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ABSTRACT

Development of in-situ propellant production and Metal Fuel Ignition 

Technology 

Park Kil Su

      Advisor : Prof. Kim Tae-gyu, Ph.D.

       Department of Aerospace Engineering

        Graduate School of Chosun University

                           

화성은 태양계의 4번째 행성으로 생명체 생존 가능성이 제기되면서 태양계에서 인류

의 가장 많은 관심을 받고 있는 행성이다. 1960년 소련에서 인류의 첫 화성 탐사선 

Mars 1M을 발사했지만 대기권에서 산화되어 실패했다. 소련의 실패 이후 1965년 미국

의 Mariner 4호가 인류 최초로 화성에 접근해 화성 표면을 촬영하여 지구로 보내왔다. 

이후 미국과 소련은 경쟁적으로 화성 탐사선을 발사했으며, 최근에는 미국, 러시아, 유

럽 등의 국가에서 화성으로 탐사선을 보내 화성의 대기 및 지질 정보를 지구로 보내왔

다. 지금까지의 화성 탐사는 로버를 이용해 원격으로 탐사가 이루어져 왔지만 다음 단

계의 화성 탐사는 보다 정확한 분석을 위해 화성의 샘플을 지구로 가져오는 MSR 

(Mars sample return) 임무의 필요성이 제기되고 있다. 하지만 화성 표면에서 지질 샘

플을 지구로 반환하려면 화성의 중력을 벗어나기 위한 높은 추력의 추진 시스템이 필

요하다. 결과적으로 상당한 양의 추진제가 필요하게 된다. 기술적으로 지구에서 화성

으로 돌아오기 위한 모든 추진제를 가져오는 것은 비현실적이고 비효율적이다. 이에 

화성에서 추진제를 생산하는 In-situ 추진제 생산 (ISPP) 기술이 관심을 받으면서 NASA 

등에서 활발한 연구가 진행되고 있다. 지금까지 화성탐사를 통해 얻은 정보에 따르면 

화성은 대기의 95%가 이산화탄소 (CO2)로 이루어져 있다. 이산화탄소를 분해해 일산화

탄소 (CO)와 산소 (O2)를 얻을 수 있다. O2는 연소에 필요한 산화제로 사용할 수 있으

며, CO는 추진제 및 연료로 사용 가능하다. 또한 화성의 토양에는 5±2.5%의 마그네슘 
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(Mg)과 3.0±0.9%의 알루미늄(Al)이 함유되어 있다. 마그네슘과 알루미늄은 금속 추진제

로 높은 비추력을 가지고 있어 비추력을 높이기 위한 첨가제로 많이 사용되고 있다. 

특히 알루미늄은 15.485kJ/g의 높은 에너지 밀도를 가지고 있으며, 무독성 연료 생성물

로 화성 상승선 (Mars ascent vehicle, MSR)의 연료로 사용하게 적합하다. 본 연구에서

는 이러한 화성의 자원을 활용하여 현장에서 추진제 생산을 위한 기술에 대해서 다음

과 같은 연구를 수행하였다.

첫 번째로 플라즈마와 산화칼슘 (CaO)을 이용한 이산화탄소 포집에 관한 연구를 수

행하였다. 산화칼슘을 이용한 Calcium looping (CaL) 공정은 재생 가능한 특성으로 저

비용으로 운용 가능해 CO2 포집을 위한 우수한 흡착제로 주목받고 있다. 하지만 일반

적인 CaL 공정은 650℃에서 CO2가 흡착되고 역반응은 950℃ 이상의 높은 온도에서 수

행되기 때문에 에너지 효율의 문제는 개선되어야 하는 단점이 있다. 이를 해결하기 위

해 본 연구에서는 플라즈마를 이용해 CO2 흡착률을 높이는 연구를 수행하였다. 플라즈

마 여기된 CO2는 CaO 표면에 훨씬 더 흡착이 잘 되는 것을 확인하였으며, 플라즈마 

여기된 CO2와 CaO 표면에서의 흡착 메커니즘 및 특성을 XRD, TPD 그리고 in-situ 

DRIFTS 분광법을 통해 규명하였다. 

두 번째로는 저장된 CO2를 자원으로 활용하기 위해 CO2를 CO와 O2로 분해하는 연

구를 수행하였다. CO2는 매운 안정적인 분자이기 때문에 2000℃ 이상의 온도에서 분해

된다. 최근에는 높은 에너지 효율을 위해 플라즈마를 활용한 CO2 분해 연구가 진행되

고 있다. 플라즈마는 적은 에너지로 고온의 에너지를 발생하며, 화학적으로 활성화시

켜 반응성을 높일 수 있다. 특히 플라즈마와 촉매를 결합하면 여러 시너지 효과를 기

대 할 수 있어 전환율과 에너지 효율을 상당히 개선할 수 있다. 하지만 이러한 성능 

향상의 원인과 정확한 메커니즘은 아직까지 명확하게 밝혀지지 않고 있다. 본 연구에

서는 Al2O3와 Ce/Al2O3 촉매가 CO2 전환율 및 에너지 효율에 미치는 영향을 분석하였

다. 또한 in-situ DRIFTS 분광법을 이용해 플라즈마 여기된 CO2가 촉매 표면에서 어떠

한 작용이 일어나는지에 대한 분석을 수행하여 촉매가 결합된 플라즈마에서 CO2 분해 

메커니즘을 분석하였다.

마지막으로 화성 토양의 3% 이상을 차지하고 있는 알루미늄을 화성 상승선의 연료
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로 사용하기 위한 금속 연료 점화 시스템에 관한 연구를 수행하였다. 알루미늄은 산화

피막인 알루미나로 둘러 싸여있는데, 이 산화피막은 2200℃ 이상의 온도에서 용융되기 

시작한다. 알루미늄 산화피막의 높은 용융점으로 인해 초기 점화를 위해 많은 에너지

를 필요로 하고, 이로 인해 전체 추진 시스템의 효율이 떨어지게 된다. 본 연구에서는 

고체 화학수소화물인 NaBH4를 이용한 자동 수소점화 시스템을 설계하였다. NaBH4는 

500℃에서 열분해 되어 수소를 발생하며, 이 때 발생한 수소는 NaBH4의 열분해 온도

에 의해 자동 발화된다. 수소 화염의 온도는 3200℃ 이상으로 알루미늄을 점화하기에 

충분히 높은 온도이다. 산화제 공급 유량에 따른 NaBH4 열분해 특성을 분석하였으며, 

NaBH4 열분해 부산물의 가수분해 실험을 통해 분해율을 분석하였다. 30g의 NaBH4는 

최대 110초간 수소 화염을 발생시켰다. 또한, NaBH4 자동 수소 점화 시스템으로 알루

미늄 점화 실험을 통해 성능을 검증하였으며, 광검출기를 이용해 알루미늄 연소 시 가

장 지배적으로 발생하는 AlO가 검출을 통해 알루미늄이 점화되었음을 확인했다.
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Ⅰ. Introduction

1.1 Motivation

Mars has long been the subject of human concern as the most Earth-like planet in the 

solar system. A lot of research on Mars, the fourth planet in the solar system, has been 

performed in the United States, Russia, China, Japan, and Europe to explore Mars. The 

first attempt of the Mars exploration mission was tried by the Soviet Union in 1960. The 

Mars 1M to explore Mars was launched in 1960, but the mission was failed due to the 

destruction at the launch [1]. After the first launch, the Soviet Union launched eight probes 

for the exploration of Mars between 1960 and 1969. However, they all failed [1]. 

NASA’s Mariner 3 was launched on November 5, 1964, but the mission was failed due 

to the unopened shroud encasing the spacecraft atop of its rocket [2, 3]. The first success 

of reaching Mars was achieved by Mariner 4 launched on November 28, 1964. Mariner 4 

provided the first close-up photographs of Mars (Fig. 1) [4, 5]. 

Fig. 1 The first close-up images taken of Mars in 1965 from Mariner 4.

The pictures showed impact craters and provided data about the planet, by which a 

surface atmospheric pressure of about 1% of Earth's and daytime temperatures of −100°C 
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were estimated [3, 4]. The received data from Mariner 4 implied that it is difficult 

surviving there than previously anticipated, so the planned Martian landers should be 

redesigned.

NASA has continued the Mariner program, and they were successful to send a Mariner 

6 and 7 to Mars in 1969 [6, 7]. After the failure of Mariner 8 due to a launch vehicle 

problem, Mariner 9 was successfully launched on May 30, 1971, becoming the first 

spacecraft to enter the orbit of Mars [8, 9]. During the 349 days in orbit, Mariner 9 sent 

73,249 images to Earth, accounting for 85% of the surface of Mars such as river beds, 

craters, massive extinct volcanoes, canyons, evidence of wind and water erosion and 

deposition, weather fronts, fogs, and more [9]. The result of the Mariner 9 mission 

underpinned the Viking program. The Viking 1 and Viking 2 which were launched in 1975 

were the first spacecraft to land and operate on Mars successfully [10, 11].

Fig. 2 Viking 1 lander site (left) and frost at Viking 2 site (right) [11].

The Mars Pathfinder was the first spacecraft to land on Mars in 20 years since the 

Viking program in 1976 and was landed Mars Ares Vallis on December 4, 1996 [12, 13]. 

Pathfinder included the first-ever robotic rover Sojourner for analysis of Martian soil. It had 

an Alpha Proton X-ray Spectrometer (APXS), which was used to investigate the 

components of the soil and rocks. In addition, the Sojourner including the two black and 
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white cameras and a color one could investigate the geology of the Martian surface, 

magnetic properties of the dust, the geochemistry and evolutionary history of the rocks and 

surface, atmosphere and the rotational and orbital dynamics [13]. Sojourner sent over 500 

images of the Mars topography to Earth and analyzed 16 samples of rocks. Most of the 

artifacts Ares Vallis, the landing site of the Pathfinder, were found to be volcanic [14]. 

Above all, a rock named Yogi, given by its smooth surface, suggested the past existence 

of water in the region. The Fig. 3 shows Sojourner rover on Mars on sol 22 and 

Sojourner rover taking Yogi's Alpha Proton X-ray Spectrometer measurement. 

Fig. 3 Sojourner rover on Mars on sol 22 (left) and Sojourner rover taking Yogi's Alpha 

Proton X-ray Spectrometer  measurement (right) [14].

The NASA’s twin Mars exploration rovers named Spirit (MER-A) and Opportunity 

(MER-B), landed on Mars on January 2004, also sent images which confidence of the 

water existence [15-18]. These two rovers have exceeded their mission duration. Notably, 

the Opportunity had continued exploration activities for 15 years until the communication 

failure by a dust storm. NASA’s rover, landed on August 6, 2012, was bigger than 

Opportunity rovers, mounted a nuclear battery, not a solar battery [19]. Therefore, unlike 

conventional rovers equipped with solar cells, it could operate for a long time even when 
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there is no sunlight due to sandstorms. The communication with Opportunity has been cut 

off since June 10, 2018, due to an encircling dust storm on Mars. NASA was reported to 

the end of the rover mission on Feb. 13, 2019 [20, 21].

NASA’s Curiosity landed on Aeolis Palus inside Gale on Mars on August 6, 2012, is 

continually sending an important investigation data as Martian climate, geology, 

environmental conditions favorable for microbial life and investigation of the role of water 

[22]. Also, Curiosity detected methane (CH4) in the atmosphere of Mars. It is one of 

Curiosity's most notable discoveries about the possible presence of life on Mars in the past 

[22, 23].

The InSight, the eighth U.S. spacecraft which landed on Mars on May 5, 2018, is 

performing a different mission than previous ones [24, 25]. Previous Mars rovers had the 

main task of examining the atmosphere and surface of Mars and finding traces of life, but 

the InSight aims to explore inside, including the planet's lipids. The InSight does not move 

but performs exploration at the point where it lands. Using a robotic arm mounted on its 

main body, it sets up a seismograph and penetrates the Martian's surface to measure the 

rate of heat flow from the interior, estimate the size of Mars’core and whether the core is 

liquid or solid [25].

