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The dependency of the rate of CO- reforming of methane on the catalyst loading and the reactor size was
examined at a fixed temperature of 750 °C and a fixed GHSV of 18000 mL{STP)/g...h. The conversion of
methane in CO- reforming decreased with increase in the reactor size. The catalyst was severely deactivated
with increase in the catalyst amount. The amount of carbonaceous species combustible below 550 °C.
determined by TPO experiments with the used cataly st samples increased with increase in the catalyst amount.
which was again confirmed by XRD and TEM experiments. The increase of the carbonaceous species
combustible below 550 °C may be due to the suppression of the reverse Boudouard reaction. since the CO-
reforming of methane. a highly endothermic reaction. resulted in lowering the reaction temperature.
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Introduction

CO- reforming of methane has attracted a great interest for
several decades since it produces the CO/Hx ratio suitable for
the synthesis of liquid fuel such as higher hydrocarbons and
oxvgenated derivatives.!® Additionally. CO-~ reforming can
be used in chemical energy transmission systems ™" A
number of supported catalysts have been studied for CO-
reforming of methane. It was reported that supported noble
metal catalysts were highly active and stable in the reaction.
but supported Ni catalysts were extensively studied from a
practical point of view''!'" However. the supported Ni
catalysts were severely deactivated and coke formation was
regarded as the main cause of deactivation during CO-
reforming of methane. Coke formation could be suppressed
by using the supports such as i) MgO."*!* i1) ZrO-.'" iii)
lanthania.'® and iv) the solid solution (MgALOy)!"'* and by
modifyving Ni-supported catalysts such as by i) sulfidation.’”
ii) ceria addition.=™ and iii) Mn addition.-> Nonetheless. the
importance of the state of the nickel phase was more
emphasized than that of the support effects and the additive
effects. ™~ Coke formation was dependent on the reactor
type in practical use. The effect of the reactor type was
discussed in terms of carbon deposition by the endothermic
heat of CO- reforming.-*-" In other words, it was observed
that coke formation was dependent on the catalyst amount
and the reactor size for the NifALO; catalysts in COa
reforming of methane in this work. The main reason for the
experimental results was put forward.

Experimental Section

A CO» reforming catalyst (10 wt% NifAl-Os) was prepared
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by impregnating ¥ Al-QO3 support with Ni nitrate solution as
previously reported.” The dried samples were calcined at
800 °C for 16 h. The prepared catalyst (200-300 mesh) was
charged in an inconel tubular reactor and then reduced in-
situ at 800 °C for 3 h in 3% H+/Ar (60 mL/min). Two
reactors with the diameter of 1/4” and 3/8" were used for
CQO- reforming of methane. A thermocouple was positioned
on top of the catalyst bed to control the reaction temperature.

CO- reforming of methane was conducted at 750 °C and
18000 mL(STD)/geceh in a stream of CO-/CHs=1/1. The
products composed of Hx. CO. CH,; and CO: were analyzed
by an on-line GC (Young-Lin, M600D) with a carbosphere
column (1/4” x 3 m). where Ar was the carrier gas of GC.,
Coke deposition after 16 h reaction was quantitatively
analyzed by an elemental analyzer (FISONS Ind.). Temper-
ature programmed oxidation (TPQO) was performed for the
used samples in a stream of 30% O-/He with a ramping rate
of 20 °C/min. The product gases were monitored with a mass
detector (Balzers. MS-Cube 200). TEM images of the used
catalysts were obtained by a Phillips CM-30 scanning trans-
mission electron microscopy. The specimens were prepared
by a suspension on the holes of a carbon grid.

Results and Discussion

The struchwre of the prepared NifAl-O; catalyst was
confirmed to be a NiAl:O; phase by TPR (temperature-
programmed reduction) as previously reported == CO-
reforming of methane was conducted with a GHSV of 18000
mL (STD)g..h at 730 °C for 16 h after reducing the
NiAl:Q4 sample to Ni/Al-Oa. Figure 1 shows the conversion
of methane against the reaction time with 30 mg. 100 mg
and 200 mg of the catalyst. The initial conversion of
methane decreased with increase in the amount of the
catalyst charged in the reactor. The steady conversion of
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Figure 1. Catalytic activity and stability of 10 wt% NifALO;
catalyst in a 1/4™ reactor with ditferent catalyst amount (T=750 °C.
CIHLCO: 1.0, GHSY 18000 ml.fga h): (@) 50 mg, (m ) 100
mg. ( & ) 200 mg.

methane was maintained for 16 h with 50 mg of the catalyst,
but it steadily decreased with 200 mg,.

The different activity with different catalyst amount under
the apparently same reaction temperature and GHSV
indicates that the reaction rate of CQO; reforming would not
be described by intrinsic Kinetics. For further investigation,
the reactor size was changed from a 1/4" inconel tube to a
3/8” inconel tube. Figure 2 shows the methane conversion
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Figure 2. Catalytic activity and stability of 10 wi% Ni/AlLO;
catalyst in a 3/87 reactor (1=730 °C, CH4/CO=1.0, GISV=18000)
mL/gh): ( @ )30 me. ( B ) 100 mg. ( & ) 200 mg.
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Table 1. The guantitative carbon analysis ol the used catalyst
samples at 750 °C for 16 h

Amount of catalyst charged  Carbon deposition after 16 h reaction

(mg) (wi%)
50 0.6
100 1.3
200 2.6

against the reaction time with the catalyst amounts ot 50 mg,
100 mg and 200 mg in the 3/8" reactor.

