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Abstract

Methane reforming with carbon dioxide to synthesis gas was investigated over a series of Ni/HY catalysts promoted by Mg, Mn, K, and C
These catalysts were characterized by XRD, BET, FT-IR, and TGA analyses before and after the reaction. It was observed that Ni-Mg/HY cata
showed the highest carbon resistance and the most stable catalytic performance. It was also revealed that the addition of Mg promoter red
the size of nickel species and produced the highly dispersed nickel species, and consequently, retarded the catalyst deactivation. The re:
carbonate species formed on the magnesium oxide in the Ni-Mg/HY catalyst played an important role in suppressing carbon deposition on
catalyst surface.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (2CO— C+CQO) or methane decomposition (GH>C+
2Hy), which eventually leads to catalyst deactivation, plugging
The catalytic reforming of methane with carbon dioxide of the reactor, and breakdown of the cata[pst—28] It is well
(dry reforming) to synthesis gas (G® CHs — 2CO +2H) has  known that noble metal catalysts are less sensitive to carbon
attracted much attention, because it can produce synthesis gasposition compared to nickel-based catalyst. But the high mar-
having a low B/CO ratio (1:1) that is desirable for direct use as ket price of noble metals renders theirindustrial application quite
a feedstock for the production of oxygenated derivatives. Thigjuestionable. Therefore, it is more practical from an industrial
reaction is also of greatimportance in an environmental point o$tandpoint to develop an improved non-novel metal-based cat-
view, because methane and carbon dioxide, well-known greeralyst. It is necessary to develop supported catalysts comprising
house gases, can be converted into a valuable feeddte8k nickel and promoter, which show considerable catalytic activity
Numerous supported catalysts such as nickel- and novelithout experiencing catalyst deactivation by carbon deposition.
metal-based catalysts have been investigated for the methaneThe addition of small amounts of steam in the methane
reforming with carbon dioxide. These examples includereforming with carbon dioxide has been investigated in order
Ni/La203 [4], Ni-YSZ-CeQ [5], Ni/fMnO-Al,03 [6], Co/MgO  to prevent carbon deposition on the supported nickel catalysts.
[7], Pt/AlOg3 [8], Ni/ZrOs [9], Ni/Ce,-Al203 [10], Pt/Zr0, However, more promising method for preventing carbon deposi-
[11], Rh/SIG [12], Ni/CaO-AkO3 [13], Ni/SrO-Al,O3 [14],  tion, and thus, for improving catalytic performance and stability
Lap_,SrNiO4 [15], and Ni/ALO3 [16—20]catalysts. One of the isto modify the supported nickel catalysts by promoters. Typical
serious problems in the methane reforming with carbon dioxidenodification of nickel-based catalysts has been done with alkali
is the carbon deposition formed via the Boudouard reactiomr alkaline earth metal oxides, and group VIl or VIII transition
metal oxides, as listed aboi@ 10,13,14]
Reported in this work are characterization, catalytic activity,
* Corresponding author. Tel.: +82 2 880 9227; fax: +82 2 888 7295. and stability of Ni/HY catalysts modified by Mg, Mn, K, and
E-mail address: inksong@snu.ac.kr (1.K. Song). Ca promoters in the methane reforming with carbon dioxide.
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The effect of promoter on the performance of Ni/HY catalystof the catalyst bed in order to monitor and control the reaction
was investigated in detail, with an aim of minimizing carbontemperature. All catalytic reactions were conducted at°7Q0
deposition on the catalyst surface and improving stability of theReactant gas stream comprising methane and carbon dioxide
catalyst. with a mole ratio of 1:1 was introduced into the reactor at a total
feed flow rate of 200 ml/min diluted with nitrogen carrier gas
for 1 g of each catalyst. The reaction products were periodically
sampled and analyzed with an on-line gas chromatography (HP
6890) equipped with a thermal conductivity detector.

