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ABSTRACT: Hydrogen is produced by plasmolysis of (1) demineralized water vapors (steam) and (2) water vapor and argon
gas. In the current study, a custom-made dielectric barrier discharge (DBD)-corona hybrid reactor has been designed and used
for steam plasmolysis. The objective is to show the feasibility of hydrogen production from water vapor plasmolysis at
atmospheric pressure at a relatively smaller interelectrode distance and to characterize the plasma for its fundamental properties.
The generated plasma properties have been characterized by applying spectrometric analysis, in which the measured plasma
temperatures are demonstrated in the order Te > Texc > Trot, which confirms the nonlocalized thermal equilibrium (LTE)
existence in the plasma bulk. Moreover, the estimated electron number density (1.765 × 1017 m−3) shows an exceptional energy
for water vapor dissociation, which eventually results in a reasonable efficiency. The estimated energy efficiency and
thermodynamic efficiency for water vapor plasmolysis along with steam was found to be 78.8% and 79.2%, respectively.
Accordingly, the calculated production rate (20 g/kWh) and the predicted cost (£0.09/kWh) are shown to be competitive to the
electrolysis process, which is increasingly applied for hydrogen production, with the benefit of reduced equipment size and low
power consumption.

1. INTRODUCTION
Since 1970s embargo, interest in the alternative fuels were
developing to power our society.1 The increasing cost,
depletion, and adverse environmental issues of fossil fuel
utilization have raised serious concerns in the society about
long-term usage and sustainability. To cope with these issues,
continuous efforts are made to find cleaner, sustainable fuel at
comparable price with fossil fuel.2 However, alternative fuels are
not available everywhere on demand. One possible solution is
the utilization of the hydrogen which is known as energy carrier
for approximately two centuries now.3 It can be produced from
multiple sources, which include coal and natural gas and
renewable sources such as biomass, hydropower, geothermal,
solar and wind power.4 However, problems such as economical
production, separation of H2/O2 mixture, and storage are the
barriers yet to be overcome.
Hydrogen production by plasmolysis of water has been

studied by both theoretically and experimentally.5−11 Fridman9

has discussed water vapor breakdown by different mechanisms
and pointed out chemical reactions responsible for initiation,
propagation, and termination of water vapor plasmolysis. Full
details of water vapor dissociation by vibrational excitation
channel and dissociative attachment of electron channel are
given. More recently, Rehman11 showed detailed discussion of
the kinetic modeling of hydrogen formation from water vapor
plasmolysis in plasma microreactors. Key kinetic steps
governing the breakdown have been identified.
Jasinski12 and Wang13 studied steam reforming with plasma

in different plasma environments. Other than water, methane
and natural gas were studied as feedstock by Mutaf-Yardimci14

and Boutot,15 respectively. Plasma electrolysis has also been
studied for hydrogen production.16,17 Different hydrocarbon
feedstocks have also been studied18,19 including methanol,20

ethanol,21 and kerosene oil.22 Steam methane reforming (SMR)
and water electrolysis have been considered to be the most

straightforward ways to produce hydrogen.23 Hydrogen
production by water vapor plasmolysis using conventional
plasma reactors has always been viewed as an expensive route,24

trailing behind electrolysis and about on par with thermochem-
ical cycles. However, recently, Lozano-Parada and Zimmer-
man25 showed a potential for economical production of ozone
using microplasma reactor at 170 V AC and 100 Hz. Plasma
microreactors produce high electric fields at relatively low
voltage, which produces energetic species such as H, OH, and
HO2, etc., at atmospheric pressure. These active species
through a series of reactions combine together to eventually
form H2 and O2.
Typical examples of nonthermal atmospheric pressure

plasmas are corona discharges and dielectric barrier discharge
(DBD).26 Corona discharges are considered suitable for various
industrial processes as this type of discharges generates a high
concentration of radicals. However, continuous corona
discharges have a very low power, which is unacceptable for
many applications. Voltages could be increased to raise the
power level, but this leads to corona transition into arcs. Arcing
could be prevented by covering one or both electrodes with
dielectric material or by creating corona discharge with pulse-
periodic mode.27 By introducing a dielectric layer, the discharge
current is limited, arcing could be avoided between two
electrodes, and homogeneous discharge could be created.18

Therefore, many of DBD-corona hybrid reactors have been
designed to overcome these difficulties and take advantage of
both high concentration of radicals in corona discharges and
homogeneity of plasma discharge at higher power in DBD.26
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In the current study, a DBD-corona hybrid reactor has been
designed and used for steam plasmolysis. The objective is to
(1) show feasibility of hydrogen production by water vapor
plasmolysis at atmospheric pressure at a relatively smaller
interelectrode distance and (2) characterize the plasma for its
fundamental properties. The paper is divided into five sections.
In the first section, an introduction of the study is given.
Section 2 deals with the experimental procedure, followed by
section 3, in which a detailed analysis is shown. In section 4, a
discussion is presented on the detection of the peaks in the
spectral range 317−400 nm. An experiment with underwater
plasma is carried out to prevent the contact of plasma discharge
with glass surface and simultaneously remove nitrogen from the
system. The contact angle of demineralized water with glass
slide has been measured after subjecting it to plasma treatment.
Finally in section 5, conclusions are given.

2. EXPERIMENTAL SECTION
A custom-made high voltage power source (Entwicklung Leistungse-
lectronic, Germany) was used to ignite the plasma. The power source
is designed to give voltage up to 12 kV with frequency ranging from 20
kHz to 40 kHz. The power supply is equipped with manual control
knobs to control voltage, current, and frequency. It also has two digital
LCDs to monitor voltages and current values. No matching network
has been provided in the device due to limited frequency range. A T-
shaped borosilicate glass reactor was designed and built with 7 mm
outer diameter and 4.88 mm inner diameter. A stainless steel circular
rod of diameter 2.40 mm was used as live electrode. Figure 1 shows
the schematic representation of reactor. The configuration produced a
flow channel 2.48 mm with a radial gap of 1.24 mm. An aluminum
sheet of thickness 0.5 mm and 2 cm long has been wrapped around the
reactor and used as ground electrode. A 3 mm hole in the center of the
ground electrode served as window for data acquisition.
Three different sets of experiments were performed. In the first set

of experiments, steam plasma was characterized. In part 1, only water
vapors were run through the reactor. Flow rate of water vapor was set
to 2 mL/min at 1 atm. Power was supplied from the above-mentioned
power source to obtain steam plasma. This was followed by the

injection of argon gas at 10 mL/min from the other side of the reactor.
Lastly, argon gas was replaced by 10 mL/min of nitrogen into the
reactor along with steam. The gases (Ar and N2) have been injected
through an inlet opposite to that used for steam in order to prevent
condensation. Both argon and nitrogen were 99.998% pure and
bought from BOC.