Fig. 4 NASA’s InSight [24].
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1.2 Aim of research

Until now, all Mars investigation had been performed remotely using the unmanned 

reconnaissance robots because the propellant could not been loaded for return to Earth. 

Until now, the next step of Mars exploration is to bring samples to Earth for a particular 

analysis. If the next Mars investigation is performed by the two-way mission, it will enable 

tremendous scientific discoveries. 

Mars Sample Return (MSR) campaign is performed by three missions as illustrated in 

Fig. 5. However, returning a sample of Martian will require a significant amount of 

propellant due to the relatively deep Martian gravity. It is impractical and grossly 

inefficient that bringing the propellant from Earth.

Fig. 5 NASA’s Mars Sample Return Campaign Overview [26].
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In-situ propellant production (ISPP) technology can be a very elegant solution to solve 

the problem of the return to Earth for the MSR campaign. Producing propellants directly 

on Mars can reduce mission costs, risks and entry, descent and landing (EDL) challenges. 

ISPP requires two major technologies. First, we have to develop the CO2 decomposition 

to obtain oxygen from the Martian atmosphere. The in-situ resource utilization (ISRU) on 

Mars is shown in Fig. 6. The atmosphere of Mars is composed almost of CO2 above 95%. 

However, thermodynamically, CO2 is a very stable molecule. So, CO2 splitting must require 

a large amount of energy. The thermal decomposition ratio of CO2 is about 0.2% at 

1,400°C, which is too low. Therefore, researches on the direct thermolysis of CO2 have 

been performed above 2,000°C [27, 28]. Thus, we need CO2 decomposition techniques with 

a  high energy efficiency for the ISPP technique on Mars. The CO2 conversion into CO 

and O2 using plasma is a promising approach. In the plasma state, molecules and atoms 

are partially ionized by the exciting energy. When the energy higher than ionization energy 

is applied to gas atoms, atoms (molecules) are separated into electrons and ions, and 

become the plasma state. Plasma can generate a diverse range of temperatures that 

significantly exceed those of conventional chemical processes. In addition, plasma is able to 

create a very high concentration of excited and chemically active species. Thus, in 

chemistry and related disciplines, plasma offers some advantages such as increasing the 

intensity and rate of chemical reaction, which would be unachievable in conventional 

chemistry technologies. In this study, we investigate the effect of Al2O3 and CaO catalyst 

for CO2 dissociation under plasma, to obtain the best condition for CO2 conversion and 

high energy efficiency.

Futhermore, the Martian soil contained a lot of metals such as Mg and Al. In particular, 

it is well-known that Al is used as additives to the fuel to increase the specific energy of 

combustion, and it has a high energy density of 15.485 kJ/g [29, 30]. However, when 

almost metals come into contact with oxygen in the atmosphere, an oxide layer is formed 

on the surface of their particles. Particularly, aluminum oxide (Al2O3) has a melting point 

of >2,000°C and its structure is too dense for the oxidizing agent to contact with 

aluminum in the oxide layer [31]. In the present study, the ignition of aluminum powders 

using the hydrogen combustor based on the solid sodium borohydride (NaBH4) thermal 

decomposition was carried out. Characteristics of the hydrogen combustor were investigated 
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by evaluating the hydrogen generation rate through the thermal decomposition of NaBH4 as 

the air supply rate was varied. From the results, the optimum condition for the ignition of 

aluminum powders was determined. Based on the characteristics of NaBH4 thermal 

decomposition, the aluminum ignition was carried out to verify the applicability of the 

proposed method for the ignition system of aluminum powders.

Fig. 6 Schematic of the in-situ resource utilization (ISRU) on Mars.
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Table 1. Resources on Mars [2].

Atmosphere Abundance

CO2 95.32%

N2 2.7%

Ar 1.6%

O2 0.13%

CO 0.07%

H2O 0.03%

  

Soil Percent by mass

Mg 5.0±2.5

Al 3.0±0.9

Si 20.9±2.5

S 3.1±0.5

Cl 0.7±0.3

K <0.25

Ca 4.0±0.8

Ti 0.5±0.2

Fe 12.7±2.0

L* 50.1±4.3

X** 8.4±7.8

* L is the sum of all elements not directly determined

** If the detected elements are all present as their common oxides(Cl expected), then X is 

the sum of component not directly detected, including H2O, NaO, CO2 and NOx
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Ⅱ. Plasma system

2.1. Introduction to plasma

Plasma is referred to as the ‘fourth state of matter’ and simply defined as ionized gas 

[32]. In the plasma state, molecules and atoms are partially ionized by the exciting energy. 

When the energy higher than ionization energy is applied to gas atoms, atoms (molecules) 

are separated into electrons and ions, and become the plasma state, as shown in Fig. 7. 

Plasma can occur naturally, e.g., auroras, lightning, and solar flares, but also can be 

generated artificially in the laboratory in various conditions [32, 34]. Plasma can generate a 

diverse range of temperatures that significantly exceed those of conventional chemical 

processes. In addition, plasma is able to create a very high concentration of excited and 

chemically active species. Thus, in chemistry and related disciplines, plasma offers some 

advantages such as increasing the intensity and rate of chemical reaction, which would be 

unachievable in conventional chemistry technologies [32-35]. 

Fig. 7 The process of generation plasma. 
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2.2. Plasma temperatures

2.2.1 Thermal plasma

The condition in which the electron temperature (Te) reached the heavy particle 

translational temperature (T0) is defined as a thermal plasma, and the temperature of the 

thermal plasma is 4,000-20,000 K depending on the degree of ionization [32-34]. The 

weakly ionized plasma due to Joule heating can lead to the temperatures changing to reach 

equilibrium between the electrons and heavy neutral particles’ temperature. At high pressure, 

more collisions occur due to the mean free path becomes smaller, which leads to more 

efficient energy exchange between the electrons and the heavy particles. Thus, the plasma 

is conventionally proportional to the square of the ratio of the electric field (E) to the 

pressure (p) [32]. 

Thermal plasma has many advantages, compared to traditional thermal technologies, 

because of their interesting characteristics including high temperature, high intensity 

non-ionizing radiation, and high energy density [34]. As mentioned above, the thermal 

plasma can reach 20,000 K or higher, which cannot be achieved by other technologies such 

as burning fossil fuels. So, the thermal plasma has been widely used for fine powder 

synthesis, coating technology and the treatment of hazardous waste resources.

2.2.2 Non-thermal plasma

Non-thermal plasma (NTP) is a non-equilibrium system characterized by the electron 

temperature (Te) that significantly exceeds heavy particle temperature (T0). For many 

non-thermal plasmas, the temperature relation is as follows:  Te > Tv > Tr ≈ Ti ≈ T0 [34]. 

The electron temperature remains the highest followed by the vibrational temperature (Tv), 

both being higher than the rotational temperature (Tr) which is considered close in value to 

the ion temperature (Ti) and neutral heavy particle temperature [32, 34]. In these types of 

discharges, the electron temperature is usually close to unity measured in units of eV 

(equivalent to 11,600 K) with the gas temperature (T0) close to room temperature. This 

high electron temperature can be easily accelerated by the applied electromagnetic fields 

because of the small mass of the electrons, but the heavy particles are not easily 

accelerated. In addition, during elastic collisions with heavy particles, the electrons lose less 
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energy. Thus they can easily remain their high energy gained from the electric field. 

NTP is gaining the increased interest in recent years due to the solution to the effective 

CO2 conversion into valuable chemicals and fuels. The gas temperature in NTP can be as 

low as room temperature but the electrons accelerated by the applied electric field have 

energies of 1-10 eV, which is high enough for CO2 splitting [33-34, 36].

Table 2 Classification of plasma [34].

Plasma State Example

High temperature plasma 

(Thermal equilibrium)

Te≈Ti≈Tg, Tp=106-108K

ne≥1020m-3
Laser fusion plasma

Low temperature plasma 

(Quasi-equilibrium)

Te≈Ti≈Tg≤2×104K

ne≥1020m-3

Arc plasma, Plasma torches, 

RF inductively coupled 

discharges

Non-thermal plasma 

(Non-equilibrium)

Te>>Ti≈Tg=300-103K

ne≥1010m-3
glow, corona, DBD

Te=electron temperature, Ti=ion temperature, Tg=gas temperature, Tr=rotational temperature, 

Tv=vibrational, and ne=number density
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2.3. Different types of Plasma

2.3.1 Dielectric barrier discharge (DBD)

The DBD consists of two plane-parallel or coaxial metal electrodes and contains 

dielectric barriers between the electrodes such as glass, quartz, ceramic material, and 

polymer [37-39]. The role of the dielectric barrier is to limit the current to prevent the 

formation of sparks or arcs [40]. As shown in Fig. 8, DBD has a straightforward 

configuration. Typically, the DBD operates at atmospheric pressure, and an alternating 

voltage with an amplitude of 1-100 kV is applied between both electrodes [40].

To initiate the DBD, the electric field should be applied that is high enough to cause a 

breakdown of the gas. This breakdown voltage (Vb) is a function of the pressure (p) and 

the distance of the discharge gap (d), and it can be determined by Paschen’s law.

 
lnln 
 ∙  
 ∙ 

(1)

Where C, D and  are the gas (or mixture) specific parameter. Among the plasma 

system for CO2 decomposition, DBD has been most extensively studied because its 

temperature can be as low as room temperature and it is easy to operate.

Fig. 8 Basic planer (left) and cylindrical (right) dielectric barrier discharge configurations.
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2.3.2 Gliding arc discharge (GA)

A gliding arc (GA) discharge is a transient type of arc discharge. In general, the GA is 

an auto-oscillating periodic discharge between two diverging electrodes submerged in a gas 

flow (see Fig. 9). The arc is self-started at the shortest electrode distance and pushed by 

the gas flow into the diverging electrode region. The arc length increases until the applied 

voltage is insufficient to maintain the extended arc length or until another arc is initiated 

at the shortest electrode distance [41, 42]. When GA operates at low current and high 

frequency, this transition to non-local thermal equilibrium (LTE) phases can occur in 

nanoseconds. For currents of a few amperes, the initial arc is close to LTE state while the 

arc close to extinction is far from LTE. The generated arc at very low current as 100 mA 

and below can have the characteristics of a glow discharge even at atmospheric pressure 

[41-44]. The glow-arc transition is caused by the rise of current, and the value of the 

transition depends on the discharge condition and the type of gas. GA discharge can be 

powered by slightly different electrical methods, but they are all relatively inexpensive and 

easy to set up, making them very attractive for industrial applications.

Fig. 9. Schematic of the classical GA configuration.
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2.3.3 Microwave discharge (MW)

Unlike DBD and GA, microwave (MW) discharge is electrode-less, and electric power is 

supplied as a microwave in the frequency range of 300 MHz to 10 GHz [45, 46]. The 

MW discharge, so-called surface-wave discharge, the gas flows through a quartz tube cross 

a waveguide, where the discharge is initiated as shown in Fig. 10 [47]. The gas 

temperature of MW in non-equilibrium conditions is in the order of 1,000-2,000 K and its 

electron temperature is much higher as 3,000 up to 8,000 K [45]. However, when the gas 

temperature becomes thermal equilibrium as the increase of pressure, the temperature 

increases rapidly up to 14,000 K, and low values of energy efficiency are observed [45, 

47-49]. The MW system for CO2 conversion can achieve the high energy efficiency as 

above 60%, because of the combination of relatively high electron density and low field 

decay [45, 48]. However, it must be operated at the low pressure (50-200 torr) in order to 

reach non-equilibrium conditions, making it difficult to use in industry. 