2. Experimental
2.1. Catalyst preparation

A series of Ni/HY catalysts promoted by Mg, Mn, K, and Ca 2.3. Catalyst characterization

were prepared by co-impregnation method with an aqueous solu-

tion containing nickel nitrate (Ni(Ng)2-6H,0O) and promoting Crystal states of the catalysts were investigated by XRD
metal nitrate. In short, nickel nitrate and promoting metal nitratemeasurements (Rigaku, D/MAX-2000), and the sizes of nickel
with desired mole ratio were dissolved in distilled water, and thespecies were determined using Scherrer equation. Specific sur-
solution was then mixed with HY zeolite supportin a rotary vac-face area, pore size, and pore volume of the catalysts were
uum evaporator at 6QC, followed by evaporation of water. The obtained using BET apparatus (Micromeritics, ASAP 2010).
impregnated catalysts were dried overnight atM@0and then  For infrared spectroscopy measurements, the catalyst powder
they were calcined in a helium flow at 400 for 3h. Priorto  was pressed into a self-supporting wafer, and it was analyzed
the catalytic reaction, the prepared catalysts were reduced withusing FT-IR spectrometer (Perkin-Elmer 1800 spectrometer).
mixed a stream of hydrogen (10%) and nitrogen (90%) at®0 The amounts of carbon formed on the catalysts were determined
for 3h. by TGA measurements (TA instruments, SDT2690), which were

carried out in an oxygen-containing atmosphere.

2.2. Catalytic reaction
3. Results and discussion

Methane reforming with carbon dioxide was carried out in
a continuous flow fixed-bed reactor at an atmospheric pressuré.l. Effect of Ni loading on the performance of Ni/HY
Fig. 1shows the schematic diagram of reaction set-up. A quartzaralyst
tube (inner diamete= 8 mm andength =300 mm) was used as
a reactor. The reactor was placed inside an electric furnace Effect of nickel loading on the performance of Ni/HY cata-
equipped with a PID temperature controller. A thermocoupldystinthe methane reforming with carbon dioxide is summarized
connected to the temperature controller was placed on the tap Table 1 Conversions and product yields were increased with

He Air
vent
2 CO N H
1 2 2 2 1. Gas booster 6. Needle valve 11. Furnace

2.Gas chamber 7. Check valve 12. Catalyst bed
3.Pressure gauge 8. Mass flow meter 13. Temp. controller
4.Pressure regulator 9. Mass flow controller 14. 3-way valve

5.Silica gel 10. Buffer tank 15. Gas chromatography

Fig. 1. Schematic diagram of reaction set-up for the methane reforming with carbon dioxide.
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Table 1 100
Effect of Niloading on the performance of Ni/HY catalystin the methane reform-
ing with carbon dioxide at 700C after 1 h reaction 9 %0
Ni loading (wt.%) Conversion (%) Yield (%) é
z
CHy CO, Ha co z 60+
=]
5 35 39 32 45 e
S 401
10 84 74 66 69 o
13 93 86 82 87 i
20 78 72 76 77 T 20 —e— Cily
—m— COj
0 : - - . : . .
increasing nickel loading up to 13 wt.%. At higher nickel loading 2 3 4 s 67T 89 10 I

more than 13 wt.%, the catalytic performance of Ni/HY catalyst M content (¥1.%)

started to decrease. It is believed that large nickel species on tife. 3. Effect of Mg loading on the performance of Ni/HY catalyst in the
surface of 20 wt.% Ni/HY catalyst led to carbon deposition Ovemethane reforming with carbon dioxide at 7@ after 1 h reaction (Ni load-
active metal species, which eventually caused the catalyst dedf9 = 13Wt.%)-

tivation. The 13wt.% Ni/HY catalyst exhibited 93% methane .

conversion and 82% hydrogen yield after 1 h reaction atgoo  Was 0.971.0). Onthe other hand, the Ni-K/HY catalyst expe-
rienced severe catalyst deactivation, because reactor plugging
occurred due to the formation of large amounts of coke even
after 24 h reaction.

