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Abstract—An Al,0,-ZrO, xerogel (AZ-SG) was prepared by a sol-gel method for use as a support for a nickel catalyst.
The Ni/AZ-SG catalyst was then prepared by an impregnation method, and was applied to hydrogen production by
steam reforming of LNG. A nickel catalyst supported on commercial alumina (A-C) was also prepared (Ni/A-C) for
comparison. The hydroxyl-rich surface of the AZ-SG support increased the dispersion of nickel species on the support
during the calcination step. The formation of a surface nickel aluminate-like phase in the Ni/AZ-SG catalyst greatly
enhanced the reducibility of the Ni/AZ-SG catalyst. The ZrO, in the AZ-SG support increased the adsorption of steam
onto the support and the subsequent spillover of steam from the support to the active nickel sites in the Ni/AZ-SG cat-
alyst. Both the high surface area and the well-developed mesoporosity of the Ni/AZ-SG catalyst improved the gas-
ification of adsorbed surface hydrocarbons in the reaction. In the steam reforming of LNG, the Ni/AZ-SG catalyst showed
a better catalytic performance than the Ni/A-C catalyst. Moreover, the Ni/AZ-SG catalyst showed strong resistance

toward catalyst deactivation.
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INTRODUCTION

Hydrogen has attracted much attention as a promising energy
due to its clean, renewable, and non-polluting nature. Technologi-
cal advances in fuel cells have made hydrogen more important as a
new energy source [1-3]. A number of catalytic reforming technol-
ogies have been developed for hydrogen production from hydro-
carbons [4-10]. Among the reforming technologies, steam reforming
of methane has been recognized as a feasible route to producing
hydrogen. LNG, which is abundant and mainly composed of meth-
ane, can serve as an alternate source for hydrogen production by
steam reforming. The extensive piping system of LNG in modern
cities also makes LNG well suited as a hydrogen source for resi-
dential reformers in fuel cell applications.

Nickel-based catalysts have been widely used in the steam re-
forming reactions. However, they require a high reaction tempera-
ture and an excess amount of steam to prevent the coke deposition
on the catalyst surfaces [5,11]. Furthermore, the supported nickel
catalysts operated at high temperatures show a strong metal-sup-
port interaction, inhibiting the reduction of nickel species into the
active metallic nickel [12,13]. Developing an efficient catalyst with
high activity and high durability is therefore required for hydrogen
production in low temperature steam reforming reactions. Although
noble metals are known to be very active in the steam reforming
reactions, the nickel-based catalysts can be a practical candidate if
properly designed.

Supported nickel catalysts generally suffer from severe catalyst
deactivation due to the carbon deposition on the catalyst surface,
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the sintering of nickel particles, and the insufficient thermal and
chemical stability of the supporting material. A number of attempts
have been made to overcome these problems. For example, it was
reported that the addition of second metals such as molybdenum,
magnesium, calcium, potassium, cerium, and zirconium into the
supported nickel catalysts enhanced the catalytic performance in
the steam reforming reactions [14-19]. Ni-ALO, catalysts prepared
by a sol-gel method [20-23] were also investigated in the reform-
ing reactions with the aim of suppressing the carbon deposition [24-
26]. It is known that metal oxides prepared by a sol-gel method have
high surface areas and unique textural and chemical properties. There-
fore, developing a sol-gel derived metal oxide support for a nickel
catalyst in hydrogen production by steam reforming of LNG would
be of great interest.

In this work, an Al,O,-ZrO, xerogel was prepared by a sol-gel
method for use as a support for a nickel catalyst. Ni’ALO,-ZrO,
catalyst was then prepared by an impregnation method, and was
applied to hydrogen production by steam reforming of LNG. The
effect of ALO,-ZrO, xerogel support on the catalytic performance
of Ni/ALO;-Z10, in the steam reforming of LNG was investigated.