Fig. 10. Schematic (left) and image of a MW discharge.
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2.4 Plasma-assisted catalytic system

2.4.1 plasma-catalyst

The plasma-assisted catalytic system provides can improve the process performance in 

terms of conversion, yield, selectivity and energy efficiency. As illustrated in Fig. 11, for 

plasma-catalytic synergy effect, the plasma-catalyst system can be classified as two 

configurations. The major difference between two configurations is the location of the 

catalyst. In the single-stage configuration, the catalyst is located inside the discharge zone, 

so plasma and catalyst could interact directly with each other. For the two-stage type, the 

catalyst is placed after the plasma discharge region. In microwave (MW) and gliding arc 

(GA) discharge, the temperature of the discharge zone is above 1,000 K, so the catalyst is 

located at the downstream of the plasma region due to the durability problems of the 

catalyst [45]. 

Fig. 11. Schematic of the different plasma-catalyst configuration
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2.4.2 Synergy effect in plasma-catalytic system

The reaction process of the plasma-catalytic system was presented in Fig. 12. The 

plasma- catalytic reaction condition is quite different from conventional catalysis. It could 

be mostly attributed to synergistic effects based on the complicated interaction between the 

plasma species and the surface of catalysts. These interactions can be distinguished by 

physical and chemical effects. Generally, the effect of the catalyst on the plasma is 

considered as  physical effects as follows [45, 50] :

ⅰ) enhancement of the electric field due to the surface roughness and geometric 

distortion.

ⅱ) formation of micro-discharges inside the pore of the catalyst, which leads to 

different characteristics compared to the bulk discharge since the powerful electric 

field inside the pores.

ⅲ) the presence of insulating surfaces which accelerate the evolution of surface 

discharges, so the discharge type is changed.

ⅳ) extension of the reaction time due to the species adsorption on the catalyst surface, 

which affects concentration and conversion.

Conversely, the effects of the plasma on the catalyst are considered as not only physical 

effects but also chemical effects as follows [45, 50] :

ⅰ) change of physicochemical characteristics such as a higher surface area of catalysts, 

improvement of the adsorption on the catalyst surface, change of the catalyst 

oxidation state, and increased reducibility of metal oxide.

ⅱ) hot spots on the surface, which leads to the formation as the strong 

micro-discharge.

ⅲ) higher possibility of non-adiabatic barrier because the excited plasma is vibrationally 

more reactive.

ⅳ) change of the reaction pathway because of the many kinds of active species.
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Fig. 12. The schematic of the plasma-catalytic system reaction process.

Fig. 13. Possible plasma-catalyst synergy effect. 
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Ⅲ. Plasma-assisted catalytic system for CO2 conversion

3.1 Overview 

Plasma offers one of the possible solutions to convert the CO2 into useful compounds in 

many fields such as gas purification and energy conversion. In addition, plasma is attractive 

for chemical and order industrial applications because it can generate a significantly high 

temperature using lower energy than traditional chemical processes. Furthermore, plasma can 

improve the strength and efficiency of chemical reactions because it can make a chemically 

active species and a significant concentration of excited species [45-48, 51]. Indeed, 

non-thermal plasma (NTP) generates high energy electrons (1-10 eV), which is high enough 

for CO2 dissociation [51]. Notably, the plasma-assisted catalytic system provides the 

improved process performance in terms of conversion, yield, selectivity, and energy 

efficiency. 

3.2 DBD plasmas for CO2 conversion

Among the plasma system for CO2 decomposition, dielectric barrier discharge (DBD) has 

been most extensively studied because its temperature is as low as room temperature and it 

is easy to operate. To improve the performance, we can change the configuration of the 

reactor, diluent gas, flow rate of the input gas, packing material, input power and so on. 

3.2.1 Influence of discharge length and discharge gap

Increasing the discharge length extends the residence time of CO2 gas in the discharge 

region, which enhances the conversion because of the increased probability of CO2

molecules colliding with high energy electrons and reactive species. However, at a fixed 

SEI, varying the discharge length has no considerable effect on the discharge characteristics, 

conversion, and energy efficiency [52]. On the other hand, the larger discharge gap shows 

the lower conversion and energy efficiency since it causes the reduced electric field 

strength [45, 52]. The low electron density leads to the decrease of CO2 conversion due to 

the reduction of the electron impact reaction rates.
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3.2.2 Influence of discharge power on CO2 conversion and energy efficiency

The discharge power is a critical factor that affects CO2 conversion and energy efficiency 

because it determines whether the energy is applied enough to activate the dissociation the 

CO2 molecules. Increasing the discharge power leads to the improvement of CO2 conversion 

but, tends to decrease the energy efficiency. The higher discharge power means that the 

more energy are supplied into the DBD plasma system. Thus it can improve the CO2

activation and produce more reactive products [45, 52-54]. However, when the power 

beyond a certain value is provided, the CO2 conversion reaches saturation so that it should 

be investigated a suitable range of the discharge power for high energy efficiency.

3.2.3 Influence of diluent gas on CO2 conversion and energy efficiency

Adding diluent gases such as Ar, He and N2 makes the plasma generated more easily 

and stable. Moreover, it has several effects on the conversion, energy efficiency, and 

discharge characteristics. The addition of Ar, He and N2 causes an increase in CO2

conversion and energy efficiency. The order of energy efficiency is well-known as Ar > 

He > N2. Ramakers et al. [55] reported that at the diluent gas mixture up to 70%, both 

He and Ar have the same effect, but at a higher gas concentration, Ar was more effective 

than He. However, the effective conversion decreases because there is less CO2 presence in 

the diluent gas, and the slightly increased conversion is not sufficient to respond to this 

drop in the CO2 fraction. Besides, adding the N2 causes the formation of unwanted 

by-products such as N2O and NOx.

3.2.4 Influence of packing materials and beads size 

To obtain a high CO2 conversion and energy efficiency, we need to choose a suitable 

bead size. A. Zhou et al. [57] reported that decreasing the bead size provides the increased 

discharge surface area, and it reinforced the surface discharge, which accelerates the CO2

dissociation rate. Therefore, the smaller bead size is more beneficial for CO2 conversion.

The introduction of packing materials might be the most decisive factor affecting the 

discharge characteristics. Zhou et al. [57] observed that the packing of ZrO2 or glass beads 

into the discharge zone generates a typical packed-bed effect. It causes the transition in the 

discharge behavior from a combination of surface discharge and filament discharge into the 
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filament discharge due to the reduction of a spike in the discharge signal. Ozkan et al. 

[58] reported that a thicker dielectric leads to a higher conversion and energy efficiency. 

Notably, ZrO2 and BaTiO3 exhibited a significant effect on the CO2 conversion and energy 

efficiency compared with the result of the unpacked DBD reactor. Table 3 shows the CO2

conversion and energy efficiency in different packed DBD plasma reactors. 

Table 3 Summary of the CO2 conversion and energy efficiency in DBD discharge.

Catalyst Conversion (%) SEI (J/mL) Energy efficiency (%) Reference

ZrO2 52.1 - 7.0 [57]

BaTiO3 28 60 7.1 [59]

CaTiO3 20.5 52.95 4.8 [60]

3.3 MW discharge for CO2 conversion

As mentioned in Chapter 2, microwave discharges can achieve high energy efficiency of 

CO2 dissociation due to a combination of their relatively high electron density and low 

reduced electric field. These conditions prefer the excitation of the asymmetric mode 

vibration level of CO2. In MW discharge, CO2 molecules are usually excited at the lowest 

vibration level and are followed by vibrational-vibrational collisions, which gradually fills 

the higher vibration level, thus leading to the dissociation of the CO2 molecules [48, 61]. 

In several studies, it is attempted that changing the applied power, gas flow rate, reactor 

geometry, a and diluent gas to obtain high CO2 conversion and energy efficiency. 

In the 1970-1980s, it was reported that MW discharges provided the high energy 

efficiency for CO2 splitting, due to a combination of their relatively high electron density 

and low reduced electric field (70-80 Td). Fig. 14 shows a plot of energy efficiency as a 

function of acquired the specific energy input in different discharge systems through 
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experiments and simulations. Curves 1 and 2 show non-equilibrium calculation in one- and 

two- approximations. Curves 3 and 4 show the non-equilibrium calculations in supersonic 

flows as M = 5, and 3.5, respectively. ○, ◆, Δ, and × indicate the experimental results 

in different microwave discharges. ● represent experimental data in supersonic microwave 

discharges. In many experimental results, microwave discharge can be attaining the high 

energy efficiency for CO2 conversion, which occurs at the conditions of Ev ≈ 0.3-1.0 

eV/mol [32, 33].

However, recent studies suggest that the values applied to the reduced electric field, i.e., 

70-80 Td, were too high, so future studies should be directed towards values around 20-50 

Td while maintaining the temperature in the discharge as low as possible [62]. Therefore, it 

might not be advantageous for high-throughput industrial applications so that the 

experiments were performed at reduced pressures in despite of the high flow rates of up to 

75 SLPM. Indeed, increasing the pressure leads to a significant decrease in the energy 

efficiency, which is nevertheless still a factor twice higher than that obtained by the DBD 

[45]. 

Britun et al. [63] reported that the adjustment of the microwave power led to rather 

promising results for CO2 conversion. The input power is an important impact factor on 

the thermal equilibrium as the different electron-molecule collision frequencies under 

different power densities [48]. The power density linearly depends on the electron density. 

The electronic energy distribution function provides a significantly increased average 

electronic energy with more microwave power to the plasma. In addition, the enhanced 

power led to the expansion of the plasma region, extending the retention time of the 

reactants [64].

Chen et al. [65] performed the dissociation of CO2 in a MW with TiO2 supported NiO 

catalyst at 1330 Pa (10 torr), which investigated the effect of the catalyst on the CO2

conversion and energy efficiency. The CO2 conversion and energy efficiency increased 

almost twice compared to those without the catalyst from 23% to 42% and 9.6% to 17.2%, 

respectively.

Bongers et al. [49] reported that energy efficiency in the supersonic expansion 

experiments was only 15%, but by additionally quenching the plasma, the energy efficiency 

of up to 47% was observed at a plasma pressure of 200 mbar. 
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Fig. 14 Energy efficiency of CO2 dissociation in different discharge systems [32]. 

3.4 GA plasma for CO2 conversion

A gliding arc (GA) discharge is an attractive technology for gas conversion because it 

has advantages of both thermal and non-thermal plasma. Thermal arc discharge can be 

generated between two electrodes in atmospheric pressure and the low external circuit 

resistance. Notably, the GA plasma is seen as the most energy-efficient way to dissociate 

CO2 molecules than other types of plasmas because it can reach a strong non-equilibrium 

enough to stimulate the most efficient decomposition process through vibrational excitations 

[45, 66]. 

The traditional flat gliding arc reactor consists of two divergent electrodes. However, this 

configuration has very low conversion efficiency because the flow rate is more limited and 

the residence time in the plasma is very short. Indeed, the gas flow processed by the 

discharge is only about 20% depending on the actual geometry. As a result, the theoretical 

maximum conversion is about 20% in GA [67, 68]. To solve these problems, rotating 
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gliding arc (RGA) discharge is proposed, in which the flow is processed by the discharge 

co-driven by a magnetic field and tangential flow [69]. The RGA configuration consists of 

cylindrical electrodes and the gas follows a vortex flow pattern, which makes possible 

longer residence times in the discharge zone, even at high flow rates [45]. It can be 

processed about 40% of the gas flow and the theoretical maximum conversion is double 

compared to the traditional GA configuration. Table 5 shows the CO2 conversion and 

energy efficiency in GA discharge. 

