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Reaction of an activated carbon with hydrogen atoms was carried out using a microwave discharge flow
apparatus to elucidate the conditions under which carbonaceous material such as carbon deposit on the
catalyst was efficiently gasified by the interaction with atomic hydrogen. Hydrocarbons mainly consisted of
methane were produced steadily. DRIFTS spectra and pyridine extraction of the activated carbon after the
reaction with hydrogen atoms showed that functional groups due to partially hydrogenated moieties were not
formed on the surface of the activated carbon during the irradiation of atomic hydrogen.

Regeneration of coked Ni/SiO; catalyst induced by atomic hydrogen was investigated through the catalytic
reaction of CO/H; mixture. The catalytic activity and selectivity of the coked catalyst were substantially
regenerated by the treatment of hydrogen atoms at 573K, under 279 Pa for less than 1h. In contrast,
regeneration could not be achieved by the treatment of H. at the same temperature. A plausible scheme for
the reaction of carbonaceous materials deposited on the catalyst with atomic hydrogen was qualitatively
discussed.
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1. Introduction

It has been pointed out that an extensive deposition of
carbonaceous materials on the surface of the catalysts is one of the
major problem in hydrocarbon processing® as well as CO
hydrogenation®. It can lead to coke formation, which deactivates
the catalyst. The deactivation is due to blockage of metal and acid
sites, or encapsulation of these active sites, and fouling of pores
in the catalyst support. In the case of conventional catalysts such
as Si0;-AlLOs, zeolites, Pt/Al,Os, and Pt/zeolite, regeneration can
be achieved by a controlled burning of the coke with oxygen
at high temperatures, e.g. 723-923 K*”. At these temperatures,
however, metal sintering, solid state transformation and other
thermal deactivation of the support may sometimes occur,
resulting in an irreversible deactivation™®.

It has been known that spillover hydrogen may play an
important role in hydrogenation/hydrogenolysis of carbonaceous
deposits on metal sites and the support, suppressing the formation
of the deposits on the catalysts™'”. In addition, it has been reported
that discharge generated hydrogen atoms induced coal liquefaction
and gasification as well as methanation of graphite-like carbon at
temperature range of 423-873 K under reduced pressures without
an aid of catalysts”'”. With an analogy to the spillover hydrogen,
authors assumed it may be possible that carbonaceous materials
deposited on the catalyst can be removed through the reactions
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with hydrogen atoms without deteriorating the properties of the
catalyst, if hydrogen atoms can be supplied sufficiently from gas
phase to the catalyst under the appropriate conditions.

In the present study, (1) reaction of an activated carbon with
hydrogen atoms was carried out in order to elucidate the
conditions under which the carbonaceous materials were
efficiently removed through the reactions with atomic hydrogen,
and (2) hydrogen atoms induced regeneration of coked Ni/SiO;
catalyst deactivated during the CO/H. reaction was investigated. A
mechanism for the reaction of carbonaceous materials deposited

on the catalyst with atomic hydrogen was also discussed.
2. Experimental

2.1 Materials

Activated carbon used in the present study was purchased from
Nacalai Tesque and was prepared from carbonized coconuts
shell by stream activation at 1073 K. Oxisort® filter (Messer
Griesheim) was employed to purify H, gas, since impurities in
H, such as H.O and O, are critical contaminants when atomic
hydrogens are generated by the microwave discharge of molecular
hydrogen. Helium was also treated by a helium purifier (UOP
mat/sen) to remove impurities such as hydrocarbons, H,O, O;
and CO before using as a carrier gas of atomic hydrogen. Carbon
monoxide (99.99%) utilized for the CO/H. reaction was
purchased from Sumitomo Seiki Chemicals and used as received
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without further purification.

