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Dissociation of vibrationally excited methane on Ni catalyst
Part 1. Application to methane steam reforming
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Abstract

This paper describes extensive experimental research on steam reforming of methane using barrier discharges with/withoatlySiO
Nickel catalyst clearly showed chemical activity at 4@0in the presence of barrier discharge. Methane conversion largely exceeded over
equilibrium conversion rate, whereas product selectivity tended to follow equilibrium composition at given temperature: energy cost and
energy efficiency achieved 134 MJ/kg lind 69%, respectively. Electric property was unchanged in the presence of nickel catalyst, but at
least 400C must be maintained in order to derive synergistic effect between barrier discharge and, Idd&ilpst. Methane activation
mechanism is also discussed based on numerical simulation on streamer propagation in pure methane. Vibrationally excited methane is most
abundant (1016 cn? at 300 K, 101.3 kPa) and long-lived-{ w.s) radical species produced by electron impact, and those vibrational species
seemed to improve dissociative chemisorption on nickel surface at low temperature, leading to remarkable process improvement.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 5. Compactness and lightweight.
6. Rapid response.

Authors have for years been involved in natural gas con-
version chemistry such as direct synthesis of methanol using
barrier discharge—3]. Although industrial applications of
C; chemistry depend mostly on catalytic conversion pro-
cesses, plasma catalysis poses the following advantages th
catalytic process cannot achieve. More recently, applications ) ;
of pIZ'tsmg materials conversion are highlightgd zfsppromis- Ing tp numerical analysis, G_.\Iect_rons tenc_j tq lose 40._50%
ing technique for energy saving and environment safe pur- of primary energy through vibrational excitation collisions.

oses with increasing demand of hvdrogen and svnthesis agopulation of vibrational methane (bending mode: 0.16 eV,
&_7]_ win | g ydrog y e stretching mode: 0.36 eV) reaches 100 times higher than

electron density. Those enormous numbers of excited species
1. Power resources and its cost (solar, wind, local power, cannot contribute further chemical reactions due to rela-

The currently recognized biggest challenge is the im-
provement of energy cost and energy efficiency. From this
point, authors performed numerical simulation on streamer
aﬁropagation in pure methane to investigate fundamental elec-
tric and chemical processes for methane activation. Accord-

etc.). tively low reactivity. On the other hand, vibrationally ex-

2. Non-equilibrium processing (independent of temperature cited methane promotes dissociative chemisorption on a spe-
and pressure). cific transition metal at lower temperatuf8—10]. From

3. Omission of redundant decontamination process such aghese aspects, authors developed barrier-discharge enhanced
desulfurization. catalytic-bed (BEC) reactor combined with 3 wt.% Ni/SiO

4. Co-production of valuable materials as carbon nanotubepellets for efficient decomposition of methane, and applied
and graphite nano-particles. this technique to steam reforming. The rector scheme was

first invented by Mizuno and coworkef¥1,12], Yamamoto
* Corresponding author. Tekt 81-3-5734-2179; and coworker$13,14], and Futgmura and coworke{r?s'l'S].
fax: +81-3-5734-2893. As a result, methane conversion, hydrogen selectivity, thus
E-mail addresstnozaki@mech.titech.ac.jp (T. Nozaki). energy cost was greatly improved. This paper concentrates
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on analyzing fundamental electric and chemical character- Oy
istics of plasma/catalyst hybrid system for methane steam B T e
reforming. Conventional dielectric barrier discharge (DBD) !
was also investigated at the same time to provide reference ! |
data, anq synerg!stlc effect between barrier discharge and N, : ._
catalyst is extensively discussed. .|

..._#_._._._.,:_.:_ Rt

i : Anode| [mm]