W. Wang et al. [70] confirmed that for CO2 conversion using the GA the dissociation of 

vibrationally excited states of CO2 upon collision with O atoms is the most important 

process for CO2 conversion, which the CO2 vibrational levels significantly contribute to the 

CO2 decomposition. Furthermore, they have found how to inhibit the reverse reaction to 

improve the CO2 conversion through the 2D-modeling, and achieved a high energy 

efficiency of 47%. However, CO2 conversion is too low at 4.0%.

H. Zhang et al. [67] investigated the influence of the mixture gas (N2 or Ar) on the 

reaction performance in the rotating gliding arc (RGA). Increasing N2 or Ar concentration, 

enhances the CO2 conversion due to the formation of more reaction routes for CO2

conversion, however, energy efficiency decreased at a concentration of N2 or Ar above 

30%. In terms of conversion and energy efficiency, N2 is more favorable compared to Ar 

due to the formation of more reaction routes. However, the addition of N2 can lead to the 

production of unwanted harmful compounds, as N2O and NOx compounds.
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Table 5 Summary of the CO2 conversion and energy efficiency in GA discharge

Configuration Conversion (%) SEI (J/mL)
Energy efficiency 

(%)
Reference

RGA 4.0-4.4 3.5 16-17 [67]

RGA 5.1 33 35 [68]

GA 2.64 1.0 41.1 [70]

GA 17.4 15.4 14.1 [71]

3.5 In-situ DRIFTS spectroscopy for investigation of the plasma-catalytic 

reaction mechanism

3.5.1 Infrared spectroscopy

Infrared (IR) spectroscopy uses to analyze the IR radiation of which the fraction of the 

incident radiation is absorbed in a particular wavelength. It deals with a variety of 

technologies, mainly based on the absorption spectrometry. IR spectroscopy is a very 

powerful technique for qualitative and quantitative analysis and can yield the analysis and 

verification of molecular information. 

Generally, the IR of electromagnetic spectrum is divided into near-infrared, mid-infrared, 

and far-infrared (as shown in Fig. 15). In order to identify and characterize matters, almost 

all types of electromagnetic radiation are used for spectroscopy [72, 73].

▶ Near-infrared (12820-4000 cm-1) : poor in specific absorptions, can excite overtone or 

harmonic vibrations.

▶ Mid-infrared (4000-400 cm-1) : provides fundamental vibrations and the associated 

rotational-vibrational structure for most organic molecules.
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▶ Far-infrared (400-33 cm-1) : adjacent to the microwave region, has low energy and 

may be used for rotational spectroscopy.

Typically, low energies generated in the IR region are not enough to cause electronic, 

but they are sufficient to cause changes in the frequency and amplitude of molecular 

vibrations. In the IR spectroscopy, polychromic radiation passes through the sample and 

molecular vibration is excited by absorption of light with matching frequencies [73]. These 

molecular vibrations are IR-active when the moment of molecular dipole moment changes 

during the bond oscillation. 

Fig 15. The electromagnetic spectrum and the infrared region [73].

3.5.2 Vibrational spectroscopy

The atoms of molecules are linked to each other by chemical bonds, which are not 

rigid, and vibrate around the equilibrium point at their natural frequency. Molecular 

vibration can be excited due to the absorption of quantum energy (E) corresponding to its 

vibrational frequency (ν´). The vibrational frequency of a chemical bond depends on the 

electronic structure of the molecule, the bond strength, and the atomic mass [72]. The 
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molecule can absorb the radiation when a bond in a molecule vibrates at the same 

frequency as the incident electromagnetic radiation (ν=ν´). As shown in Fig. 16, the 

frequencies of molecular covalent bond vibrations are in the infrared region, which can 

absorb the IR radiation. Vibration spectroscopy can provide information about the molecular 

structure of a substance because the frequency of a molecule’s vibration has a specific 

wavelength depending on the mass of the atom, the strength of the bond, the stiffness, and 

the type of bonds [72, 74]. Fig. 16 shows the possible vibrational modes of molecules.

Fig. 16. Possible vibrational modes of molecules.
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3.5.3 Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is a technique used to obtain an IR 

spectrum of absorption and emission of a solid, liquid or gas [73, 74]. FTIR converts the 

raw wavelength data collected by a detector into the spectra using a Fourier transform (FT) 

algorithm. The FTIR spectroscopy enables the real-time measurement of response trends and 

profiles, and provides very specific information about the effects of response variables on 

dynamics, mechanisms, reaction paths. FTIR provides important information as it researches, 

develops, and optimizes chemical compounds, synthetic pathways, and chemical processes 

because it directly tracks the changes that occur during the reaction process of reactants, 

reagents, intermediate products, products and byproducts [73].

As reported in the literature before, the resulting interactions when combining a plasma 

with a catalyst often provide the improved performance in terms of conversion, selectivity, 

yield, and energy efficiency. However, the reason and the exact mechanism of these 

performance improvements are still not clear. Therefore, the plasma-catalyst interaction 

phenomena and synergy mechanism was investigated via in-situ diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) in this study.
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Ⅳ. In-situ resource utilization by plasma-assisted catalytic 

system

4.1 CO2 extraction 

As mentioned in chapter 1, regarding the return of the Martian sample, it is required 

that the propulsion system with a comparatively large velocity change capability due to the 

relatively deep Martian gravity. Therefore, the significant amount of propellant will be 

required but bringing the propellant from Earth would be impractical and grossly inefficient. 

In-situ propellant production using the martian resource would be more practical. As well 

known, the composition of the Martian surface atmosphere is composed almost entirely of 

CO2 (95.32% by mole). It is enough amount to produce the propellant on Mars.

4.1.1 Objectives

The CO2 for the ISPP system needs to be extracted from the atmosphere and then 

compressed for storage. The extraction of CO2 can be performed by adsorbent microporous 

materials that can trap vapors and gas molecules within their pores. Calcium-based 

materials have attracted attention as an excellent sorbent for cyclic CO2 capture processes 

due to its potential regeneration. Notably, calcium oxide (CaO) can capture and release CO2

through the reversible carbonate looping cycle at atmospheric pressure. Fig. 17 shown the 

schematic representation of a conventional calcium looping cycle. The CO2 gas supplied to 

the calcium looping reactor is reacted with calcium oxide at 650°C. The reverse reaction 

(calcination) is generally carried out at above 950°C under atmospheric pressure. However, 

this process is very inefficient to use on Mars because it must be required a large amount 

of energy. Specifically, the problem of energy efficiency associated with high-temperature 

calcination is drawbacks, which should be addressed and improved. In this thesis, we 

performed that the plasma-assisted CO2 adsorption with CaO using a low current plasma 

under 100 mA for high energy efficiency. In addition, the mechanism of plasma-assisted 

CO2 adsorption was investigated by in-situ DRIFTS spectroscopy.
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Fig. 17 Thermochemical calcium looping cycle of calcium oxide

4.1.2 Experimental setup and plasma-assisted catalytic CO2 adsorption

The CaO was characterization by XRD. The performance of CO2 adsorption on the CaO 

under plasma excitation was analyzed by temperature programmed desorption (TPD). In 

addition, the mechanism of CO2 adsorption under the plasma was investigated by in-situ 

DRIFTS spectroscopy. 

X-ray diffraction (XRD): XRD patterns of the sample before and after the plasma-excited 

CO2 adsorption were recorded in a Empyrean (PANalytical) with Cu-Kα radiation (λ

=0.1542 nm, 60 kV, 55 mA) in the 2θ scanning range between 5° and 90° with a scan 

rate of 5° min-1 and a step size of 0.02°.

In-situ DRIFTS spectroscopy: In-situ FTIR spectrum of absorbed species on CaO under 

the CO2-excited plasma was recorded in the diffuse reflectance infrared Fourier transform 
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spectroscopy (DRIFTS) using the MB3000 (ABB) FTIR spectrometer (Fig. 18) equipped 

with the SelectorTM Accessory P/N GS19000 (Fig. 19) at a resolution of 16 cm-1. The 

diffusion reflectance is based on the collection of diffusely scattered radiation from the 

sample. Fig 20 (a) shows an IR beam pass in the designed reactor for in-situ FTIR 

analysis. DRIFTS accessory was set-up in a closed system made of acrylic. The IR beam 

through the ZnSe window is directed to the M1 mirror and onto the M2 mirror. The IR 

beam is then projected to an input ellipsoid mirror (M3) which then focuses the light onto 

the surface area of a sample held in a cup that is positioned on the top of the sample 

post. A scattered IR beam at the sample surface is collected by the ellipsoid mirror (M4), 

reflected through the mirror M5 and M6, and finally directed to the detector through the 

ZnSe window. Fig. 20 (b) shows a homemade reactor with a ZnSe window. The catalyst 

was filled in the sample cup with powders without any pre-processing. Then, the inside of 

the reactor was evacuated in the vacuum condition to 50 mbar and then He was injected 

until the ambient pressure was formed. The reference spectrum was recorded under this 

condition. After setting the reference condition, CO2 and He were introduced as 50 

mL/min, and 500 mL/min, respectively. Subsequently, a plasma jet was generated at a 

discharge power of 20 W. The powder samples were filled in the sample cup on which a 

heater was attached. The change of spectrum according to the temperature of sample was 

observed. 
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Fig. 18. FTIR spectrometer

Fig. 19. DRIFTS accessory (Space, SelectorTM Accessory P/N GS19000)
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Fig. 20 Schematics of DRIFTS configuration, (a) optical components and sample and (b) 

schematics of in-situ FTIR spectroscopy reactor.
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Temperature programmed desorption (TPD): The schematic diagram of the experimental 

setup is shown in Fig. 21. The CaO was reduced in 2 vol.% H2/He for 4 hours at 400°C 

after calcined in He flow at 700°C until the baseline of FTIR became stable. After cooling 

down to room temperature, the adsorption of plasma-excited CO2 was performed at the 

discharge power of 20 W for 1 hour. CO2 adsorption under the plasma was performed in 

a low-current arc plasma (LCAP) reactor made of quartz with an outer diameter of 26 mm 

and a wall thickness of 1 mm. The plasma was powered by a 1 kW AC power supply 

(APAP-01KH, ATU). The high-voltage (HV) electrode was made of SUS and the distance 

between two electrodes was 25 mm. In the present work, the current was fixed under 0.1 

A, and the temperature of the discharge area was measured by an IR image camera. The 

gas flow rate was controlled by MFC (F201CL, Bronkhorst). The CO2 diluted with He was 

injected from the top of the reactor through the mixing chamber. After passing through the 

reactor, gaseous products were analyzed in real-time using FTIR (MB3000, ABB). These 

experiments were carried out at room temperature and atmospheric pressure. After then, the 

CaO was treated with He until the baseline of FTIR signal was stable. Next, the desorbed 

CO2 was detected using FTIR in He flow with increasing the temperature from 30°C to 

700°C (5°C/min).

Fig. 21 Schematic diagram of the TPD experimental setup.
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4.1.3 Results and discussion

XRD patterns of the CaO before and after the plasma-excited CO2 reaction are 

demonstrated in Fig. 22. The maximum temperature of the reactor with CaO catalyst was 

466°C when the plasma was applied. After the plasma-excited CO2 reaction, the CaO peaks 

intensity were reduced at 2θ of 32.25°, 37.40°, 53.92°, 64.21°, 67.44°, 79.72°, and 88.59°, 

while the CaCO3 peak intensity increased at 2θ of 29.43°. The CaO was reacted with 

CO2 to produce the calcium carbonate (CaCO3) at ~650°C [75, 76]. In addition, the 

calcium hydroxide (Ca(OH)2) peaks were almost disappeared at 2θ of 34.14°, 42.22°, and 

50.85°. 