2.2 Catalyst preparation

Ni/SiO. catalyst was prepared following a impregnation-
precipitation method described in the literature'®. Silica gel (10g,
16-24mesh) was impregnated with aqueous Ni(NO;): solution
(65g of Ni(NO,), 6H,0 in 250ml of distilled water). Then
aqueous Na,CO; solution (42 g of Na,CO; in 250 ml of distilled
water) was added drop-wise to the mixture at 353K with
continuous stirring. After aging at room temperature for 24 h, the
particles obtained were filtered and washed with a large amount of
distilled water until the pH of the filtrate became below 8.5.
Finally, the catalyst was dried at 378K for 16h, and calcined at
603K for 5h in air. An XRF analysis showed that the content of
NiQ for the calcined sample was 61%, which corresponded to 55%
Ni/SiO, catalyst.

2.3 Apparatus and procedures

Activated carbon-hydrogen atom system : Reaction of activated
carbon with hydrogen atoms was carried out in an all-glass
discharge flow apparatus” operated under reduced pressure
between 239 and 558 Pa. The activated carbon sample (ca. 0.05 g)
was dried in air at 378 K for 1 h and was then placed in a 12.6 mm
i.d. tubular reactor in which a mixture of helium and hydrogen
flowed. In order to explore stable discharge conditions, partial
pressure of hydrogen and total pressure of the reaction system
were controlled by adjusting the flow rates of these gases. A
desired temperature of the reaction between 298 and 573K was
maintained using an electric furnace. Before the reaction with
hydrogen atoms, the activated carbon was heated at 573K in
helium for 3h. The thermally stabilized sample was then reacted
with hydrogen atoms generated by 2.45 GHz microwave discharge
with 120 W output. To avoid influence of ions and electrons, the
discharge cavity was set at ca. 90 mm upstream from the solid
sample. The reaction products were collected in a trap cooled
by liquid nitrogen and analyzed by gas chromatography. The
analytical conditions were : (2} a VZ-10/Chromosorb W packed
column (3m) at 323K for the C,-C. fraction, and (b) a silicone
OV-1/Uniport HP packed column (1m) at 323K to 573K
(temperature programmed) for C; and heavier fraction. Methane
was not trapped by the above procedure, so that in some cases
total reaction products were collected in a gas sampling bag and
subjected to the GC analysis.

After the reaction with hydrogen atoms, the irradiated sample
was placed in a 50 mL round bottomed flask fitted with a magnetic
stirrer bar, and an organic solvent (10mL of toluene or pyridine)
was added. The mixture was stirred at room temperature for 48 h.
After the solid was isolated by filtration, excess solvent was
evaporated and condensed extract was subjected to GC (QV-1,
Im) analysis. DRIFTS (diffuse reflectance infrared Fourier
transform spectroscopy) spectra of activated carbon before and
after the irradiation of hydrogen atoms were measured using
a Perkin Elmer, Spectrum 2000 FT-IR spectrometer. The sample
powder (30mg) diluted with KBr powder (100mg) was
subjected to the analysis by integrating 256 scans at a resolution of
4cm’ in the range of 400-4000 cm™.

CO/H; vreaction system:The reactions of CO/H,
performed in a continuous flow fixed bed mode using the same
reactor used for the reaction of activated carbon-hydrogen atom
system described above. The catalyst were reduced in situ in
hydrogen flow (50mL (STP) min') at 653K under atmospheric
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pressure for 12h, followed by cooling down to the reaction
temperature. Then the reactions were started with a feed of CO-
H: (1:3) at space velocity (SV) of 9600mL (g-catalyst)™ h™.
The effluent from the reactor was analyzed by gas chromatography
described before. CO and CH. were determined using a thermal
conductivity detector (TCD), while light hydrocarbons (C and
higher fraction) were analyzed using a flame ionization detector
(FID). After the CO/H, reactions, an accelerated deactivation of
the catalyst was carried out ir situ at 523K for 12h in a flow of
CO at a rate of 20mL(STP) min". Then, the resultant catalyst
was again subjected to the CO/H, reactions to evaluate the effect
of the carbonaceous deposit on the activity of the catalyst.
Reactions of the carbonaceous materials deposited on the catalyst
with hydrogen atoms were also carried out in sifu using the same
apparatus under conditions similar to those of activated carbon-
hydrogen atom system as mentioned above. The irradiated catalyst
was subjected to the CO/H, reaction to evaluate the activity
of the treated catalyst. The surfaces of the reduced (fresh),
deactivated, and regenerated (or H-atom irradiated) catalysts
were examined using a Hitachi S-4500 field emission scanning
electron microscope. This allowed an assessment of the
morphology of the catalyst surface and the carbonaceous deposit.
The temperature programmed oxidation of the carbons deposited
on the catalyst was performed using a Rigaku TG8120 TG-DTA
analyzer. The carrier gas was air and the samples were heated
from 303 to 973K at a rate of 20 Kmin,

