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CH4/CO; dry reforming was carried out to make syn gas on the pifAtatalysts calcined at different
temperatures. The Ni/AD; (850°C) catalyst gave good activity and stability whereas the MA{45C C)

catalyst showed lower activity and stability. The NiQ@Jd catalyst calcined at 85C for 16 h (Ni/AkO3 (850

°C)) formed the spinel structure of nickel aluminate, which was confirmed by TPR. The carbon formation rate
on the Ni/AbOs (850°C) catalyst was very low till 20 h, and then steeply increased with reaction time without
decreasing the activity for GHeforming. The Ni/AJOs (450°C) catalyst showed high carbon formation rate

at the initial reaction time and then, the rate nearly stopped with continuous decreasing the activity for CH
reforming. Even though the amount of carbon deposition on the R¥A850°C) catalyst was higher than that

on the Ni/AbOs (450°C) catalyst, the activity for CHeforming was also high, which could be attributed to

the different type of the carbon formed on the catalyst surface.
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Introduction calcination temperature on the catalytic activity and stability
of the Ni/ALO; (450 or 85C°C) catalysts. For the purpose,
The catalytic Cl reforming with CQ, in which the the CH, dry reforming reaction was performed in a quartz
mixture gas could be converted into synthesis gas of a loweactor and the amount of carbon deposited was also
H,/CO ratio of 1, has been extensively examined for the pasietermined in a Cahn Balance reactor with reaction time. It
few decades$?® The synthesis gas is suitable for the Fischewas found that besides the amount of the carbon deposition,
Tropsch Synthesis and the direct production of dimethykthe catalyst deactivation occurred on the NiAI(450°C)
ether (DME). The nickel metal is catalytically active for the catalysts.
reforming reaction, but excess carbon deposition on the
metal surface causes the catalyst deactivatibiihe deacti- Experimental Section
vation prevents the nickel catalyst from the commerciali-
zation for the CH reforming. Although noble metals have  The alumina (Harshow, Al-4183, 173.4%g) supported
been proved to be less sensitive for carbon deposition on tHe5 wt% Ni catalysts were prepared by the impregnation
surfacet*? it is important to develop Ni-based catalyst with aqueous solutions of Ni(Nf-6H0, followed by
because of low cost and high availability of the nickel. overnight drying at 120C in a vacuum oven and then, by
Therefore, much attention has been focused on the developalcination in a furnace at 450, 650, and 85@or 16 h. The
ment for Ni-based catalysts doping alkali metal or metalcalcination temperatures were denoted as NifOA450 or
oxide as well as changing supports, suppressing the carb@b0°C) in parentheses. The calcined catalysts were reduced
depositiont**1* The origin of deposited carbon may be via at 850°C for 2 h before reaction, which were described in
CH, decomposition and CO disproportionation in the,CH the form of Ni/AbO; (450 or 85CFC). Nickel aluminate was
reforming with CQ. Carbon deposition in reforming prepared by the co-precipitation to confirm the N@l
reaction may be closely related to the active catalysphase by TP® and the precursor was calcined at 1800
structure. It has been known that the nickel aluminate couldor 5 h. The 33.2 wt% nickel aluminate of a distinct blue
be formed during the calcination step of alumina supportedeolor was obtained.
Ni catalyst!>!” Chen and Réf also reported that the  The CH, dry reforming with CQ was carried out in a
NiAl O, spinel formed during preparation of the nickel quartz (O.D. 3/8") and in a Cahn Balance (Cahn C2000
catalyst could markedly reduce the carbon deposition in th&lectrobalance) reactor at the atmosphere pressure with the
reforming reaction. It has been reported that the reduction d€O,/CH, ratio of 1.2 in the reactant gas. The feed rate of the
the nickel aluminate would result in the formation of smallreactant was 12,000 cgjgh and the amount of catalyst was
nickel particles which are resistant to sintering and carbori00 mg. The exit gas for the quartz reactor was monitored
formation!® with a gas chromatograph (Shimadzu 8A instrument with a
The goal of this paper is to observe the effect ofTCD and Porapak T column 1/8”0.D., 3 m long in program
temperature mode for separating RO, CQ, H,, CH,, and
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Cahn balance reactor for 70 h, and then TGA (Therma 100
Gravimetric Analysis) was carried out at the heating rate o
10 K/min and the flow rate of 30 mL/min of 3% @ argon.
A quadrupole mass spectrometer (Balzers, MS-Cube 20(
was used to analyze the product components during CF
reforming and TGA in the Cahn balance reactor. For the
detection of @, CO, and C@with the oxidation time, the =
intensities at m/e = 32, 28, 44 were monitored, respectively. >
The catalysts were also characterized using TPR an8
TEM. The reducibility of the NiO/AlD3;(450 or 85(°C)and
nickel aluminate was investigated by a temperature-pro
grammed reduction (TPR), which was carried out at the
heating rate of 10 K/min and the flow rate of 50 mL/min of
5% H, in argon. The hydrogen consumption for the reduc-
tion was monitored by a TCD. TEM images of the used 0 : : : .
catalysts were obtained by a Phillips CM-30 scanning trans 0 20 40 60 80 100
mission electron microscopy. The specimens were prepare Life time (hr)
by a suspension on the holes of a carbon grid.