Fig. 22. XRD patterns of CaO with/without plasma. 
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As shown in Fig. 23, the ground state of CO2 can be characterized into three modes of 

vibration including the symmetric stretching (ν1), bending (ν2), and asymmetric stretching 

(ν3) [74]. The IR bands of reactants and products of CO2 dissociation in the gas phase 

were indicated in Fig. 24 and Table 6. The IR bands at 3726 and 3626 cm-1 are assigned 

to the v1+v3 and 2v2+v3 as a combination band, respectively. The IR band at 2338 cm-1

corresponds to the asymmetric stretching. The IR band corresponding to CO appears at 

2176 and 2106 cm-1. 

Fig. 23 Vibrational modes of CO2, a triatomic linear molecule, and their IR activities.
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Fig. 24 IR bands of CO2 and CO in the gas phase.

Table 6. IR band assignment of CO2 dissociation reactants and products in the gas phase.

Molecule Mode Band position (cm-1)

CO2

Combination band (v1 + v3) 3726

Combination band (2v2 + v3) 3626

Asymmetric stretch (v3) 2338

CO Stretch

2176

2106
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The FTIR spectrum change of the CaO before and after the calcination at 900°C is 

shown in Fig. 25. The sharp band at 3641 cm-1 was associated with OH stretching 

vibration mode of water physisorbed on the surface of the CaO [77]. This was related to 

OH in Ca(OH)2 as shown in the XRD pattern. Similarly, the broad band centered at 3294 

cm-1 was also assigned to the OH stretching modes. The broad band from 1258 cm-1 to 

1427 cm-1 corresponded to the v3 asymmetric stretching of the CO3 group. The peak at 

1089 cm-1 was detected due to the v1 symmetric stretching mode of the CO3 group, which 

implied the formation of calcite. The sharp peak at 864 cm-1 corresponded to the v2

symmetric deformation of the CO3 group. The peak at 731 cm-1 was due to the v4 bending 

vibration [78, 79]. After calcination at 900°C, the mostly absorbed water from the CaO 

surface was removal.

Fig. 25 The FTIR spectrum change of the CaO before and after the calcination at 900°C.
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The temperature of the sample was not affected by the plasma as shown in Fig. 26. 

Thus, the sample temperature could be only controlled by the heater. The difference of the 

FTIR spectrum according to the temperature without plasma is shown in Fig. 27. As the 

temperature increased in the CO2 atmosphere, the intensity of the stretching band of OH 

groups was not only reduced but also absorption peaks in the range 1504-1404 cm-1 

markedly increased because of CO3
2- ion, which implied the increase of the carbonate 

content. At the above 300°C, the peaks at 2500 and 1790 cm-1 were appeared due to the 

adsorption of the atmospheric CO2 and C=O stretching, respectively [80]. Indeed, the 

intensities of corresponded CO2 bands at 3726 and 3626 cm-1 were reduced as the 

temperature increased, and they decreased by 8.11% and 18.75% at 500°C, respectively. 

Especially, the band from 1504 to 1404 cm-1, and 872 cm-1 corresponding to the v3 and v2

of the CO3 group were conspicuously increased at above 300°C.

Fig. 26 The temperature of plasma nozzle and sample in the DRIFTS apparatus.
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Fig. 27 The difference of the FTIR spectrum according to the temperature without plasma.

The IR intensities change on the surface of CaO accoridng to the temperature in the 

presence of plasma was depicted in Fig. 28. As a result, introducing the plasma seemed to 

improve the CO2 adsorption on CaO. After the plasma was applied, the CO2 band at 3726 

and 3626 cm-1 were significantly reduced at 400°C, and notably decreased by 28.09% and 

33.33% at 500°C, respectively. The adsorption of CO2 on CaO was improved greater than 

a factor of 3 compared to results without plasma at 500°C. In addition, the interesting 

result was the appearance of the IR peak of 1636 cm-1 at 200°C and 300°C. The reaction 

of CaO with CO2 is thermodynamically more favorable than that of Ca(OH)2, [77]. 
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Fig. 28 The IR intensities change on the surface of CaO according to the temperature in 

the presence of plasma

However, we confirmed that Ca(OH)2 and CO2 were reacted at higher than 200°C, of 

which the evidence was the appearance of 1636 cm-1 peak at 200°C and 300°C.

CaO + CO2 = CaCO3 (calcite), ΔrG°(298.15K) = -143.1±1.3 kJ/mol (2)

Ca(OH)2 + CO2 = CaCO3 + H2O(l), ΔrG°(298.15K) = -74.1±1.3 kJ/mol (3)

The reaction of Ca(OH)2 with CO2 in the presence of moisture led to the formation of a 

carbonate crust on the surface of Ca(OH)2. Then, the calcium bicarbonate (Ca(HCO3)2) was 

formed as expressed in Eq. 4. It was verified through the appearance of band at 1504 cm-1

[77, 78, 80]. The Ca(HCO3)2 band appeared at higher than 300°C after the presence of 

moisture peak at 1636 cm-1.
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CaCO3 + CO2 + H2O = Ca(HCO3)2 (4)

As mentioned in Fig. 25, most of the OH groups disappeared after the calcination, so 

the effect of them on CO2 adsorption through the reactions of Eq. 3 and 4 would be 

insignificant. Nevertheless, the plasma changed the reaction pathway on the CaO surface, 

which could promote the reactions of Eq. 3 and 4, resulting in the improvement of CO2

adsorption. 

The intensity changes of CO2, CaCO3, and CO3 with and without plasma are shown in 

Fig. 29 and 30, respectively. The intensity change of the CaCO3 and CO3 band with and 

without plasma was not observed, while the intensity of CO2 bands at 3726 and 3626 cm-1

was notably reduced in the presence of plasma. Consequently, it means that the adsorption 

of plasma-excited CO2 on CaO was based on physisorption, not chemisorption.

Fig. 29 The change of intensity of CaO according to the temperature in the absence of 

plasma.
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Fig. 30 The change of intensity of CaO according to the temperature in the presence of 

plasma.

Plasma-assisted CO2 adsorption performance was characterized by TPD. The adsorption 

performance of CaO was compared with that of Al2O3. When the plasma was applied, the 

temperature of CaO is indicated in Fig. 31. The desorption characteristics between Al2O3

and CaO was clearly different as shown in Fig. 32. After performing the absorbance of the 

plasma-excited CO2 on Al2O3 and CaO, the desorbed CO2 was measured as increasing the 

temperature from 30 to 700°C (5°C/min) for every 1 min using FTIR. In the result of 

Al2O3, the CO2 peak appeared at the temperature around 130°C. On the other hand, the 

CO2 desorption peak of the CaO was mainly observed at 400-500°C. The CO2 desorption 

temperature of CaO was higher than Al2O3, implying that the higher energy was needed to 
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desorb CO2 from CaO than Al2O3. However, the amount of desorbed CO2 on CaO was 

much higher than Al2O3, which can be attributed to the presence of CaO being highly 

active for CO2 activation.

Typically, the CO2 calcium looping cycle has been performed in the temperature range 

of 850-950°C. It was the main drawback of the cycle due to the energy penalty associated 

with the elevated temperature for both the capture and release components of the cycle. In 

this study, plasma was proposed as an attractive technology offering one of the possible 

solutions for CO2 storage and extraction with CaO. This study proved that the plasma can 

improve the adsorption of CO2 and also the physisorbed CO2 on the surface of CaO was 

strongly adsorbed enough not to be desorbed under 300°C. Moreover, it was more efficient 

than the general calcium looping cycle because most CO2 was desorbed under 600°C. 

Fig. 31. The temperature of CaO when the plasma was applied.
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Fig. 32. Plasma-excited CO2 TPD result of Al2O3 and CaO

4.2 In-situ decomposition of CO2

Frisbee et al. [80] studied the CO2 decomposition system using the zirconia (ZrO2) 

membrane, which selectively captures, transports and extracts oxygen ions when the voltage 

was applied as shown in Fig. 33. In this system, CO2 was chemically thermal-decomposed 

into CO and O2 through the vicinity of the zirconia cell. Then the O2 was extracted by 

the cell from the CO2–O2–CO mixture gas. The extracted O2 was reduced and entered the 

membrane as an ion, and then was recombined as dioxygen after oxidation on the other 

side. This system could produce the oxygen of 0.325 g/hr at 800°C, but the low system 

efficiency was still problematic due to its high operating temperature.
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Fig. 33 Schematics of CO2 decomposition system using zirconia membrane and 

electrochemical mechanism [27].
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Generally, significantly high energy is required for CO2 dissociation because CO2 is a 

very stable molecule. The thermal decomposition ratio of CO2 is known as approximately 

0.2% at 1400°C, which is too low to be commercialized. Thus, researches on the direct 

thermolysis of CO2 to improve the CO2 dissociation has been performed at 2,000°C [45]. 

On the other hand, G. Chen et al. [50] reported that vibrational excitation was the most 

effective for CO2 dissociation because the ideally minimal energy was required to perform 

the process.

The recent literatures have suggested that plasma can improve the strength and efficiency 

of chemical reactions because chemically active species and the significant concentration of 

excited molecules can be generated. For instance, non-thermal plasma (NTP) generates high 

energy electrons of 1-10 eV, which is high enough for CO2 dissociation. Notably, the 

plasma-assisted catalytic system provides the improved performance in terms of conversion, 

yield, selectivity and energy efficiency. In addition, the plasma can be combined with 

various packing materials and catalysts to enhance the performance such as conversion, 

selectivity, and energy efficiency.

In this chapter, the catalysts were evaluated for CO2 dissociation in the plasma-catalysis 

system consisted of two-stage processes under the low-current arc plasma. The -Al2O3, 

and Ce/Al2O3 catalysts were prepared in this study. The effect of adding catalysts in 

plasma on CO2 conversion and energy efficiency were evaluated. In addition, the 

mechanism of CO2 dissociation in the plasma-catalytic system was investigated by in-situ 

DRIFTS spectroscopy. From this study, the effect of metal oxide catalyst was verified for 

the plasma-assisted catalytic CO2 activation and the plasma can be a new alternative for 

CO2 decomposition as a high conversion rate and energy efficiency were achieved.

4.2.1 Plasma-assisted catalytic CO2 conversion experiment 

Catalyst preparation: The catalysts were synthesized by a wet impregnation method. The 

-Al2O3 was used as support. The Ce was loaded on -Al2O3 using the wet impregnation 

method. The Ce was loaded with 10 wt.% of the total weight of the catalyst support. In 

detail, CeCl3-7H2O was added to deionized water and was stirred at room temperature for 

1 hour. Then, the precipitates were dried at 70°C for 20 hours, and subsequently calcined 

at 400°C for 4 hours (0.5°C/min).
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Characterization of catalyst: The prepared catalysts were characterized by in-situ DRIFTS 

spectroscopy. In-situ FTIR spectrum of absorbed species on catalysts under the CO2-excited 

plasma was recorded using the same equipment with Chapter 4.1 and the experiment was 

carried out in the same condition. 

Evaluation of plasma-catalytic performance: The plasma-assisted catalytic CO2 conversion 

was performed in an arc plasma reactor as depicted in Fig. 34. The CO2 conversion was 

evaluated according to the temperature up to 200°C. The CO2 and He were injected by 

800 ml/min and 2,500 ml/min, respectively. The catalysts of 4.3 g were packed in the 

plasma reactor. To evaluate the performance of the low current arc plasma, CO2 conversion 

( ), SEI and energy efficiency (η) were defined as follows [45]:

   min 

  min 
×  (5)

  min 

 
×min 

(6)

   ×

   min ×   ×∆ 

(7)
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Fig. 34 Schematic diagram of experimental setup for the CO2 conversion.

4.2.2 Results and discussion

In-situ DRIFTS spectroscopy was performed to investigate the interaction of CO2 with 

the -Al2O3 under plasma in detail. In addition, the effect of the presence of the active 

catalytic component (i.e., Ce) on CO2 conversion was investigated. First, it was observed 

that the effect of temperature on the interaction of CO2 with the -Al2O3 without plasma. 