In the second set of experiments, water vapor decomposition was
monitored by connecting a set of condensers to the outlet of the
reactor. The experiment was run for ten minutes and steam
condensate was collected in a measuring cylinder. The experiment
was repeated with injection of argon gas and water vapor
decomposition rate was monitored. An empirical model was generated
by applying an experimental design plan according to the second order
central composite rotatable design28 to study the effects of steam and
argon flow rates on the decomposition rate.

A third set of experiments was carried out to explore the identity of
the peaks in 317−400 nm range. Two experiments were carried out
separately here. In the first experiment, plasma was ignited in a tube
filled with demineralized water between electrodes having interelec-
trode distance of about 1 mm (Figure 13). In the second experiment,
glass chip was treated with argon plasma. The contact angle for
demineralized water was measured before and after experiment by
First Ten Angstrom tensiometer using the sessile drop method.

The applied voltage was measured by using a high voltage probe
and digital oscilloscope (ADC-212, Pico Technology Limited) to
generate voltage and frequency output signal. Plasma current was
measured by a calibrated digital current clamp meter (UNI-T, UT
201).29 The experiment was started with an initial voltage of 2.2 kV
and gradually increased until 4 kV.

Emission spectra were obtained by a fiber optic sensor, which was
collated by (Ocean Optics USB 2000). The spectral data obtained
were analyzed by Spectra Suite software (Ocean Optics). This
spectrometric system has 0.3−1.5 nm full width half maximum (fwhm)
resolution, 600 lines grating density blazed at 300 nm and 25μm slit
width. The spectrometric parameters, integration time, and boxcar
width were 1000 ms and 2, respectively.29 All spectral data were
recorded at 4 kV, 16 mÅ, and 36.74 kHz.

Figure 1. DBD-corona hybrid reactor used in the experiment.
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3. ANALYSIS
3.1. Plasma Characterization. Voltage output signal of the

power supply is shown in Figure 2. It is worth monitoring the
output signal of the power supply as instabilities may occur in
plasma because of the distorted signal. From Figure2, it is
evident that the source is providing a stable signal at 4 kV.
Figure 3 shows the frequency signal. On the y-axis, the
amplitude is in arbitrary units. The output signal mainly
consisted of one main frequency of 36.74 kHz and two
harmonics that are relatively negligible; thus, power goes into
the reactor at actual frequency of 36.74 kHz. Figure 4 shows the

(VI) characteristics chart for the given system. It is subdivided
into four different regions; 1-Townsend or predischarge, 2-
normal glow, 3-abnormal glow, and 4-discharge to arc
transition.30 The first region, namely, dark or Townsend
discharge occurs prior to ignition. In the first region, a limited
increase in the current proportional to the voltage is observed.
In the second region, after the ignition of plasma, the voltage
drops immediately. The negative slope in region 2 (Figure 4)
shows voltage drop usually appears in microdischarges.31 At
lower pressure (vacuum), Schutze30 observed no voltage
increase after region 2 with increase in current. The authors

Figure 2. Voltage output signal of the power supply.

Figure 3. Frequency spectrum showing the output signal mainly at 36.74 kHz.
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have reported rather a straight line parallel to increase in the
current (Figure 2 in ref 30). However, at higher pressure, the
second and third region may shrink, (voltage starts increasing
immediately after second region),30 which is the same behavior
in the current study. In the third region, voltage again starts to
increase with increasing the current until region 4 where a
sharp decrease in the voltage is observed, which makes plasma
highly conductive and leads toward discharge to arc
transition.30 Arcing is not desirable in the current studies; so,
voltage was only increased until 4 kV. It is worth mentioning
here that Schutze30 has used DC glow discharge, whereas an
AC powered DBD plasma is discussed in the current study.
Principally, the direct current glow discharge does not resemble
the radio frequency (Rf) plasma; the reason is the nature of the
electric field distribution in a DC glow discharge, which is not
time dependent. However, it is worth noting that the difference
between DC plasma and RF plasma is not significant in a bulk
at a high pressure.32 From Figure 4, it is also clear that the
minimum breakdown voltage for steam flowing at 1 atm in a
discharge gap of 1.24 mm is 3.5 kV at 3 mÅ. This corresponds
to a power of 10.5 Watts. This breakdown voltage is in
agreement with the discussion done by Fridman.9 Looking at
the value of breakdown voltage of air, 30 kV/cm at 1 atm, it
may be expected for water to breakdown at much greater
voltage due to the density difference between air and water.
However, a large number of studies have shown that the
breakdown voltage of water is of the same order as for air. This
is because of fast formation of gas channels in the body of water
under the effect of high electric field.9 This is a practically
important effect that could be elucidated based on the process
occurring at the electrode surface. The process occurring at the
electrode surface can be further divided into two processes.33

The first process is subdivided into two phases as well. In the
first phase, a bubble is formed due to vaporization of liquid
from the local heating in the strong electric field regions at the
tip of electrode. In the second phase, electronic process, the
breakdown occurs due to ionizing collision of electrons on their
way across the breakdown gap. The first phase is not applicable
in the current study as the water is already fed in the vapor
phase. Since water is fed in the vapor phase, which provides an
extra energy (latent heat of vaporization of water), an overall

energy for water breakdown by plasmolysis is reduced. The
second process is related to the underwater electrical discharges
and arc formation and hence not applicable in the current
study. Although, experimentally determined minimum break-
down voltage is 3.5 kV with current of 3 mÅ, the analysis is
conducted at 4 kV to obtain a better data set. The
corresponding current at 4 kV was 16 mÅ.