3. Results and Discussion

3.1 Activated carbon - hydrogen atom system

Formation rate of reaction products : Effect of pressure of H;
on the formation rate of the total reaction products is shown in
Figure 1. Upon irradiation of hydrogen atoms onto the surface of
activated carbon at 573 K, gaseous hydrocarbons were steadily
produced at a rate shown in Figure 1. The formation rate increased
rapidly with increasing pressure of H, up to about 66 Pa, and then
slightly decreased at higher H, pressures. This may reflect the
change in rate of hydrogen atoms supplied to the sample. Since the
pressure of H, was proportional to the flow rate of H. in the
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Figure 1 Effect of hydrogen pressure on the formation rate of total reac-
tion products
Reaction temperature and pressure of helium were 573K and
213 Pa, respectively

Vol.12, No.2, (Sept. 2004)



Akita University

Hydrogasification of an Activated Carbon and Carbonaceous 35
Deposits on Ni/SiO. Catalyst by Atomic Hydrogen

present study, the rate of production of atomic hydrogen in the
vicinity of discharge zone would be in proportion to the flow
rate of H, if the efficiency of microwave discharge to generate
hydrogen atoms is substantially independent to the pressure of
H.. On the other hand, loss of atomic hydrogen is caused by
heterogeneous and homogeneous recombinations of them at the
surface of the reactor and in gas phase, respectively. In this case,
it is reasonable to consider that the rates of disappearance of
hydrogen atom on the reactor wall and in gas phase are
proportional to the first power and the square of the pressure
of hydrogen atom, respectively. Therefore, it is expected that the
rate of hydrogen atoms supplied to the sample, which is
determined by the difference between the rates of production and
disappearance of hydrogen atoms, will show a maximum value,
with the increase in the pressure of H..

Effect of reaction temperature on the formation rate is shown in
Figure 2. Products were steadily produced when hydrogen atoms
were supplied to the sample at 523 and 573 K. However, the
formation rate of the total reaction products at 473K was smaller
and decreased gradually with irradiation time. These results
indicate that the activated carbon comprises at least two
components in terms of the reactivity, i.e. highly reactive parts
which interact with atomic hydrogen even at lower temperatures,
and less reactive portions which essentially require relatively large
thermal energy, or high temperature, in order to react with
hydrogen atoms. The former may be ascribed to the structure
which contains electron-rich sites or radical sites on the activated
carbon, since it was recognized that atomic hydrogen can react
with alkene and alkyl radicals at ambient temperatures and
activation energies of these reactions have been reported to be less
than several kJ mol" *"**”, The latter may correspond to the stable
or less reactive structures in activated carbons, e.g. graphitic
carbon sheets of hexagonal networks.