2. Methane activation by electron impact Die"?f""{i' """""

2.1. Streamer formation and related chemistry

We performed numerical simulation on streamer propaga- Telxo =V+Telcg  Telea =Me¥e
tion in pure methane for better understanding of elementary n,=0 Lyl g =V,
electronic and chemical processd$]. Fig. 1 schemati- . ) ) L o
cally represents various electronic and kinetic processes ini;g':",lofcer‘rlfgl"’}\tl'g”: fggngf:?s and boundary and initial -condition:
streamer on an approximate time scale. The model consists ' '
of two different stages: streamer propagation and related _ _ ) _
chemistry where ionization, excitation, and dissociation of Procedure are discussed in detail by Dhali and coworkers
methane by electron impact were evaluated along with time [20,21} Morrow and coworker422-24] and Braun and
evolution of field strength and electron density (2—3ns). COWorkers[25-27}
Complete set of cross-sections for methane was thoroughly . ) )
reviewed by Morgan17]. We adopted cross-section set 2-2- Radical formation and energy branching
compiled by Davies et a[18] as recommended by Morgan , , )
because Davies provided detailed cross-section set over wide F'g_' 3 shows temporal_ develop.me.nt of _rad|cal Species
range ofE/N along with experimental data (5@ E/N < anq fmql products. AII radical species |ncIL_|d|ng electron are
1000 Td (townsend units)). During streamer development, rapidly increases with streamer propagation. Electron den-

. _3 . .
electric energy input and thus radical formation efficiency Sty reaches ¥ cm 3. C, CH, Chb, and H are quickly dis-
was analyzed in detail. After the termination of streamer 2PPeared after streamer termination to produgié,CCzHa,

development, the second stage, ionic and free radical chem2nd Fb. CHs survives relatively long time, but gradually re-

istry that would last for 10ms was performed with the COmMbine to form GHg. The most abundant species are vi-
reaction scheme proposed by Tachibana elal. Sixteen brationally excited 'methane thaF reached 1OQ 'tlmes higher
neutral species, four positive ions, and two vibrationally ex- than electron density. However, it cannot participate further
cited species were incorporated in our model. Temperaturer?aCt'_onS because of low reactl_wt)_/._Therefore, production of
and pressure were 300K and 101.3kPa, respectively. vibrational methane leads to 5|gn|f|can.t energy loss. .

Fig. 2 illustrates the calculation domain along with ~ EN€rdy spent by electrons to produdk radical specie
boundary and initial conditions. We simulated anode di- Was calculated by the following equation:
rected streamer (ADS) ignited from tiny plasma spot lo- T
cated in front of the cathode. We assumed that streameri () = fg o _/0 eikiNeNc, dr dx (1)
was one-dimensional cylinder with 1Q@n diameter. Basic
equations were continuity equations for electron, ions, and Heresis the cross-section of cylindrical filament body2m
neutral species, and Poisson’s equation. Thirty-eight ele- r the streamer lifetime (s3; the excitation threshold (e
mentary reactions including eight inelastic collisions were the rate constant (#s), N the electron density (), Ncp,
simultaneously solved. Physical modeling and mathematical the methane density (). Approximate radical density and

Streamer lonic and free radical chemistry
< <
< <>
lonization, Exgitation lon-molecule
Dissociation .
CHy, Oy, CHy, Gy ) > Negighle
exai _’ Radical-molecule
Ch cHy My, CHa. Gy, CHl, Col, CaHy', G, > Ha, Cotle
g C3Hy", C, H, CH, CH,, CHy, GH, CiHs, CH, CzHz, CaH,
5 I, Hy
CHylv13), i De-excitation
R CILv20. Clltv) )L Energy loss
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>
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Fig. 1. Reaction scheme.
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Evolution of radical species and final products (200 Td, 101.3kPa, 300K): (a) Radical species; (b) final products.

Electric processes and energy branching (20 Td, 101.3kPa, 300K, lifetiB1Bns, Ne ~ 101 cm3)

Reaction (CH + e) & (eV) Density Energy branch (%) ki/We? [cm?] (500 Td)
—CHg(v24) + e 0.162 150l 11.9 372x 10718
—CHa(v13) + e 0.361 245 316

—CHsz +H + e 9.0 10N 17.0 88.4

—CH; + Hy + e 10.0 ~Ne 13.2 79.6

—-CH+H +H+e 11.0 10.8 715

—-C+2H; +e 12.0 9.3 64.5

—CHsm +e+e 12.6 Ne 9.4 70.7

—CHst +H +e+e 14.3 4.0 46.6

aDrift velocity of electrons (cm/s).

