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Abstract

In this paper, results of hydrogen production from hydrocarbons in the atmospheric

pressure microwave plasma are presented. As sources of hydrogen, both methane CH4

and tetrafluoroethane C2H2F4 were tested. A new waveguide-based nozzleless cylinder-

type microwave plasma source was used to convert hydrocarbons into hydrogen. The

processed gaseous hydrocarbons were introduced to the plasma by four gas ducts which
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formed a swirl flow in the plasma reactor. The absorbed microwave power was up to

5 kW. The gas flow rate was up to 212 l min-1. The hydrogen mass yield rate and the

corresponding energetic hydrogen mass yield were up to 866 g[H2] h-1 and 577 g [H2]

per kWh of microwave energy absorbed by the plasma, respectively. These parameters

are better than our previous results when nitrogen was used as a swirl gas and much

better than those typical for other plasma methods of hydrogen production (electron

beam, gliding arc, plasmatron).

1. Introduction

Recently hydrogen has gained in importance as fuel in fuel cell applications,

combustion engines or gas turbines with the goal to achieve more efficient exploitation

of energy sources and to reduce noxious emissions. The main substrate for hydrogen

production is methane from the natural gas. Methane or natural gas reforming is widely

used in industry to obtain hydrogen or synthesis gas (H2+CO), which are utilized in

industry, for example as source materials for the production of raw chemicals (e.g.

methanol and ammonia), as well as hydrogenation agents in oil refinery and reducing

gases in steel industry [1-3].

Usual reforming of methane is carried out thermally with steam and oxygen where

oxidation of methane takes place to provide reaction heat because the methane

reforming reaction using steam is endothermic. The main reaction in the steam

reforming of methane is the oxidation with steam, yielding a mixture of hydrogen and

carbon monoxide [1, 3]:
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CH4 + H2O ↔ CO + 3 H2, ∆H298=206 kJ mol-1. (1)

Since that process is highly endothermic, to decrease activation energy, it requires

catalyst, which is usually Ni/Al2O3 working at temperature 1100-1150 K. Hence the

reforming system is sensible to impurities in substrates which deactivates catalysts [2,

3].

Conventional technologies of hydrogen production, i.e. coal gasification,

hydrocarbon reforming and water electrolysis, are too expensive or not applicable for

specific applications (e.g. for fuel cells) due to technical reasons. Thus, new methods

areunder development, likewater photolysis, biological and plasmamethods [4-7].

One of attracting methods for conversion hydrocarbons to produce hydrogen is

the use of plasmas [1-3, 5-23]. The plasma contains reactive radicals, ions and high-

energetic electrons. High reactivity shown by these species enhances the chemical

reaction rates whereby expensive and impurity vulnerable catalysts can be avoided.

These advantages as well as its high energy density ensure the compactness of the

plasma reformer. Besides, the plasma system can be adapted for reforming various

hydrocarbons, like natural gas, gasoline, heavy oils and biofuels. Fast response time can

be also achieved because the plasma is operated by electricity. When steam is used as

the plasma supporting gas, reductive and oxidative radicals such as H, OH, and O are

produced in the plasma, enabling the plasma to be effective for reforming different

hydrocarbons.

Refrigerants based on fluorinated hydrocarbons may be another source of

hydrogen. They have been used for many years in air-conditioned systems. Formerly,

chlorofluoromethanes (CFCs) with different number of chlorine and fluorine atoms

were used in these systems. Unfortunately, these CFCs are potential ozone depleting
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substances (ODSs). The use of CFCs has been prohibited by the Montreal Protocol

since 1987. CFCs used as refrigerants have been replaced by hydrocarbons consisting of

carbon, hydrogen and fluorine atoms, i.e. having no chlorine atoms. These chemicals,

the so-called HFCs, are considered to be less harmful to the ozone layer. However, it is

already foreseen that in the near future also HFCs will be out of use due to their

particularly high global warming potential. Thus, efficient methods of destruction of the

stored refrigerants, which have been used before, as well as those currently emitted to

the atmosphere are in great demand. Since HFCs have hydrogen atoms in their

structures, their destruction may becombined with hydrogen production.

Recently developed microwave plasma sources (MPSs) operated at atmospheric

pressure [11, 12, 22-31] seem to have a high potential for hydrogen production via

hydrocarbon conversion. The microwave plasma at atmospheric pressure is one of the

plasma techniques providing the electron temperature of 4000-10000 K, and the heavy

particle temperatureof 2000-6000 K [26-31].