Distribution of reaction products : It was reported that C;-Cs
fractions clearly reflect the combined action of atomic hydrogen
with an appropriate amount of thermal energy in homogeneous
gas phase reactions of hydrocarbons®™ . Therefore, product
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Figure 2 Effect of time and temperature of H-atom irradiation on the for-
mation rate of total reaction products
| B473K A 53K O 57K |
Pressures of hydrogen and heilum were 66 and 213 Pa,

respectively
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Table 1 Product distributions in Cs-C; fraction formed in the reactions of

activated carbon with hydrogen atoms”

Distribution in C3 - C5 fraction / mol%

Reaction temperature /K C3Hg  C3Hg  C4Hg  CyHyg CsHyg+CsHja

473 17.2 348 94 283 10.3
523 215 319 10.9 253 10.4
573 275 31.8 10.7 20.1 9.9

a) Pressures of hydrogen and helium were 66 and 213 Pa, respectively.

distributions of these fractions produced from the activated
carbon-atomic hydrogen system were examined to -elucidate
cooperative effect between hydrogen atoms and thermal energy.
As listed in Table 1, the product distributions with the reaction
temperature revealed general features of the reactions, ie. as the
temperature increased, (1) the formation of olefins increased, (2)
the proportions of C, decreased, those of C; increased, while those
of Cs were substantially unchanged. This tendency, that the
formation of C; olefin became significant at higher temperatures as
a result of hydrogenolysis of higher hydrocarbons, was also
observed in the reactions of butenes with hydrogen atoms above
500K™. In that system, it was believed that the reaction took place
mainly through H-atom attack onto electron-rich atoms in the
substrate molecule. Due to the heat evolved, the H-atom added
complex so formed were vibrationally activated and were
susceptible to the unimolecular decomposition of the bond
adjacent to the electron-rich atom when heated at higher
temperatures, resulting in the formation of radical species and
corresponding olefins of lower molecular weight'**”. Formation of
methane and benzene in the reactions of toluene with atomic
hydrogen above 550K was also interpreted in terms of the similar
radical exchange mechanism which became predominant at higher
temperatures” > . Therefore, it is likely that the mechanism
proposed for the homogeneous reactions of hydrocarbons with
hydrogen atoms is also operative and predominant for the
heterogeneous reactions of the activated carbon with hydrogen
atoms.

Distribution of the reaction products formed at 573K was as
follows : CH., 74.8 ; C,Hs+C,H., 20.2 ; C;Hs +C;Hs, 3.01 ; C:Hyo
+CiHs, 1.52;CsHi and higher hydrocarbons, 0.47 mol%,
suggesting that severely hydrocracked products such as methane,
ethane and ethylene were selectively produced from the reaction
of activated carbon with atomic hydrogen. In the studies similar
to this work it was reported that the reaction of atomic hydrogen
with solid carbons such as electro-graphitized carbon or soot
prepared from benzene delivered only methane''®. In addition,
coals generated light hydrocarbons containing more than 72 mol%
of methane and lesser amounts of hydrocarbons up to Cs in the
reaction with hydrogen atoms' . It was also reported that light
hydrocarbons except methane were mainly produced through
reactions of hydrogen atoms with non-aromatic precursor
structures in coals'®. On the other hand, on the formation of
methane, it was proposed that=CH on the edge of a small
graphitic sheet, lamellar, was progressively hydrogenated to -CHs,,
and then detached and stabilized itself as CH. '*. As the structural
units in the activated carbon, which are small graphitic crystallites
containing a few layer planes or randomly curved carbon sheets,
are oriented randomly and cross-linked strongly to impede
movement of the layers into a more parallel arrangement™?®,
activated carbon is supposed to possess structural features between
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coals and graphitized carbons. Thus, it is highly probable that the
mechanism of the reaction of hydrogen atoms with activated
carbon is similar to those proposed for the reactions with coals and
graphitic carbons.

DRIFTS spectra of irradiated samples : DRIFTS spectra of
activated carbon samples before and after irradiation of hydrogen
atoms at 573K were examined. As shown in Figure 3, absorption
band newly appeared in the difference spectra of irradiated sample,
however, was hardly detected with reference to the sample before
H-atom irradiation. This means that any functional groups due to
hydrogenation of aromatic nuclei or carbon sheets of hexagonal
network were not formed on the surface of the sample when
hydrogen atoms were irradiated. Thus, it is suggested that the
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Figure 3 DRIFTS spectra of activated carbon irradiated by hydrogen atoms

at 573K for 1h
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Figure 4 Conversion of CO and selectivity to methane formation in CO/

H. reactions catalyzed by fresh, coked, and regenerated Ni/Si

O catalysts

Catalysts A to F are the same as Table 2.

