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Dissociation of vibrationally excited methane on Ni catalyst
Part 2. Process diagnostics by emission spectroscopy
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Abstract

Barrier discharge enhanced catalyst bed (BEC) reactor was developed for methane steam reforming. Synergistic effect between barrier
discharge and Ni/SiO2 catalyst was clearly observed when bed temperature exceeded 400◦C, energy cost and energy efficiency achieved
134 MJ/kg H2 and 26%, respectively. This paper concentrates on two-temperature analysis of BEC reactor for better understanding of
reaction mechanism. Catalyst bed temperature and plasma gas temperature were separately analyzed by emission spectroscopy of rotational
band of CH(A2�). Gas temperature distribution in packed-bed reactor was also estimated by using empirical correlations, and compared
to spectroscopic data. Even though plasma gas temperature reached 400–500◦C, synergistic effect was not observed when catalyst bed
temperature was below 400◦C. On the other hand, thermal reforming reaction was dominated over barrier discharges if the bed temperature
exceeded 700◦C. As key radical species, reactivity of vibrationally excited methane is discussed based on vibrational temperature of CH(A2�).
Vibrational temperature was significantly increased in the presence of nickel catalyst, showing increased reactivity of vibrationally excited
species.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Barrier discharge enhanced catalytic reforming of
methane achieved great improvement of energy cost and en-
ergy efficiency. Methane conversion largely exceeded equi-
librium conversion between 400 and 600◦C. On the other
hand, product selectively tended to follow equilibrium com-
position at given temperature. Vibrational methane molecule
at stretching mode (0.36 eV) is 1600 times more reactive
on clean nickel surface than those at ground state molecule
[1]. As a result, vibrational methane increased dissocia-
tive chemisorption on nickel catalyst. Computer simulation
performed by authors[2] also supports reaction enhance-
ment via vibrational methane and resulting plasma–catalyst
synergistic effect. In order to make sure reactivity of vi-
brationally excited methane, we performed spectroscopic
measurement for rotational and vibrational state of excited
CH(A2�) radical. Rotational temperature allows in situ
measurement of gas kinetic temperature from emission re-
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gion where various chemical and electronic processes take
place. Not only bed temperature, but also plasma gas tem-
perature was individually identified and discussed in detail
at given conditions. Vibrational state of CH(A2�) was also
analyzed in BEC reactor with/without nickel catalyst. Re-
action mechanism involving vibrationally excited methane
is discussed with vibrational temperature of CH(A2�).

2. Reaction scheme

According to Juurlink et al.[1], sticking probability of
vibrationally excited methane on clean nickel surface in-
creases one to two orders of magnitude larger than ground
state molecule, thus promoting dissociative chemisorption
of methane[3,4]. Fig. 1 schematically shows general as-
pects of catalytic reaction that consists of three different
stages. In the first stage, vibrational methane generated by
electron impact increases chemisorption on nickel surface
at lower temperature. Ground state molecule also absorbed
on nickel surface, but sticking coefficient is one to two or-
ders of magnitude smaller than those at vibrational state.
Those molecules would then dissociate and react with other
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Fig. 1. Reaction scheme in plasma enhanced catalytic reaction.

molecules (second stage). Final products such as hydrogen
and carbon monoxide will be then released from catalyst
surface (third stage). Plasma plays an important role in the
first stage to improve methane chemisorption, and then ef-
fectively increases methane conversion at lower tempera-
ture; methane conversion exceeded chemical equilibrium at
given temperature. On the other hand, in the second and
third stages, product selectivity relies strongly on catalytic
reaction on nickel surface. Reforming reaction proceeds in-
dependently of barrier discharges if catalyst temperature is
maintained at a certain level, and product selectivity tended
to follow chemical equilibrium with increasing catalyst tem-
perature. In order to investigate suggested reaction scheme,
catalyst bed temperature, rotational temperature, and vibra-
tional temperature was independently analyzed based on
emission spectroscopy of CH(A2�).