Our previous investigations in methane conversion to hydrogen [23] were carried

out using methane (17.5-175 l min-1) and nitrogen swirl (50-100 l min-1) at relatively

high absorbed microwave powers (3000-5000 W). The best conditions corresponded to

the absorbed microwave power of 3000 W and methane flow rate of 175 l min-1, where

the hydrogen mass yield rate and the corresponding energetic hydrogen mass yield were

222 g[H2] h-1 and 74 g [H2] per kWh of microwave energy absorbed by the plasma.

Since the hydrogen production presented in [23] was carried out in the presence of

nitrogen without any oxygen carriers, the main chemical reaction producing hydrogen

was methanepyrolysis.

Presence of nitrogen as well as methane conversion by-products, i.e. acetylene
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and unconverted methane, necessitate to separate hydrogen from other gaseous

components using a gas separator unit. In order to avoid or to facilitate separation

process, when high hydrogen purity is not required, we propose to use hydrocarbon as

the only gas entering the plasma generator. Results of methane CH4 and

tetrafluoroethane C2H2F4 (HFC-134a) conversion to hydrogen without any other

gaseous admixturearepresented in this paper.

2. Experimental setup

The main parts of the experimental setup used in this investigation were:

amicrowave generator (magnetron), microwave plasma source (MPS), microwave

supplying and measuring system, and gas supplying system (Figure1). The microwave

power (2.45 GHz, 6 kW) was supplied from the magnetron to the MPS via a rectangular

waveguide (WR-430) having a reduced-height section.

The absorbed microwave power PA (0.6-5 kW), i.e. microwave power delivered to

the discharge was calculated as PI - PR, where PI and PR are the incident and reflected

microwave powers, respectively. The incident and reflected microwave powers PI and

PR were directly measured using directional coupler (MEGA IND. 0G9Y7-66078-704)

equipped with HP 478A bolometric heads and HP 432A power meters (Figure1).

For hydrogen production via hydrocarbon conversion we used the similar

waveguide-based nozzleless cylinder-type MPS as in our previous work (Figure2,

[23]). In contrary to the previous work, the processed gaseous hydrocarbons

(50-212 l min-1) were introduced to the plasma not by the central duct of MPS but in the



6

form of aswirl. The processed hydrocarbons were introduced to the plasma by the four

gas ducts (Figures 3) creating the swirl flow in the discharge cylinder. The swirl

concentrated near the quartz cylinder wall and stabilized plasma generation. The swirl

held the discharge in the centre of the cylinder and thus protected the cylinder wall from

overheating. The inner diameter of theused quartz discharge tube was 26 mm.

The diameter of the copper shielding cylinder is 46 mm, so microwave at

frequency of 2.45 GHz cannot be guided along the copper shielding cylinder (operation

below the cut-off frequency). This causes lower losses of microwave energy, i.e., the

higher microwave power is delivered to the unit volume of the plasma. Moreover, the

copper shielding cylinder placed coaxially around the quartz discharge cylinder

protected thepersonnel and instrumentation from theelectromagnetic radiation.

Important advantages of the presented waveguide-based nozzleless cylinder-type

MPS are: stable operation in various gases (including CO2, air, nitrogen, methane,

HFCs) at high flow rates (hundreds l min-1, which is similar to other plasma methods

operating at high gas flow rate, [2, 8, 10]), easy initiation of the discharge in various

gases without any admixture of noble gases, no need for any special cooling system and

for sophisticated impedancematching (e.g., no need for a three-stub tuner).

On-line diagnostics of the working gas composition before and after the

microwave plasma processing of hydrocarbons was carried out using gas

chromatograph (SRI 8610C, sensitivity towards H2 was 0.01%), Fourier Transform

Infrared (FTIR) spectrophotometer (Nicolet 380 with a gas cell of 10 cm path length,

sensitivity towards CH4 and C2H2F4 was 55 ppm and 16 ppm, respectively) and

hydrogen detector (Crowcon XGard, sensitivity 0.1%). Gas chromatograph was fixed

for the hydrogen measurements using silica gel packed 1 m column of temperature 60ºC
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and TCD. Calibration was carried out with hydrogen of purity 99.999% mixed with

nitrogen of 99.99% purity and injected to the column with 10 port gas sampling valve.