3.2. Plasma Optical Characterization. Figure 5 shows the
spectra obtained by fiber optic probe from steam plasma. The

spectrum shows OH band between 302 and 317 nm. It is
observed that some peaks in the spectral region 300−400 nm,
other than the peaks of OH band (302−317 nm), resemble
nitrogen peaks (both second positive system of N2 and first
negative system of N2

+) in this area.34 However, those peaks
have appeared in every experiment (spectral data of steam
plasma, steam and argon plasma, and steam and nitrogen
plasma), prompting an investigation of their identity, which is
discussed in section 4. Figure 6 shows the spectrum of steam
and argon plasma. A sharp increase in OH band (302−317) is
observed, which is explained in section 3.3. In the same sense,
the collision−radiative recombination of argon with the
energetic electrons has also resulted in forming argon atoms
in various excited states, which is illustrated by the increased

Figure 4. Current−voltage (VI) characteristic of AC powered DBD-
corona hybrid discharge.

Figure 5. Spectrum of steam plasma.

Figure 6. Steam and argon plasma spectrum.
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intensity of the argon emission lines at 696.5 nm, 750.38 nm,
and other argon lines in the near IR region. Nitrogen was
introduced along with steam to determine the rotational
temperature and vibrational temperature. Figure 7 shows the

spectrum of steam and nitrogen. Along with OH (302−317
nm), nitrogen peaks are observed for both second positive
system of N2 and first negative system of N2

+.34 Spectral data
from Ar(I) lines, OH band (302−317 nm), and second positive
system of N2 are used to calculate Te, Texc, Trot, and Tvib. Figure
6 shows the abundance of Ar lines in the spectrum. These lines
have reliable published values of transition probabilities and the
energy gap between emitting upper levels is expanded within a
range of more than two electron volts (eV), which is very
important in choosing the lines for plasma diagnosis. The
number of available Ar lines also gives an additional advantage
of choosing (at expense of lower intensity signal) lines with
biggest energy difference between upper energy levels. This
energy gap is essential to achieve higher accuracy for using the
traditional Boltzmann plot.35

Electron density is inferred by the formula ne = J/evd where
ne, J, e, and Vd represent the electron density (1/m3), plasma
current density ( Å/m2), electron charge, and electron drift
velocity (m/s)). Electron drift velocity was measured by vd = μ
× E where, μ is electron mobility and E is applied electric field.
The electric field was measured by using high voltage probe and
digital oscilloscope (ADC-212 from Pico Technology Limited).
The voltage was measured to be 4 kV dissipating across a gap of
1.24 mm producing electric field of 4.83 × 106 (V/m). Electron
mobility was considered to be 0.01 (m2/(V − s)).29 This
produces a drift velocity of 4.83 × 104 (m/s). Plasma current
was measured using a validated digital current clamp meter
(UNI-T, UT 201), where the current value is taken very near to
the load and found to be 16 mÅ for the above given voltage
value. Current density, 912 Å/m2, was then measured by
dividing the current with the electrode cross sectional area.
Putting, the values of current density, electron charge, and drift
velocity ne was calculated 1.765 × 1017 m−3, which is in
agreement with other researchers.29,36

In nonlocalized thermal equilibrium (LTE) plasmas, a
normal Boltzmann plot is not permitted because the deviation
from equilibrium may occur by a factor of 1000. However,
there still exists information about the temperature in line
intensities in a more complex way.37 It becomes very important

to modify Boltzmann plot for estimation of Te under non-LTE
conditions. Electron temperature has been calculated under
non-LTE conditions as follows:29,35,37
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where Te is the electron temperature, hvij is the energy gap, k is
Boltzmann constant, Aij is the transition probability, and b1i is a
parameter determined by b1i = Ei

a × pi
b. a and b are the fitting

parameter obtained taken from Gordillo-Vaźquez.35 pi for each
level is given by the formula pi = (EH/(E − Ei))

1/2. EH is the
Rydberg constant (13.6 eV); E∞ and Ei are the ionization
energy and excitation energy of the excited state i. The sum of
transition probabilities (Ai>j) should contain all the excited
energy level and a number of radiative transitions starting in
each considered argon energy level. Figure 8 shows the

modified Boltzmann plot used to determine the electron
temperature. Te could be extracted from the slope of such
modified Boltzmann plot. It is common that strong lines are
originated from a relatively small energy band and spectro-
scopic energy system, which limits the energy difference
between upper energy levels. This increases the errors in the
determination of electron temperature. To avoid this, lines
were chosen such that the gap between upper energy levels is
greatest but at the cost of lower intensity signal. The data in the
modified Boltzmann plot shows some disparity. Therefore,
error bars of ±20% has been assigned to derive the electron
temperature, which is in agreement with ref 35. The line
produces a slope of −0.00007, which is equivalent to −0.625/
Te, which produces Te = 8928.5 K = 0.77 eV.
The Debye shielding length is the characteristic length scale

in plasma. This parameter serves as a length scale to shield the
Coulomb potential of individual charged particle when they
collide. It is calculated from the formula λDe = (ε0Te/en0)

1/2 or
λDe (cm) ≈ 743(Te/ne)

1/2,38 where Te and ne are electron
temperature and electron density, respectively. In the current
study, it is found to be 3.24 μm, which is in agreement with ref
39.
It is well-known that temperature measurements based on

optical emission spectroscopy are dependent on the relative
intensities of the same atom. These measurements can also be
based on those of the ions of neighboring ionization stages on
the relative continuum intensities and on the relative absolute
intensities among others. The excitation temperature (Texc)

Figure 7. Steam and nitrogen plasma spectrum.

Figure 8. Modified Boltzmann plot for determination of electron
temperature.
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depicts the population of the excited atomic states assuming
that this follows Boltzmann distribution. It is a measure of the
excitation capacity of atoms within the plasma. Texc was
measured in non-LTE conditions by Boltzmann plot method.40

This method is particularly considered appropriate because it
does not require a standard source of calibration, but a
maximum energy area should be covered to increase the
accuracy. The Boltzmann plot method is expressed by the
following equation.2,40

λ
= −

⎛
⎝
⎜⎜

⎞
⎠
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E
K T

ln lnij ij

i ij
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where Iij is the line intensity, λij is wavelength, gi is the statistical
weight of the upper atomic state, Aij is the transition
probability, Ei is the excitation energy, kb is the Boltzmann
constant, and K is constant for all considered lines. The data
used to obtain the Boltzmann plot are shown in Table 1. A plot
is drawn between ln(Iijλij/giAij) and Ei, which produces a slope
(1/KbTexc), which is equal to −0.625/Texc and inversely
proportional to the excitation temperature. Figure 9 shows
the typical Boltzmann plot, which produced a slope of −0.0001,
hence producing Texc = 6250 K (0.53 eV).
The rotational temperature (Trot) depicts the population of

the rotational levels in the molecular species present in such
discharge zone.41 Rotational temperature is considered to be
the closest to the gas temperature as the rotational relaxation is
fast at atmospheric pressure.42 The Boltzmann plot method
could be applied in LTE plasma and also non-LTE plasma,
provided the pressure is sufficiently high (as in the current
study) so that the collisional frequency of molecules is higher
than that of the radioactive decay probability of excited state
under consideration, which leads toward thermal equilibration
of the state population.43 Trot is measured by using rotational
fine structure of electronic band such as B2∑u