The primary effect of promoter addition to the Ni/HY catalyst
Effect of promoter on the performance of Ni/HY catalyst in inthe .me'ghane reforming vyith carbon dioxide_ i_s toretard catalyst
the methane reforming with carbon dioxide at 7@s shownin  deactivation by suppressing carbon deposition on the catalyst
Fig. 2 Nickel and promoter contents were fixed at 13 and 5 wt. % SUrface29]. Itis believed that patches of partially reduced metal
respectively. Initial activities over Ni/HY and metal-promoted ©Xide species such as Mg@nd MnQ cover a part of the nickel
Ni/HY catalysts were almost the same. After a certain period ofUrfacel30]. Such a decoration of nickel by metal oxide con-
catalytic reaction, however, it was revealed that Mg, Mn, and cérf"s the nickel e_nsemblf-:- Size on the _HY zeolite surfgﬁﬁ._ _
promoters improved the catalytic performance without experi-F'ne nickel species proh|b|t the formathn of carbon deposmo_n
encing severe catalyst deactivation. The catalytic performanc@d €nhance the catalytic performance in the methane reforming
was decreased in the order of Ni-Mg/HY > Ni-Mn/HY >Ni- With carbon dioxide. o
Ca/HY > Ni/HY > Ni-K/HY. It is noticeable that the addition of 1 ne carbon deposition in the methane reforming with car-
Mg to the Ni/HY catalyst remarkably stabilized the catalytic per-20n dioxide may occur via extensive methane decomposition
formance and retarded the catalyst deactivation. The Ni-Mg/HY2nd/or CO disproportionation. These two processes are believed
catalyst showed methane conversions more than ca. 85%, witf? {&ke place favorably on the large nickel ensembles. However,
out significant catalyst deactivation even after the 72 h catalytié Was claimed that basic oxides increased the electron density
reaction. The stability index, defined as the ratio of methan@f Nickel, and thus, reduced the ability of nickel for extensive
conversion at 72 h with respect to that at 1 h was 0.96 in the NiMethane decompositiga].

Mg/HY catalyst. Furthermore, average/80 mole ratio in the

product stream over the Ni-Mg/HY catalyst during 72 h reaction’-3- Effect of Mg loading on the performance and stability
of Ni/HY catalyst

3.2. Effect of promoter on the catalytic activity and stability
of Ni/HY catalyst

100

Fig. 3 shows the effect of Mg loading on the performance

of Ni/HY catalyst in the methane reforming with carbon diox-
80+

o ide at 700°C after 1 h reaction. The catalytic performance was
% remarkably increased with increasing Mg loading up to 5wt.%.
§ 60 1 At higher Mg loading more than 5wt.%, however, the catalytic
z performance of Ni-Mg/HY catalyst was slowly decreased. The
3 401 Ni-Mo/HY Ni-Mg/HY catalyst containing 5wt.% Mg promoter exhibited
= Ni-Mo/HY 93% methane conversion and 89% hydrogen yield after 1 h cat-
Ni-CaHY lytic reaction
201 Ni-K/HY aly on. _ .
Ni/HY The stability of Ni-Mg/HY catalyst containing 5wt.% Mg
0 , o ‘ ‘ promoter was examined by conducting the methane reform-
0 20 40 60 80

Time on stream (h)

ing with carbon dioxide at 700C for 720h, as shown in
Fig. 4 Only a slight catalyst deactivation was observed in

Fig. 2. Effect of promoter on the performance of Ni/HY catalystin the methaneth€® Ni-Mg/HY catalyst even after 720 h catalytic reaction. The
reforming with carbon dioxide at 70@ (GHSV = 3500 h'l).

amounts of carbon accumulated on the Ni-Mg/HY catalyst
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) . . . . Fig. 5. XRD patterns of freshly calcined catalysts.
Fig. 4. Stability of Ni-Mg/HY catalyst containing 5wt.% Mg promoter in the

methane reforming with carbon dioxide at 7@for 720 h (CH/CO, =1.0 and
GHSV=3500h1).

the Ni-Mg/HY catalyst, leading to strong interaction between
after 720 h catalytic reaction, which was determined by theNiO and MgO. The sizes of Ni species in the reduced and
weight loss of Ni-Mg/HY catalyst using TGA, were found to used catalysts determined from X-ray line broadening of Ni
be 21 wt.%. In spite of the large amounts of carbon depositegeak (2 =44.3) were the smallest in the Ni-Mg/HY catalyst
on the catalyst surface, no significant loss of catalytic per{Table 2, indicating that Ni species were highly dispersed on
formance was observed in the Ni-Mg/HY catalyst, indicatingthe surface of reduced Ni-Mg/HY catalyst. These results demon-
that some part of carbon species did not act as a poison. $trate that the addition of Mg promoter reduced the size of Ni
is also noticeable that methane conversion was similar to caspecies and produced the highly dispersed Ni species, and con-
bon dioxide conversion with time on stream, implying that thesequently, retarded the sintering of Ni species on the catalyst
addition of Mg promoter suppressed the reverse water—gas shitirface in the Ni-Mg/HY catalyst.
reaction.