Calibration curve was prepared from the hydrogen peak area measured at the TCD for

the hydrogen concentrations in the range of 0-100%. FTIR spectrophotometer was

calibrated for CH4 and C2H2F4 separately. Mixture of nitrogen of 99.99% purity and

methane of the same purity was flowing through the gas cell when FTIR spectra were

recorded. Calibration curve was made from values of peak height at 2885 cm-1. The

same procedure was used for C2H2F4 (purity of 98%) calibration using the peak area

measured from 3048 cm-1 to 2938.6 cm-1.

In order to avoid high pressure drop at the outlet of the plasma device, diagnostics

of the gas composition was carried out in the by-pass (Figure2). Production of

hydrogen was calculated from hydrocarbons and their conversion products mass

balance.

3. Results

3.1. Production of H2 from CH4

Diagnostics of the exit gas composition showed that unprocessed methane was

found as the only gaseous by-products resulting from methane conversion in microwave

plasma. The methane decomposed to hydrogen H2 and carbon (soot). The soot deposit

could be easily noticed on the reactor walls. The soot deposition started just after

plasma ignition, however not all soot deposited on the reactor walls. Major part of the

soot was blown off the reactor by the high gas flow. As a result, the thickness of the
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soot layer deposited on the reactor walls has not exceeded 2 mm and did not influence

the reactor lifetime.

Concentrations of H2 and CH4 in the exit gas depend on the absorbed microwave

power. At the power of 1.5 kW concentrations of hydrogen and methane were 99.88%

and 0.12%, respectively, whereas at the power of 5 kW they were 99.94% and 0.06%,

respectively. Thus, the total methane conversion degree [(CH4)converted / (CH4)initial ×

100 %] was 99.76-99.88% (Figure 4), where (CH4)initial is the total mass of CH4, and

(CH4)converted is the converted mass of CH4. The selectivity of methane conversion to

hydrogen [H2 / 2 (CH4)converted × 100 %] was 100%. Such a high selectivity as well as

lack of other gaseous by-products and significant production of soot show that reaction

of methanepyrolysis was themain path of methaneconversion into hydrogen.

The energetic parameters of the hydrogen production via the methane pyrolysis,

i.e. the hydrogen mass yield rate (Figure5a) and energetic hydrogen mass yield

(Figure5b) were up to 866 g[H2] h-1 and 600 g [H2] per kWh of microwave energy

absorbed by the plasma, respectively. The best energetic mass yield of hydrogen

corresponds to the absorbed microwave power of 1 kW (Figure5b). At higher absorbed

microwave power, the energetic mass yield of hydrogen is lower due to the fact, that

hydrogen mass yield rate is almost independent on the absorbed microwave power

(Figure5a). At absorbed microwave power of 5 kW, the energetic mass yield of

hydrogen reached about 150 g [H2] per kWh of microwave energy absorbed by the

plasma.

In our experiment, the plug efficiency of the microwave magnetron generator was

higher than 66 %, so taking into account this efficiency, the energetic hydrogen mass

yield is up to about 400 g[H2] per kWh of electrical energy used.
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Comparison of the energetic hydrogen mass yields for different methods in which

electric energy is directly used for methane conversion into hydrogen, is given in

Table1.

It must be pointed out that the energetic hydrogen mass yields shown in Table1

take into account only theelectrical energy used in the reforming (in some cases it is not

clear either the total electric energy used or absorbed by the plasma is considered). In

the plasma methods presented in Table1, the energy equivalent of methane used in the

reforming was not considered.

It is seen from Table1 that the plasma methods (except the electron beam [13]

and dielectric barrier discharge [17]) exhibit higher energetic hydrogen mass yield than

the conventional water electrolysis [32]. However, when the energy equivalent of

methane used in the conversion is taken into account, the energetic hydrogen mass

yields for the plasmatron with catalyst [2] and our method, which exhibit the highest

yields, arecomparable with that of theconventional water electrolysis.

Considering both the cost of methane and the total energy consumption (including

losses in power supplies), nowadays, among the hydrogen production methods, it seems

that the conventional steam reforming of methane [33] ensures the lowest cost of

hydrogen production. However, the conventional steam reforming of methane is a large

volume hydrogen production method. When the distributed hydrogen production

method are considered, the microwave plasma method presented in this paper seems to

beattractive.