+ − X2∑g
+ for N2

+

(first negative system) and A2∑+ − X2∏ for OH. The intensity
of such rotational line for a transition (J′−J″), then, could be
expressed as a function of oscillator strength Sj or the transition
probability, Aj:
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where h is the Planck’s constant, k is Boltzmann constant, Bv is
the rotational constant that belongs to the vibrational quantum
number v, and υ is the wavenumber associated to the emission
line, where Sj = K′ + K″ + 1. The practical values of Sj and K′ +
K″ + 1 is usually articulated as a function of the quantum
number K″ (assigned to lower state). For N2

+, two branches
could be used, the P and the R branch.44 For P branch, it is
expressed as K′ = K″ − 1 and K′ = K″ + 1 for R branch. Trot,
then, could be calculated by plotting the intensity of the given
line versus K″.44
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where C is a constant value. The slop of such plot is equal
−Bhc/kTrot, which is equal to −2.983/Trot; thus, Trot can be
estimated. The corresponding values of oscillator strength were
taken from ref 44 and R branch was used to calculate the
rotational temperature from the first negative system of N2

+.

Table 1. Spectrometric Data of the Argon

line λij (nm) Aij (s
−1) Ei (cm

−1) gi Iij (a.u.) ln (Iijλij/giAij)

ArI 727.29 1.83 × 106 93 750.59 3.0 632.020 −2.480
ArI 738.39 8.47 × 106 107 150.05 5.0 1903 −4.508
ArI 750.38 4.45 × 107 95 399.82 3.0 4083.09 −3.774
ArI 763.61 2.45 × 107 106 102.71 5.0 4095 −3.668
ArI 794.18 1.86 × 107 94,553.66 1.0 1778.51 2.577
ArI 811.53 3.31 × 107 105 377.64 7.0 4095 −4.244

Figure 9. Boltzmann plot to determine excitation temperature.
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The data used for calculating Trot are presented in Table 2.
Figure 10 shows the graph between (K″ + 1)(K″ + 2) and
Ln[1/2(K″ + 1)], which produced a slope of −0.004 resulting in
Trot = 745.75 K = 0.064 eV.

The OH spectra could also be used to determine Trot.
However, it is more complex having five main branches O, P, Q,
R, and S. The whole band of OH (A−X) transition could be
used for determination of rotational temperature or more easily
relative intensities of two groups of lines relating to the R and P
branches could be utilized as well.42 Again, eq A can be used,
and Trot can be calculated by plotting Log(Iλ/A) versus E. The
slope of such plot is given as −0.625/Trot. The corresponding
values of A and E are taken from ref 44. The data used for the
calculation of Trot from OH are given in Table 3. Figure 11
shows the plot of the following equation:

λ = − +I A
E

kT
Dlog( / )

rot

where D is a constant value. The estimated value of the slope is
−8 × 10−4, which produced

= =T 781.2 K 0.067 eVrot

Molecular band of the second positive system of N2 and first
negative system of molecular ion of nitrogen N2

+ can be utilized
to calculate vibrational temperature Tvib. In the current study,
Tvib is calculated using the second positive system of N2 by
considering the nonthermal equilibrium conditions.45 The
method to obtain Tvib is based on the emission process;
N2

+(B2∑u
+) → (X2∑g

+) + hv, where the mechanism for

production of molecular ions in the state of N2
+(X2∑g

+) is
direct ionization by electronic impact of fundamental state
N2(X

1∑g
+) Plotting a graph between ln[Iv′,v″λv′,v″/Av′,v″hc] versus

vibrational term G(v)produces a slope of −hc/kbTvib, from where
Tvib could be calculated. Where Iv′,v″ is the intensity of the
vibrational band (v′,v″), λv′,v″ is the corresponding wavelength,
Av′,v″ is Einstein’s coefficients for spontaneous emission, G(v) is
vibrational term, h is Planck’s constant, and c is the speed of
light.
A graph can be plotted between ln[Iv′,v″λv′,v″/Av′,v″hc] and

G(v), which produced a slope of hc/kbTvib. The data used are
shown in Table 4.
Figure 12 shows the plot between ln[Iv′,v″λv′,v″/Av′,v″hc] and

G(v) producing a slope of −2 × 10−5 hence −2.0 × 10−5 = hc/
kbTvib ⇒ Tvib ≈ 720.2 K.
The results of the temperature measurement are summarized

in Table 5. Trot, which is measured by first positive system of N2
and OH band does not differ by much.
It is known that the vibrational temperature value exists in

the range between gas temperature and electron temperature.46

Often gas temperature could be inferred from the rotational
temperature of the excited molecules, which have the time to
equilibrate with the gas molecules of plasma before photon
emission, hence their rotational distribution could reflect that of
the gas molecules in the plasma.47 However, it is interesting to
note that, in the current study, the rotational temperature is
found to be a bit higher than the vibrational temperature. There
could be a couple of explanations for this anomalous behavior.
First, current study plasma has been generated at atmospheric
pressure. It is known that rotational temperature remains
constant with an increase in the pressure. However, vibrational
temperature is found to decrease with increasing pressure.47,48

Second, a presence of even a small amount of oxygen in the
plasma is known to lower the vibrational temperature at any
point in the discharge zone. This could be explained on the

Table 2. Spectrometric Data Used for the Calculation
Rotational Temperature by N2

+ Second Positive System

λ (nm) I (a.u.) K″ (K″+1)(K″+2) Ln[I/2(K″ + 1)]

390.49 360.42 6 56 3.24
390.4 358.55 7 72 3.10
390.29 358 8 90 2.99
390.19 351 9 110 2.86
390.08 348 10 132 2.76
389.97 348 11 156 2.67
389.85 344 12 182 2.58
389.73 334.17 13 210 2.47
389.33 317.33 16 306 2.23

Figure 10. Linear fit between (K″ + 1)(K″ + 2) and Ln(I/2(K″ + 1)) to calculate rotational temperature.

