
of the electrode. However, due the large differences in energy efficiency and low power
dependence, the error of comparing different power densities is small. The figure shows
the importance of the residence time. Based on this figure, it is not expected that
decreasing the residence time further will boost the energy efficiency another order of
magnitude and a residence time up to a few milliseconds results in the most efficient
hydrogen peroxide production.
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Figure 4.10: Energy efficiency as function of flow rate and residence time
for an electrode of 0.5 cm with roughly 0.25 W input power.
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used electrode lengths.
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(a) 0.3W (b) 0.6W

Figure 4.12: Pictures of a discharge in argon at different powers. The
electrode is 0.5 cm long.

(a) 0.2W (b) 0.6W

Figure 4.13: Pictures of a discharge in helium at different powers. The
electrode is 0.5 cm long.

4.5 Discharge morphology

Some pictures of discharges are made to show different kinds of morphology. The elec-
trode of 0.5 cm is used so that expansion of the discharge is visible. Figure 4.12 shows
two pictures of argon discharges at roughly 0.3 W and 0.6 W. With the low discharge
power, it is clear that filaments do not fill up the whole discharge area. When the
power is increased, more filaments occur and the discharge looks more homogeneous.
Figure 4.12b also shows the expansion of the discharge. Pictures of a helium discharge
are shown in figure 4.13. Because the light sensitivity of the camera is changed, the dis-
charge in helium looks brighter than the discharge in argon. However, argon discharges
are brighter than helium discharges when they are observed by eye. The bright area in
the discharge of 0.2 W shows the area where the electrode is. In this area the discharge
looks diffuse. The discharge of 0.6 W is expanded and also looks diffuse except at its
boundaries. The brighter area just above the discharge is caused by discharges between
the dielectric barrier, the high voltage electrode, the cover glasses and the glue. These
are the previous mentioned discharges in unwanted places at high power.
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Chapter 5

Conclusions & outlook

5.1 Conclusions

The focus of this thesis is experimental characterisation of hydrogen peroxide produc-
tion in a dielectric barrier discharge. To increase reproducibility, a number of measures
were taken:

• Drift of the LED light source is monitored and is compensated in the absorbtion
measurements, leading to an increased accuracy of the H2O2 determination.

• Tubing in the setup is heated to avoid capture of H2O2 in droplets at the wall.

• The bubbler head of the detection setup is cleaned between to consecutive mea-
surements. Without cleaning, hydrogen peroxide produced in preceding measure-
ments, will be detected in a later measurement. This effect explains the result of
preceding experiments, where a surprisingly high energy efficiency was achieved
at low powers in helium (figure 1.1 on page 6).

The power dissipation by the system is investigated thoroughly. Power is lost in
the system and hence the power measured by Manley’s method does not result in the
power dissipated by the discharge itself. A method is found to calculate the plasma
dissipated power, for which an exact knowledge of the losses is not necessary. Resistive
elements change the phase of the electric load. By applying a phase shift between the
low and high voltage signals, these resistive losses are not included in the calculations,
resulting in the power dissipated by the discharge alone.

The influence of several parameters on hydrogen peroxide production is analysed.
In general the yield increases, while the energy efficiency is decreasing with power in an
argon discharge. However, in a helium discharge, the energy efficiency is more or less
constant. The energy efficiency is five to ten times higher in argon than it is in helium.
This is mainly due to a higher OH density in argon discharges. Based on the flow rate
dependency of H2O2 production, surface losses in the DBD and the bubbler head are
assumed to play a significant role. These surface losses play a bigger role with lower
flow rates as more species are destroyed or lost at the wall. This shows the importance
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of the gas residence time in the discharge. The residence time drops as the flow rate
is increased, resulting in a higher H2O2 yield. A short residence time is also achieved
by making the electrode length shorter. This results in the same yield but a higher
energy efficiency because a lower power input is necessary for maintaining a discharge.
An optimal residence time is estimated to be a few milliseconds, longer residence times
result in lower energy efficiencies. No data could be achieved on residence times shorter
than a millisecond. According to the observed trend, a shorter residence time would
not significantly boost the energy efficiency. Performed experiments resulted in energy
efficiencies covering more than two orders of magnitude. The highest energy efficiency
(1.4± 0.4 g/kWh) was achieved with a residence time of 3 ms and about 0.5 W dissi-
pated power.