20

T

Figure 1. CO Yield on the Ni/AIOs (450, 650 or 850C) catalyst
. . at 750°C. Calcination temperature: (a) 4% (b) 650°C; (c) 85(
Results and Discussion °C, GHSV = 12,000, C@CH: = 1.2, W = 100 mg.

CH, dry reforming with CQ was performed on the Ni/ 10
Al ,O5 catalysts at 750C to observe the effect of calcination
temperature on the activity and stability of the reaction. The
influence of the calcination temperature on the CO yield 8|
with reaction time was shown in Figure 1. The Ni@J
(850 °C) catalyst showed the highest activity and stability
whereas the Ni/AD; (450°C) catalyst gave lowest activity
and stability at the same reaction temperature ofC5The
activity of the Ni/ALOs; (450 or 650°C) catalysts continu-
ously decreased with reaction time. It meant that the g
calcination of the Ni/AlO; catalyst at different temperature 2
changed the property of the catalyst, causing the differer &
activity and stability of the catalysts.

The reducibility of the NiO/AIO; (450 or 850°C) catalyst
was monitored by TPR. Figure 2 indicated the TPR spectr.

Unit)

ntensity(arb

C

of the catalysts. Thenk peak for the reduction of the NiO/ 200 400 600 800 1000 1200
Al O3 (850°C) catalyst appeared around 980whereas the .
peak for the NiO/AIOz (450°C) catalyst was around 760. Temperature (°C)

The results showed that there was some different behavitigure 2. TPR spectra of the NiO/&Ds (450 or 850C) catalyst
depending on the calcination temperature. It has beecCalcination temperature: (a) 4%D; (b) 850°C, the flowrate of 5¢
examined that the NiO with AD; could be transformed into  Hz = 60 cc/min, heating rate = 20 K/min.

NiAl O, spinel structure during heat treatment at high

temperaturé®'’ The existence of nickel aluminate phase inwas reduced up to 1000. It is interesting to note that the
the NiO/ALO; (850°C) catalyst was confirmed by TPR. The Ni/Al,O; (850 °C) catalyst showed good activity and
reduction spectra of NiO, NiO/AD; (850°C) catalyst, and  stability as shown in Figure 1.

nickel aluminate prepared by co-precipitation were indicated The NiO/ALO; (850°C) catalyst did not show any activity
in Figure 3. Only NiO could be reduced around 2450but  for the CH dry reforming with CQ even at 750C.
NiO/Al, Oz (850 °C) and nickel aluminate were reduced Therefore, the Cldreforming reaction was carried out at 750
around 950C. The T« peak for the reduction of NiO/ °C to confirm the activity of the Ni/AD; (850 °C)
Al,O; (850 °C) catalyst was mostly identical with that of depending on the reduction temperature. The catalysts were
nickel aluminate. The result meant that the NiO on thereduced at each temperature of 450, 650, and@5@ 2 h
alumina support was transformed into nickel aluminatejust before starting the reaction. The Np@4 (850°C)
phase with calcination at 88C for 16 h. Scheffeet al'® catalyst reduced at 650 or 8%D gave almost the same
identified different nickel species in an alumina supportedactivity and stability, but the catalyst reduced at ¥5@ave
catalyst, based on the temperature range in which the speciesry low activity at initial reaction time as shown in Figure
were reduced. According to the result, the nickel aluminatet. It nearly took 5 h to reach toward the activity of the Ni/
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Figure 3. TPR spectra of NiO, nickel aluminate, and NiQ@l
(850 °C) catalyst: (a) NiO (30 mg); (b) NiO/A&Ds (850°C, 150
mg); (c) Nickel aluminate (100 mg), the flowrate of 5%=+60 cc/
min, heating rate = 20 K/min.
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Figure 4. CO Yield on the Ni/AIO; (850°C) catalysts depending
on the reduction temperature: GHSV = 12,000./C8s = 1.2,
Wear= 100 mg, RT = 750C, Reduction for 2 h.