EXPERIMENTAL

1. Preparation of ALO;-ZrO, Xerogel Support and Ni/ALO;-
ZrO, Catalyst

An Al,0,-ZrO, xerogel support was prepared by a sol-gel meth-
od, according to a similar method reported in the literature [24,26,
27]. Known amounts of aluminum precursor (aluminum sec-butox-
ide, Sigma-Aldrich) and zirconium precursor (zirconium ferz-butox-
ide, Sigma-Aldrich) were dissolved in ethanol at 80 °C with vigorous
stirring for uniform dispersion of each precursor. Small amounts of
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distilled water and nitric acid, which had been diluted with ethanol,
were slowly added into a solution containing aluminum and zirco-
nium precursors for the partial hydrolysis of each precursor. After the
resulting solution was maintained at 80 °C for a few minutes, a clear
sol was obtained. The sol was then cooled to room temperature with
constant stirring. A transparent monolithic gel was formed within a
few minutes by adding an appropriate amount of water diluted with
ethanol into the sol. After aging the Al,O,-ZrO, gel for 24 h, it was
dried overnight at 120 °C. The resulting powder was finally calcined
at 700 °C for 5 h to yield the AL,O;-ZrO, xerogel support. The pre-
pared Al,O;-ZrO, xerogel support was denoted as AZ-SG

A nickel catalyst supported on AZ-SG was prepared by impreg-
nating a known amount of nickel precursor (Ni(NO;),-6H,0, Sigma-
Aldrich) onto the AZ-SG The prepared Ni/ALO,-ZrO, catalyst was
denoted as Ni/AZ-SG For comparison, a nickel catalyst supported
on commercial ALO, (Degussa, denoted as A-C) was also pre-
pared by an impregnation method. The nickel catalyst supported
on commercial Al,O,was denoted as Ni/A-C. The nickel loading
was fixed at 20 wt% in both cases.
2. Characterization

Chemical compositions of AZ-SG support and NVAZ-SG catalyst
were determined by ICP-AES analyses (Shimadzu, ICPS-1000IV).
Nitrogen adsorption-desorption isotherms were obtained with an
ASAP-2010 (Micromeritics) instrument, and pore size distributions
were determined by the Barret-Joyner-Hallender (BJH) method ap-
plied to the desorption branch of the nitrogen isotherm. Carbon de-
position on the supported catalysts was examined by TEM analyses
(Jeol, JEM-2000EXII). Crystalline phases of supports and supported
catalysts were investigated by XRD (MAC Science, M18XHF-SRA)
measurements by using Cu-K & radiation (1=1.54056 A) operated
at 50kV and 100 mA. In order to examine the reducibility of sup-
ported catalysts, temperature-programmed reduction (TPR) meas-
urements were carried out in a conventional flow system with a mois-
ture trap connected to a thermal conductivity detector (TCD) at tem-
peratures ranging from room temperature to 1,000 °C with a ramp-
ing rate of 5 °C/min. For the TPR measurements, a mixed stream
of H, (2 ml/min) and N, (20 ml/min) was used for 0.1 g of catalyst
sample.
3. Steam Reforming of LNG

The steam reforming of LNG was carried out in a continuous
flow fixed-bed reactor at atmospheric pressure. Each calcined cata-
lyst (100 mg) was charged into a tubular quartz reactor, and it was
then reduced with a mixed stream of H, (3 ml/min) and N, (30 ml/
min) at 700 °C for 3 h. Water was sufficiently vaporized by passing
through a pre-heating zone and continuously fed into the reactor
together with LNG (92 vol% CH, and 8.0 vol% C,Hy) and N, car-
rier (30 ml/min). The steam/carbon ratio in the feed stream was fixed
at 2.0, and the total feed rate with respect to the catalyst was main-
tained at 27,000 ml-h™'g™". The catalytic reaction was carried out at
600 °C. The reaction products were periodically sampled and ana-
lyzed by using an on-line gas chromatograph (Younglin, ACME
6000) equipped with a thermal conductivity detector. LNG conver-
sion and hydrogen composition in dry gas were calculated accord-
ing to the following equations.

. F um+F7, ol
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Fig. 1. Nitrogen adsorption-desorption isotherms and pore size dis-
tributions of AZ-SG support and Ni/AZ-SG catalyst.
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RESULTS AND DISCUSSION

1. Textural and Chemical Properties of Supports and Sup-
ported Ni Catalysts

Fig. 1 shows the nitrogen adsorption-desorption isotherms and
pore size distributions of AZ-SG support and Ni/AZ-SG catalyst.
Both AZ-SG support and Ni/AZ-SG catalyst clearly showed the
IV-type isotherms with H, hysteresis loops, indicating the existence
of well-developed mesopores. The average pore sizes were found
to be 3.8 nm for AZ-SG support and 3.4 nm for Ni/AZ-SG cata-
lyst. Detailed textural and chemical properties of supports (A-C and
AZ-SG) and supported Ni catalysts (Ni/A-C and NV/AZ-SG) are
listed in Table 1. The Zi/Al atomic ratio in both AZ-SG support
and Ni/AZ-SG catalyst was 0.15. The AZ-SG support had a higher
surface area and a larger pore volume than the A-C support. More-
over, the NI/AZ-SG catalyst retained a higher surface area and a

Table 1. Textural and chemical properties of supports (A-C and
AZ-SG) and supported Ni catalysts (Ni/A-C and Ni/AZ-

SG)
Sample Surface area Pore volume Average pore Zr/Al atomic
P (m%/g) (cm’/g)’ size (nm)° ratio
A-C 95 0.25 12.5 -
AZ-SG 300 043 3.8 0.15
Ni/A-C 82 0.30 17.0 -
Ni/AZ-SG 206 0.32 34 0.15

“‘Calculated by the BET equation.