Table 3. Spectrometric Data Used for the Calculation of
Rotational Temperature from OH

λij (nm) branch Aij × 108 (sec−1) E (cm−1) Iij (a.u.) Log(Iλ/A)

308.405 R2 2.70 32542 4095 −2.32
308.023 R2 5.70 32643 4095 −2.65
307.703 R2 8.90 32778 3905.8 −2.86
307.437 R2 12.8 32947 3753.6 −3.04
306.918 R2 24.8 33650 3927.1 −3.38
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basis of higher rate coefficient of relaxation between vibrational
and rotational/translational motions than nitrogen.48 Since
oxygen, in the current study, has been evidently generated, it
could possibly result in decreasing the vibrational temperature.
Both factors of having plasma at atmospheric pressure and
generation of oxygen within plasma zone could explain this
anomalous behavior. Also, water vapor, which was used as a
feed in the current study, could give extra energy to the gas

phase molecules in plasma zone, thereby increasing the
rotational temperature.

3.3. Energy Yield and Cost. The amount of water vapor
decomposed by plasmolysis was found by connecting two
condensers to the outlet of the reactor. Second order central
composite rotatable design was applied to monitor water vapor
decomposition rate% (Y) as an objective function. This was
done to establish a statistical model correlating the water vapor
decomposition rate with a steam flow rate and argon flow rate.
Steam flow rate and argon flow rate were studied as two
parameters affecting the water vapor decomposition rate
according to the following model:28

= + + + + +Y B B x B x B x B x B x x0 1 1 2 2 11 1
2

22 2
2

12 1 2

where B0, B1, B2, B3, B4, and B5 are the constants, (x1) and (x2)
are the code value for steam flow rate (mL/min) and argon
flow rate (mL/min). These code values are tested in the range
(−1.414, −1, 0, +1, +1.414), which is equivalent to values 1, 2,
3, 4, 5 mL/min of steam and 10, 20, 30, 40, 50 mL/min for
argon, respectively. The data were fitted in the model equation

Figure 11. Linear fit to calculate the rotational temperature from OH.

Table 4. Spectrometric Data Used for the Calculation of Vibrational Temperature

(v′,v″) Iv′,v″ (a.u.) λv′,v″ (nm) G(v) (m
−1) Av′,v″ (s

−1) ln[Iv′,v″λv′,v″/Av′,v″hc]

(0,2) 2050 380.37 2.63 × 1006 3.53 × 1006 55.36
(1,3) 1179.8 375.422 2.66 × 1006 4.89 × 1006 54.47
(2,4) 418 370.933 2.70 × 1006 4.05 × 1006 53.61
(3,5) 246 367.056 2.72 × 1006 2.38 × 1006 53.60

Figure 12. Linear fit to calculate vibrational temperature from N2
+ second positive system.

Table 5. Summary of Plasma Characterization

electron density 1.765 × 1017 m−3

debye shielding 3.24 μm
temp K eV

electron 8928.57 0.77
excitation 6250 0.53
vibrational 720.217 0.062
rotational

N2
+ based 745.75 0.064

OH based 781.21 0.067
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using a multiple stepwise regression analysis, which gave the
following empirical model.

= − + − −

+ −

Y x x x x

x x

9.64 0.16 0.28 0.51 0.11

0.025
1 2 1

2
2
2

1 2

The average absolute error of the model obtained was
estimated to be 1.32%. It was found that with the given
experimental set up and power setting the water vapor
decomposition rate was decreased with increasing steam flow
rate at values higher than 2 mL/min, while an increase in the
argon flow rate enhances the decomposition rate. In
consequence, a maximum decomposition rate of 10% was
found when applying 2 mL/min of steam and 50 mL/min of
argon.
Concentration of H2O2 was measured by colorimetric

method, which is based on a specific reaction between H2O2
and titanyl ions giving a stable yellow colored complex of
pertitanic acid, which gives an absorption peak at λ = 410 nm.49

+ + + → + + +Ti H O 2H O TiO H O 4H4 2 2 2 2 2 2

There was no H2O2 found to produce in the experiment, as
there was no change in color observed, which evidently showed
there is no formation of pertitanic acid and hence no H2O2.
Similar results were observed by Givotov,5 in which H2 and O2
were produced in similar stoichiomertric ratios.
Both vapor and liquid phases were analyzed by gas

chromatography (GC). Liquid samples were collected at the
end of experiment. Bottles containing liquid sample were kept
in water bath at 70 °C for half an hour before taking the
sample. A 10 mL standard plastic syringe was used to collect
samples from head space. Samples were directly injected into
GC (Varian CP3800 fitted with thermal conductivity detector
(TCD), 2m HAYESEP C), where an argon was used as a
carrier gas. There was no peak observed for hydrogen or
oxygen. Hence, hydrogen and oxygen produced from the
experiment were not dissolved in the steam condensate, that is,
negligible as the solubility of oxygen and hydrogen in water at
100 °C is negligible.
Steam leaving reactor was condensed via condenser and then

collecting the gases at the condenser outlet using a standard gas
sample bag. Samples collected were fed to the above-mentioned
GC. Gas chromatography analysis showed very little percen-
tages of H2 (0.02306%) and O2 (0.5195%). However, when
samples were collected from condenser top, oxygen and
hydrogen concentrations rose to 5.4213% and 0.0438%,
respectively.
It is worth noting that the reactor internal volume is about 5

× 10−4 L. In consequence, attaching any container directly at
the reactor outlet section is likely to increase the pressure inside
the reactor and hence change reaction kinetics. Since there was
a large volume exists in the condenser, the gases were
prevented from entering the gas sampling bag because of
pressure drop built up at the small orifice of bag inlet.
Moreover, the sampling bag was unable to preserve the
hydrogen, as a continuous decrease in the hydrogen percentage
was observed when samples from the same bag were analyzed
over time interval of 30 min. One of the reasons behind the
hydrogen concentration reduction is its low density. As it is
lightest among other product gases (oxygen and argon), the
analysis suggests that hydrogen might not flow at the same rate
of other gases and kept at the condenser top section.