3.2. Production of H2 from C2H2F4 (HFC-134a)

The on-line analysis of the exit gas composition using FTIR spectrophotometer
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showed that unprocessed C2H2F4 was found as the only gaseous compound detectable

by FTIR after the conversion of C2H2F4 in the microwave plasma However, since the

C2H2F4 was decomposed and soot (carbon black) was produced as a solid by-product, it

is obvious that other gaseous by-products, i.e. F2 and H2, which are not detectable by

FTIR, also had to be in the exit gas. We monitored the presence of H2 in the exit gas

using the hydrogen detector, whereas F2 in the exit gas was detected (qualitative

detection), observing changes of the colour of a paper wetted with potassium iodide and

starch solution. Thesoot deposits could beeasily noticed on the reactor walls.

Two series (series 1 and series 2) of measurements were carried out. In series 1

theC2H2F4 treatment was performed at constant flow rate (50 and 97 l min-1) for various

absorbed microwave powers. In series 2 the C2H2F4 treatment was carried out for

selected values of C2H2F4 flow rate and absorbed microwave power. The conversion

degree of C2H2F4 after plasma treatment as a function of absorbed microwave power is

shown in figure 6. At a power of 0.6 - 3 kW and C2H2F4 flow rate of 50 - 212 l min-1,

total C2H2F4 conversion degree [(C2H2F4)converted / (C2H2F4)initial × 100 %] was 63.3 -

84.1 %.

The selectivity of C2H2F4 conversion to hydrogen [H2 / (C2H2F4)converted × 100 %]

was 99.99% in all cases. Such a high selectivity as well as lack of other gaseous

hydrogen containing by-products and significant production of soot show that thermal

dissociation of C2H2F4 was the main path of C2H2F4 conversion into the hydrogen and

fluorine.

The H2 mass yield rate and energetic mass yield calculated from the mass balance,

are shown in figures 7a and 7b. The mass yield rates of products reached 0.7 kg[H2] h-1 

for H2. The mass yield rate of H2 is also almost independent of the absorbed microwave
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power PA at constant C2H2F4 flow rate. The reason of such behaviour is the constant gas

temperature in the plasma versus the microwave power delivered to the discharge at

constant C2H2F4 flow rate. The best energetic mass yield of hydrogen reached 670 g[H2]

per kWh of microwave energy absorbed by the plasma (Figure7b). This value

corresponds to the C2H2F4 flow rate of 97 l min-1 and absorbed microwave power of

0.6 kW. At higher absorbed microwave power, the energetic mass yield of hydrogen is

lower due to the fact, that conversion degree of C2H2F4 is almost independent on the

absorbed microwavepower (Figure6).

The energetic parameters of tetrafluoroethane destruction obtained in the present

experiment are superior to those when other plasma methods (e.g. corona [34], barrier

discharges [35, 36], gliding [37] and arc [38, 39, 40] discharges, low-power [41-43] or

moderated-power [27] microwave torch discharges) were employed for destruction of

HFCs. Among the other plasma methods, the best energetic parameters (C2H2F4

destruction degree, C2H2F4 mass yield rate and C2H2F4 energetic mass yield) of C2H2F4

destruction were achieved by Watanabe et al. [39] and Ohno et al. [40] using DC arc

plasma torches. There destruction degree, mass yield rate and energetic mass yield of

C2H2F4 were up to 100 %, 2 kg[C2H2F4] h-1 and 0.7 kg[C2H2F4] kWh-1, respectively.

Our method ensured the best mass yield rate and energetic mass yield. Due to the

absence of oxygen/air in the initial gas in our method, resulting in the lack of oxidation

reactions, the destruction degree (84 %) of the processed tetrafluoroethane was lower

than in our previous investigations and when using DC arc plasma torches.
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4. Conclusions

The results of this investigations show that hydrogen may be produced by

pyrolysis of both methaneand tetrafluoroethane.

When methane flow rate was 87.5 l/min, the total methane conversion degree was

99.76-99.88%, depending on microwave power delivered. When methane flow rate was

doubled then only half of CH4 was converted. The energetic parameters of the hydrogen

production via methane conversion, i.e. the H2 mass yield rate and energetic H2 mass

yield were up to 866 g[H2] h-1 and 640 g [H2] per kWh of microwave energy absorbed

by theplasma.

When C2H2F4 was used as a source of H2, the total tetrafluoroethane conversion

degree was 63.3-84.1 %, depending on tetrafluoroethane flow rate. In this case, the

energetic parameters of the H2 production, i.e. the H2 mass yield rate and energetic H2

mass yield were up to 700 g[H2]/h and 670 g[H2] per kWh of microwave energy

absorbed by theplasma, respectively.