El : H-atom regenerated catalyst (Catalyst B was irradiated by
hydrogen atoms at 573K for 0.5h)

El: H-atom regenerated catalyst (Catalyst B was itradiated by
hydrogen atoms at 573K for 10min)

Reaction conditions : CO/H,=1/3
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Table 2 Product distribution in CO/H. reactions catalyzed by fresh,

coked, and regenerated Ni/SiO; catalysts

Product distribution / mol%z

Catalyst CH, CaMgtCoHy  CHgtCaHy
A o148 38 1.4
B 8R.0 85 3.5
C 91,7 7.7 0.6
D 91.3 6.4 23
E 4.0 47 1.3
F 3.2 56 1.2

A: Fresh catalyst (Reduced in Ha at 673 K for 12 h)

B: Coked catalyst {Catalyst A was coked in COat 523 K for 12 h)y

C: H-atom regenerated catalyst (Catalyst B was irradiated by hydrogen atoms at 473 K for 1 h)
D: H-atom regenerated catalyst i Catalyst B was irradjated by hydrogen atoms at S23 K for 1 hy
E: H-atom regenerated catalyst (Catalyst B was wrradiated by hydrogen atoms at 573 K for 1 h)
F: Ha regenarated catalyst (Catalyst B was heated m Ha at 573 K for 1 h)

Reaction conditions : CO/Hna=1:3, SV=0600 ml. ( g-caml}sl)'l vl Temp.=473 K.

hexagonal networks of carbon in the sample are not hydrogenated
to produce partially hydrogenated olefinic and/or naphthenic
moieties on the surface of the irradiated sample, but are
hydrocracked at the edges of the sheets to evolve methane
predominantly. This is consistent with the reaction scheme
discussed in the above section and is also supported by the fact
that any components heavier than the solvent were not detected in
the extract from the irradiated samples.

3.2 COJ/H: reactions

Performance of Ni/SiO. catalysts were evaluated through CO/
H: reaction at 473K under atmospheric pressure. Products
distribution and conversion of CO in the reactions catalyzed by
fresh, deactivated, and regenerated catalysts are shown in Table 2
and Figure 4, respectively. As expected, methane was mainly
produced with small amounts of C; and C: hydrocarbons, when the
fresh catalyst was used. Both conversion of CO and selectivity to
methane formation in the reaction using the coked catalyst were
lower than those in fresh one. This result indicates that change in
population as well as chemical nature of active sites is affected by
the carbonaceous deposits on the surface of the catalyst. The
amount of carbon on the catalyst was determined to be ca. 4.8 wt%
by TG-DTA analysis. It is well known that flakes and filamentous
carbons were formed at high temperatures of 773-1030K when
CO or methane molecules were in contact with nickel or iron

s

SEM micrograph of a deactivated catalyst sample prepared by
the reaction of CO at 523K for 12h