The initial conversion of methane was maintained for 16 h
even with 200 mg of catalysts in the reactor of 3/8™ tube,
which was different from the experimental result with the
1/4" reactor. The conversion of methane in the reactor of a
3/8" tube was slightly lower than that in the 1/4™ reactor with
the same amount of the catalyst. The effects of the reactor
size and the catalyst amount may be due to the factors such
as lateral diffusion, lateral heat transfer and axial temper-
ature gradient resulting from the endothermic heat of
reaction. T'he total carbon deposited on the Ni‘Al:O; catalyst
after 16 h reaction in the reactor of /4" was analyzed. lable
| shows that the specific carbon deposited on the catalyst
increased with increase in the catalyst amount.

‘lemperature programmed oxidation (TPQO) was conducted
for the used samples. Figure 3 shows that the properties of
the carbon deposited on the catalyst are dependent on the
catalyst amount. Two peaks with 50 mg of catalysts
appeared at 380 °C and at 662 °C in TPO. The intensity of
the peaks appeared below 550 °C increased with increase in
the catalyst amount. The peak at 662 °C can be assigned to
the graphitic carbon.™

The graphitic carbon was regarded to be inactive and thus

(©)

y (a.u.)
~

=
2
=
o
o
[
(@)
% | |
200 400 600 800 1000

Temperature (°C)
Figure 3. TPO analysis of the used catalysts alter CO- relorming ol

methane gt 750 °C for 16 h with different catalyst amounts: (a) 30
mg. (b) 100 mg. (¢) 200 mg.
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Figure 4, XRI> spectra ol (a) the fresh reduced catalyst and the
used catalyst samples at 750 °C lor 16 h with the amount of (b) 50
me. (¢) 100 mg. (d) 200 mg: { a ) $ALO:. { @ ) Ni metal.

responsible for the deactivation, while the carbonaceous
species combustible at the temperature below 550 °C is
considered to be reversibly converted to CO by CO»
oxidation,”®*" That is, the carbonaceous species combustible
below 550 °C can be converted to CO with CO; by the
reverse Boudouard reaction {C + CO; — 2 CO). Therefore,
the conversion of the carbonaceous species to CO with CO»
decreases with lowering of the reaction temperature. TPO
experiments with the used samples at the different temper-
atures showed that the carbonaceous species combustible
below 550 °C increased with a decrease in the reaction
temperature. CO: reforming reaction is highly endothermic.

(a)
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CO>+CHy = 2CO—-2H>» AHsug = 247 kl/mol
Therefore, it is highly probable that the temperature of the
catalyst surface could be severely lowered by the endo-
thermic reaction. The conversion of the carbonaceous
species to CO with COa helow 550 °C could be suppressed
due to lowering of the reaction temperature, resulting in the
accumulation of a large amount of carbonaceous species.

Figure 4 shows XRD spectra for the three samples (50 mg,
100 mg. 200 mg) after 16 h reaction. The peak around 26"
can be assigned to the graphitic carbon. Interestingly, the
broad peak around 21 increased with increasing the amount
of the catalyst, which can be assigned to the carbonaceous
species combustible below 550 °C in the TPO experiments.
The intensity of the characteristic peaks of #Al:O; and Ni
metal was severely decreased by the carbon deposition,
indicating that the surface of *AlO; and Ni metal could be
covered by the carbonaceous species. T'he characteristic
peaks of Ni metal decreased more rapidly than that of
AlQO;, suggesting that the carbonaceous species covered
mainly the surface of Ni metal.

Figure 5 shows TEM images of the samples of 50 mg and
200 mg after the reaction. The size of Ni crystallite in both
TEM images was distributed with an average particle size of
50 nm. The carbon tubes with the diameter of 20-100 nm
were observed on the sample of 200 mg. but it was not
observed on that of 50 mmg. [t is interesting to observe that the
carbon tubes could be formed with the increase of the
carbonaceous species combustible below 550 °C in TPO.
TEM images with the sample of 200 mg shows more clear
black spot than that that with 50 mg. Nickel particles in
TEM images with the sample of 200 mg seem to be
segregated from the support, indicating that nickel particle
can be detached from the support during carbon tube
formation. At this moment, it is not easy to elucidate the
relation of the carbon tube growth and the accumulation of

(b)

Figure 3. TME images of the used catalysts at 750 °C tor 16 hwith the amount of (2) 30 mg. (b) 200 mg in 14" reactor.
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the carbonaceous species combustible below 330 °C.
However. the carbonaceous species below 530 °C seem to be
related to carbon tube growth.

Conclusion

The conversion of CHy duning CO- reforming of methane
was dependent on the catalyst amount and the reactor size at
the same temperature. pressure. and GHSV. TPO expen-
ments with the samples after the CO- reforming of methane
for 16h indicate that lowering of the catalvst bed temperature
prevented the conversion of the carbonaceous species to CO
with CO- by the reverse Boudouard reaction, resulting in the
accumulation of the carbon on the catalvst. which was sup-
ported by XRD and TEM experiments. It can be concluded
that the carbon deposition in the reactor with increase of the
catalvst amount could be due to the accumulation of the
carbonaceous species combustible below 350 °C in TPO
experiment rather than to the formation of graphitic carbon.
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