All catalysts were reduced at 400°C in 2 vol.% H2/He flow of 100 mL/min for 2 hours on 

the above apparatus. After cooling down to room temperature, the catalysts were heated up 

to 400°C with 5°C/min in 9 vol.% CO2/He flow of 550 mL/min, and then IR spectrum 

was collected at 25°C, 100°C, 200°C, 300°C and 400°C, respectively. The IR spectra of 

-Al2O3 in the absence of plasma is shown in Fig. 35. The band corresponding to CO2 was 

observed at 3726 (v1+v3), 3626 (2v2+v3) and 2338 (v3) cm-1. 
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Fig. 35 IR spectra of -Al2O3 in the absence of plasma.

As well known, the carbonate formation requires a high temperature higher than 200°C. 

However, although the species can be formed as various structures such as carbonates and 

bicarbonates, the apparent identification of these species is not simple because they have 

similar IR bands [81]. The shoulder band on the side of 1574 cm-1 was reduced as 

increasing the temperature, and nearly disappeared at 400°C. In addition, the band of 1458 

cm-1 appeared at 300°C. These changes in the band at 1574 and 1458 cm-1 implied the 

formation of bicarbonates [82].

The in-situ DRIFTS spectra of -Al2O3 according to the temperature in the presence of 

plasma is indicated in Fig. 36. 
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Fig. 36 IR spectra of -Al2O3 in the presence of plasma.

At the 1400-1800 cm-1, the various changes of the IR spectrum are observed after the 

plasma on. Differently from the absence of plasma, the band of 1458 cm-1 corresponding to 

bicarbonate that appeared at high temperatures above 400℃ was observed at room 

temperature. At 300℃, the shoulder band on the side of the 1558 cm-1 was disappeared 

and the new band of 1636 cm-1 appeared. Besides, the new band of centered at 1651 cm-1

that appeared at 200℃ was red shifted to the centered at 1744 cm-1 as the temperature 

increase up to 400℃. The bands at around 1744 and 1636cm-1 are corresponding to 

conversion to different types of bicarbonate by plasma-excited CO2. 
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The change of intensity of CO2 and CO bands compare with room temperature 

depending on temperature was indicated in Fig. 37. The intensity of the CO2 bands at 

3726 and 3626 cm-1 was reduced by 5.56% and 6.25%, respectively, at 400℃. The 

intensity of the CO band at 2176 cm-1 was improved as 33.33% at 200℃.

Fig. 37 The change of intensity of -Al2O3 depending on the temperature in the presence 

of plasma

The interaction of CO2 with the Ce/Al2O3 catalyst was investigated. All samples were 

pretreated in the same method as Al2O3. As shown in Fig. 38, the IR features observed for 

Ce/Al2O3 catalyst represent adsorbed species similar to the ones that detected for the Al2O3

support, i.e., adsorbed CO2 (3726, 3626, 2338 cm-1) and carbonates (1582, 1535 cm-1). 

However, at all temperatures, notable IR changes of CO2 interaction with Ce particles were 

not observed, which means that the conversion and formation of carbonation had not 
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occurred. It is because of the large amount of Ce particles occupy a significant fraction of 

the surface and prevent the formation and conversion of carbonates on the alumina surface.

Fig. 38 IR spectra of Ce/Al2O3 in the absence of plasma.

In the in-situ DRIFTS spectra of Ce/Al2O3, depending on the temperature in the presence 

of plasma, the intensity change was indicated in Fig. 39. In the presence of plasma, we 

observed a remarkable change on the surface of Ce/Al2O3. The band at 1600-1500 cm-1

corresponding to carbonate were disappeared at 300℃, while the new band at 1373 and 

1327 cm-1 were formed, which can be attributed to the formate species [83]. The cerium 

promoted catalyst can be an enhancement of the formation of intermediate formate species 
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[83-85]. 

Fig. 39 IR spectra of Ce/Al2O3 in the presence of plasma.

The change of intensity of CO2 and CO bands compare with a room temperature of 

Al2O3 depending on temperature was indicated in Fig. 40. The intensity of the CO2 bands 

at 3726 and 3626 cm-1 was reduced by 27.78% and 39.58%, respectively, at 400℃. The 

intensity of the CO band at 2176 cm-1 was improved as 66.67% at 100-200℃. 

Consequently, doped Ce on the surface of Al2O3 prevents the formation of carbonate 

(bicarbonate), which becomes free and accessible for CO2 adsorption. In addition, we 
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observed the new band attributed to the formate species, confirmed the cerium promoted 

catalyst can be an enhancement of the formation of intermediate formate species by the 

plasma-excited CO2. Notably, as step 3 in Fig. 24,  these formed intermediate species 

could be encouraged the generation of CO by the reaction of formate and bicarbonate.

Fig. 40 The change of intensity of Ce/γ-Al2O3 depending on the temperature in the 

presence of plasma

Table 5 shows the compared recent study of the CO2 decomposition and energy 

efficiency using different plasma systems. DBDs are among the most broadly studied for 

CO2 conversion because of the merit of easy operation and it can provide reasonable 

conversions of up to 40%, but the energy efficiency remains too low as below 10 %. As 

reported of A. Zhou [53], a notable result was obtained highly CO2 conversion of 52.1 % 
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in the ZrO2 packed DBD reactor, but energy efficiency is too low as 7%. In DBDs, the 

main reaction of CO2 splitting is dominated by electron-impact excitation followed by 

dissociation, not vibrational excitation, thus commonly energy efficiency shows limited 

below 10% [4, 23]. H. Zhang et al. [67] studied the conversion of CO2 performed in a 

rotating gliding arc plasma. Notably, the effect of additive gases (N2 and Ar) has been 

investigated on the reaction performance. They reported the enhanced CO2 conversion when 

CO2 was diluted with Ar or N2, but the CO2 conversion and energy efficiency are still too 

low as 4.4% and 10.5 %, respectively. T. Nunnally et al. [66] achieved a maximum energy 

efficiency of 35% in an atmospheric pressure GAP for CO2 conversion. This result shows 

significantly better than other general thermal arcs, while the maximum CO2 conversion is 

very low as 8.6%.

In this study, we achieved a reasonable value of CO2 conversion and energy efficiency 

as 20.34% and 42.93%, respectively, in the arc reactor packed with Ce/Al2O3. CO2 and He 

were injected as 800 mL/min and 2,500 mL/min, respectively, and the input power was 

supplied as 72.9W. From the DRIFTS experiment of the Ce/Al2O3 catalyst, the catalyst bed 

was heated to 200℃ due to the highest CO produce rate at 200℃, and we gained a high 

CO produce rate as 104.01 mL/min.

Table 6 Comparison of different plasma-catalyst system performance.

Type Arc plasma GA GAP DBD

Catalyst Ce/Al2O3 - - ZrO2

Gas mixture
24 Vol. % 

CO2/He

30 Vol. % 

CO2/He
CO2 CO2

Conversion (%) 20.34 4.4 5.1-8.6 52.1

Energy efficiency 

(%)
42.93 10.5 30-35 7.0

Reference This work [67] [66] [53]
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Ⅴ. Metal fuel ignition system

5.1 Propellant studies for MAV

Although the use of a high oxidizer to fuel ratio (O/F) decreases the engine 

performance, a higher O/F ratio means that less mass is required to be brought from Earth. 

Thus, many researchers investigated the rocket system of high O/F to reduce the required 

rocket system mass. Among the several possible propellants for MAV, paraffin and 

hydroxyl-terminated polybutadiene (HTPB) were considered in many studies because that 

has been successfully used in large hybrid rocket engines [86-91]. 

Chandler et al. [80] studied the hybrid rocket for a MAV using a paraffin-based fuel 

and a mixture of nitrous oxide (N2O) and oxygen (O2) as an oxidizer. This propellant can 

good performance in a harsh low-temperature Mars environment. In addition, to increase the 

Isp The hybrid rocket system is possible to the reduction of mass over the baseline design 

up to 30% because it has a higher performance and does not require thermal conditioning. 

However, this propellant is to be brought from Earth. 

G. A. Landis et al. [90] performed the design study of a hybrid rocket for MAV, using 

oxygen generated in-situ on Mars with HTPB. They considered additives to increase the 

specific energy of combustion such as aluminum (Al), lithium (Li), aluminum hydride 

(AlH3), lithium-aluminum hydride (LiAlH4), lithium borohydride (LiBH4) and decaborane 

(B10H14). Although AlH3, LiAlH4, and LiBH4 produce higher potential Isp, these additives 

required a lower O/F ratio. As a result, the mass of the propellant to bring from Earth 

increases. They analyzed performance for the LOX/HTPB-decaborane propellant at high O/F  

of 2.8 to minimize the weight of the propellant to be brought from Earth. 

5.2 The technology of metal fuel ignition

In previous studies, they assume that CO2 is the only available resource on Mars. As 

mentioned in chapter 1, however, the martian soil contained a lot of metals such as Mg, 

Al. In particular, it is well-known that aluminum is the use of additives to the fuel to 

increase the specific energy of combustion, it has a high energy density of 15.485 kJ/g 
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[92-98]. However, when almost metals come into contact with oxygen in the atmosphere, 

an oxide layer is formed on the surface of their particles. Particularly, aluminum oxide 

(Al2O3) has a melting point of >2,000°C and its structure is too dense for the oxidizing 

agent to contact with aluminum in the oxide layer [96]. As in show Fig. 41, the 

combustion of aluminum is subjected to a complicated ignition process as follows. First, 

aluminum in the oxide layer is melted, causing cracks generated on the oxide layer due to 

the thermal expansion of aluminum. However, the oxide layer is regenerated by a 

heterogeneous surface reaction taking place in the cracks generated at this time. As the 

process is repeated, when the particles reach the melting point of the oxide layer, the 

melted oxide layer forms a cap. Subsequently, the ignition process is finished and the 

combustion is initiated [105, 106]. This complex ignition mechanism of aluminum requires 

a lot of energy for the initial ignition, which reduces the efficiency of the entire propulsion 

system. In order to solve this problem, many researches have been conducted focusing on 

reducing the aluminum ignition temperature and accelerating the ignition process such as an 

additive coating with aluminum powders [101, 102] and a hydrogen torch ignition method 

[97].

Fig. 41. Ignition process of aluminum particle

Li et al. [101] studied the ignition of aluminum powders with adding sodium 

borohydride (NaBH4) by injecting steam at 500°C. When the steam was injected, 

Na2[Al2O3(OH)2]·1.5H2O was produced by reacting 2 moles of NaOH generated by NaBH4

hydrolysis reaction with 1 mole of Al2O3 and 1.5 moles of H2O. This reaction caused the 
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removal of the oxide layer on aluminum and then the aluminum was able to be ignited 

with steam at 500°C. Even though this mechanism was effective to reduce the ignition 

temperature, much energy was still needed to generate the steam of 500℃. In addition, 

NaBH4 was decomposed thermally at 500°C before NaOH was reacted with Al2O3, making 

it difficult to meet the condition for the reaction of NaOH with Al2O3. As an alternative 

method in order to control the ignition temperature of aluminum, the aluminum particles 

can be coated with nickel to prevent the oxide layer from growing on the aluminum after 

their oxide layer was removed. It was reported that the energy generated from the enthalpy 

difference between the reactant and product was accumulated in the nickel-aluminum 

particles during the sintering reaction. The energy source in the particle was effective to 

reduce the ignition delay and the ignition temperature. Noh et al. [102] has conducted the 

nickel coating on the aluminum particles and disclosed that the ignition delay of aluminum 

combustion was shortened by 40% and the ignition temperature decreased down to 1,450°C 

because of the nickel-aluminum sintering reaction. However, the temperature higher than 

1,000°C is still required and the nickel coating process makes it complicated and difficult 

the manufacturing process of the metal fuels. Miller et al. [103] suggested the hydrogen 

torch ignition method of spraying aluminum powders into a hydrogen/oxygen flame with a 

high temperature of 3,200°C. This method has the merit of using pure aluminum powders 

without any additives. In addition, the aluminum powders were possible to be ignited 

within 5 sec because the spark was used for the hydrogen ignition [104]. In recent, the 

hydrogen torch ignition method has been widely studied because of its simplicity and rapid 

ignition. However, a high-pressure storage tank for supplying the hydrogen is required, 

making it heavy and bulky the combustion system.