A boost in energy efficiency up to a factor four is achieved, compared to similar
experiments reported by others (e.g. 0.14 g/kWh [13] and 0.4 g/kWh [18]). Higher
energy efficiencies have been reported for experiments involving multiple phases. Re-
search on helium discharges with high water content in a DBD have been performed
in parallel to the presented work. A liquid film was observed in the DBD, at a water
content around 20 %, leading to a boost of a factor 4 to 5 in H2O2 production [23].
Treatment of water spray by a gliding arc discharge is an other example in which multi
phase treatment leads to an energy efficiencies (81 g/kWh [7]). However, for appli-
cation in propene epoxidation, hydrogen peroxide should be located in the gas phase
[1]. Reported energy efficiencies for H2O2 production in the gas phase of 80 g/kWh,
seem to be achieved with a liquid collector close to the DBD [26]. A possibility is that
a lot of H2O2 in these experiments is formed at the gas - liquid interface in stead of
the O2/H2 mixture. Comparable experiments could not be performed because O2/H2

mixtures were not accessible.

5.2 Outlook

Ideally, experiments should be in agreement with models for better understanding of
hydrogen peroxide production in dielectric barrier discharges. Zero dimensional models
on humidified atmospheric pressure discharges in helium are available [17]. However,
to include surface losses and the filamentary nature of the discharge, a full three dimen-
sional model is necessary. The OH density, gas temperature, electron temperature and
electron density would be important input parameters for such a models. However,
due to the high level of complexity of the discharge, these models are not available
yet. More experimental data should be acquired in order to gain knowledge about
parameters necessary for modeling.

The importance of OH densities for H2O2 production is shown in existing zero
dimensional models [17]. Therefore it would be interesting to measure OH densities
with laser induced fluorescence [24]. Knowledge of the OH densities could lead to a
better understanding of the production process of H2O2. Reaction rates are strongly
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dependent on the gas temperature, therefore the (behaviour of the) gas temperature
should be known in order to make a comparison with models. The signal to noise ratio
of the emission spectrum should be increased in order to gain trustworthy data. This
can for example be done by replacing the pyrex window for quartz windows.

The range of the parameters in performed experiments was often restricted due
to the appearance of discharges in unwanted places. The gap distance could not be
increased to more than 1.5 mm and there is a maximum to the applied power. Dis-
charges in unwanted places could be avoided by replacing the high voltage electrode
by one similar in design to the low voltage electrode. Surface effects in the DBD could
be better investigated when operation is possible at larger discharge gaps. A larger
power range could help in the understanding of e.g. gas heating, although no surprising
effects on the energy efficiency are expected at higher powers. Another advantage of
a different design of the high voltage electrode would be that power losses decrease
because contact of the electrode with the windows is avoided. Power losses start to
dominate for the smaller electrodes, causing large errors. Lower losses will lead to
smaller errors in the power and the energy efficiency and will make the results better
comparable with models or other experiments.

Due to surface losses of H2O2 in the bubbler head, the detection setup is an in-
teresting topic for further investigation. Capturing the hydrogen peroxide in a liquid
directly downstream of the DBD is used in other experiments with high energy effi-
ciencies [26]. This reduces surface losses, but a disadvantage could be that is uncertain
whether H2O2 is produced in the gas phase or at the gas - liquid interface.

In this thesis, it is shown that decreasing the gas residence time boosts the energy
efficiency. Pulsed operation of the DBD is an other way to lower the residence time,
because the discharge only exists during the pulse. Assuming that the amount of pro-
duced H2O2 is not influenced, pulsing could increase the efficiency of H2O2 production
because less power will be dissipated. By operating the DBD in pulsed mode, the
effect of the afterglow could be studied. Which then again is useful for modeling and
optimising the energy efficiency of the DBD.