energy distribution are summarized Table 1along with

(ID 6 mm) reactor packed with 3wt.% Ni/Siatalyst pel-

excitation threshold. Excitation threshold for vibrational ex- lets (1.2 mm sphere) was located in a constant tempera-

citation is of the o

rder of 0.1-0.3 eV, however, 40% of input ture bath where ambient temperature was kept constant at

electric energy was consumed since rate constants are 1020°C to avoid liquid condensation. High voltage sine wave

times larger than

other reactions. From this point, decom- (76 kHz) was applied between wire and external electrode.

position of vibrationally excited methane poses significant The discharge was ignited at pellet contacts, and then prop-

importance.

3. Experimental

3.1. Plasma—catalyst reactor and gas analysis

agated covering pellet surface. The void fraction of packed
bed rector was 80% for 1.2 mm SiQellets. Methane and
water-vapor mixture was fed into the reactor at various mix-
ture ratio and flow rate. An amount of 10vol.% nitrogen
was included in methane cylinder as a reference for quanti-
tative gas analysis. Reactor temperature was measured and
controlled at the external electrode. The possible maximum

The experiment was performed based on two different temperature increase due to plasma itself was’218t 16 W
barrier discharge reactors to clarify plasma—catalyst interac- power input. The actual reaction temperature was increased
tion. Fig. 4 shows the BEC reactor equipped with electric up to 700°C with external electric heater. Three different
heater around external ground electrode. The wire-to-tube conditions were investigated in BEC reactor with (1) only

CHy N2 Hz0

Glass tube(ei=6)

Fig. 4. Barrier-discharge enhanced catalytic-bed (BEC) reactor.

3wt.% Ni/SiQ; (without plasma), (2) plasma and 3wt.%
Ni/SiOz, and (3) plasma with Si©(without catalyst).

In addition, conventional DBD reactor givenhig. 5was
used to provide reference data, and electric and chemical
properties for barrier discharge were compared to results
obtained in BEC reactor. The empty wire-to-tube reactor
cannot be used for this purpose since wire electrode tended
to reach red-hot due to its small heat capacity. This situation
resulted in unstable plasma operations. High temperature
wire electrode may act as a hot spot, leading to unexpected
high reactivity for given temperature. Detailed experimental
conditions were summarized rable 2

[Unit : mm]
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Table 2

Experimental conditions

| (DBD?) Il (DBD + SiOy) Il (DBD + 3wt.% Ni/SiQy) IV (3wt.% Ni/SiO2)
Co-axial parallel Packed-bed tubular

0.5, 1.0mm gap Sippellet (200 n/g): 1.2mm at 80% void

2-10 §C) Total flow rate: 25 and 33 sccm; 2-%/C)

10-90W Frequency: 10, 76 kHz; input power: 5-26 W

10-300sccm 120-40@ 200, 400, 600, 700C

165-400C - 3wt.% Ni/SiQ, incipient-wetness

1-76 kHz - 3wt.% Ni/Si@, incipient-wetness

aDielectric barrier discharge.

Thermacsupla two-term spherical harmonic expansion solutions of Boltz-
¥

mann transport equation. Swarm parameters derived by
the solution provide satisfactorily good agreement when
reduced field strength was lower than 500[18,29]

Fig. 6 shows time- and space-averaged electron density
against average field strength. Hollow symbol represent
DBD reactor, whereas solid symbol represent BEC reactor,

CHy Ny Hz0 o respectively. DBD reactor demonstrates typical negative
Disarge gap=05,1.0  Dielectric tube (Unit : mm] differential conductive (NDC) characteristics, showing that

high field strength and high electron density cannot be si-

Fig. 5. Co-axial dielectric barrier discharge (DBD) rector. multaneously attained. Two horizontal doted lines showed

constant power line. Discharge power and electron density

Part of reaction gas was sampled after cold trapahid increases non-linearly with respect to operating frequency,