3. Experimental

Fig. 2 shows BEC reactor and optical measurement
set-up. The reactor consists of glass tube (6 mm i.d.) with
stainless steel wire electrode located at the center. The
glass tube was filled with 1.2 mm SiO2 pellet (with/without
3 wt.% Ni). This reactor was embedded in a copper block
that was used as ground electrode as well as heat reservoir
to maintain uniform and stable temperature condition. High

Fig. 2. Optical setup and reactor configuration.

Table 1
Experimental conditions

Total flow rate 26 sccm
H2O/CH4 2:1 (CH4 content 33%)
Electrode temperature 200, 400, 600◦C
Pressure 101.3 kPa
Frequency 76 kHz
Pellet diameter 1.2 mm
Material SiO2 with/without 3 wt.% Ni
Power 35 W

voltage sine wave was applied between wire electrode and
copper electrode (76 kHz). The copper block was equipped
with electric heater and thermocouple. Methane conver-
sion and hydrogen selectivity was monitored to make sure
whether steam reforming took place properly. Details for
gas analysis is described in separate paper[2].

Emission spectroscopy of rotational band of CH (A2�→
X2�, 431.5 nm) was performed to determine gas kinetic
temperature in the corresponding emission region. Emission
from barrier discharge was recorded by intensified charge
coupled device (ICCD) camera through pinhole (1 mm) lo-
cated at 15 mm downstream from reactor inlet. Exposure
time of ICCD camera was 100 ms. Experimental system ex-
cept optical setting was placed in a constant temperature bath
where temperature was maintained at 120◦C to avoid liq-
uid condensation. Detailed experimental condition is listed
in Table 1.
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4. Emission spectroscopy

4.1. Rotational temperature

Rotational temperature sufficiently reflects gas tempera-
ture where most chemical and electric processes take place.
Fig. 3(B)–(D) shows simulated CH(A2�) band spectrum
that consists of three different vibrational components. Ro-
tational and vibrational temperatures were assumed to be
423 and 5000, 10 000 and 15 000 K, respectively. Relative
emission intensity forv(0,0) vibration spectrum is similar to
that forv(1,1) and closely overlapped each other. Emission
intensity for v(2, 2) vibration band is weaker than oth-
ers, still we can identify unique band head near 432.5 nm.
Fig. 3(A) shows emission spectrum due to A2� → X2�

(431.5 nm) transition of CH(A2�) observed at 200◦C of
bed temperature. Rotational temperature can be determined
from relative intensity ratio of individualR line of CH
spectrum. Background spectrum must be substituted before

Fig. 3. Emission spectra for CH (431.5 nm: A2�→ X2�). (A) measured spectrum. Rotational temperature is 423 K, and vibrational temperature is (B)
5000 K, (C) 10 000 K, and (D) 15 000 K, respectively.

measuring relative intensity ofR branches. WhenIUL is
emission intensity of a singleR branch of wave numberv,
then

IUL ∝ SULν
4
UL exp

(
−EUhc

kTrot

)
(1)

Here,SUL is the line strength,νUL the wave number (cm−1),
E the rotational term (m−1), k the Boltzmann constant (J/K),
h the Planck’s constant (J/s),c the velocity of light (m/s),Trot
the rotational temperature (K), and subscripts U and L de-
note upper and lower electronic states. The logarithmic plot
of ln(IUL) − ln(SULν

4
UL) againstEUhc/k is called Boltz-

mann plot and will provide a straight line when rotational
state of excited CH(A2�) established equilibrium with re-
spect to translational gas temperature: gas temperature can
be derived from given slope of Boltzmann plot (Fig. 4).
Detailed numerical procedure to derive rotational tempera-
ture from measured data and reliability of measurement has
been extensively investigated by Nozaki et al.[5–7].
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Fig. 4. Boltzmann plot.