For research purposes, the power dissipated by the discharge is the parameter
of interest and it is justified to correct for power losses in the system. However, for
eventual application the total applied power is important. Therefore, a configuration
should be found in which power losses can be minimised. The large coaxial DBDs which
are already used in ozone production could be used as a blueprint. The results of the
performed measurements show that a residence time up to a few milliseconds leads to
the highest energy efficiencies, which probably will not change much in applications.
For application in gas phase propene epoxidation, at least a H2O2 concentration of 100
ppm is necessary [1]. Based on the the highest measured yield (18 µg/min), this would
acquire at least an increase of an order of magnitude.
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Appendix A

Postprocessing of hydrogen
peroxide detection

The Matlab script shown below is used to calculate the hydrogen peroxide yield.

%This script is used to find the amount of hydrogen peroxide produced in

%the DBD

clear

epsilon= 283; %molar absorptivity [L/(mol*cm)]

l=2.7; % pathlength, cm

mvolume=41e-3; %volume of detection liquid in [l]

molarmass=34.0147; %molar mass of H$_2$O$_2$

%% Define which folders should be analised. give folder in which the

% folders LED and production are located. It is assumed that the reference

% signal of the LED is found in the subfolder ’LED’, the absorption

% measurements are found in the subfolder ’production’.

folder=’D:\afstuderen\measurements\20130620Argon1mm\session1’;

%Load information about the files with the data for the LED stability. The

%files consist of two columns with the wavelength (nm) in the first and the

%counts (a.u.) in the second column.

folderled=fullfile(folder,’LED’,’*.trt’);

fileinfoled = dir(fullfile(folderled));

fileled = strcat({fileinfoled.name}’);

%Load information about the files with the data of the absorbtion

%measurment The files consist of two columns with the wavelength (nm) in

%the first and the counts (a.u.) in the second column.

folderprod=fullfile(folder,’production’,’*.txt’);

fileinfoprod = dir(fullfile(folderprod));

fileprod = strcat({fileinfoprod.name}’);

%% load files for the reference in the folder LED.
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nled=numel(fileled);

pointsled=zeros(nled,1);

for i=1:nled %for each file

%load data with 8 header lines

clear dataled

dataled=importdata(fullfile(folder,’LED’,fileled{i}),’;’,8);

%Find the data corrosponding to the desired wavelength.

[r,c]=find(dataled.data(:,1)==450.2);

%Counts at 450 nm

pointsled(i)=dataled.data(r,2);

%find time at which the file is made in header

fid=fopen(fullfile(folder,’LED’,fileled{i}));

headerled = textscan(fid,’%c’);

headled=headerled{1,1};

%Get the amount of seconds since midnight, which acts as a marker for

%time

hourled=(str2double(headled(21))*10+str2double(headled(22)))*60*60;

minled=(str2double(headled(24))*10+str2double(headled(25)))*60;

timeled(i)=(hourled+minled+str2double(headled(27))...

*10+str2double(headled(28)));

fclose(fid);

end

%% load files for absorption measurements

nprod=numel(fileprod);

pointsprod=zeros(nprod,1);

for i=1:nprod %for each file

%load data with 17 header lines

clear dataprod

dataprod=importdata(fullfile(folder,’production’,fileprod{i}),’\t’,17);

%Find the data corrosponding to the desired wavelength.

[r,c]=find(dataprod.data(:,1)==450.03);

%Counts at 450 nm

pointsprod(i)=dataprod.data(r,2);

%find time at which the file is made in header

fid=fopen(fullfile(folder,’production’,fileprod{i}));

headerprod = textscan(fid,’%c’);

headprod=headerprod{1,1};

%Get the amount of seconds since midnight, which acts as a marker for

%time

hourprod=(str2double(headprod(70))*10+str2double(headprod(71)))*60*60;

minprod=(str2double(headprod(73))*10+str2double(headprod(74)))*60;

timeprod(i)=(hourprod+minprod+str2double(headprod(76))*10+...
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str2double(headprod(77)));

fclose(fid);

end

%% make sure first "production" is after first "Led" and last "production"

% is before last "LED". First find where this is the case...

conled=((timeled(:)>(timeprod(1)-20))==(timeled(:)<...