N2 were analyzed by gas chromatograph equipped with TCD and reduced field strength approaches breakdown field in
detector, and hydrocarbons such a4 (mainly ethane), pure methane (83 Td). It is interesting to note that average
C3 (propane) were measured by GC (FID). CO and,CO field strength exceeded breakdown field when operating
were also measured by GC (FID) after methanation. frequency was low enough. This situation is also found in
computer simulation: the actual field strength at streamer
head, where the copious amount of radical species are pro-

4. Results and discussion duced, generally exceed breakdown fi[g8—27] It is sud-
denly reduced with increasing frequency, and approaches
4.1. Electric properties for DBD and BEC rector breakdown field in pure methane probably due to increase

in ions remaining between gap.

Fundamental electric properties for individual reactor  In the case of BEC reactor, situation became even more
have been analyzed based on steady state discharge modetomplicated because discharge would be ignited at pellet
This model provides time- and space-averaged electric contacts, and propagates along pellet surface. However, dis-
properties of barrier discharges and commonly used for charge characteristics also show typical NDC characteristics.
macroscopic characterization purpose. This model is ex- Reduced field strength was approximately near breakdown
pressed by the following relation:

w 10°
eNVe (E/N)Sd

Ne(m~3) =

Here « is the part of energy carried by electrons. Gen- 10° [ g
erally assumed to be 0.5 for streamer type breakdown (-),
W the discharge power (W) the electrode area (&) d
the gap (cm)g the elementary charge (N the reduced r
field strength(Td(= 1017V cm?)), Ve the drift velocity of

Ne [em™]

i
E Break down in CH,

electron (cm/s) andN the molecular density (cn¥). Dis- 10° [lsaa

charge power and reduced field strength was derived from
Lissajous figure, and electron drift velocity was calculated . 0 400 e00

by ELENDIF software incorporated with cross-section data E/N [Td]

prOVIded by Davies et al[18] for methane and HayaShl Fig. 6. Electric properties based on steady state discharge model. Hollow

[28] for water-vapor, respectively. ELENDIF calculates symbols represent DBD reactorOj 1.0mm gap, [J) 0.5mm. Solid
time-dependent electron energy distribution function by symbols are BEC: @) SiO,, (M) Ni/SiO,.
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Fig. 7. Methane conversion vs. specific input energy. The results were

obtained without nickel catalyst. Wide ranges of conditions as listed in
Table 2(l and 1) were examined.
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produced by secondary reaction op @nd G products.
Combined selectivity for those products amounted to 40%
over 10 eV/moleculeAH,/ ACHg ratio, i.e. hydrogen selec-
tivity, is ideally between 3 and 4 for steam reforming of
methane, but actual selectivity was limited by 2.5 since 40%
of methane turned into £and G hydrocarbons. In addi-
tion to hydrogen, carbon monoxide was dominant product.
Water—gas-shift reaction would be negligible due to low tem-
perature reforming. Operating conditions showed little im-
pact on product selectivity, and carbon oxides also reached
constant value at higher input energy. A little amount of al-
cohol such as methanol and ethanol was detected, but selec-
tivity was below 1% when specific input energy exceeded
10eV/molecule.

4.3. Barrier-discharge enhanced catalytic process

Methane reforming in BEC reactor was performed to in-

field of methane at high frequency operation. There was not vestigate combined effect of barrier discharge and 3wt.%

remarkable difference with respect to reactor configuration,

operating conditions, and the presence of nickel catalyst.
4.2. Methane conversion by barrier discharge

Methane conversion property in DBD reactor was investi-
gated without nickel catalysEig. 7 shows the methane con-
version with respect to specific input energy. All data were
obtained in DBD and BEC reactors in wide ranges of condi-
tions as described imable 2(I and Il). Methane conversion
is monotonically increases with specific input energy. The

Ni/SiO; catalyst. SiQ pellet (1.2 mm) was filled at 80% void
fraction. Reaction temperature was increased up ta®@00
by external electric heater. Gas composition, power input,
and other conditions are already listed Table 2 Cata-
lyst bed was immersed in hydrogen atmosphere and main-
tained at 600C for 1 h before experimentig. 9 shows

the methane conversion characteristics for BEC reactor (line
“A"). The results indicated by line “B” correspond to those
obtained in DBD reactor. Methane conversion is remarkably
promoted in BEC reactor when bed temperature was' 600

