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Abstract: Hydrogen is an alternative energy source that has the potential to replace fossil fuels. One of the hydrogen applications is as a material for Polymer Electrolyte Membrane Fuel Cells (PEMFC) in fuel cell vehicles. High-purity hydrogen can be obtained using a hydrogen separation membrane to prevent unwanted contaminants from potentially harming the PEMFC components. In this study, we fabricated a plasma membrane reactor and investigated the permeation performance of a hydrogen separation membrane in a plasma membrane reactor utilizing atmospheric pressure plasma. The result showed the hydrogen permeation rate increasing with time as reactor temperature is increased through joule heating. By decreasing the gap length of the reactor from 2 to 1 mm, the hydrogen permeation rate increases by up to 40%. The hydrogen permeation rate increases by 30% when pressure is applied to the plasma membrane reactor by up to 100 kPa.
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1  Introduction

Drastic climate change caused by greenhouse gases from the burning of fossil fuels for energy has called for a new alternative energy source [1,2]. With the continuous growth of the world’s population and economy, the energy demand has continued to rise over the years [3]. In addition, the majority of the energy demand is met heavily with the use of hydrocarbons in fossil fuels, which further causes concern on its limited supply as it is depleted upon use [4,5]. This, coupled with the increasing global warming and environmental pollution has made the development of renewable energy sources all the more essential [6,7]. Hydrogen is attracting much attention as a carbon-free and clean energy source as it does not emit greenhouse gases upon usage [8,9]. In terms of raw materials, hydrogen is highly substitutable and it can be produced in a variety of ways. These include gray hydrogen which is hydrogen produced using fossil fuels; blue hydrogen, hydrogen produced from fossil fuels but combined with carbon capture, utilization, and storage technologies to reduce environmental impacts [10]; green hydrogen which is hydrogen produced from renewable energies [11]; and other methods such as hydrogen produced from biomass, nuclear and by-products in various industries [12].

Hydrogen as a renewable energy has the advantage of having a high energy storage capacity, about 120 MJ or 33.33 kWh in just 1 kg of hydrogen, almost double in exceeding most conventional fuels [13,14]. As a result, various researches are being conducted in conjunction with the Hydrogen Grand Challenge ranging from increasing hydrogen production efficiency to minimizing loss during storage and transportation [15].

However, one disadvantage that hydrogen has is its low energy density per weight and volume, resulting in energy loss during transportation and storage [16,17]. To counter this, a hydrogen carrier is often used to store and transport compounds containing hydrogen, and on-site hydrogen generation technology is used to extract the hydrogen for direct utilization [18]. The current main hydrogen carriers include liquefied hydrogen, organic hydrates such as methylcyclohexane, and ammonia [19]. Among these, ammonia is a promising hydrogen carrier candidate due to its easy liquefaction under slight pressurization as well as the high hydrogen content per molecule, about 17.8 wt% or 120 g/L of ammonia [20]. In addition, using ammonia for hydrogen production does not emit greenhouse gases as there is no carbon in the molecule. Ammonia generation and distribution facilities have also already been established including ones that use renewable energy methods for hydrogen generation [21,22]. This is especially beneficial as high-purity hydrogen is being used as material for polymer electrolyte membrane fuel cells (PEMFC) in fuel cell vehicles. However, even though ammonia can be used directly in combustion engines, it cannot be used in low-temperature PEMFC [23]. Due to this, produced hydrogen would need to be separated and purified to remove unwanted contaminants which can potentially harm the PEMFC components [24].

In recent years, palladium-based membranes have attracted significant interest thanks to the advancement in fuel cell technologies [25]. Palladium has a face-centered-cubic (FCC) structure and is the most interesting element for hydrogen separation membranes because of its ability to absorb hydrogen in the interstitial gaps, allowing hydrogen to diffuse rapidly [26,27]. In addition, palladium-based membranes are also seen as viable candidates for use in membrane reactors towards hydrogen production, separation, and purification processes due to their high permeability and perm selectivity. However, pure Pd membranes have been reported to have several weaknesses. At low temperatures below 300°C, the hydrogen separation function may be lost due to hydrogen embrittlement [28,29]. In the above low-temperature region, when hydrogen pressure exceeds the limits, two layers with different hydrogen solubility known as the α-phase (hydrogen solid solution state) and β-phase (hydride state) coexists, causing rapid expansion and contraction of the metal crystal lattice which results in membrane degradation [30]. Pure Pd membranes are also susceptible to membrane poisoning effects, which resulted in the need for Pd membranes to be alloyed with other metallic elements [31]. There have been various researches done on palladium alloy membranes such as combinations of Pd-Ag, Pd-Au, and Pd-Cu [32–34].