4.2. Apparent vibrational temperature

On the other hand, we were not able to make sure whether
vibrational state satisfactorily established equilibrium state
because individual vibrational spectrum is closely over-
lapped. Observed emission spectrum corresponds to a sum
of v(0, 0),v(1, 1), andv(2, 2) as shown inFig. 3. However,
band head peak intensity forv(2, 2) can be uniquely iden-
tified. Fig. 3(B)–(D) indicates that relative intensity ratio
for v(2, 2) andv(0,0) + v(1,1) increases with vibrational
temperature, whereasR branches that reflect rotational
temperature is unchanged. From this point, apparent vibra-
tional temperature was derived by fitting experimental and
numerical intensity ratio with the following formula.

I ′v = I ′v22

I ′v00 + I ′v11
, and then

I ′v
∣∣∣non-equillibrium
measurement ≈ Iv

∣∣∣equilibrium
calculation (2)

5. Gas temperature distribution in packed-bed
reactor

Temperature distribution of flowing gas mixture in
packed-bed reactor was calculated with the empirical for-
mula by assuming constant bed temperature.Fig. 5schemat-
ically illustrates reactor configuration and gas temperature
evolution. Heat transfer between gas mixture and bed media
is expressed by the following formulae[8].

�Q = hloc(aS�x)(Tbed− Tgas) [W ] (3)

Here,�Q is the heat flow between bed and gas media (W),
hloc the local heat transfer coefficient (W/m2 K), a the pellet
surface area per unit bed volume (m−1), S�x the bed volume
(m3), Tbed the bed temperature (◦C), andTgasis the bulk gas
temperature (◦C). Gas temperature distribution also depends
on heat generated by barrier discharges, thus gas temperature
increase within small length�x is expressed by

�T = �Q+ GS�x

wCpb
[K] (4)

Fig. 5. Schematic diagram showing gas temperature evolution within
packed-bed reactor.

Here,�T is the bulk gas temperature deference over dis-
tance�x (◦C),G the uniform heat generation rate associated
with power density of plasma (W/m3), wthe mass flow rate
(kg/s), andCpb is the specific heat of gas mixture evaluated
at bulk gas temperature (J/(kg K)). Energy spent by barrier
discharge is considered as uniform heat generation within
packed-bed reactor. Heat absorption due to steam reform-
ing underestimated heat generation rate, but it was no larger
than 5% in this experiment. Therefore, we did not take into
account of it for simplicity. A large amount of experiments
provided empirical correlations for heat transfer coefficient
in packed-bed media[8].

jH = 0.91Re−0.51, ψ = hloc

Cpbu0

(
Cpµ

k

)2/3

f
(Re< 50)

(5)

Re= u0

aµfψ
, Tf = 1

2
(Twall + Tgas), u0 = w

S
= ρu

(6)

Here, jH is the Colburnj factor, Re the Reynolds number,
ψ the empirical coefficient that depends on pellet shape
(sphere takes unity),k the thermal conductivity of gas mix-
ture (W/(m K)),µ the viscosity (kg/(m s)),u0 the superficial
mass velocity (kg/(m2 s)), and subscript ‘f’ is the proper-
ties evaluated at the film temperature (Tf ). Gas temperature
distribution was calculated with those equations, and then
compared to rotational temperature for consistent analysis.

6. Results and discussion

We first discuss on two-temperature analysis of BEC
reactor for better understanding of reaction mechanism.
Table 2summarizes five different temperatures we obtained.
Here, Tbed is the catalyst bed temperature measured with
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Table 2
Relation among five different temperatures

Bed temperature (Tbed) ≈
electrode temperature (Tele)

200 400 600

Gas phase
Empirical correlation (Tgas) 507 642 793

Rotational temperature (Trot)
SiO2 466 575 648
Ni/SiO2 430 555 628

Vibrational temperature (Tvib)
SiO2 5026 5178 5600
Ni/SiO2 5440 6610 12975

Gas phase temperatures were obtained at 15 mm down stream from the
reactor inlet (◦C).

thermocouple,Tele the grounded electrode temperature with
thermocouple,Trot the rotational temperature determined
from CH emission, andTgasis the gas temperature calculated
with empirical correlation. We could reasonably assume
thatTbed ≈ Tele andTgas≈ Trot as discussed later, and then
derived some of the important aspects for reaction mecha-
nism. Finally, reactivity of vibrationally excited methane is
discussed based on vibrational temperature (Tvib) of CH.

