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a b s t r a c t

In this study, Ni-based nanocatalysts over various types of supports, NH4NO3 ion exchanged clinopti-
lolite, CeO2 and Al2O3, have been prepared by impregnation method and studied for CO2 reforming of
CH4 into syngas. The physicochemical properties of the samples were characterized by XRD, FESEM, EDX,
BET and FTIR analyses. XRD analysis is showed that the interaction between NiO and CeO2 results in well
dispersion of NiO. Based on the BET analysis, Ni/Al2O3 nanocatalyst has the highest specific surface area
in comparison to other nanocatalysts. FESEM images illustrate that, all the samples have nanoscale
morphology. EDX analysis demonstrates the homogenous dispersion of Ni on Ni/Al2O3 and Ni/CeO2

nanocatalysts. The activity and stability of the synthesized nanocatalysts for CO2 reforming of CH4 were
tested at temperature range of 550e850 �C. Ni/Al2O3 nanocatalyst illustrates much higher conversions
(93% and 96% for CH4 and CO2 at 850 �C) and yields (90% and 93% for H2 and CO). Also, the activity of Ni/
Al2O3 remained stable during 1440 min. Among the prepared samples, Ni/Al2O3 nanocatalyst has the best
performance due to the desired physicochemical properties; while Ni/Clinoptilolite, as an inexpensive
and economical nanocatalyst, has relatively good activity.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade, due to the need for clean and inexpen-
sive energy, production of hydrogen has been reported (Haghighi
et al., 2007; Aghamohammadi et al., 2013; Sajjadi et al., 2013).
Some processes for hydrogen production are considered. One of
them is the reforming of hydrocarbons or coal; however, due to the
economic and environmental problems, this process needs to be
replaced by other conversions. Limited fossil resources and eco-
nomic problems led that the researchers to look for other solutions
for hydrogen production. One of these solutions is the using of dry
reforming of methane (DRM) (Sharifi et al., 2014a, 2014b; Sajjadi
et al., 2014). This process consumes two greenhouse gases (CH4
and CO2) and produces valuable syngas (H2 and CO) which is useful
for gas to liquid (GTL) technology (Sharifi et al., 2014b; Rahemi
et al., 2013a, 2013b; Vafaeian et al., 2013). There are two issues
associated with using of this process (Luengnaruemitchai and

Kaengsilalai, 2008; Bradford and Vannice, 1996):

� High reaction temperature which imposes high energy cost and
causes the catalysts sintering.

� Carbon deposition through the Boudouard reaction and
methane decomposition which can deactivate the catalyst and
prevent their practical application.

Two types of catalysts have been investigated for CO2 reforming
of methane: Ni-based catalysts and noble metal-based (Group VIII)
catalysts; however, common catalyst for this process is Ni/Al2O3
(Luengnaruemitchai and Kaengsilalai, 2008; Bradford and Vannice,
1996; Damyanova et al., 2012; Nimwattanakul et al., 2006). The
noble metal-based catalysts such as Rh and Ru have superior ac-
tivity and stability, as respects, high cost of these catalysts prevents
their industrial application (Nimwattanakul et al., 2006; Portugal
et al., 2000). On the other hand, Ni-based catalysts due to the low
cost, availability and fast turnover rates are more frequently used
(Bereketidou and Goula, 2012). Many investigations have been
carried out to develop a stable anti-carbon nickel-based catalyst
such as using different types of supports, precursors, synthesis
methods, support promoters and bimetallic catalysts. Various
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materials such as Al2O3 (Hao et al., 2009), SiO2 (Pompeo et al.,
2005), zeolites (Luengnaruemitchai and Kaengsilalai, 2008;
Nimwattanakul et al., 2006), ZrO2 (Roh et al., 2004) and Fe2O4
(Benrabaa et al., 2013) were used. Alumina, as a common support, is
more active and has high initial activity. However, phase trans-
formation into a-Al2O3 at process temperature is restricted its
application (Luengnaruemitchai and Kaengsilalai, 2008). In order to
overcome this defect, some promoters such as MgO, CeO2 and ZrO2
have been investigated (Rahemi et al., 2013b; Alipour et al., 2014;
Wang and Lu, 1998). Cerium as support/promoter has been used,
that prefers the coke decomposition and water gas shift (WGS)
reaction and enhances the redox reversibility of Ni species (Roh
et al., 2004; Wang and Lu, 1998; Kambolis et al., 2010;
Ocsachoque et al., 2011). Oxygen ion vacancies in the cubic CeO2
have beneficial effect on catalytic activities due to increase in ox-
ygen mobility (Kambolis et al., 2010; Ocsachoque et al., 2011; Jun
et al., 2007). The results have shown that the addition of cerium
reduces the particle and crystallite size (Wang and Lu, 1998).

Zeolites are known as one of the most effective supports for dry
reforming catalysts (Sharifi et al., 2014b; Vafaeian et al., 2013;

Sharifi et al., 2014c). Based on the following reasons, clinoptilolite
as a natural zeolite, improves catalytic performance: (I) micropo-
rous and well-defined structure, (II) relatively high specific surface
area, (III) high thermal stability, (IV) resistance, (V) stable in a large
range of pH and (VI) high CO2 affinity (Luengnaruemitchai and
Kaengsilalai, 2008; Bradford and Vannice, 1996; Ruiz-Serrano
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Fig. 1. Preparation steps of ceria via redox method.
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Fig. 2. Treatment steps of clinoptilolite using NH4NO3 solution.
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Fig. 3. XRD pattern of non-treated clinoptilolite.

Fig. 4. Surface chemical analysis of non-treated and treated clinoptilolite.
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Fig. 5. Preparation steps of Ni dispersion over various supports of ceria, clinoptilolite
and alumina.
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