Figure 5
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particles which catalyzed the Boudouard reaction: 2 CO = C+C
0,7 or cracking of methane : CH, = C+2H,**”, while bulk
nickel carbide was found to form™*® and then the graphitic carbon
grew on the carbidic surface at temperatures as low as 400-500
K**”. A SEM micrograph of deactivated catalyst is shown in
Figure 5. After the catalyst was exposed to the CO environment at
523 K for 12 h, neither flake nor filamentous carbon was observed,
which was in good agreement with the observations reported in the
literatures™*” , suggesting the formation of carbidic carbon
on the surface of the catalyst in the present study. Irradiation of
hydrogen atoms on the surface of the deactivated catalyst at 473K
or 523K under 279Pa for 1 h was not enough to recover the
activity and the selectivity to the original levels inherent in the
fresh catalyst. However, short time (10-30min) irradiation of H-
atom at higher temperature, e.g. 573K, led to the substantial
recovery of both activity and selectivity. In contrast, treatment of
the deactivated catalyst by gaseous H. flow at 573K for 1h
under atmospheric pressure did not recover the catalytic activity,
although methane selectivity was slightly regenerated. The amount
of carbon remaining in the catalyst after H-atom irradiation at
573K was estimated to be ca. 3.8 wt%, indicating that 21% of
deposited carbons were removed by the treatment. Any
morphological changes were not observed before and after the
treatment with hydrogen atoms. Light hydrocarbons rich in
methane (CH,, 97.9 ; C;Hy+C,H,, 1.3 ; C;Hs +C,Hs, 0.8 mol%)
were produced when hydrogen atoms were irradiated onto the
surface of the coked catalyst at 573 K. Content of methane in the
products for the deactivated catalyst-hydrogen atom system is
higher than that for activated carbon-hydrogen atom system. This
may reflect both (1) participation of the reactions of carbidic
carbons with hydrogen atoms, and (2) activity of Ni as a
methanation catalyst is enhanced by the presence of hydrogen
atoms irradiated to the catalyst. It is suggested that irradiation
of H-atom at moderate temperature, e.g. 573K, can effectively
remove carbonaceous materials such as carbidic and graphitic
carbons from the surface of the deactivated catalyst, and
regenerate active sites that are responsible for the catalytic
properties of the Ni/SiO..

In the conventional procedures, regeneration of nickel catalysts
deactivated by carbon deposition can be successfully achieved by
a controlled burning of the deposited coke with oxygen at 683-823
K", followed by the reduction of nickel oxide in the stream of
H, at elevated temperatures. Availability of atomic hydrogen to
regenerate the coked Ni/SiO. catalyst by a single step treatment
may be presented in this study. This technique may allow to
provide a rapid and simple way in comparison with the
conventional one to remove carbonaceous deposits and to
regenerate the catalytic properties, although applicability of
this method to other catalysts systems and the quantitative effects
of atomic hydrogen should be studied in further

4. Conclusion

Under the conditions that hydrogen atoms were sufficiently
supplied, ie. pressure of H., 66-99Pa, gaseous hydrocarbons
containing mainly methane were produced steadily in the reaction
of activated carbon with hydrogen atoms at temperatures above
523 K. DRIFTS spectra of H-atom irradiated samples showed that
functional groups due to partial hydrogenation of activated carbon
were not formed on the surface of the samples. Polynuclear
aromatic hydrocarbons and their hydrogenation products were
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not extracted from the irradiated samples by pyridine. These
results suggest a plausible reaction mechanism that hydrogen
atoms adsorbed on the sites of electron-rich or radical sites which
may locate at the edges of the hexagonal network of carbon
sheets, and then the surface adducts so formed were decomposed,
in conjunction with thermal energy, to produce extremely
hydrogenated products rich in methane.

Deactivated Ni/SiO, catalyst prepared through the reaction of
CO at 523K gave lower activity and methane selectivity for
the CO/H; reactions. The catalytic activity and selectivity were
almost regenerated by the irradiation of hydrogen atoms onto the
deactivated catalyst at 573K, under 279 Pa, for 10-30 min. In
contrast, regeneration of the catalyst could not be achieved by the
conventional H, treatment at the same temperature for 1h. It is
indicated that the irradiation of atomic hydrogen under such
conditions can remove carbonaceous deposits from the surface of
the catalyst according to the scheme proposed for the activated
carbon-hydrogen atom system, providing an alternate way of
regeneration for the coked Ni/SiO, catalyst.

References

1) I. Goralski, J. Grams, T.Paryjczak, 1. Rzeznicka, "Investiga-
tion of the coke deposit on Ni-ALO; and Co-ALO; catalysts",
Carbon, 40 (2002) 2021.