(timeprod(length(timeprod))+10)));

conprod=((timeprod(:)>(timeled(1)+20))==(timeprod(:)...

<(timeled(length(timeled))-10)));

%...Then define new variables for which this is true. This has to be done

%for the time as wel as for the points.

timeled2=timeled(setdiff(1:length(timeled),find(conled==0)));

timeprod2=timeprod(setdiff(1:length(timeprod),find(conprod==0)));

pointsled2=pointsled(setdiff(1:length(timeled),find(conled==0)));

pointsprod2=pointsprod(setdiff(1:length(timeprod),find(conprod==0)));

%% correct for drift of LED

n=length(pointsprod2);

% set reference point at beginning by averaging first 4 values of "LED"

firstmean=mean([pointsled2(1) pointsled2(2) pointsled2(3) pointsled2(4)]);

for i=1:n %for each data point

%find points made within 5 seconds around measurement point

near=(timeled2(:)>(timeprod2(i)-5))==(timeled2(:)<(timeprod2(i)+5));

weighted=find(near==1);% the points over which is going to be averaged

%define correction for each measurement point

correctionfactor(i)=firstmean/mean(pointsled2(weighted));

%correct the measurement points.

pointsprod2cor(i)=pointsprod2(i)*correctionfactor(i);

end

%% Calculate concentration

%neglect first point and make second point the point of reference.

pointsprod2cor(1)=[];

n=n-1;

pointscor=pointsprod2cor/pointsprod2cor(1);

concentration=-log10(pointscor)./(epsilon*l)*1000;%concentration millimol/L

%convert to grams:

grams=concentration*mvolume*molarmass*10^(-3);

timeprod3=timeprod2(2:length(timeprod2));

T=(timeprod3-timeprod3(1))/60;%TIme in minutes

%% Fit with curvefitting toolbox

[xData, yData] = prepareCurveData(T, concentration);
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ft = fittype( ’poly1’ );

opts = fitoptions( ft );

opts.Lower = [-Inf -Inf];

opts.Upper = [Inf Inf];

% Fit model to data.

[fitresult, gof] = fit( xData, yData, ft, opts );

%Display production yield in command window

disp(’production in mmol/minute’)

disp(fitresult.p1*mvolume)

disp(’production in grams/minute’)

disp(fitresult.p1*mvolume*molarmass*10^(-3))

%% Plot fit with data. four subplots are made in one figure

hh=figure;

subplot(2,2,4);

h = plot( fitresult, xData, yData );

legend(’hide’)

title( ’Production’ )

xlabel( ’time [minutes]’ );

ylabel( ’Concentration H$_2$O$_2$ [mmol/L]’ );

grid on

fitresult.p1; %production per minute

fitresult.p2;

fitresult

%calculate relative error of production and display in command window

er=confint(fitresult,0.95);

disp(’relative error of production’)

disp((fitresult.p1-er(1,1))/fitresult.p1)

subplot(2,2,2);

plot((timeprod3-timeprod3(1))/60,pointsprod2cor/pointsprod2cor(1));

title( ’Corrected’ )

xlabel( ’time [minutes]’ );

ylabel( ’Points’ );

grid on

subplot(2,2,3);

plot(transpose((timeprod2-timeprod2(1))/60),pointsprod2/pointsprod2(1));

title( ’Detection’ )

xlabel( ’time [minutes]’ );

ylabel( ’Points’ );

grid on
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subplot(2,2,1);

plot((transpose(timeled2)-transpose(timeled2(1)))/...