6.1. Verification of empirical correlation (Eqs. (3)–(6))

Fig. 6 compares temperature of ground electrode (Tele)
and bed temperature (Tbed) measured by thermocouple
which was directly inserted into the bed media. Barrier dis-
charge was turned off during the measurement. Bed temper-
ature reached electrode temperature after steady-state was
established. Although actual bed temperature was not able
to measure when barrier discharge was turned on, we could
satisfactorily assume thatTele equals toTbed from Fig. 6.

Fig. 7 shows gas temperature distribution in bed me-
dia calculated with empirical correlation by settingG =
0 (W/m3) (Eq. (4)). The electrode temperature (Tele) was
200◦C. The temperature was normalized by the following

Fig. 6. Comparison between electrode temperature (Tele) and bed tem-
perature (Tbed). Both temperatures were measured by a thermocouple at
15 mm downstream from the inlet.

Fig. 7. Comparison between gas temperature distribution (line: empirical
correlation) and bed temperature (solid symbol: measurement). Plasma
was turned off (i.e.G = 0 W/m3). Gas flow rate was 180 sccm andTbed

was 200◦C, respectively.

equation.

θ = Tgas− T0

Tbed− T0
(7)

Here, T0 is the initial gas temperature and set to 120◦C.
When Tbed equals toTgas, normalized temperature (θ) be-
comes unity.Tgas rapidly increases by heat transfer from
high temperature bed media, and then it reachesTbed within
7 mm downstream from the inlet. The actual bed temper-
ature showed a similar profile, but it is slightly broadened
because of heat conduction through bed media towards the
upstream; however,Eq. (3)predicts gas temperature within
acceptable error after 15 mm downstream from the inlet.
From this point, we made a pinhole at this location for op-
tical measurement as shown inFig. 2.

6.2. Plasma gas temperature determined by rotational
temperature

Rotational temperature, which reflects gas temperature in-
side filamentary discharges, is plotted inFig. 8with respect
to bed temperature with/without nickel catalyst. Here, we

Fig. 8. Rotational temperature vs. bed temperature.



72 T. Nozaki et al. / Catalysis Today 89 (2004) 67–74

Fig. 9. Energy efficiency of BEC reactor operated at 76 kHz.

assumedTbed = Tele from the previous discussion. Rota-
tional temperature was elevated much higher than bed tem-
perature whenTbed = 200◦C, while it gradually approached
bed temperature untilTbed = 600◦C.Fig. 9shows energy ef-
ficiency for BEC reactor expressed by the following formula.

�Hreform

W
× 100(%) (8)

Here,�Hreform is the endothermic reaction enthalpy due
to steam reforming. In the presence of nickel catalyst, 5%
of discharge power was absorbed by reforming reaction at
600◦C; however, this effect was virtually negligible from
the fact that rotational temperature was unchanged in spite
of the existence of nickel catalyst.

Fig. 10 compares the calculated gas temperature (Tgas)
distribution and rotational temperature (Trot). Bed tempera-
ture was assumed to be uniform, and heat generation per unit
volume inEq. (4)was derived from power consumption by
barrier discharge(G �= 0). Gas temperature (Tgas) overes-
timated rotational temperature by 10–20% becauseEq. (4)
does not take into account heat conduction through bed me-
dia, but both temperatures showed similar dependence on

Fig. 10. Rotational temperature vs. calculated gas temperature by empirical
correlation. Bed temperature was assumed to be constant. Discharge power
was 35 W and total flow rate was 26 sccm.

bed temperature. From this point, we can conclude that ro-
tational temperature represents gas temperature within ac-
ceptable error and provides reliable data. The calculation
was also performed by considering heat absorption by re-
forming. The result showed that corresponding temperature
dropped was about 8◦C when bed temperature was 600◦C.
Actual temperature drop associated with steam reforming
was too small to be detected with enough accuracy in the
present set-up.

