Hydrogen production from ammonia by DBD pulsed plasma
with hydrogen permeable membrane
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Abstract— An innovative energy storage and carrier system has proposed from our recent researches. We focused on
development of hydrogen production devices using a dielectric barrier discharge pulsed plasma, which is a reactor for fuel
cells in the innovative energy system. In this study, an original pulsed plasma reactor with a hydrogen separation
membrane was developed for efficient hydrogen production, and its hydrogen production performance was investigated.
Hydrogen production in the plasma was affected by the applied voltage and flow rate of ammonia gas. The maximum
hydrogen production flow rate of a conventional plasma reactor was 8.7 L/h, whereas that of the plasma membrane
reactor was 21.0 L/h. In the plasma membrane reactor, a significant increase in hydrogen production was obtained
because ammonia recombination reactions were inhibited by the permeation of hydrogen radicals generated in the plasma
through a palladium alloy membrane. The energy efficiency was 4.42 mol-H,/kWh depending on the discharge power.
Since the rate-controlling step is the ammonia decomposition rate in the plasma, an improvement in hydrogen production
is expected by investigating the optimum conditions for the plasma decomposition of ammonia.
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I. INTRODUCTION

The introduction of a hydrogen economy has been an
available strategy to control criminate change when
hydrogen is produced without CO, emission. However,
use of hydrogen has a large energy loss for its
transportation and physical storages [1, 2]. Ammonia is a
hydrogen storage material that may solve several
problems related to the hydrogen transportation and
storage in a hydrogen economy [3]. Therefore, an energy
carrier and storage system using ammonia has been
proposed [4]. For example, a system consisting of the
hydrogen production by electrolysis of water, ammonia
synthesis from hydrogen, and the hydrogen generation
from ammonia, is recognized as a hydrogen carrier and
storage system without CO, emission. However, the
efficiently ammonia synthesis is currently difficult,
though some researches have been performed ammonia
synthesis studies at a low temperature and pressure [5, 6].

We have been developed an original deNOy reactor
using vacuum ultra violet (VUV) of 172 nm wavelength
[7]. Recently, we found that nitric acid (HNOjz) was
easily produced from NOy by photochemical oxidation.
HNO; is an available material for NH; production,
because NH; can generate from HNO; by reduction at
atmosphere pressure and a low temperature [8].

On the other hand, an original plasma membrane
reactor for H, production from ammonia also has been
developed. Using the plasma membrane reactor, pure
hydrogen production for fuel cells was attained the flow
rate of 21 L/h. These results have created a new hydrogen
energy storage and carrier system consisting of the HNO;
production reactor, the NH; production reactor, and the
H, production reactor as shown in Figure 1 [9].

If the energy system shown in Figure 1 installs to the
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combustors, the cost of catalyst and ammonia would be
reduced. Furthermore, excess electricity from renewable
energy can use to drive each reactor; therefore hydrogen
may be able to inexpensively produce. It is important for
the establishment of the energy system to achieve high
energy efficiency in each reactor.

In this paper, we focused on development of
hydrogen production devices using a dielectric barrier
discharge pulsed plasma, which is the reactor for fuel
cells in the innovative energy system shown in Fig. 1
[10].
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Fig. 1. An innovative energy storage and carrier system.
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Il. METHODOLOGY

Two different plasma reactors with and without a
hydrogen separation membrane were prepared for the
hydrogen production experiment. Fig. 2 shows a plasma
reactor without a hydrogen separation membrane (plasma
reactor: PR); it was used to examine the fundamental
characteristics of hydrogen production from ammonia by
pulsed plasma. Fig. 3 shows a plasma reactor with
hydrogen separation membrane (plasma membrane
reactor: PMR); it was used to improve hydrogen
production efficiency. In both reactors, the electrodes had
a coaxial configuration with quartz glass tubes as the
dielectric material. In the PMR, the hydrogen separation
membrane module served as the high-voltage electrode
of the PMR. The hydrogen separation membrane module
was made by Nippon Seisen Co., Ltd. A palladium alloy
membrane of 20 um thickness was used as the membrane.



To analyse the concentration of hydrogen generated
at the reactor exit, a micro gas chromatography (GC)
system (Agilent 3000A) with a capillary column of
molecular sieve 5A was prepared. The concentration of
unreacted ammonia was continuously measured using
photo acoustic spectroscopy (PAS: Gasera F10).
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Fig. 2. Configuration of the plasma reactor (PR).
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Fig. 3. Experimental setup for hydrogen production by
plasma membrane reactor (PMR).

I11. RESULTS AND DISCUSSION

A. Hydrogen production characteristics of the PR

First, the effects of the applied voltage and flow rates
on hydrogen yield were examined using the PR. In the
DBD pulsed plasma, electrons collide with background
Ar gas molecules, wherein subsequent secondary and
tertiary electron collisions convert a fraction of NH; into
positive ions, radicals and electrons. NH,, NH, N and H
radicals are also generated by electron impact reactions.
After their generation, molecular hydrogen and nitrogen
are formed by recombination reactions. The overall
reaction of ammonia decomposition by the pulsed DBD
plasma is given by Eq. 1.