Al,Os3 (850°C) catalysts reduced at 650 or 880 The Ni/
Al O3 (850°C) catalyst reduced at 4580 for 2 h could be
not reduced enough into the nickel metal so the catalyst
rarely showed activity at the initial reaction time. The
catalyst might be slowly reduced under the atmosphere ¢
CO and H during the reforming reaction and then, became
active. The activity and the stability of the Nif@k (850°C)
catalysts was not dependant on the reduction temperature
long as the catalyst was reduced. The nickel aluminate di
not show any activity unless the catalysts were reduced.
indicated that the nickel metal could be an active componer
for the CH, reforming.

The carbon deposition on the nickel catalyst surface ha
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Figure 5. Weight increase on the Ni/&); (450 or 850°C)
catalysts during reforming reaction for 70 h at 760(a) Ni/ALOs
(450°C); (b) Ni/Al,Os (850°C), GHSV = 12,000, C&CH,4 = 1.2
Wear = 50 mg.

been well known for the deactivation of Céty reforming.

The CH reforming on the Ni/AIO; (450 or 850°C)
catalysts was carried out in a Cahn Balance reactor at the
reaction temperature of 75 to directly measure the
amount of the carbon deposited during the reaction. The
weight increase on the catalyst with the reaction time was
shown in Figure 5. The pattern of the weight increment was
so different on the Ni/AD; (450 or 850°C) catalysts, which
was dependant on the calcination temperature of the Ni/
Al,O3 catalyst. The weight increase rate on the N@AI
(450°C) catalyst was high at the initial reaction time, and
then gradually decreased and then, leveled off after 10 h. On
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Figure 6. Weight decrease on the Ni® (450 or 850°C)
catalysts by oxidation after reaction for 70 h at 7&0(a) Ni/ALOs
(450°C); (b) Ni/Al,Os (850°C).
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Figure 7. TPO spectra of the Ni/AD; (850 °C) catalyst afte
reaction for 70 h: (a) CO; (b) GQO(c) 3% Q in balance of argon.
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the other hand, the weight increase rate on the MI¥850

°C) catalyst until 20 h was almost zero, and then the rat
steeply increased during the reforming reaction. The weigh
increase came from the carbon deposition on the cataly: 1-
surface during the reforming reaction. Although the amoun 5_
of carbon deposition on the Ni//Ds; (850 °C) catalyst was
high, the catalyst kept high activity with reaction time as
shown Figure 1. But, the activity of the Nis8k; (450 °C)
catalyst gradually decreased with reaction time, even thoug
the carbon deposition was almost stopped after 10 h. |
suggested that the deactivation of the NiI(450 °C)
catalyst probably is related to the type carbon deposite:
rather than the amounts of the carbon deposited.

After the CH reforming for 70 h, the used catalysts in the
Cahn balance reactor were oxidized at the heating rate of 1 ;
K/min and the flow rate of 30 mL/min with 3%,@ argon. ' -
The weight decrease on the NiBk (450 or 850°C) i y —
catalyst during the TGA was shown in Figure 6. The exit gas ’ 100am
was monitored by a quadrupole mass spectrometer (Balzer
MS-Cube 200) to analyze the product components durin b}
the TGA. The spectra for the,OCO, and C® with the
oxidation temperature during the TGA were depicted inFigure 8. TEM image for the used catalysts of Ni@4 (850°C);
Figure 7. The carbon on the catalyst surface was OX|d|ze( ) and Ni/AROs (450°C); (b).
mostly into CQ and partly into CO.