60,pointsled2/pointsled2(1));

title( ’Ligth source’ )

xlabel( ’time [minutes]’ );

ylabel( ’Points’ );

grid on

%% save figure

filename=fullfile(folder,’production.fig’);

saveas(hh,filename);
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Appendix B

Postprocessing of power
measurements

This appendix shows the matlab script which is used to calculate the power. The
function ’trapzdat’ is not standard in matlab and is therefore included. Because the
processing happened quickly the necessity for a more elegant script was lacking.

function [values,out] = CalcPower(cycles,scope)

%This function can be called to calculate the dissipated power in the power

%in the discharge as well as some other parameters. It assumes the global

%variable ’data’ exists, which is a cell containing 1 or more arrays,

%which correspond to the files saved by the oscilloscope. These arrays have

%the time in the first column, the second column gives the high voltage,

%the third one the low voltage and the fourth column gives the current. The

%function needs input variables ’cycles’ which gives the amount of half

%periods are taken into account and the variable ’scope’ which is the

%indicator for the array in ’data’ to be used. The output variables

%’values’ and ’out’ can be modified to get the output which is desired.

%% some Definitions

global data;

format longE;

cap=8.8e-9; %value of the measurement capacitance.

M=data{scope}; %Data is loaded in variable M

[l w]=size(M); % Size is defined

M(:,2)=M(:,2)*0.907;% Calibration of high voltage probe

Mtemp=M;% Temporary data

%% phase shifting

%The variable ’shiftfactor’ is the amount of data points that the points

%for the high voltage is moved forward. To correct only for the phase
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%shift due to the probes, this number would be 50 in case the files are

%saved the typical way (5000 points, 200 micro s) and interpolation is done

%with 40 points between each to data points. The phase shift to find

%the plasma dissipated power should be added to this. Because small changes

%in the setup can influence this phase, this phase should be manually found

%before every measurement.

shiftfactor=80;

%interpolation is done to make sure the digitalisation of the data points

%has a big influence on the phase shift.

HVint=interp1(Mtemp(:,1),Mtemp(:,2),Mtemp(1,1):...

(1/40*(Mtemp(l,1)-Mtemp(1,1))/l):Mtemp(l,1),’spline’);

LVint=interp1(Mtemp(:,1),Mtemp(:,3),Mtemp(1,1):...

(1/40*(Mtemp(l,1)-Mtemp(1,1))/l):Mtemp(l,1),’spline’);

Tint=Mtemp(1,1):(Mtemp(l,1)-Mtemp(1,1))/(l*40):Mtemp(l,1);

HVtemp=HVint;

%Shifting hv.

for j=shiftfactor+1:length(HVtemp)

HVint(j)=HVtemp(j-shiftfactor);

end

%Neglect data points which became useless after the phase shift.

HVint(1:shiftfactor)=[];

LVint(1:shiftfactor)=[];

Tint(1:shiftfactor)=[];

%Redefined variable ’Mint’ to work with after the phase shift.

Mint=zeros(length(HVint),3);

Mint(:,1)=Tint;

Mint(:,2)=HVint;

Mint(:,3)=LVint;

[l w]=size(Mint);

%% Calculate zeros of low voltage. A zero is found when an element is zero

%or when the sign is swithed between two consecutive data points

n=0;

amplv=zeros(1,1);

zeroslv=zeros(1,1);

for i=1:l-1,

if Mint(i,3)==0 || Mint(i,3)>0 && Mint(i+1,3)<0 ||Mint(i,3)<0 && Mint(i+1,3)>0

n=n+1;

zeroslv=[zeroslv,i];%All zeros of low voltage

if n>2 && mod(n,2);

%Vector of maximum values low voltage

amplv=[amplv, abs((max(Mint((zeroslv(n-1):i),3))))];

end
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end

end

%% CALCULATE zeros high voltage. Same procedure is followed as for the low

%voltage

nhv=0;

amphv=zeros(1,1);

zeroshv=zeros(1,1);

for i=1:l-1,

if Mint(i,2)==0 || Mint(i,2)>0 && Mint(i+1,2)<0 ||Mint(i,2)<0 && Mint(i+1,2)>0

nhv=nhv+1;

zeroshv=[zeroshv,i];%All zeros of high voltage

if nhv>2 && mod(nhv,2);