In addition, product selectivity was dramatically improved

same as electric properties, various parameters such as gasy combining barrier discharge and nickel catalyst. Charac-
composition, reaction temperature, frequency dose not affectigrization of reaction enhancement and its mechanism will

reaction characteristics. The more input energy resulted inpe giscussed by focusing on chemical equilibrium basis.
more methane conversion, and energy efficiency was about

0.2-0.6% Eq. (4) regardless of operating conditions. 4.4. Synergistic effect between barrier discharge and

Fig. 8a) and (b) shows the product selectivity plotted catalyst
against specific input energy. The selectivity for all prod-
ucts is also expressed by a single parameter, i.e. specific Fig. 10compares the methane conversion characteristics
input energy. Ethane (¢ was first produced by CHcou- for three different reaction systems. Results obtained by
pling, then propane (§} and butane (&) was successively  DBD reactor (without catalyst: I) and Ni/Si@atalyst (with-

100 3 75

75 F
oy {2 # sof
z T =
2 50 s
g S =&
3 £ 3
7] 113 & 25}

25 F =

C,.C, products \ - o
P T A
o 1 0 D l{- i A sl A A d A 2 223
1 10 100 1 10 100

(a) Specific input energy [eV/molecule] (b) Specific input energy [eV/molecule]

Fig. 8. Product selectivity of: (a) hydrogenpzGand G components; (b) carbon oxides. The results were obtained without nickel catalyst. Conditions are
listed in Table 2(I and ).
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Fig. 9. Methane conversion: (A) barrier dischargaickel catalyst; (B)
barrier discharge.

out plasma: 1V) are also plotted. Dotted line indicates equi-
librium conversion at given temperature whep1CH, =
2

Barrier discharge is able to decompose methane at lower

temperature, and 25% conversion was achieved af@00

This is the great benefit of barrier discharges over catalytic
reaction. However, methane activation by electron impact
was almost independent of reaction temperature since elec
tric property was not influenced by ambient temperature as

shown inFig. 6. As a result, methane conversion showed
constant value until 400C [30]. When the temperature
exceeded 400C, solid carbon or soot was gradually ac-

cumulated, and stable filamentary barrier discharge could
not be maintained. We did not observe specific increase in
methane conversion, whereas selectivity for propane and bu

tane decreased. Methane is hardly decomposed evetC900

in the absence of catalyf21,32] In fact, Mutaf-Yardimci

et al. [33] applied pulsed corona discharge to preheated
CH4/COy/air mixture for hydrogen generation; however,

a fraction of methane was pyrolized even at 900 and

100 -
(23-28W)
£ 5}
=
K=
p
g Wl ¥ NISIO,
£
20W
3 (20W)
£ B ;
o DBD{(25W) ,+"
0 lomgms= . .
100 300 500 700 200

Temperature [°C]

Fig. 10. Methane conversion characteristich): Barrier discharges (1),
(H): 3wt.% Ni/SIQ; (IV), (@): DBD with 3wt.% Ni/SiQ; (1), (---)
equilibrium conversion (KO/CHs = 2). Discharge power: 20-30W,
residence time: 1.0s, frequency 76 kHz.
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synergistic effect could not be observed when the plasma
was combined. The addition of air prevented the formation
of soot, but 30-40% of synthesized hydrogen turned into
water in their experiment. So long as methane dissociation
relies only on electron impact, synergistic effect between
plasma and thermal reaction is not anticipated even this high
temperature. It is important to note that selectivity might be
affected by high reaction temperature, but methane conver-
sion falls fur short of equilibrium value in the absence of
catalyst. On the other hand, nickel catalyst does not show
catalytic activity below 400C, and methane conversion
was half of the equilibrium value at 60C. If the tempera-
ture reached 700C, methane conversion abruptly increased
and attained equilibrium value.