The carbon on the Ni/AD; (450°C) catalyst was mostly (C,H,) at 750°C was oxidized at the same temperature
oxidized at the temperature under 38D, but the most range?* The carbon nanotube had much long-range order
carbon on the Ni/AD; (850°C) catalyst was oxidized at the than amorphous carbdh.
temperature above 50C. The difference of the oxidation  Generally, it has been proposed that carbon deposition on
temperature indicated that the carbon type formed on tha catalyst surface induce the catalyst deactivation. But, the
catalyst surface was so different depending on the calciNi/Al,O; (850 °C) catalyst gave the high activity and
nation temperature of the catalyst. The carbon formed on th&tability, although the catalyst showed the much amount of
Ni/Al ;O3 (850°C) catalyst might be the carbon having long- carbon deposition during the Gleforming. Whereas, the
range order than that on the N8} (450°C) catalyst. The Ni/Al,O; (450 °C) catalyst showed lower activity and
carbon having long-range order would be oxidized at astability as shown in the Figure 1, although the small amount
higher temperature. The carbon nanotube grown over 0.6f carbon formed on the catalyst. According to the results, it
wt% Ni-Fe/ALO; from the dehydrogenation of ethylene is important to mention that the amount of carbon deposition
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was not always related to the catalyst deactivation. Chen an@50 °C) catalyst consisted of nickel aluminate, which was
Ren® reported that the carbon deposition on the PMAI  not active for the reaction before reduction. The NAI
spinel was markedly suppressed during the, @&fbrming  (850°C) catalyst showed good activity and stability for 70 h,
reaction. Their results were correctly agreed with our resultalthough the amount of carbon deposition is higher than on
during the reaction time till around 30 h in which the carbonthe Ni/Al,Os; (450°C) catalyst. The phenomena might come
deposition on the Ni/AD; (850°C) catalyst was strongly from the different type of carbon formed on the catalysts
suppressed, whereas increased on the MIA(450 °C) during the CH reforming. Amorphous carbon could cover
catalyst. Moreover, the Ni/AD; (850 °C) catalyst showed all the active metal, but filament carbon was grown not

high stability, whereas the Ni/&D; (450°C) catalyst show-
ed low stability. It suggested that the controversial results on

covering the metal surface.

the relationship of the amount of carbon with the activity and Acknowledgment This research was performed for the
stability could come according to the analysis point for theclean energy technology development, funded by R&D

amount of carbon deposited.

TEM images were taken for the used Ni2d (450 or 850
°C) catalysts after 70 h reactions to discriminate the type of
the carbon and the metal particle size. The TEM image for
the used catalysts was shown in Figure 8. The MUA450
°C) catalyst consisted of large metal particle in comparison
to the Ni/ALO; (850°C) catalyst as shown in the Figure 8.
The amorphous carbon on the N4 (450°C) catalyst 2.
covered nearly all the catalyst surfaces (the black part of the
TEM image), which could result in the decrease in the 3
catalytic activity with the reaction time. Therefore, the
stability of the catalyst decreased with reaction time, eveng
though the amount of carbon deposition was small on the Ni/
Al,O3 (450 °C) catalyst. On the other hand, there was no 6.
amorphous type carbon on the Ni@4 (850°C) catalyst,
showing only the filament type carbon. Therefore, most "
active metal could be exposed to the reactants during the;
reaction, even though the amount of the carbon deposition
was steeply increased after 20 h. As shown in the Figure 89.
most of the carbon was the filament type, not covering the
catalyst surface. 1(1)

The carbon deposited on an active metal surface could be;3’
serious reason on the catalyst deactivation for the @4 13,
reforming with CQ. Rostrup-Nielsen J.R. reported that 14.
large metal particles stimulated the amorphous carbon
deposition because of ensemble efféethich was covering
the active metal surface. On the other hand, the growth of g
filament carbon occurs on a metal surface in which the activez.
metal is carried on the top of the filament carboid.The
filament carbon deposition could keep the catalytic activity18-
with reaction time because the active metal was still expose
to the reactants in the case of filament carbon formation og,
an active catalyst surface.

The nickel aluminate in the Ni/AD; (850°C) catalyst was  21.
reduced into small size Ni metal than in the Ni@\ (450 22
°C) catalyst, which might give high activity and stability for 23
the CH, reforming.

24.

25.
26.

Conclusions

The activity and stability of the 2.5 wt% Ni/&); (450 or
850 °C) catalysts for Ciireforming with CQ were tested
depending on the calcination temperature. The NifDAI

27.

Management Center for Energy and Resources of Korea
Energy Management Corporation.
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