"BJH desorption pore volume.

‘BJH desorption average pore diameter.
‘Determined by ICP-AES analysis.
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larger pore volume than the Ni/A-C catalyst. The Ni/AZ-SG cata-
lyst showed a lower surface area and a smaller pore volume than
the AZ-SG support, due to the pore blocking by nickel species oc-
curred during the impregnation step. However, the Ni/A-C catalyst
showed a larger pore volume and a larger pore size than the A-C
support. This can be explained by the action of the nickel species.
The nickel species employed in the impregnation step play a role
of forming large textural pores by aggregating non-porous nano-
particles of A-C [28].
2. Crystalline Structures of Supports and Supported Ni Cata-
lysts

Fig. 2 shows the XRD patterns of A-C and AZ-SG supports cal-
cined at 700 °C for 5 h. The A-C support showed the typical dif-
fraction peaks of #ALO;. However, the AZ-SG support showed
no characteristic diffraction peaks of either alumina or zirconia. This
indicates that the homogeneous mixing between alumina and zir-
conia occurred in the preparation of AZ-SG support, resulting in
the formation of amorphous ALO;-ZrO, composite structure. It is
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Fig. 2. XRD patterns of A-C and AZ-SG supports calcined at 700
°C for 5 h.
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Fig. 3. XRD patterns of Ni/A-C and Ni/AZ-SG catalysts calcined
at 700 °C for 5 h.
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Fig. 4. TPR profiles of Ni/A-C and Ni/AZ-SG catalysts.

believed that the hydroxyl-rich surface properties of the AZ-SG re-
tarded the aggregation of Al,O; and ZrO, particles even after the
heat treatment at high temperature.

Fig. 3 shows the XRD patterns of Ni/A-C and NVAZ-SG cata-
lysts calcined at 700 °C for 5 h. Solid lines represent the nickel oxide
species on the catalysts. Both nickel oxide and nickel aluminate-
like species were observed in the Ni/A-C catalyst. The existence of
nickel aluminate-like species was confirmed by the shift of diffrac-
tion peak of }+ALO;, as reported in the literature [29,30]. On the
other hand, the Ni/AZ-SG catalyst showed broader diffraction peaks
of nickel species than the Ni/A-C catalyst. This result indicates that
the nickel species were finely dispersed in the Ni/AZ-SG catalyst
by forming small particles. It is believed that the hydroxyl-rich sur-
face of the AZ-SG support played an important role in forming highly
dispersed nickel species in the Ni/AZ-SG catalyst.

3. Reducibility of Ni/A-C and Ni/AZ-SG Catalysts

Fig. 4 shows the TPR profiles of Ni/A-C and Ni/AZ-SG cata-
lysts. The minor reduction bands appearing at low temperature in
both catalysts are attributed to the reduction of bulk nickel oxide
species. The major reduction band appearing at around 820 °C in
the Ni/A-C catalyst is due to the reduction of bulk nickel alumi-
nate-like phase, while that appearing at around 750 °C in the Ni/
AZ-SG catalyst is due to the reduction of surface nickel aluminate-
like phase. It is believed that both the mesoporosity and the hydro-
xyl-rich surface of the AZ-SG support induced the formation of
surface nickel aluminate-like phase in the Ni/AZ-SG catalyst. It is
known that the surface nickel aluminate phase is much easier to
reduce than the bulk nickel aluminate phase [31-33]. It is also in-
ferred that the small amount of ZrO, weakened the interaction be-
tween nickel species and support through the formation of favor-
able AL,O;-ZrO, composite structure in the Ni/AZ-SG catalyst. The
above results indicate that the Ni/AZ-SG catalyst retained higher
reducibility than the Ni/A-C catalyst.