The conversion degree of both hydrocarbons and H2 mass yield rate are almost

independent on the absorbed microwave power. When increasing the microwave power

delivered to the discharge, the electron density and electron temperature increase, but

the gas temperature is constant. This confirms that thermal pyrolysis is the main path of

hydrocarbon conversion.

The proposed atmospheric pressure microwave plasma system for hydrogen

production via hydrocarbons pyrolysis is expected to be of low cost and effective, and

thus promising for applications in thedistributed hydrogen production.

The absence of oxygen compounds as by-products in the off-gas is important
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advantageof thepresented method.
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Table and figure captions

Table1. Comparison of the energetic hydrogen mass yields for different methods in

which electric energy is directly used for methane conversion into hydrogen.

Figure1. Photo of the experimental setup with the waveguide-based nozzleless

cylinder-typeMPS.

Figure2. Sketch of thewaveguide-based nozzleless cylinder-typeMPS.

Figure3. Bottom view on the plasma (a) with a swirl flow and four ducts creating swirl

flow (b).

Figure4. Conversion degree of methane resulting from methane conversion using the

waveguide-based nozzleless cylinder-typeMPS.

Figure5a. H2 mass yield rate as a function of absorbed microwave power. CH4 flow

rate: 50 - 212 l min-1. H2 mass yield rate resulted from the H2 concentration

measurement.

Figure5b.Energetic mass yield rate of H2 as a function of absorbed microwave power.

CH4 flow rate: 50 - 212 l min-1.

Figure6. Conversion degree of tetrafluoroethane as a function of absorbed microwave

power.

Figure7a. H2 mass yield rate as a function of absorbed microwave power. HFC-134a

flow rate: 50 - 212 l min-1. H2 mass yield rate resulted from the H2

concentration measurement.

Figure7b.Energetic mass yield rate of H2 as a function of absorbed microwave power.

HFC-134a flow rate: 50 - 212 l min-1.



Hydrogen production
method

Initial composition Energetic mass yield
[g [H2] kWh-1]

CONVENTIONAL METHOD

Water electrolysis

[32]
H2O 21*

PLASMA METHODS

Waveguide-based
cylinder-type MPS

(our result)
CH4 600 (400*)(16.8**)

Electron beam

[13]
CH4 + H2O 3.6

Dielectric barrier
discharge

[17]
CH4 + air 6.7

Gliding arc

[8]
CH4 + H2O + air 40

Plasmatron with
catalyst

[2]
CH4 + H2O + air 225

Waveguide-based
cylinder-typeMPS

[23]
CH4+ N2 74 (50*)(13.2**)

* at the total electric energy used
** including energy equivalent of methane



Figure 1 (Fig1_Jasinski.tif)



Figure 2 (Fig2_Jasinski_revised.tif)



Figure 3 (Fig3_Jasinski.tif)



Figure 4 (Fig4_Jasinski.tif)



Figure 5a (Fig5a_Jasinski.tif)



Figure 5b (Fig5b_Jasinski.tif)



Figure 6 (Fig6_Jasinski.tif)



Figure 7a (Fig7a_Jasinski.tif)



Figure 7b (Fig7b_Jasinski.tif)


	Contents of Text_Jasinski_revised.docx
	Go to page 1 of 17
	Go to page 2 of 17
	Go to page 3 of 17
	Go to page 4 of 17
	Go to page 5 of 17
	Go to page 6 of 17
	Go to page 7 of 17
	Go to page 8 of 17
	Go to page 9 of 17
	Go to page 10 of 17
	Go to page 11 of 17
	Go to page 12 of 17
	Go to page 13 of 17
	Go to page 14 of 17
	Go to page 15 of 17
	Go to page 16 of 17
	Go to page 17 of 17

	Contents of Table 1 (Tab1_Jasinski_revised.doc)
	Go to page 1of 1

	Contents of Figure 1 (Fig1_Jasinski.tif)
	Contents of Figure 2 (Fig2_Jasinski_revised.tif)
	Contents of Figure 3 (Fig3_Jasinski.tif)
	Contents of Figure 4 (Fig4_Jasinski.tif)
	Contents of Figure 5a (Fig5a_Jasinski.tif)
	Contents of Figure 5b (Fig5b_Jasinski.tif)
	Contents of Figure 6 (Fig6_Jasinski.tif)
	Contents of Figure 7a (Fig7a_Jasinski.tif)
	Contents of Figure 7b (Fig7b_Jasinski.tif)