BEC reactor exceeded equilibrium conversion over the
tested temperature range. The strong synergistic effect of
barrier discharge and nickel catalyst was observed between
400 and 600C: methane conversion exceeded combined re-
sult of barrier discharge and nickel catalyst. On the other
hand, catalytic reaction predominates over barrier discharges
above 700C, and synergistic effect was not achieved below
200°C. Methane conversion curve for Ni/SiGhifted to
200°C left in the presence of barrier discharges: this means
that the apparent activation temperature for nickel catalyst
seemed to be lowered due to the existence of barrier dis-
‘charges. In addition, we did not observe carbon deposition
in BEC reactor, even thoughJ®/CHs = 2 was mostly
maintained during the experiment.

Fig. 11(a) and (b) shows the product selectivity obtained
by BEC reactor. When the temperature was 200reaction
characteristics were very similar to those obtained by DBD
reactor: 50% of carbonaceous products wege(@ainly
ethane) and & (propane) hydrocarbons. Product selectiv-
ity approaches equilibrium composition with increasing re-
action temperature, and perfectly follows equilibrium curve
over 600°C. It is interesting to note that methane conver-
sion largely exceeded equilibrium value, but products se-
lectivity follows equilibrium one. This means that electron
impact process plays an important role during gas phase
methane activation: not only ground state methane molecule,
but also excited molecule can be decomposed on nickel
catalyst, leading to apparent low temperature activation of
methane.

4.5. Energy cost and energy efficiency

There are many possible definitions to characterize energy
cost of various reforming processes including conventional
catalytic one. We first define energy efficiency with the spe-
cific formulae. The analysis was based on energy spent by
DBD or BEC reactor. The power efficiency of high voltage
power circuit, that is power spent by plasma reactor divided
by plug-in power, was about 60%, and not included in this
analysis.Fig. 12 shows the schematic diagram of enthalpy
balance for a typical reformer. Most commonly accepted def-
inition would beEg. (3)that is expressed by higher heating
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Fig. 11. Products selectivity of packed-bed barrier discharge

value of methane, syngas, and external enthalpy input:

AHco+ AHH,
AHcH, + W

energy efficiency%) = x 100

3)
Here AHy, is the higher heating value of hydrogen
(285.8 kJ/mol) AHco the carbon monoxide (283.0 kJ/mol),
AHch, the methane (890.3kJ/mol) and/ the external
energy input. The highest energy efficiency for modern
catalytic reformer combined with heat recycling system is

able to attain 90%. This means that at least 30% of initial
methane must be completely combusted to provide high

temperature heat source. In the case of plasma reforming,

high energy electron must provide not only radical species,
but also enthalpy required for endothermic reaction. Energy
efficiency provided by DBD reactor was in the range of

5-20%, but BEC reactor reached as high as 6%&ble 3

compares the energy cost and energy efficiency at various

reforming conditions.
Energy efficiency can be also defined by endothermic re-
action enthalpy with respect to external energy input:

A Hreform

energy efficiency%) = x 100

4
Here AHeform is the endothermic reaction enthalpy due to
steam reforming. This definition is only applicable to en-

dothermic reactions. In addition, energy consumption per
unit hydrogen mass is often used in plasma refornjiag:

CO+H;
E:> AHoo, AMy,

Fig. 12. Energy diagram.

ﬁ W' Loss

Reformer

CH. E (CHa + H:0 = CO + 3Hy)
AHMM"II

[

Plasma: electric energy

or
Fuel (CH,): heat source

H; Selectivity [-]
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x| .
AH,/ACH,
2 F
1}
D 'l L 1
100 300 500 700 200
Temperature [*C]
reactor: (a) CQ,&Q- Cs; (b) Ha. (---) equilibrium curve.
w
energy costMJ/kg H,) = m (5)
2

Here [H] is the hydrogen mass production rate (kg/s).
Energy cost for partial oxidation of methane using spark
discharge is 267 MJ/kgH(H» selectivity: 38%, CO selec-
tivity: 65%). Steam reforming using gliding arc discharge
achieved the highest value of 97 MJ/kg #ith CH, conver-
sion of 44%. Energy efficiency defined By. (4)was 33%.