The conventional hydrogen torch ignition systems normally employed the liquefied or 

compressed hydrogen [105]. However, hydrogen needs excessive energy to be liquefied and 

suffers from boil-off during charge and storage [106]. The compressed hydrogen must be 

stored in a high pressure due to its low volumetric density, making it heavy the hydrogen 

tank. In order to solve the aforementioned problems, a hydrogen combustor using the 

solid-state NaBH4 instead of the hydrogen storage tank was proposed for the ignition of 

aluminum powders in this study. The hydrogen was generated and auto-ignited by the 

thermal decomposition of NaBH4. Finally, the ignition of aluminum powders was performed 
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using the proposed hydrogen combustor, which is simpler and lighter than conventional 

systems using the liquefied and compressed hydrogen because no high-pressure tank and 

gas lines for supplying hydrogen are required.

In the present study, the ignition of aluminum powders using the hydrogen combustor 

based on the solid NaBH4 thermal decomposition was carried out. Characteristics of the 

hydrogen combustor were investigated by evaluating the hydrogen generation rate through 

the thermal decomposition of NaBH4 as the air supply rate was varied. From the results, 

the optimum condition for the ignition of aluminum powders was determined. Based on the 

characteristics of NaBH4 thermal decomposition, the aluminum ignition was carried out to 

verify the applicability of the proposed method for the ignition system of aluminum 

powders.

5.3 Design and Experimental

5.3.1 Concept of the proposed ignition system of aluminum powders

In this study, a solid NaBH4-based hydrogen combustor was proposed for the ignition of 

aluminum powders. First, the NaBH4 is thermally decomposed to generate hydrogen and 

then the hydrogen is ignited when it reaches the auto-ignition temperature. Next, aluminum 

powders are sprayed to the high-temperature hydrogen flame, resulting in the removal of 

aluminum oxide film. The aluminum powders whose oxide film is removed are ignited 

with air in the pre-combustion zone. Subsequently, the aluminum powders are combusted 

with oxidizer in the main combustion zone. 

NaBH4 has been widely used as a hydrogen source because of its high hydrogen storage 

density of 10.6% [107, 108]. The hydrogen can be generated from NaBH4 by a hydrolysis 

[109] and a thermal decomposition [110]. However, the NaBH4 hydrolysis requires the 

addition of H2O as well as separate devices such as a pump and valve so it is not suitable 

for the ignition system. Other than the hydrolysis, the hydrogen can be extracted directly 

from the solid-state NaBH4 by the thermal decomposition as expressed in Eq. 8. When 

NaBH4 is thermally decomposed, solid phase byproducts are compounds of Na and B, 

whereas a gaseous product is only hydrogen [110].
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NaBH4 → Σsolid(Na, B) + xH2(x≤2) (8)

Basically, NaBH4 is thermally decomposed by heating up to its boiling point of 500°C. 

Pascal et al. [110] reported that the thermal decomposition of NaBH4 was activated under 

the condition of 1 bar and 534±10°C. Subsequently, the hydrogen was released and 

immediately ignited because its auto-ignition temperature is 500℃. Therefore, a simple 

hydrogen combustor through the NaBH4 thermal decomposition can be designed without 

separate devices for ignition. Table 6 shows properties of NaBH4.

Table. 7 NaBH4 properties

Melting 

point [℃]

Boiling 

point [℃]

Thermal 

decomposition 

Temp. [℃]

H2 storage 

density [wt.%]

△fH

[kJ/mol]

400 500
534±10 

(at 1bar)
10.6

-191

(T=300K)

5.3.2 Solid NaBH4-based hydrogen combustor

Experimental setup for the ignition of aluminum powders assisted by the hydrogen 

combustion based on the NaBH4 thermal decomposition is shown in Fig. 42. First, the 

NaBH4-based hydrogen combustor was designed. After grinding the solid-state NaBH4 to be 

powdered, the powders were pressed under the pressure of 26.8 N/mm2, making a 

cylindrical grain of which the diameter and length were 21.8 and 30mm. After then, a hole 

of 13mm in diameter was made in the center to obtain a hollow grain. The prepared grain 

of 30 g was filled into the combustor and a SiN ceramic heater (FKK) was installed at 

the front of the grain for heating the NaBH4 grain as shown in Fig. 42 (a). The heat flux 

of heater was controlled by adjusting an applied voltage through a voltage regulator. From 

the preliminary test, it was confirmed that the temperature was raised to 1,000°C within 5 

sec by applying a power of 65 W [111]. 
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Fig. 42. Experiment setup for the ignition of aluminum powders assisted by the hydrogen 

combustion based on the NaBH4 thermal decomposition, including (a) NaBH4-based 

hydrogen combustor and (b) aluminum powder injector.

When the heater turned on, the grain was locally heated around the heater, at which the 

NaBH4 thermal decomposition was initiated, generating hydrogen. The heater was heated up 

to 1000℃ within 5 sec but it was maintained for 25 sec at which the combustor 

temperature reached 500℃ because the heat should be propagated though the grain. The 

heater turned off after the hydrogen flame was generated. The hydrogen was auto-ignited 

immediately after generated but the equivalent ratio would be low (rich burn) and the 

flame was sustained on the inner surface of grain. The air as an oxidant was supplied to 

control the equivalent ratio and to move the flame into the combustion zone. The air 

supply rate was controlled by a mass flow controller (VIC-D220). A check valve was 

installed in the inlet of combustor to block the backflow due to the sudden increase of 

pressure in the combustor when the large amount of hydrogen was instantaneously 

generated by the NaBH4 thermal decomposition. In addition, in order to prevent the 

backfire of hydrogen flame from propagating, a nickel foam having a pore diameter shorter 

than the hydrogen quenching distance was installed between the grains and check valve.

As aforementioned, the NaBH4 thermal decomposition was initiated locally in the part of 
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grain contacting with the heater. After the hydrogen was ignited and the air was supplied, 

the NaBH4 thermal decomposition was propagated into the entire region because of the heat 

of hydrogen combustion. Therefore, the air supply rate played a role to determine 

characteristics of NaBH4 thermal decomposition. The temperature change in the combustor 

and the thermal decomposition time of NaBH4 grain were measured according to the air 

supply rate in the range of 30-50 L/min. In order to calculate the thermal decomposition 

efficiency of NaBH4, the undecomposed portion of NaBH4 in the grain should be known 

but it was difficult to be separated from the grain residue after the thermal decomposition. 

Thus, the amount of hydrogen generation from the hydrolysis of grain residue was 

measured because the hydrogen must be generated as much as the undecomposed portion 

of NaBH4 remained in the grain after the thermal decomposition. Fig. 43 shows the 

schematic of the hydrogen generator system for measured the undecomposed portion of 

NaBH4 remained in the grain after the thermal decomposition. It was reported that 97% of 

NaBH4 was converted into hydrogen and other byproducts by reacting with 3 M HCl 

solution [112]. A simple hydrolysis reactor was prepared to measure the amount of 

hydrogen generated from NaBH4. After the thermal decomposition, the grain residues were 

packed into the reactor and 3 M HCl solution was injected using a syringe pump. The 

hydrogen generation rate was measured by a mass flow meter after removing moisture 

contained in the hydrogen gas. The thermal decomposition efficiency of NaBH4 was 

calculated using Eq. 9.

Fig. 43. Schematic of the hydrogen generator system
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(9)

where ηtd, Vgrain residue, and Vfresh grain are the thermal decomposition efficiency of NaBH4, 

the measured amount of hydrogen generated from the grain residue, and the theoretical 

amount of the hydrogen that can be generated from fresh NaBH4 grain.

5.3.3 Aluminum powder injector

Aluminum powders should be injected at the constant rate into the hydrogen combustion 

zone for the stable ignition of aluminum powders. For this purpose, a powder injector with 

a rotating screw that is capable of uniformly spraying aluminum powders was developed as 

shown in Fig. 44. 

Fig. 44. Aluminum powder injector with a rotating screw

Generally, aluminum powders with a submicron particle size have been used because of 

its thin oxide layer that can be broken by applying a relatively low energy, but their 

handling and maintenance were dangerous due to its sensitivity even to atmospheric air. In 

this study, aluminum powders of 44 μm in the particle size (Duksan Pure Chemicals) 

were used taking the safety and easiness to handle into consideration. The powders were 
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filled in the powder chamber and transferred into the injection tube by rotating a screw. 

Then, air as a carrier gas was supplied into the injection tube so that the powders with the 

air were injected into the combustion zone. The screw with 9 mm in diameter and 10 mm 

in pitch was located in the lower end of the powder chamber, and the air supply rate was 

controlled by the mass flow controller. A motor was connected to the screw jointing a 

gas-tightness rotary coupler in between them. The powder injection rate was varied by 

controlling the rotating speed of screw and the air supply rate in the range of 20-60 rpm 

and 30-60 L/min, respectively, and was evaluated by measuring the weight of aluminum 

powders collected in the separate collector using a precision scale with resolution of 

0.001g. The filter with a permeable pore size of 2.5 μm, which is smaller than the 

aluminum powder size of 44 μm, was installed in the collector so that all of aluminum 

powders was accumulated in the collector. The change in the weight of the collected 

powders was recoded at an interval of 5 sec. 

5.3.4 Ignition of aluminum powders

Ignition of aluminum powders was performed by the NaBH4-based hydrogen combustor. 

The ignition process mainly consists of the auto-ignition of hydrogen generated from the 

thermal decomposition of NaBH4 and the injection of aluminum powders in the hydrogen 

flame. The developed aluminum powder injector was connected to the NaBH4-based 

hydrogen combustor as shown in Fig. 42 (b). The powder injection tube was installed in 

the combustion zone of the NaBH4-based hydrogen ignition system through the center hole 

of the grain. Thus, the aluminum powders were injected coaxially with the direction of 

hydrogen flame propagation to improve the combustion efficiency of the aluminum. 

A temperature sensor was installed inside the combustor to measure the change in 

temperature when the aluminum powders was ignited. In addition, AlO species of the 

aluminum flame was detected using a photodiode (DET10A2, THORLABS). The AlO was 

a main intermediate species of the aluminum combustion that can be used to evaluate the 

characteristics of the ignition and combustion of aluminum. The characteristic spectrum of 

AlO was composed of overlapped peaks in the wavelength between 450 and 550 nm. In 

particular, the highest intensity of peak was observed at 486 nm [113]. The AlO spectra 
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were selectively detected by using a band pass filter. 

5.3 Results and discussion

5.3.1 NaBH4 thermal decomposition

The total thermal decomposition time of NaBH4 and the temperature change of the 

combustor according to the air supply rate are shown in the Fig. 45. The surface 

temperature of the heater was raised up to 1,000°C within 5 sec for the rapid thermal 

decomposition of NaBH4. The thermal decomposition was initiated from the NaBH4 in 

contact with the surface of the heater, immediately generating the hydrogen gas. It was 

assumed that the NaBH4 thermal decomposition was activated after the temperature 

increased higher than 500°C that is the thermal decomposition temperature of NaBH4. 

Subsequently, the generated hydrogen was ignited without an ignition source because the 

auto-ignition temperature of hydrogen was 500°C. 