In particular, Pd-Cu alloys are shown to stand out as they present low cost while showing more desirable properties including better resistance towards H2S and performing better in terms of hydrogen permeability than pure Pd [35]. Additionally, Pd-Cu alloy membranes also exhibit suppression of hydrogen embrittlement and good resistance to sulfur poisoning [36]. Among the many variables of alloy composition of Pd-Cu, the highest reported values of hydrogen permeability were found to be in the composition of 60 wt% Pd and 40 wt% Cu, operating in the temperature range of 350°C to 450°C [37]. This is thought to be attributed to the high mobility of hydrogen atoms within the body-centered-cubic (BCC) crystal structure compared to the face-centered-cubic (FCC) continuous solid solution structure of the Pd-Cu alloy [38]. In the case of metallic films such as palladium alloys, hydrogen molecules dissociate into hydrogen atoms on the metal surface. The atoms then permeate through diffusion (aqueous dissolution-diffusion mechanism) in the gaps between the lattice surfaces [39]. The atoms then recombine on the other side of the membrane to form hydrogen molecules again. Since only hydrogen that diffuses through the gaps between the crystal lattices can permeate the membrane, it is possible to use this advantageous process to purify ultra-pure hydrogen with a purity of 99.9999% or higher [40].

The purpose of this study is to investigate the hydrogen permeation performance of a Pd-Cu alloy membrane when combined with atmospheric pressure plasma in a plasma membrane reactor. This paper reports the characteristics of hydrogen permeation under different reactor gap lengths, temperature, and pressurized conditions.

2  Experimental Method

Fig. 1 shows the experimental setup for the hydrogen permeation experiment with atmospheric pressure plasma. The experimental setup consists of a gas supply system, a high-voltage pulse power supply, a plasma membrane reactor, a vacuum pump, and a hydrogen gas sensor.
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Figure 1: Experimental setup for hydrogen permeation experiment by plasma membrane reactor

A simulated gas of 75% H2 and 25% N2 was used in this study to simulate the complete decomposition of ammonia. The sample gas flow rate was controlled by a mass flow controller (Alicat Scientific, MC Series) and is supplied directly to the inlet port of the plasma reactor. After the decomposition process, a mixture of H radicals, N radicals, and undecomposed gas is vented out at the outlet port. A vacuum pump (Laboport, KNF N840) was used to depressurize the permeation outlet of the reactor to −100 kPa. Since only hydrogen is permitted to pass through the membrane, hydrogen is sucked out from the permeation outlet, and its concentration was measured using a hydrogen gas sensor and the flow rate was measured by a mass flow meter (Alicat Scientific, M Series). A thermocouple was attached to the bottom of the plasma reactor in order to measure the temperature closest to the reaction field.

The plasma membrane reactor (Fig. 2) consists of an upper and bottom flange made up of stainless steel, a ceramic plate with an internal electrode, a flow channel plate, a hydrogen separation membrane, a porous ceramic gas diffusion plate, and some elastic components. There is a gas inlet port and a gas outlet port at the top of the reactor and a permeation outlet port at the bottom of the reactor. The ceramic plate is used as the dielectric layer with a 5 μm thick internal electrode inside the plate. The hydrogen separation membrane was prepared by cutting a large sheet of the membrane into a circular shape to fit into the reactor. Each component is aligned and stacked on top of each other and is sandwiched between the upper and bottom flanges. The entire structure is held together using nuts and bolts surrounding the reactor. The nuts are secured and tightened using a torque wrench in stages up to 20 Nm as not to break the ceramic plate. An assembled reactor is shown in Fig. 3. The flow channel serves as the reaction zone and is a round shape with an outer diameter of 78 mm, with the depth of the flow channel being measured as the gap length of the reactor.
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Figure 2: Schematic diagram of plasma membrane reactor
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Figure 3: Picture of the assembled plasma membrane reactor