Bags (SKC bags) that could contain hydrogen for longer
periods of time were then used to collect gases. Bags were
attached directly at the outlet of the reactor. This was done to
collect all the gases and condense steam directly in the bag to
eliminate the possibility of hydrogen or oxygen staying behind
in the condenser section. The bag was submerged in a cold trap
(thermal box containing ice, water, and salt) to avoid
overheating and help condensing the steam. The experiment
was run for 3 min with 2 mL/min of steam and 50 mL/min of
argon gas. The gas samples from the bag were withdrawn and
fed to the GC. The percentage of oxygen was dropped to
0.560%; however, the percentage of hydrogen remained
constant. The bag has got a small orifice and only one turn
opening is usually advisable by the company, so it leaves very
little space for the gases to leave the reactor and fill the bag.
The smaller orifice has created pressure inside the reactor; this
was partially indicated from a sound of pressure relief when
SKC bag was detached from the reactor at the end of
experiment. The pressure build up led to changes in the whole
reaction kinetics and hence percentage of oxygen was found to
be very low. It was questionable whether the sampling bag
inner surface is the reason behind oxygen concentration
reduction or not? This was checked by filling the sampling
bag with a standard mixture of 1% H2, 5% O2, and 94% Ar for a
day. GC showed no decrease in the percentage of oxygen when
analyzed after 1 day. The experiment repeated three times and
showed similar results.
Considering the pressure build up in the reactor, a long glass

(1.5″ × 15″) tube was used as a collection vessel. A rubber
bung was used to seal the tube with a 8 mm hole serving as
inlet. The tube was submerged in a cold trap for condensing the
steam. Experiment was run for 3 min. GC showed 19.0532%
oxygen, though hydrogen was dropped to 0.0799%. The
experiment was repeated, and similar results were obtained.
Since the inlet section of glass tube was almost similar to the
outer diameter of reactor, gases would have flown easily
without building any pressure in the reactor. This may explain
the higher percentage of oxygen obtained. However, the glass
tube had a fixed volume, and it was airtight; therefore, it was
difficult to collect samples from it. This led to use of a glass
syringe, which can be connected to the reactor directly, and is
likely to have a little friction between its inner surface and
plunger. Accordingly, no pressure was created inside the
reactor.
Two glass syringes of 20 and 100 mL were used to collect the

gases. The experiment was finished when the glass syringe was
full (15 s for 20 mL and 52 s for 100 mL). The gases did not fill
very smoothly in the syringes; they were rather filled in time
intervals creating pressure in the reactor. GC showed an
average of 14.65% oxygen and 0.308% hydrogen.
It can be concluded that the percent of hydrogen and oxygen

and overall volume gases collected are dependent on the used
methodology, and hence, it is difficult to quantitatively analyze
the experiments.
For inline detection, reactor was connected to GC through

flexible tubing. The GC used is a Perkin-Elmer Autosystem XL,
while the column is an RT-M sieve 5A (30 m × 0.53 mm inner
diameter) by Restek. Nitrogen gas was used as a carrier gas.
This implied no oxygen could be detected and a better
sensitivity toward H2 because sensitivity increases if the
difference between thermal conductivity of carrier gas and
sample gas is high.50 Calibration was done for 1%, 5%, 10%,
and 20% of hydrogen in nitrogen. GC analysis showed that
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about 0.9% of hydrogen with no oxygen was produced
compared with values obtained via other methodologies.
Two different GCs fitted with TCD have been used to

analyze hydrogen. No hydrogen or oxygen could be found in
the samples collected from head space. Again, GC analysis
showed that percentages of hydrogen and oxygen could be
varied according to the gas collection method.
It becomes obvious that different methods create different

level of pressures inside the reactor, which changes the kinetics
and hence changes different percentages of hydrogen and
oxygen shown by GC. Stoichiometrically, there should be half a
mole of oxygen per every mole of hydrogen produced and
hence similar volumetric ratios. The stoichiometric ratios
between hydrogen and oxygen shown by GC analysis do not
match with this theory. It could be explained on the basis that
hydrogen is produced in the experiments; however, and
because of a small size molecule, it might have escaped during
collection. Due to high temperature and pressure involved in
the experiments, a lot of hydrogen gas produced might have
escaped while collecting the gas.
It is noted that hydrogen generation studies such as Porter51

and Burlica,10 have successfully quantified hydrogen production
by GC analysis. However, their studies involved liquid water,
hence less pressure to deal with.
Considering the preceding discussion, hydrogen was

quantified using indirect methods that are amount of hydrogen
produced was determined by monitoring the decomposition
rate of water vapor.
To find the water vapor decomposition rate, plasma was

ignited with water vapor without argon. Decomposition rate
was calculated by monitoring the difference in volume that
collected after plasma ignition during a period of time.

= ×decomp. rate (%)
vol. water vapor decomp.

operation time
100

Considering the results from the model, water vapor flow
rate was set to be 2 mL/min, which produced a decomposition
rate of 5%. Cost and energy yield has been calculated
considering two cases: (1) 5% decomposition rate of pure
water vapor flows at 2 mL/min and (2) 10% decomposition
rate of a mixture contained water vapor flows at 2 mL/min and
argon at 50 mL/min. Amount of hydrogen produced is
calculated stochiometrically considering 5% and 10% decom-
position of steam in both cases. The power is measured to be
3.960 KJ/min (4 × 103 V × 16.5 × 10−3 Å). The cost (7.3
Pence/kWh) is taken as all consumers average from Quarterly
Energy Prices.52 Hydrogen energy yield (g/kWh) in both
studied cases and cost for 1 m3 of hydrogen produced/kWh
and £/kWh energy produced by hydrogen is given in Table 6. It
is evident from Table 6 that in presence of argon the
decomposition rate is doubled. The increase in decomposition
was reported by Burlica10 as well. This result is attributed to
collisions of the argon excited species (Ar (3P)) with water

molecule. Ar (3P) is produced by electron impact collision with
argon atoms. Ar (3P), hence produced, collide with water
molecules, and these collisions leads to efficient dissociative
excitation of the water molecules,53 which consequently
produces extra OH radicals, as demonstrated by the increased
intensity of OH emission lines (302−317 nm) in Figure 6.

+ → +e eAr Ar( P)3
(1)

+ → + +Ar( P) H O H OH Ar3
2 (2)

Energy efficiency of the process is defined as a ratio of the
amount of energy produced by unit of fuel to the amount of
energy required to produce the fuel. Considering 1.4 × 105 kJ/
kg as gross calorific value (GCV) of H2, energy efficiency was
calculated by taking the ratio of amount of heat that would be
generated by H2 produced in the experiment to the amount of
heat, which was used to produce H2 and presented in Table 7.