Fig. 45. Thermal decomposition time of NaBH4 and the temperature change according to 

the air supply rate
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As the hydrogen gas burned, the heat of combustion was propagated into the NaBH4

grain so that the thermal decomposition of NaBH4 was rapidly accelerated. Consequently, 

the hydrogen flame was formed in the combustion zone as shown in Fig. 42. The thermal 

decomposition time of NaBH4 was dependent on the air supply rate. Thus, the temperature 

change inside the combustor as the time elapsed was measured according to the air supply 

rate in order to evaluate the performance of the NaBH4-based hydrogen combustor. The 

total thermal decomposition time and the maximum temperature were presented in Table 8. 

Basically, the thermal decomposition time decreased as the air supply rate increased 

because the burning rate increased with the air supply rate. On the other hand, the 

maximum temperature increased with the air supply rate because the sufficient oxidant was 

diffused into the NaBH4 grain. However, the temperature reached maximum at 45 L/min 

and was dropped at 50 L/min. It means that the air supply rate was faster than the 

regression rate of NaBH4 grain.

Table 8 The total thermal decomposition time and the maximum temperature of the 

NaBH4-based hydrogen combustor according to the air supply rate.

Air supply rate

(L/min)

Thermal decomposition 

time (sec)

Maximum temperature

(°C)

30 107 889.5

40 111 1053.7

45 92 1210.9

50 77 1114.9
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The thermal decomposition efficiency of NaBH4 can be calculated by dividing the actual 

amount of the hydrogen generated from the thermal decomposition of NaBH4 with the 

theoretical one contained in the NaBH4. However, it was difficult to measure the hydrogen 

generation rate because the hydrogen was burned immediately after generated. Thus, the 

thermal decomposition efficiency of NaBH4 was calculated by Eq. 9. The each sample after 

the thermal decomposition at the different air supply rates was collected and the amount of 

hydrogen in the undecomposed NaBH4 residue was measured by reacting with 3 M HCl 

solution. In the air supply rate of 30 L/min, the total amount of hydrogen contained in the 

sample of 10 g was 1.4 L and the theoretical amount of hydrogen in the NaBH4 of 10 g 

was 26.0 L. Thus, the thermal decomposition efficiency was 95% from Eq. 9. In all cases, 

there was no big difference in the thermal decomposition efficiency as 95±0.5%. It means 

that the thermal decomposition efficiency was not dependent on the air supply rate. 

The hydrogen generation rate was estimated to calculate the equivalence ratio according 

to the air supply rate. In 30 L/min, for example, the NaBH4 of 30 g was decomposed for 

107 sec and the total amount of hydrogen during the thermal decomposition would be 37.1 

L as the thermal decomposition efficiency of 95% was applied. Therefore, the hydrogen 

generation rate was 20.8 L/min in average. Equally, the hydrogen generation rate for each 

air supply rate could be calculated. From the hydrogen generation rate and the air supply 

rate, the equivalence ratio of the hydrogen combustion using the thermal decomposition of 

NaBH4 was obtained. The thermal decomposition time, hydrogen generation rate, and 

equivalence ratio of the solid NaBH4-based combustor as a function of the air supply rate 

were presented in Fig. 46. The equivalence ratio was 1.21 in the air supply rate of 40 

L/min. As the air supply rate increased from 40 L/min, the thermal decomposition time of 

NaBH4 decreased, while the hydrogen generation rate increased with the equivalence ratio. 

For all of the air supply rate, the hydrogen combustion was occurred under the fuel rich 

condition.
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Fig. 46. Thermal decomposition time, hydrogen generation rate, and equivalence ratio of the 

solid NaBH4-based combustor as a function of the air supply rate (Thermal decomposition 

efficiency of NaBH4 was assumed to 95%).

The pictures of the NaBH4 grain before and after the thermal decomposition are shown 

in Fig. 47. The grain structure was not destroyed during the thermal decomposition. It 

means that the hydrogen was released the other byproducts remained in the grain.

Fig. 47 Pictures of the NaBH4 grain (a) before and (b) after the thermal decomposition.
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5.4.2 Ignition of aluminum powders

Aluminum powders were sprayed into the combustion zone using the powder injector. 

The air of 5 L/min was supplied as a carrier gas to transport the aluminum powders. The 

equivalent ratio would be changed because aluminum powders with the additional air were 

injected to the hydrogen combustion zone where the equivalence ratio was 1.21. The 

powder injection rate was 0.849 g/min in the screw rotation speed of 20 rpm. Thus, the 

equivalence ratio of aluminum combustion was changed to 1.127 when the carrier gas of 5 

L/min was supplied. The powder injection rate and the equivalence ratio of aluminum 

combustion according to the screw rotation speed are presented in Table 9. The powder 

injection rate was linearly increased with the screw rotation speed because the constant 

amount of powders was transferred by the screw rotation. The average amount of powders 

per revolution of the screw was 0.0289 g.

Table 9 Powder injection rate and the equivalence ratio of aluminum combustion according 

to the screw rotation speed.

Screw rotation speed

(rpm)

Powder injection rate

(g/min)
Equivalence ratio, ΦAl

20 0.849 1.127

40 0.920 1.133

60 1.268 1.158

※ For all cases, the air of 5 L/min was supplied as a carrier gas of aluminum powders.

The powder injection rate increased with the screw rotation speed, resulting in the 

increase of the equivalent ratio of aluminum combustion. For the ignition of aluminum 
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powders, the screw rotation speed of 60 rpm was selected because the equivalent ratio was 

close to the stoichiometric combustion. When the solid NaBH4 was decomposed with the 

air supply rate of 40 L/min, the temperature in the combustion zone was maintained higher 

than 1,000°C because of the hydrogen combustion. In addition, it was confirmed that the 

equivalence ratio was 1.21. At this time, aluminum powders was injected with 1.268 g/min. 

The total air supply rate was changed to 45 L/min because the additional air was supplied 

as a carrier gas of aluminum powders. Thus, the final equivalence ratio was 1.158. 

The ignition of aluminum powders was performed under the aforementioned condition. 

The NaBH4 thermal decomposition was initiated and subsequently the hydrogen auto-ignition 

was occurred. After the hydrogen combustion was stabilized, aluminum powders were 

injected into the combustion zone using the powder injector. The pictures of the solid 

NaBH4-based hydrogen combustion and the ignition of aluminum powders are shown in 

Fig. 48. The change of flame color could be observed before and after the injection of 

aluminum powders. At the hydrogen combustion in Fig. 48 (a), the flame color showed the 

strong yellow light, while after aluminum powders were injected, the length of flame 

became longer and the white light appeared at the center of the flame as shown in Fig. 48 

(b).

The temperature change inside the combustion zone with and without the injection of 

aluminum powders, and the signal of AlO radicals from the photodiode during the 

combustion are shown in Fig. 49. After the NaBH4 thermal decomposition was initiated, 

the temperature higher than 500°C was maintained by the hydrogen combustion for 111 

sec. On the other hand, the combustion could be sustained by injecting aluminum powders 

for 157 sec. It means that the aluminum combustion was activated even after the NaBH4

thermal decomposition was terminated. The result showed the temperature of aluminum 

combustion was lower than that of hydrogen combustion. However, it was because the 

thermocouple was installed in the exit of NaBH4 grain as shown in Fig. 42. The 

temperature in the combustion zone was much higher when aluminum powders was injected 

because the flame color was much brighter than the hydrogen combustion as shown in Fig. 

48. 
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Fig. 48. Pictures of (a) solid NaBH4-based hydrogen combustion and (b) ignition of 

aluminum powders. The flame color was changed by injecting aluminum powders in the 

combustion zone.
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In addition, it was confirmed that the signal of AlO radicals was detected when the 

aluminum powders was injected. Consequently, the ignition of aluminum powders was 

successfully performed by the hydrogen combustor using NaBH4 thermal decomposition.

Fig. 49 Temperature change inside the combustion zone with and without the injection of 

aluminum powders.
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Ⅵ Conclusion

The humans, for a long time, had looked forward to analyzing a sample of Mars to 

understand the chemical make-up and potential life forms that can exist on a planet that is 

potentially habitable by humans. If the next Mars investigation is performed by the 

two-way mission, it will enable tremendous scientific discoveries. The next step of Mars 

exploration has to bring samples to Earth for detailed analysis in sophisticated laboratories. 

However, to returning the Martian sample, it is required that the propulsion system with a 

comparatively large velocity change capability due to the relatively deep Martian gravity 

well.  Therefore, a significant amount of propellant will be required but bringing that mass 

from Earth would be impractical and grossly inefficient. Manufacturing in-situ propellant 

using the martian resource would be far more practical. In this study, we investigated the 

utilization of Mars resources for the production of field propulsion agent. 

First, we performed the plasma-assisted CO2 adsorption with CaO using low current 

under 100 mA for high energy efficiency. The mechanism of the plasma-assisted CO2

adsorption was investigated by in-situ DRIFTS spectroscopy. We confirmed that the CO2

band was significantly reduced by up to 28.09% 33.33% at 500℃, after introduced the 

plasma, which it was improved more than a factor of 3 compared to without plasma. Also, 

reaction of Ca(OH)2 and CO2 has occurred at 200℃ in the presence of plasma. The 

formed water, at this time, led to the formation of Ca(HCO3)2 reacted with CaCO3 and 

CO2. Plasma has enabled to increase of CO2 adsorption rates by promoting various 

reactions on the surface of CaO as well as carbonator reaction. Besides, most CO2

adsorbed on the CaO surface by plasma was desorbed at under 500℃.

Second, to improve the CO2 conversion and energy efficiency, we have investigated the 

interaction of CO2 with the catalyst in the presence of plasma via in-situ DRIFTS 

spectroscopy. It is observed that the formation of bicarbonate at higher than 200℃ on the 

surface of Al2O3, and conversion to different types of bicarbonate by plasma-excited CO2. 

Alumina supported Ce catalyst with metal loadings of 10 wt% has not occurred of the 

conversion and formation of carbonate because of the large amount of Ce particles occupy 

a significant fraction of the surface and prevent the formation and conversion of carbonates 
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on the alumina surface. In addition, we observed the new band attributed to the formate 

species, confirmed the cerium promoted catalyst can be an enhancement of the formation of 

intermediate formate species by the plasma-excited CO2. Notably, these formed intermediate 

species could be encouraged the generation of CO by the reaction of formate and 

bicarbonate.

Last, an auto-ignited hydrogen combustor using the NaBH4 thermal decomposition was 

developed to make it compact and lightweight the ignition system of aluminum powders. 

The NaBH4 was a superior hydrogen source because of its high hydrogen storage density. 

In addition, the NaBH4 thermal decomposition was activated at the temperature close to the 

auto-ignition point of hydrogen. Thus, when the solid NaBH4 grain was heated higher than 

500℃, the NaBH4 thermal decomposition was initiated and hydrogen was ignited 

simultaneously as generated. The ignition system of aluminum powders using the solid 

NaBH4-based hydrogen combustor combined with the powder injector with the rotating 

screw. The NaBH4 grain of 30 g was prepared and heated up to 500°C to activate the 

thermal decomposition only using the electric power of 65 W for 10 sec. As the NaBH4

was decomposed, the hydrogen was generated and immediately auto-ignited. The 

characteristics of NaBH4 thermal decomposition was dependent on the air supply rate. In 

the air supply rate of 40 L/min, the thermal decomposition time was 111 sec and the 

hydrogen generation rate was 20.1 L/min. When the hydrogen combustion was stabilized, 

aluminum powders were injected by 1.268 g/min into the combustion zone using the 

powder injector with 5 L/min of air as a carrier gas. The equivalence ratio was 1.158 

considering both the generated hydrogen and aluminum powders. Finally, the ignition of 

aluminum powders was successfully performed by the solid NaBH4-based hydrogen 

combustor and was validated by using a photodetector equipped with a 486 nm filter for 

AlO radical detection. 
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