In this work, the reactor gap length used is measured as 1 and 2 mm. Atmospheric pressure plasma is generated within the reactor gap between the internal electrode, which acts as the high-voltage electrode and the main body of the reactor, which acts as the ground electrode. Within the reaction zone, plasma is generated using a high frequency and high voltage power supply (Haiden Laboratory, PHF-2K Type) with a waveform shown in Fig. 4. Atmospheric pressure plasma generated is a dielectric barrier discharge (DBD) plasma. The power supply has an output voltage of 0 to ± 15 kVpp, an output capacitance of 0.5 to 2 kW, and an output frequency of 1 to 100 kHz. A high-voltage probe (Tektronix, P6015A) and an oscilloscope (Tektronix, TDS3034B) were used to measure the waveform. The pulse frequency was kept constant at 10 kHz. The applied voltage (Vpp) is defined as the voltage between the positive and negative peaks on the oscilloscope.
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Figure 4: Voltage and current waveform from one sinusoidal power source

Table 1 lists the experimental conditions for the hydrogen permeation experiment using a plasma membrane reactor. The applied voltage was fixed at 14 kV while the applied pressure on the supplied side was varied from 0–100 kPa. Throughout the experiment, the pressure on the permeation side was set at −100 kPa. The hydrogen separation membrane used in this study is a Pd type membrane with 40 wt% Cu (Tanaka Kikinzoku) in its β-phase.
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The plasma decomposition process used in this reactor has the ability to decompose hydrogen to H radicals at low temperatures. Combined with the hydrogen separation membrane, the hydrogen permeation process differs slightly than normal and is shown below (Fig. 5):

1.    Hydrogen decomposition by atmospheric pressure plasma

2.    Adsorption of H radicals onto the membrane surface

3.    Diffusion of H radicals into the membrane

4.    Desorption and recombination of H radicals into hydrogen
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Figure 5: Illustration of hydrogen separation mechanism using atmospheric pressure plasma

3  Results and Discussion

3.1 Effect of Reactor Gap Length

First, the hydrogen permeation performance using a plasma membrane reactor was investigated for different sample gas flow rates.

Fig. 6 shows the graph of hydrogen permeation rate and permeated hydrogen flow rate against time for a gap length of 2 mm. The effect of plasma was studied with the applied voltage being kept constant at 14 kV and the sample gas flow rate being varied from 200 to 500 mL/min. The hydrogen permeation rate is defined by the following equation:

Hydrogen Permeation Rate PH[%]=FH2FH2,0×100%(1)

where FH2 is the permeated hydrogen flow rate and FH2,0 is the supplied hydrogen flow rate.
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Figure 6: Effect of sample gas flow rate on (a) hydrogen permeation rate and (b) permeated hydrogen flow rate for 2 mm gap length

From the result, the hydrogen permeation rate is shown to increase with time. This is thought to be attributed to the joule heating phenomena which was generated from excess current flow. The temperature recorded from the thermocouple showed a steady increase in the temperature of the reactor across all sample gas flow rates. Since the thermocouple cannot be attached directly to the hydrogen separation membrane as the plasma will cause static interference, the actual temperature of the membrane is not certain. However, it is believed that the temperature inside of the reactor is higher than the one measured by the thermocouple. The results showed an average temperature increase of 0.55°C, 0.42°C, 0.53°C and 0.44°C per minute, with the highest temperature at the 180-min mark being 127°C, 95.7°C, 119.1°C and 96.3°C for supplied flow rates of 200, 300, 400 and 500 mL/min, respectively.

The increase in temperature improves the permeability performance of the hydrogen separation membrane, and the energy required to dissociate hydrogen into H radicals is also decreased due to the active movement of hydrogen molecules in the reaction field.

However, the hydrogen permeation rate is shown to decrease as the sample gas flow rate is increased, particularly from 300 to 500 mL/min. This is thought to be due to the decrease in residence time associated with the increase in sample gas flow rate, which resulted in a decrease in the number of collisions of electrons with hydrogen molecule in the reaction field. Shorter residence time also affects the adsorption rate of H radicals on the membrane surface as shorter contact time with the hydrogen separation membrane does not allow the radicals to be diffused in time.

The maximum hydrogen permeation rate was found to be 70.18% with a sample gas flow rate of 300 mL/min with a maximum hydrogen permeated flow rate of 157.9 mL/min.

Table 2 summarizes the comparison of hydrogen permeation rate from other studies, showing that although some of the permeation rate from the previous result is lower when compared, it is worth noting that the operating temperature is significantly lower.
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In order to further investigate the effect of the hydrogen permeation performance of the reactor, the gap length was changed from 2 to 1 mm while the flow rate was kept the same from 200 to 500 mL/min and the applied voltage was kept at 14 kV.