2) C.L.Li, O. Novaro, E. Munoz, J. L. Boldu, X. Bokhimi, J. A.
Wang, T.Lopez, R.Gomez, "Coke deactivation of Pd/H-
mordenite catalysts used for Cs/Cs hydroisomerization", Appl.
Catal. A : General, 199 (2000) 211.

3) X.-H.Ren, M. Bertmer, S. Stapf, D. E. Demco, B. Blumich,
C.Kern, A.lJess, "Deactivation and regeneration of naphtha
reforming catalyst", Appl. Catal. 4 : General, 228 (2002) 39.

4) N.L.Barrio, P.L. Arias, J.F. Cambra, M.B. Guemez, B.
Pawelec, I.L.G. Fierro, "Aromatics hydrogenation on silica-
alumina supported palladium-nickel catalysts", 4ppl. Catal. A:
General, 242 (2003) 17.

5) M.E.Dry, in: J. R. Anderson, M. Boudart (Eds.), Catalysis
Science and Technology, Vol. 1, Springer, New York, 1981
(Chapt. 4).

6) J. Barbier, "Coking of reforming catalysts" Stud. Surf. Sci.
Catal., 34, (1987) 1.

7) E.Furimsky, E.E.Massoth, "Regeneration of hydrop-
rocessing catalysts. Introduction", Catal. Today, 17, (1993) 537.

8) L.Shi, F.Liu, L.L. Liu, C. L. Li, L.T. Li, "Regeneration
behaviors of hydroisomerization catalysts", in:Y.Izumi (Ed.),
Zeolites and Microporous Crystals, Kodansha, Tokyo, 1994,
pp-497-504.

9) S.J. Teichner, "The history and prospectives of spillover", in :
T. Inui, K. Fujimoto, T. Uchiyama, M. Masai (Eds.), New Aspect
of Spillover in Catalysis, Elsevier, Amsterdam, 1993, pp. 32-34.
10) E. Kikuchi, T. Matsuda, "The effect of spillover hydrogen on
coke formation catalyzed by HY =zeolite and pillared
montmorillonite”, in: T.Inui, K.Fujimoto, T.Uchiyama, M.
Masai (Eds.), New Aspect of Spillover in Catalysis, Elsevier,
Amsterdam, 1993, pp. 53-60.

11) J. Kapicka, N.I Jaeger, G. Schulz-Ekloff, "Evidence for a
hydrogen spillover effect in the deposition of coke on a nickel-
faujasite catalyst during syngas conversion", Appl. Catal. A :
General, 84 (1992) 47.

12) A. Amano, M. Yamada, T. Shindo, T. Akakura, "Coal lique-
faction induced by hydrogen atoms", Fuel, 63 (1984) 718.

Vol.12, No.2, (Sept. 2004)



Akita University

38 Takayoshi SHINDO et. al.

13) A. Amano, M. Yamada, T. Shindo, T. Akakura, "Characteri-
zation of liquid product from the reaction of coal with hydrogen
atoms", Fuel, 64 (1985) 123.

14) K. Kobayashi, N. Berkowitz, "The reactions of discharge-
generated hydrogen species with coals and carbons : Part 2.
Compositions and properties of partially reacted solids", Fuel, 50
(1971) 254.

15) Y. Sanada, N.Berkowitz, "The reactions of discharge-
generated hydrogen species with coals and carbons 1-Primary
reaction products and kinetics", Fuel, 48 (1969) 375.

16) F.I. Vastola, P. L. Walker, Jr., J. P. Wightman, "The reaction
between carbon and the products of hydrogen, oxygen and water
microwave discharge”, Carbon, 1 (1963) 11.

17) M. M. Shahin, "Reaction of elementary carbon and hydrogen
in high-frequency discharge", Nature, 195 (1962) 992.