These results imply more important aspects about
plasma–catalyst interaction. Generally, rotational temper-
ature exceeds much higher than average gas temperature
because heat generated by streamers is localized in filamen-
tary narrow regions. Nozaki et al. measured gas temperature
distribution between two parallel-plate barrier discharge
electrodes[7]. The gas temperature increase due to streamer
formation reached 200◦C, while average gas temperature
was increased only 30◦C. The gas temperature in the mid-
dle of gas gap was significantly increased with increasing
input power because of poor cooling condition. On the con-
trary, in the packed-bed reactor, average gas temperature
(Tgas) exceeded rotational temperature (Trot). One reason is
that Eq. (4) does not consider heat loss through bed me-
dia, thusTgas overestimated actual plasma gas temperature.
More importantly, streamer propagates along pellet surface,
therefore efficient heat exchange from streamers to pellets
is anticipated. This fact also means that interaction between
streamer and catalyst is so effective that synergistic effect
is readily available, even though void fraction of catalyst
bed was 80%. Also, heat generated by streamer does not
act as hot spot, which may unexpectedly promote steam re-
forming by thermal reaction at given electrode temperature.
It is interesting to note that synergistic effect was not ob-
served whenTbed = 200◦C, even though gas temperature
reached as high as 500◦C. Catalyst bed temperature must
be appropriately increased for deriving synergistic effect.

6.3. Reactivity of vibrationally excited CH(2∆)

Computer modeling for streamer development in pure
methane indicated that most abundant and long-lived radical
species would be vibrationally excited methane: stretching
mode (0.36 eV) and bending mode (0.16 eV). Creation of
such species consumes 40% discharge power, and num-
ber density reaches 100 times higher than electron density
(Ne ∼ 1014 cc−1). Generally, vibrational methane cannot
contribute to chemical reaction because of their low re-
activity. Inelastic electron collision to produce vibrational
methane is therefore considered to be a major energy loss
process. On the other hand, methane conversion was almost
doubled in the presence of nickel catalyst without increasing
discharge power; methane conversion exceeded much higher
than equilibrium conversion, whereas products selectivity
tended to follow equilibrium composition at given temper-
ature. Decomposition of vibrationally excited methane on
nickel catalyst is strongly anticipated to explain this drastic



T. Nozaki et al. / Catalysis Today 89 (2004) 67–74 73

Fig. 11. Emission spectra of CH measured at different bed temperatures.

increase in methane conversion. In fact, vibrationally ex-
cited methane is able to promote dissociative chemisorption
on nickel surface. In this section, we analyzed vibrational
temperature of CH to explain the synergistic effect in BEC
reactor.

Fig. 11shows CH band spectra observed at different bed
temperatures with nickel catalyst. The relative intensity of
v(2, 2) was clearly independent of bed temperature. On the
other hand, combined intensity ofv(0,0) + v(1,1) signif-
icantly decreases with increasing bed temperature. This sit-
uation resulted in apparently higher vibrational temperature
since relative intensity ratio expressed byEq. (2) increases
with bed temperature.Fig. 12 shows vibrational tempera-
ture of CH measured in BEC reactor with/without nickel
catalyst. Vibrational temperature were independent of bed
temperature in the absence of nickel catalyst; however, it
significantly increased with nickel catalyst. As previously
discussed, electric and optical properties such as reduced
field strength, average electron density, and rotational tem-
perature was not influenced by the presence of nickel
catalyst [2]. This fact indicates that vibrationally excited

Fig. 12. Rotational temperature vs. bed temperature.