On the other hand, dry reforming using high temperature arc
discharge resulted in 234 MJ/kgHvith 27% energy effi-
ciency Eg. (4). All these plasma sources are considered as
‘transient arc discharges. Electron temperature seems to be
higher than gas temperature, but gas temperature is increased
by several 100—100CC. Not only electron impact, but also
high temperature heat source plays an important role dur-
ing endothermic reforming processes. In this work, energy
cost for BEC reactor operated at 6@Dand 10 kHz resulted

in 136 MJ/kg b with 88% hydrogen selectivity and 64%
methane conversion. Energy cost and energy efficiency was
effectively improved in plasma—catalyst combined reactor.

4.6. Energy regeneration from low temperature heat
source via vibrationally excited methane

As previously mentioned, methane molecules excited to
stretching vibrational state are about 1600 times more reac-
tive on clean nickel surface than those in the ground state.
In addition, computer simulation presentedSection 2pre-
dicts that most abundant and long-lived radical species pro-
duced by electron impact is vibrationally excited methane:
number density of those radical species reached 100 times
higher than electron density and consumed 40% input elec-
tric energy. Reaction mechanism in relation to reaction tem-
perature is discussed in detail in separate pf®Er

Fig. 13schematically presents potential curve for methane
molecule. Thermal dissociation of methane to H ancsCH
for example, follows the ground state potential curve. This
process requires high temperature heat source (>@pand
consumed 4.26 eV dissociation energy. On the other hand,
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Table 3
Comparison of energy cost and energy efficiency
Reaction type Power (W) Conversion (%) Selectivity (%) Energy efficiency an@ cost
CHq H, CO Eg. (3)(%) Eg. (5)(MI/kgHz) Eq. (4) (%)
| (DBD)
200°C, 10kHz 15.3 13 53 34 21 5974 0.5
400°C, 76 kHz 67.2 49 53 41 5 8080 0.4
IIl (DBD—NIi/SiO2)
400°C, 10kHz 3.29 10 51 2 61 1330 2.0
400°C, 76 kHz 25.2 47 89 17 23 1004 3.3
600°C, 10KHz 4.40 64 88 40 69 136 26.5
600°C, 76 kHz 28.7 87 84 58 22 691 5.3
IV (Ni/SiOy)
600°C - 33 94 21 - - -
General steam reformer (20 sccm at 800-90P 5.7 100 100 100 90 63 66

a@Reaction enthalpy (endothermic) regarding &d G formation is not considered.
b Energy efficiency defined biq. (3)is assumed to be 90% with GH HoO = CO+ 3H;.

methane dissociation by electron impact must follow upper Plasma enhanced catalytic reaction is explained by
electronic state that is expressed as dissociation curve sincawo-step excitation as shown in the figure. Vibrational
electric excitation takes place much faster than vibrational state of methane (bending mode: 0.16 eV, stretching mode:
mode of nuclei. This is called well-known Franc—Condon 0.36eV) is produced by inelastic electron collision. Vibra-
principal. The great benefit of electronic process is that this tional methane then dissociate at relatively lower tempera-
process proceeds independently of temperature and pressurdure (400-600C). Although vibrational excitation energy
but main drawback is that electrons have to lose much largeronly occupies 10% of the dissociation energy, this process
energy than dissociation energy (4.26 eV) by single collision. greatly enhance chemical conversion processes at lower
Excess energy fed into methane molecule increases kinetidcemperature. In addition, this kind of electronic process
energy of H and Ckl Based on our numerical simulation, does not requires excess energy input since molecular ex-
50% of electric energy can be utilized for dissociation col- citation takes place within ground state potential curve.
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We developed barrier-discharge enhanced catalytic-bed
(BEC) reactor for methane steam reforming, and success-
fully improved energy cost and energy efficiency. Some of
the important aspects are as follows:
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Dissociation energy energy reached 10 eV/molecule.
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~0.36 eV \E
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combined effect. 600°C: it exceeded combined conversion of barrier
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