18) I. GaLuszka, J. R. Chang, Y. Amenomiya, "Investigation of
surface species in the methanation of carbon monoxide on a
supported nickel catalyst”, in:T. Seiyama, K.Tanabe (Eds.),
Proc. 7th Int. Congr. Catalysis, Kodansha, Tokyo, 1980, p.529.
19) A. Amano, M. Yamada, K. Hashimoto, K. Sugiura, "Kinetic
feature of the reaction between methanethiol and hydrogen atoms",
J. Chem. Soc. Jpn., 1983 385.

20) O.Horie, N. H. Hanh, "Effect of thermal activation on the
reactions of chemically activated sec-butyl radicals", J. Phys.
Chem., 80 (1976) 1657.

21) A. Amano, O. Horie, N. H. Hanh, "Reaction of toluene with
hydrogen atoms at elevated temperatures", Chem. Lett., 1972 917.
22) A. Amano, O. Horie, N. H. Hanh, "Effect of thermal activa-
tion on the reaction of toluene with hydrogen atoms", Int. J. Chem.
Kinet., 8 (1976) 321.

23) H. Tominaga, H. Arai, T. Kunugi, A. Amano, M. Uchiyama,
Y. Sato, "Mechanism of hydrogenolysis. II. A molecular orbitals
study of hydrogenolysis of toluene", Buil. Chem. Soc. Jpn., 43
(1970) 3658. »

24) R.E.Franklin, "Crystallite growth in graphitizing and non-
graphitizing carbons", Proc. Roy. Soc., A209 196 (1951).

25) P.J.F.Harris, "On charcoal", Interdiscip. Sci. Rev., 24

Int. J. Soc. Mater. Eng. Resour.

(1999) 301.

26) M. Shibuya, M.Kato, M.OQzawa, P.H.Fang, E.Osawa,
"Detection of buckminsterfullerene in usual soots and commercial
charcoals", Fullerene Sci. Tech., 7 (1999) 181.

27) S.Freni, G. Calogero, S.Cavallaro, "Hydrogen production
from methane through catalytic partial oxidation reactions”, J.
Power Sour., 87 (2000) 28.

28) I.Zhang, A.Schneider, G.Inden, "Characterisation of the
coke formed during metal dusting of iron in CO-H,-H,O gas mix-
tures", Corros. Sci., 45 (2003) 1329.

29) D. L. Trimm, "Catalysts for the control of coke during steam
reforming”, Catal. Today, 49 (1999) 3.

30) R.Aiell, J. E.Fiscus, H.-C.zur Loye, M.D. Amiridis,
"Hydrogen production via the direct cracking of methane over
Ni/S8iO; : catalyst deactivation and regeneration”, Appl. Catal. A :
General, 192 (2000) 227.

31) B.Monnerat, L.Kiwi-Minsker, A.Renken, "Hydrogen
production by catalytic cracking of methane over nickel gauze
under periodic reactor operation", Chem. Eng. Sci., 56 (2001)
633.

32) H. Nakano, J. Ogawa, J. Nakamura, "Growth mode of carbide
from C,H, or CO on Ni(111)", Surf Sci., 514 (2002) 256.

33) H.Nakano, J. Nakamura, "Carbide-induced reconstruction
initiated at step edges on Ni{111)", Surf Sci., 482-485 (2001)
341,

34) N. Nakano, S. Kawakami, T. Fujitani, J. Nakamura, "Carbon
deposition by disproportionation of CO on a Ni(977) surface”,
Surf. Sci., 454-456 (2000) 295.

35) D.W. Goodman, "Single crystal as model catalysts", J. Vac.
Sci. Technol., 20 (1982) 522.

36) C. Astaldi, A. Santoni, F. Della Valle, R. Rosei, "CO disso-
ciation and recombination reactions on Ni(100)", Surf. Sci., 220
(1989) 322.

37) J. Nakamura, H. Hirano, M. Xie, I. Matsuo, T. Yamada, K.
Tanaka, "Formation of a hybrid surface of carbide and graphite
layers on Ni(100) but no hybrid surface on Ni{111)", Surf. Sci.,
222 (1989) 809.

Vol.12, No.2, (Sept. 2004)