=

×

energy efficiency energy produced by unit amount of H

/energy consumed to produce unit 

amount of H 100

2

2

The other type of efficiency usually defined as the
thermodynamic efficiency, which is the ratio of theoretical
amount of energy to produce unit of fuel to the experimental
amount of energy spent.

=

×

thermodynamic efficiency

theoretical amount of heat required to break H O

/experimental amount of heat spent to break H O

100

2

2

The thermodynamic efficiency was calculated to be 39.62%
for steam plasmolysis and 79.16% for steam plasmolysis along
with argon gas.

→ +H O H
1
2

O2 2 2 (3)

The data in Table 8 are taken from Burlica.10 Comparison of
energy yields for hydrogen production for different types of
plasma processes and other hydrogen producing technologies is
given. In the current study the energy yield of steam
plasmolysis in a DBD-corona hybrid reactor is equal to the
microwave discharge. It is worth noting that the energy yield of
steam plasmolysis with an argon gas is equal to electrolysis.
Depending on the use of hydrogen, the argon gas used can be
recycled. If the hydrogen is to be used in the plant as an
intermediate energy storage, then conversion occurred in the
fuel cell will result in purging argon in the off gases, hence
naturally separated and recycled. If the hydrogen is to be used
as a chemical intermediary, say for reducing biofuels to drop-in

Table 6. Amount of the H2 Produced, Energy Yield, and
Price of H2 Produced

feed
decomposition

rate (%)
amount of H2

produced (gm/min)
price (m3 of
H2/kWh)

price
(£/kWh)

steam 5 0.011 0.153 0.18
argon +
steam

10 0.022 0.306 0.09

Table 7. Energy Yield, Energy Efficiency and
Thermodynamic Efficiency of H2 Production by Plasmolysis

feed
energy yield
(g/kWh)

energy efficiency
(%)

thermodynamic
efficiency (%)

steam 10 39.39 39.62
argon +
steam

20 78.77 79.16
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fuels, then if it is a liquid drop in fuel, the argon will stay in the
gaseous phase and again recycled automatically.
The other high energy yield process is the glide arc spray

using argon as carrier gas.10 Those authors used water droplets.
However, in the current study, a low quality steam was used
instead. The current study is envisaged to utilize waste heat,
which is widely available in the chemical engineering industries
and power plants. Usually the exhaust temperature from most
industrial processes and power plants are lower than 370 °C.
Recovering this heat by the usual methods of waste heat
recovery is economically infeasible and releasing this heat into
the atmosphere causes heat pollution.54 Such heat could easily
be recovered to produce low quality steam (approximately 1
atm and 100 °C), thus increasing process efficiency and
preventing heat pollution. This low quality steam could then be
converted to hydrogen by plasmolysis.
The thermodynamic limit of reaction 1 is 28.7 g/kWh (2.6

eV/molecule) with a kinetic limit of absolute quenching, ideal
quenching, and super ideal quenching of 5.2, 10, and 13 g/
kWh, respectively.9 It is interesting to note that in the current
study when applying steam and argon, the kinetic limit has
exceeded the values reported in the literature. This is possible
because the theoretical kinetic limit of quenching process for
thermal plasmas given in refs 9 and 10 is different compared
with nonthermal plasmolysis at atmospheric pressure (current
study). The logical explanation of high energy yield and higher
efficiencies in the current study is the inclusion of latent heat of
vaporisation (2257 kJ/kg) by utilizing the waste heat and
relatively smaller flow channel, which enables water molecule
dissociation at a relatively lower power. The flow channel
diameter used in the current study was 1.24 mm; however, as
mentioned earlier, Lozano-Parada and Zimmerman25 have
reported production of ozone at 170 V AC with a micro-
channel plasma reactor of 800 μm diameter. Therefore, a
significant reduction in the power requirement can be expected
when using a flow channel in micrometer scale diameter. This is
attributed to the fact that only a small potential difference is
required to maintain high electric field strength across the
channel as there exists an inverse relation between electric field
strength and discharge gap. Miniaturizing plasma reactors also
enhances the control over the process because the use of

microfluidics can tailor fluid dynamics. The high but brief field
gradients that exist in such plasma reactors are electronically
controlled and spatially precise,55 and hence, it can be
concluded that further improvement in the efficiency is
possible by better designing and optimizing reactions
conditions.
It is worth nothing here that unlike large scale plasma

reactors, power supplies for such plasma microreactors are
miniaturized as well and available commercially at very low
price (∼$10). These plasma microreactors can also be ignited
with battery sources.56 These power supplies can be coupled
with such plasma microreactor to produce hydrogen locally
instead of large scale hydrogen generation at commercial plants
and distributing it to the consumers. Hydrogen can be
produced and delivered to the reactor, fuel cell, or combustor
instantaneously. This becomes especially important for the use
of hydrogen as transport fuel. In the light and heavy vehicles,
this development could solve the “hydrogen storage issues”,
which is one of the biggest barriers of the hydrogen economy.57

4. IDENTIFICATION OF PEAK BETWEEN 317 AND 400
NM

The following section is dedicated to discuss the identity of the
peaks in the spectral range 317−400 nm. As seen in Figures 5,
6, and 7, the peaks in the range 317−400 nm are always present
irrespective of the gas or vapors in the system. These peaks
appeared simply because of (1) N2 in the system, (2)
interaction of plasma with glass surface, or (3) formation of
NH due to existence of nitrogen in the air and formation of
hydrogen in the system. Petitjean and Ricard58 have shown the
formation of NH (λ = 336 nm) radical in the mixture of N2−H2
glow discharge for metal surface nitriding. The NH signal
dominated the spectrum at lower concentration of H2 with
highest signal achieved at about 10% concentration. Since in
the current study, a similar N2/H2 ratio is expected, it may be
possible that a peak at λ = 336 nm appears in the spectrum
because of NH formation.
A test was devised to eliminate the interactions with glass

surface and to remove nitrogen from the system. A tube (9 cm
inner diameter) is filled with water and two bungs were fitted at
each end having two electrodes, as shown in Figure 13.