NH; +e — 05N, +15H, +e (1)

Figure 4 shows hydrogen yield as a function of V,
for the 0.5% ammonia gas flow rates, which ranged from
0.2 to 2.0 L/min. Hydrogen vyield increased with
increasing Vp, at all gas flow rates. The concentration of
H radicals in the pulsed DBD plasma is a function of the
electron mean energy, which depends on the discharge
energy for plasma or the power consumption of the
power source at the plug.

The hydrogen vyield achieved was 96.3% at a flow
rate of 0.2 L/min and V,, of 15 kV. However, it should be
noted that a gradual increase in hydrogen yield was
observed at a high V,,. Such a gradual increase in
hydrogen yield was observed at a high V,, and the long
residence time indicates that ammonia was formed again
through a recombination reaction between H and NH;
radicals as follows:

NH, + H — NH; )
NH + 2H — NH; ?)

For efficient hydrogen production from ammonia,
reverse reactions to ammonia should be inhibited.
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Fig. 4. Effect of Vpp on hydrogen yield as a parameter of
flow rates of 0.5% ammonia gas

B. Hydrogen separation performance of the PMR

Prior to the hydrogen production experiments by the
PMR, pure hydrogen was supplied to the PMR to
examine the hydrogen separation characteristics of the
membrane. Fig. 5 shows the hydrogen separation
characteristics of the PMR as variables of induced
pressure (PG2 in Fig. 3) and feed pressure (PG1 in Fig.
3). The applied voltage and pure H, flow rate were fixed
at 14 kv and 60 L/h, respectively. The grounded
electrode was heated by joule heating from the power
source. Its surface temperature was 408 K, which was
measured by a radiation thermometer (Hioki 3460-50).

The flow rate of hydrogen permeation increased
proportionally with an increase in induced pressure. It is
well known that the performance of hydrogen permeation
through a palladium membrane is proportional to the
differential pressure between PG1 and PG2 [11].
Meanwhile, an increase in feed pressure reduced the flow
rate of hydrogen permeation. The concentration of H



radicals in the plasma may decrease under pressurised
plasma relative to atmospheric plasma.

The strongest point of the PMR is that hydrogen
permeation is unnecessary at high temperatures owing to
the generation of H radicals in low-temperature plasma.
In general, palladium alloy membranes are effective at
673 K[12].

Hydrogen permeation in the PMR is estimated from
a solution diffusion mechanism [13], as follows:

1) Molecular ammonia is rapidly decomposed to N and H
radicals by electron impact in plasma.

2) Generated H radicals are adsorbed onto the surface of
the hydrogen separation membrane; consequently,
ammonia recombination in the gas phase is inhibited.

3) H radicals diffuse through the membrane.

4) Molecular hydrogen is subsequently formed by
recombination outside the membrane.
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Fig. 5. Hydrogen separation characteristics of PMR for
pure hydrogen supply.

C. Hydrogen production performance of the PMR

Hydrogen production experiments were conducted in
the PMR using the 100% ammonia gas at various flow
rates. Feed pressure and induced pressure were 0 and 70
kPa(G), respectively. Fig. 6 shows variation in the flow
rates of hydrogen production with an increase in the flow
rate of ammonia gas for both the PMR and PR. The
hydrogen production by the PR was constant above the
NH; flow rate of 60 L/h. This result indicated that
ammonia decomposition in eq. (1) is reached equilibrium
in plasma. On the other hand, the hydrogen production of
the PMR represented a significant increase compared
with that of the PR. This result indicates that ammonia
recombination in plasma is inhibited by using a hydrogen
separation membrane, and equilibrium is moved to
hydrogen production side in eq. (1).

The maximum hydrogen production flow rate in the
PMR was 21.0 L/h at the NH; flow rate of 30 L/h, which
is equivalent to complete decomposition of the NH; flow
rate of 14 L/h. Therefore, it was found that the ammonia
decomposition in the plasma was a rate-controlling step
in eq. (1). The energy efficiency was 4.42 mol-H,/kWh
depending on the discharge power.
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Fig. 6. Hydrogen production performance of the PMR
and PR

IV. CONCLUSION

In this study, hydrogen production experiments were
conducted to develop an efficient method for using
pulsed plasma to produce hydrogen from ammonia.

First, the fundamental characteristics of hydrogen
yield were investigated using a typical plasma reactor
(PR). The hydrogen yield increased with an increase in
the applied voltage and with a decrease in the flow rate of
ammonia gas.

Second, the hydrogen production performance of the
PR was examined using 0.5% ammonia gas. However,
the performance was inadequate for use as a hydrogen
generator. This is because the hydrogen production flow
rate was only 8.7 L/h because of ammonia recombination
reactions in the plasma.

To inhibit reverse reactions from hydrogen to
ammonia in the plasma, a plasma membrane reactor
(PMR) was developed. The PMR contained a hydrogen
separation membrane made from palladium alloy. The
maximum hydrogen permeation for the PMR was 48 L/h,
which was affected by the differential pressure between
the feed and induced pressures.

Finally, the hydrogen production performance of the
PMR was investigated using 100% ammonia gas. The
maximum hydrogen production flow rate of the PMR
was 21.0 L/h, which represents a significant increase
compared with that of the PR. The energy efficiency was
4.42 mol-Hy/kWh depending on the discharge power.
Since the rate-controlling step is the ammonia
decomposition in the plasma, an improvement in
hydrogen production is expected by investigating the
optimum conditions for the plasma decomposition of
ammonia.
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