3.5. Carbon deposition on the Ni/HY and Ni-Mg/HY
3.4. Physicochemical property and XRD analysis catalysts

Physicochemical properties of the prepared catalysts are sum- The catalyst deactivation in this reaction is basically related
marized inTable 2 It was observed that pore diameter of Ni/HY to the deposition of inactive carbon species on the active
catalyst was drastically decreased upon addition of promotemetal sites. The amounts of carbon formed on the Ni-Mg/HY
The Ni/HY catalyst containing Mg promoter showed higher sur-and Ni/HY catalysts after 72 h reaction were determined by
face area and larger pore volume than any other catalysts. THIKGA measurements, which were carried out in an oxygen-
result implies that the density of mesopores in the Ni-Mg/HY containing atmospherd-ig. 6). TGA results showed that the
catalyst was higher than that in the other catalysts. The sizes ofeight losses of Ni/HY and Ni-Mg/HY catalysts were ca.
Ni species in both reduced and used catalysts were decreasg®d and 18%, respectively, indicating the formation of large
with increasing surface areas. amounts of carbon on the Ni/HY catalyst. The catalytic reac-

Fig. 5shows the XRD patterns of freshly calcined catalysts. Intion was also conducted over the Ni-Mg/HY catalyst at 700
the Ni/HY and Ni-K/HY catalysts, NiO crystalline phases were with a feed stream of MCH4/CO, =5/3/1 in order to acceler-
clearly observed ati2=37.2, 43.2, and 62°8 Addition of Mg  ate the catalyst deactivation by methane decomposition. Under
promoter drastically decreased the intensity of crystalline NiGsuch an unfavorable condition, however, the deactivation rate
peaks. This indicates that small NiO particles were formed irwas only 0.52% per hour, although the amounts of carbon

Table 2

Physicochemical properties of the prepared catalysts

Catalysts SgeT (BET surface Dy (pore Dnicro (Micropore Vp (pore volume, Dnj-reduced Di-used (diameter
area, m/g) diameter, nm) diameter, nm) cmi/g) (diameter of Ni of Ni species, nm)

species, nm)

Ni/HY 280.7 19.8 0.61 0.299 23.7 49.6

Ni-Mg/HY 352.7 43 0.43 0.428 14.9 18.8

Ni-Mn/HY 339.5 4.4 0.47 0.345 16.2 25.9

Ni-Ca/HY 298.4 4.1 0.45 0.365 195 30.1

Ni-K/HY 200.2 3.7 0.48 0.341 30.8 71.7
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Fig. 6. TGA profiles of Ni-Mg/HY and Ni/HY catalysts after reaction at 7@0
for 72 h.

were increased (the weight loss determined by TGA was

21%).

3.6. Carbonate species on the Ni/HY and Ni-Mg/HY
catalysts

Fig. 7 shows the IR spectra of Ni-Mg/HY and Ni/HY cata-
lysts obtained after reaction at 700 for 72 h. It was observed
that carbonate species appearing at ca. 1650 amere formed
on the Ni/HY catalys{32]. On the other hand, the Ni-Mg/HY
catalyst showed a strong band at ca. 1550%rthe IR band at

47

4. Conclusions

Methane reforming with carbon dioxide to synthesis gas
was investigated over a series of Ni/HY catalysts promoted
by Mg, Mn, K, and Ca. Among the catalysts tested in this
work, the Ni-Mg/HY catalyst showed the highest carbon resis-
tance and the most stable catalytic performance. Moreover, no
significant loss of catalytic performance was observed in the
Ni-Mg/HY catalyst during the reaction test period of 720h.
BET and XRD analyses revealed that the addition of Mg
promoter reduced the size of Ni species and produced the
highly dispersed Ni species, and consequently, retarded the
sintering of nickel species on the catalyst surface in the Ni-
Mg/HY catalyst. FT-IR results demonstrated that the reactive
carbonate species formed on the magnesium oxide played an
important role in suppressing carbon deposition on the catalyst
surface.
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