Interelectrode gap of approximately 1 mm was maintained.
Since the system was nonflow, nitrogen cannot enter to the
system. Solubility of nitrogen gas in water at room temperature
(0.02g of N2/kg of H2O) is very low; hence, ideally, the amount
of nitrogen in the system is relatively negligible. Plasma was
initiated between the electrodes and signals were taken by UV−
visible fiber optic probe. A pathway was provided to push the
water outside the tube when products (H2 and O2, etc.) are

Table 8. Hydrogen Energy Yield for Kinetic and
Thermodynamic Limits for Different Types of Plasmas
Processes and Other Technologies Producing H2

10

method
H2 (g/
kWh) ref

thermodynamic limit 25−30 9
Kinetic Limit

absolute quenching 5.2
ideal quenching 10
super ideal quenching 13
electrolysis 20 10

14−18
photocatalysis 0.01
microwave plasma 10 9
corona 2 10
AC gliding arc 1.3
glide arc spray (Ar as carrier gas) 13

DBD−Corona Hybrid reactor
steam only 10 current study
steam and argon 20 current study (best case)

Figure 13. Plasma generated inside the water filled glass tube.
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formed due to water plasmolysis. Plasma generated, in this case,
is localized in the interelectrode gap, thus avoiding the contact
between plasma and glass surface. The resulting spectrum is
shown in Figure 14. It shows signals of Hα, Hβ, and OH;
however, no peaks in the range 317−400 nm were observed.
This could be as a result of two reasons: (1) there was no
contact of plasma with glass surface and (2) a negligible
concentration of dissolved nitrogen in the water, which
consequently results in no signal.
To explore the possible changes on the glass layer properties

upon being subjected to plasma effects, the contact angle of a
demineralized water droplet has been measured using the FTA
tensiometer and applying sessile drop technique. The measure-
ment applied for two glass slides: before and after being
subjected to argon. Argon was set to 105 mL/min at 0.35 bar g.
The power was set to 4 kV. The results show that the contact
angle for a demineralized water droplet has increased from
56.3° to 103.35°, as shown in Figure 15, which indicates

significant alterations on the surface properties due to plasma
effect. Plasma effect leads to increase free radicals on the glass
surface and the formation of polar compounds, which
consequently causes considerable changes in the glass proper-
ties demonstrated by the increase in the surface wettability.
This effect can change the nature of the glass surface from
hydrophilic to hydrophobic. Li59 has shown rise in the level of
water by 6 mL in a capillary tube after plasma treatment, which
shows the change of properties of glass from hydrophilic to

hydrophobic. They reported that after one minute of operation,
there was a difference of 38° (contact angle) between treated
and untreated capillary. To sum up, It is possible that one of the
above-mentioned interactions with glass surface caused these
specific signals in the range 300−400 nm (other than OH band
(302−317 nm)). Nonetheless, a detailed study is required to
elucidate the appearance of these peaks, which is planned for a
future work.

5. CONCLUSIONS

An experimental investigation is presented for the production
of hydrogen from plasmolysis for two case studies: (1) pure
water vapor and (2) water vapor and argon gas. The generated
plasma has been characterized. Voltage and frequency output
signal has been given to show the stability of signal and main
frequency in the power output. VI characteristic chart has been
given and discussed in detail. A minimum breakdown voltage of
3.5 kV, which dissipates 3 mÅ in the reactor at 1 atm, has been
found experimentally for water vapors. Electron density, 1.765
× 1017 m−3 and Debye shielding 3.24(μm) has been calculated.
Electron temperature, excitation temperature, rotational tem-
perature, and vibrational temperature were calculated. Rota-
tional temperature was calculated by both first positive system
of N2 (0.640 eV) and OH (0.067 eV) band. The temperatures
estimated demonstrated the order Te(0.77) > Texc(0.53) >
Trot(0.067), which confirms existence of non-LTE plasma bulk.
Energy yield was calculated for both cases. Analysis based on
the decomposition rate suggests that an energy yield of 10 g/
kWh for water vapor and 20 g/kWh for water vapor and argon,
which is on par with electrolysis. Energy efficiency and
thermodynamic efficiency for water vapor plasmolysis along
with argon was found to be 78.77% and 79.16%, respectively.
Water vapor plasma was characterized by optical emission
spectroscopy. A discussion is presented on the identification of
peaks in the spectral range between (317−400 nm). Spectral
data obtained from underwater plasma showed that no signal of
the peaks between 320 and 400 nm exist, which denoted that
either peaks are sensitive to contact of plasma with glass surface
or presence of nitrogen gas in the system. Lastly, a contact
angle differed by 42.95° after plasma treatment demonstrated
that a significant alterations occurred in the surface properties
of glass due to plasma treatment.

Figure 14. Spectrum of underwater plasma.

Figure 15. Contact angle of the slide before and after plasma
treatment.
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(35) Gordillo-Vaźquez, F. J.; Camero, M.; Gomez-Aleixandre, C.
Spectroscopic measurements of the electron temperature in low
pressure radiofrequency Ar/H2/C2H2 and Ar/H2/CH4 plasmas used
for the synthesis of nanocarbon structures. Plasma Sources Sci. Technol.
2006, 15, 42.
(36) Nehra, V.; Kumar, A.; Dwivedi, H. Atmospheric non-thermal
plasma sources. Int. J. Eng. 2008, 2 (1), 53.

Energy & Fuels Article

dx.doi.org/10.1021/ef301981f | Energy Fuels 2013, 27, 2748−27612760

mailto:cpp09fr@sheffield.ac.uk


(37) Van der Sijde, B.; Van der Mullen, J. Temperature
determination in non-LTE plasmas. J. Quant. Spectrosc. Radiative
Transfer 1990, 44 (1), 39−46.
(38) Lieberman, M. A.; Lichtenberg, A. J., Principle of Plasma
Discharge and Material Processing, 2nd ed.; John Wiley & Sons, Inc.:
New York, 2005.
(39) Bellan, P. M. Fundamentals of Plasma Physics; Cambridge
University Press: Cambridge, 2006.
(40) Pacheco, M.; Pacheco, J.; Moreno, H.; Mercado, A.; Valdivia, R.;
Santana, A. OES analysis in a nonthermal plasma used for toxic gas
removal: Rotational and excitation temperature estimation. Laser Phys.
2008, 18 (3), 303−307.
(41) Valdivia-Barrientos, R.; Pacheco-Sotelo, J.; Pacheco-Pacheco,
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