%Vector of maximum values high voltage maximums

amphv=[amphv, (abs(max(Mint((zeroshv(nhv-1):i),2))))];

end

end

end

%% CALCULATE VOLTAGE AND CHARGE MATRICES

V=Mint(:,2);

Q=Mint(:,3)*cap; % Q=C*V

%% Calculate power

power=[];%Power becomes list with power of each period

cl=[];%Becomes list with periods

for k=2:2:cycles, %Every whole period

a= zeroshv(1,k);%Start calculation domain at point ’a’

b=zeroshv(1,k+2); %End calculation domain at point ’b’

CycleLength=(Mint(b,1)-Mint(a,1)); %Period

cl=[cl, CycleLength]; %Vector with all periods

%The function ’trapzDat’ returns the numerical integral of two vectors

%with arbitrary spacing using the trapezoid rule. The result needs to

%be multiplied with -1 because the direction of integration is assumed

%to be inverse with respect to the Lissajous figure.

Energy=-trapzDat(V(a:b),Q(a:b));

OverallPower=Energy/CycleLength;

power=[power,OverallPower]; %Vector with the found powers

end

%% Calculation some values

power(1)=[];%% First power vale is corrupted in most cases

TotalAveragedPower=sum(power)/(length(power));%Average power
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period=sum(cl)/(length(cl));%Average period

rmslv = rms(Mint(:,3));%RMS value for the low voltage

rmshv = rms(Mint(:,2));%RMS value for the high voltage

rmscur=rms(cur);%RMS value for the current

powerdev = std(power(2:length(power)));%Standard deviation of the power

perioddev = std(period); %Standard deviation of the period

%% OUTPUT

%Vectors with not necessarily the same length

out=padcat(transpose(power), transpose(cl), transpose(zeroslv), transpose(zeroshv));

%Calculated values

values=[TotalAveragedPower powerdev period perioddev rmslv rmshv rmscur];

function I = trapzDat(x,f)

% trapzDat Composite trapezoid rule for arbitrarily spaced discrete data

% Synopsis: I = trapzDat(x,f)

% Input: x = vector of independent variable data. Assumed

% to be unequally spaced

% f = vector discrete function values to be integrated.

% Output: I = integral of f with respect to x

n = length(f);

if length(x)~=n, error(’Dimensions of x and f are incompatible’); end

dx = diff(x); % vector of x(i+1)-x(i) values

avef = f(1:n-1) + 0.5*diff(f); % vector of average f values

I = sum(avef.*dx); % avef(1)*dx(1) + avef(2)*dx(2) + ...
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Appendix C

Error analysis

The matlab script shown in Appendix A, gives the relative error of the fit as output.
This is a measure for the deviation of data points from a linear fit. However, this is not
the only possible error in the yield of hydrogen peroxide. The typical volume of the
detection volume is 40ml, an error of 1ml is taken into account to include deviations.
These deviations could be due to left over detection liquid in the bubbler head or
evaporation during the measurement. Therefore a relative error 2.5% is added to the
error given by the matlab script. This is the error which is used for figures of H2O2

yield. In general, the error in the power measurement is estimated at 10%. This
should account for systematic errors in voltage measurements of the probes, but also
for the error which might arise from the phase shift applied to determine the plasma
dissipated power. Fluctuations of power during the course of a measurement are small,
but are taken into account when significant. For the electrodes of 2.0cm and 0.5cm
long, the relative error in the power is increased to 15% and 20% relatively. This is
done because the power losses for these configurations are not as well defined as for
the large electrode. The energy efficiency is found is found by:

η =
Y

P
6× 104 (C.1)

Which is the ratio between the yield Y in g/min and the power P in W multiplied with
a conversion factor to gain the energy efficiency η in g/kWh. The error in the energy
efficiency is than given by:

∆η = η

√(
∆Y

Y

)2

+

(
∆P

P

)2

(C.2)
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