Fig. 7 shows the hydrogen permeation rate and flow rate for different sample gas flow rate for a 1 mm gap length. The results showed the hydrogen permeability at each sample gas flow rate increasing with time with the maximum hydrogen permeability decreasing with increasing the sample gas flow rates.
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Figure 7: Effect of sample gas flow rate on (a) hydrogen permeation rate and (b) permeated hydrogen flow rate for 1 mm gap length

From the result, 99.9% permeation rate was achieved for 200 mL/min. At sample gas flow rates of 300 to 500 mL/min, it was found that the hydrogen permeation rate does not differ that much from 2 mm gap length result. This is attributed to the stronger plasma effect of the shorter gap length and shorter residence time, which resulted in no large difference in hydrogen permeation rate. However, as a result of a smaller reaction zone and lower residence time, it can be seen that there is a limit towards the amount permeable by the 1 mm gap length, as can be seen in Fig. 7b.

The result also showed a slow increase in the permeation rate for 200 mL/min between the 100-min mark and the 110-min mark before steadily increasing again. This is thought to be attributed to the limit of permeation performance for the hydrogen separation membrane for the temperature at the time. As the temperature continues to increase, the permeation rate then started to increase after the 110-min mark.

The maximum permeation rate was found to be 99.9% with a sample gas flow rate of 200 mL/min with a maximum hydrogen permeated flow rate of 152.7 mL/min, followed by 70.77% for sample gas flow rate of 300 mL/min.

Fig. 8 shows the comparison of hydrogen permeation performance between 1 and 2 mm gap length. Under the same experimental condition, the hydrogen permeation rate for 1 mm is shown to be 40% higher than that of a 2 mm gap length. Even though under a smaller reaction volume, the 1 mm gap length is shown to have better permeation performance due to the decreased spark voltage which allows plasma discharge to occur more easily. The dissociation into H radicals is also further promoted due to the improved lighting condition of the plasma.
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Figure 8: Effect of (a) hydrogen permeation rate and (b) permeated hydrogen flow rate for reactor of different gap length

Fig. 9 shows the graph of the hydrogen permeation rate against the residence time of the reactor. The residence time is calculated based on the amount of gas flowing into the reactor per unit of time and the total volume of the reaction zone and is summarized in the following equation:

Residence Time[s]=VRF0×60[s/min](2)

where VR is the volume of the reaction field of the reactor and F0 is the sample gas flow rate.
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Figure 9: Effect of (a) sample gas flow rate and (b) residence time on hydrogen permeation rate for reactor of different gap length

The reaction field volume of the plasma membrane reactor was calculated as 4.78 and 9.56 mL for 1 and 2 mm gap length, respectively.

From the result, the hydrogen permeation rate is shown to be higher for 1 mm gap length when compared under the same residence time, this confirms that the plasma lighting condition is better for 1 mm gap length even at different sample gas flow rates.

3.2 Effect of Pressurization

In order to improve the hydrogen permeation rate, the plasma reactor was pressurized by increasing the pressure in the plasma membrane reactor from atmospheric pressure to 50 kPa. The original goal was to investigate the effects of pressurization conditions on both gap lengths. However, plasma firing was not possible for the 2 mm gap length as the electric field becomes smaller with increasing gap length. This causes electrons not being accelerated enough to dissociate the hydrogen molecules. As in the case with a 1 mm gap length, plasma firing was confirmed after the reactor was pressurized.

Fig. 10 shows the hydrogen permeation rate for different sample gas flow rates for applied pressure at 50 kPa and a gap length of 1 mm. The result showed an increase in the hydrogen permeation rate and flow rate when compared to 0 kPa. Under the same experimental condition, hydrogen permeation rate was found to increase by almost 30% across all gas flow rates. This is attributed to the increase in differential pressure from the high-pressure region of the supplying side towards the low-pressure region on the permeation side of the membrane.
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Figure 10: Effect of sample gas flow rate on (a) hydrogen permeation rate and (b) permeated hydrogen flow rate for 50 kPa applied pressure condition

The maximum hydrogen permeation rate was found to be 99.9% for the sample gas flow rate at 300 mL/min and with a permeated hydrogen flow rate at 225 mL/min, followed by 85.90% for the sample gas flow rate at 400 mL/min.