Table 3
Rotational relaxation due to CH(A2�)–CH4 collisions during radiative
lifetime of CH(A2�)

Gas temperature (◦C) Radiative lifetime (ns) Collision frequency

127 2.7 36
427 4.8 47

Note: Collision number is 25.

methane atv(0, 0) andv(1, 1) states of CH(A2�) was selec-
tively reacted on nickel surface within radiative lifetime of
CH(2�).

The effective radiative lifetime of CH(2�) in methane is
derived as 2.7–4.8 ns from the quenching coefficient pre-
sented by Nokes and Donovan[9], and 35–50 collisions
expected during radiative lifetime as summarized inTable 3.
The number of collisions necessary to establish rotational
equilibrium of CH(2�), i.e. collision number, can be esti-
mated with the formulae given by Widom[10], resulting in
25 collision number at given conditions. From this point, ro-
tational state of CH(2�) obviously reached equilibrium state
within radiative lifetime, and provided similar intensity dis-
tribution ofRbranches almost independently of the presence
of nickel catalyst as shown inFig. 8. On the other hand, it is
difficult to estimate relaxation of vibrational state because
vibrational transition probability of CH(2�) is not known.
Generally, vibrationally excited molecule requires large
number of molecular collision to establish vibrational equi-
librium. This means that results presented inFig. 12shows
“apparent” vibrational temperature. However, vibrational
states of CH(2�){v(0, 0) andv(1, 1)} are obviously affected
by nickel catalyst within radiative lifetime of CH(2�). It
is quite possible that vibrationally excited CH reacted on
nickel catalyst efficiently, thus emission intensity was signif-
icantly decreased with bed temperature. Increased reactivity
of vibrationally excited methane on nickel catalyst is highly
expected.

7. Conclusions

Rotational temperature of CH(A2�) (Trot), gas temper-
ature (Tgas), and bed temperature (Tbed) in BEC reactor
were individually analyzed for better understanding of re-
action mechanism. In addition, reactivity of vibrationally
excited methane was discussed based on vibrational tem-
perature of CH(A2�). Barrier discharge is recognized as
non-equilibrium plasma from the fact that electron tem-
perature (1–10 eV≈ 104–105 K) is much higher than
gas temperature (typically near room temperature). How-
ever, chemical conversion process depends largely on gas
temperature (300–1000 K) as discussed in this paper. The
non-equilibrium nature of barrier discharge, which is the
most important feature of this kind of plasma sources,
tended to be weakened with increasing gas temperature. Up
to now authors are not able to make reasonably definition,
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but it is definitely important to specify “the degree of
non-equilibrium” quantitatively for better characterization
of given plasma conversion processes. Some of the impor-
tant aspects are as follows.

1. Gas temperature decrease due to steam reforming was
not clearly detected: maximum endothermic enthalpy was
not larger than 5% of the discharge power in this set-up,
and empirical correlation predicted that average gas tem-
perature would decrease by 8◦C.

2. Even though plasma gas temperature reached 400–
500◦C, synergistic effect could not be expected when
catalyst bed temperature was below 200◦C. Bed temper-
ature must be maintained at a certain level independently
of plasma gas temperature. This fact also means that
heat produced by filamentary discharges does not act as
hot spots.

3. Streamers propagate in close contact with pellet surface,
therefore efficient heat exchange from streamers to pel-
lets is anticipated. It also means that interaction between
streamer and catalyst is so effective that synergistic effect
is readily available, even though void fraction of catalyst
bed was 80%.

4. Rotational temperature was independent of the presence
of nickel catalyst. In addition, rotational equilibrium of
excited CH(A2�) is sufficiently established within radia-
tive lifetime (2–3 ns).

5. Apparent vibrational temperature of CH significantly in-
creased with respect to bed temperature only when nickel
catalyst existed. On the other hand, it was independent
of bed temperature in the absence of nickel catalyst. Vi-
brationally excited CH(A2�) {v(0, 0) andv(1, 1)} was
effectively reacted on nickel catalyst within radiative life-

time. Reaction enhancement in barrier discharge com-
bined catalyst bed reactor was confirmed.
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