4. Steam Reforming of LNG over Ni/A-C and Ni/AZ-SG Cat-
alysts

Fig. 5 shows the LNG conversions with time on stream in the
steam reforming of LNG over Ni/A-C and Ni/AZ-SG catalysts at
600 °C. The Ni/A-C catalyst showed a rapid catalyst deactivation,
whereas the Ni/AZ-SG catalyst showed a stable catalytic perfor-

Korean J. Chem. Eng.(Vol. 25, No. 1)
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Fig. 5. LNG conversions with time on stream in the steam reform-
ing of LNG over Ni/A-C and Ni/AZ-SG catalysts at 600 °C.

mance during the reaction extending over 1,000 min. This result
can be explained by the chemical and textural properties of the AZ-
SG support. One possible reason is the high reducibility of the Ni/
AZ-SG catalyst (Fig. 4). It is likely that the hydroxyl-rich surface
of the AZ-SG support enhanced the dispersion of nickel species
through the formation of a surface nickel aluminate-like phase in
the NI/AZ-SG catalyst. It is also believed that the highly dispersed
zirconia in the AZ-SG support increased the adsorption of steam
onto the support and the subsequent spillover of steam from the sup-
port to the active nickel sites [19,34]. Another possible reason for
the enhanced catalytic performance of Ni/AZ-SG may be due to the
favorable textural structure of the AZ-SG support. Both the high
surface area and the well-developed mesoporosity of the Ni/AZ-
SG catalyst effectively suppressed the carbon deposition, and at the
same time, enhanced the gasification of adsorbed hydrocarbons in
the reaction.

Fig. 6 shows the TEM images of Ni/A-C and Ni/AZ-SG cata-
lysts after a 1,000-min reaction. The used Ni/A-C catalyst showed
the filamentous carbon. CHNS elemental analyses revealed that
the used Ni/A-C catalyst contained 12 wt% carbon species after a
1,000-min reaction. On the other hand, the used Ni/AZ-SG catalyst
showed no distinguishable filamentous carbon, and only a small

Fig. 6. TEM images of (a) Ni/A-C and (b) Ni/AZ-SG catalysts after
a 1,000-min reaction.
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Fig. 7. Hydrogen compositions in dry gas with time on stream in
the steam reforming of LNG over Ni/A-C and Ni/AZ-SG
catalysts at 600 °C.

amount of carbon species (0.8 wt%) was deposited on the Ni/AZ-
SG catalyst even after a 1,000-min reaction. Furthermore, the Ni/
AZ-SG catalyst showed no significant sintering of nickel particles
compared to the Ni/A-C catalyst. It is believed that the highly dis-
persed small nickel particles on the Ni/AZ-SG catalyst are respon-
sible for strong resistance toward carbon deposition in the steam
reforming of LNG

Fig. 7 shows the hydrogen compositions in dry gas with time on
stream in the steam reforming of LNG over Ni/A-C and N/AZ-
SG catalysts at 600 °C. The hydrogen compositions showed a sim-
ilar trend to the LNG conversions (Fig. 5) over both catalysts. The
Ni/AZ-SG catalyst produced ca. 70% hydrogen (dry gas basis), a
slightly lower value than the theoretical estimate (75%). It is con-
cluded that the AZ-SG support prepared by a sol-gel method served
as an efficient support for the nickel catalyst in hydrogen produc-
tion by steam reforming of LNG,

CONCLUSIONS

The effect of AZ-SG support on the catalytic performance of Ni/
AZ-SG catalyst was investigated. For comparison, a nickel catalyst
supported on commercial alumina (A-C) was also prepared (Ni/A-
C). It was found that the hydroxyl-rich surface of the AZ-SG sup-
port enhanced the dispersion of nickel species on the support through
the formation of a surface nickel aluminate-like phase. The surface
nickel aluminate-like phase of the Ni/AZ-SG catalyst improved the
reducibility of the catalyst. In hydrogen production by steam re-
forming of LNG the Ni/AZ-SG catalyst showed a better catalytic
performance than the Ni/A-C catalyst. A small amount of ZrO, in
the AZ-SG support enhanced the steam adsorption capability of
the supported catalyst through the formation of a favorable ALO;-
71O, composite structure. Both the high surface area and the well-
developed mesoporosity of the Ni/AZ-SG catalyst improved the
gasification of adsorbed surface hydrocarbons in the reaction. It was
also revealed that the Ni/AZ-SG catalyst showed strong resistance
toward catalyst deactivation. It is concluded that the AZ-SG sup-
port prepared by a sol-gel method can serve as an efficient support
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for the nickel catalyst in hydrogen production by steam reforming
of LNG
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