The next step of the experiment is to further increase the applied pressure to 100 kPa. Fig. 11 shows the graph of the hydrogen permeation rate against the applied pressure for different sample gas flow rates. As expected, the results showed that a further increase in applied pressure has also increased the hydrogen permeation rate. However, higher pressurization beyond 100 kPa was found to inhibit plasma firing, even for the 1 mm gap length, as increased pressure causes the density of gas molecules to also increase in the reaction field. This in turn also results in electrons not being accelerated enough to dissociate the gas molecules before and after every collision. From the result, at 100 kPa, the maximum hydrogen permeation rate was 99.9% for a sample gas flow rate of 300 mL/min and a hydrogen permeated flow rate of 225 mL/min, followed by 92.71% for sample gas flow rate of 400 mL/min.
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Figure 11: Effect of sample gas flow rate on (a) hydrogen permeation rate and (b) permeated hydrogen flow rate for different applied pressure condition

4  Conclusions

This research investigates the hydrogen permeation characteristics of a hydrogen separation membrane when used in conjunction with a plasma membrane reactor and atmospheric pressure plasma. This study investigated the hydrogen permeation rate and permeated hydrogen flow rate by varying the sample gas flow rate, reactor gap length, and the applied pressure to the reactor. The results of this study show enhanced hydrogen permeation performance by using atmospheric pressure plasma to dissociate hydrogen molecules before being permeated across the hydrogen separation membrane.

Firstly, we conducted the hydrogen permeation performance of a hydrogen separation membrane utilizing atmospheric pressure plasma. The hydrogen permeation rate increases with time as the reactor temperature is increased by joule heating generated by excess flowing current. The hydrogen permeation rate also decreases with an increase in sample gas flow rate as the residence time is shortened and the frequency of collisions of electrons with molecular hydrogen within the reaction field decreases. In addition, shorter residence time also shortens the contact time of hydrogen radicals with the hydrogen separation membrane, not allowing the hydrogen radicals to permeate in time. The maximum hydrogen permeated rate was 70.18% for a sample gas flow rate of 300 mL/min with a permeated hydrogen flow rate of 157.9 mL/min.

Secondly, the reactor gap length was shortened to 1 mm to investigate its effects on the hydrogen permeation rate. At a shorter gap length, the hydrogen permeation rate improves even though shortening the gap length resulted in a shorter residence time. This increase in permeation rate is due to the reduced spark voltage reducing the distance between the electrodes, which resulted in improved lighting conditions of the generated atmospheric pressure plasma. The maximum permeation rate was 99.9% with a sample gas flow rate of 200 mL/min with a maximum hydrogen permeated flow rate of 152.7 mL/min, followed by 70.77% for a sample gas flow rate of 300 mL/min.

Thirdly, the plasma membrane reactor was pressurized by increasing the pressure on the supply side of the reactor. The hydrogen permeation rate increased after increasing the pressure inside the reactor to 50 and 100 kPa. This is due to the increase in differential pressure between the sides of the hydrogen separation membrane. Higher applied pressure inhibits plasma firing as the density of gas molecules increases. The hydrogen permeation rate was increased by over 25% and 30% when pressure was applied from atmospheric pressure to 50 and 100 kPa, respectively.
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Table 1: Experimental conditions for hydrogen permeation experiment by plasma membrane reas

Description Unit Value
Plasma condition

Pulse repetition rate (kHz) 10

Applied voltage (kV) 14

Applied pressure on supply side (kPa) 0, 50, 100

Applied pressure on permeation side (kPa) —100

Simulated gas condition

Hydrogen concentration (%) 75

Nitrogen concentration (%) 25

Sample gas flow rate (mL/min) 200-500
Reactor condition

Gap length (mm) 1,2

Flow channel Round type

Membrane type Pd—40 wt% Cu

Membrane thickness (um) 20
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Table 2: Comparison of hydrogen permeation rate on Pd-Cu membrane and their operating tempera-

tures

Reference Supplied gas Inlet flow Temperature Applied Plasma type Hydrogen
rate (L/min) (°C) voltage permeation

kV) rate (%)

This study H, 75% N, 25% 0.2 127 14 DBD 61.5

This work H, 75% N, 25% 0.3 95.7 14 DBD 70.2

This work H, 75% N, 25% 0.4 119.1 14 DBD 63.4

This work H, 75% N, 25% 0.5 96.3 14 DBD 51.1

El-Shafie [41] H, 99% 0.1 300 — - 68.3

El-Shafie [41] H, 99% 0.1 300 14 DBD 73.2

El-Shafie [42] H, 99% 0.1 300 — - 88

El-Shafie [42] H, 99% 0.1 300 14 DBD 96

El-Shafie [43] H, 99% 0.1 300 14 DBD 70
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