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ABSTRACT

Ni;s/NaY catalysts were prepared using two different methods, the incipient wetness
impregnation method and the “two-solvent” method. These catalysts were characterised
by N, sorption, XRD, TEM and TPR. Their activity and stability in the dry reforming of
methane were tested at atmospheric pressure under an equimolar mixture of methane
and carbon dioxide. Three different Ni species, very small, spherical, and layers of nickel
silicate were observed by TEM. The preparation by the two-solvent method led to a better
dispersion of the active phase as well as to better activity and stability. These catalysts
were promoted with small amounts (0.1 wt%) of rhodium. Rhodium facilitates the
reducibility and greatly enhances catalytic activity. A complete conversion (100%) for CH,4
and CO, over the Rh promoted catalyst is achieved at 584 °C and 559 °C respectively, while
for the non-promoted Ni7.5/NaY catalyst, only a 60% conversion rate for CH4 and CO is
reached at the same temperatures.

© 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

Des catalyseurs Ni; s/NaY ont étés préparés par imprégnation a sec et par la méthode a
deux solvants. Ces catalyseurs ont étés caractérisés par physisorption d’azote, DRX, MET et
RTP. Leur activité et stabilité ont été testées dans le reformage a sec du méthane sous
pression atmosphérique et un mélange équimolaire de méthane et de dioxyde de carbone.
Trois différentes espéces de nickel, sphériques, de trés petites tailles ou des feuillets de
silicate de nickel ont été détectées par MET. La méthode a deux solvants permet de mieux
disperser la phase active et d’augmenter l'activité catalytique. Ces catalyseurs ont été
promus par un faible pourcentage de rhodium. Ce dernier facilite la réduction et augmente
significativement I'activité et la stabilité. Une conversion totale (100 %) du méthane et du
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dioxyde de carbone a été obtenue a 584 °C et 559 °C respectivement, sur le catalyseur
promu par du Rh, tandis que sur le catalyseur Ni; s/NaY non promu, la conversion du CH, et
du CO, n’est que de 60 % aux mémes températures.

© 2014 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.

1. Introduction

With the increasing demand for energy nowadays and
the depletion of conventional resources, such as crude oil,
the need for new energy sources has gained great
importance. Natural gas, with its large proved reserves,
plays an increasing energetic role and can contribute to
supply the enormous demand for energy [1].

In order to transform natural gas, which contains
mostly methane, into valuable products (hydrogen and
syngas), the dry reforming of CH4 is gaining increasing
attention worldwide [2,3]. This process offers advantages
over the partial oxidation and steam reforming, such as the
conversion of the two cheapest and most abundant
greenhouse gases (CO, and CH,4) into useful syngas [4],
as well as the production of syngas with an H,/CO ratio of
1:1 [5]. The synthesized gas produced is used in various
industrial processes, such as methanol and Fischer-
Tropsch syntheses [6,7].

Coke deposition and sintering are the main drawbacks
for dry reforming that lead to the rapid deactivation of the
catalysts. Supported noble metals, such as Pt, Ru and Rh,
are known to have high activity, stability and resistance to
coke formation at high temperatures [8,9], especially when
Rh is used [10,11]. However, their high cost and limited
availability make them a non-reliable choice. It has been
shown that adding a small amount of noble metals (Pt, Pd,
Ru and Rh) to Ni catalysts resulted in interesting
observations and a significant enhancement in catalytic
activity and stability [12,13].

Besides the metal, the catalyst support plays an
important role in the activity of the catalysts. Zeolites
form attractive supports for dry reforming of methane,
since they have a well-defined structure, high thermal
stabilities, and high surface areas [14-16]. It is also known
that zeolite supports offer high metal dispersion with low
support metal interactions. These properties, combined
together, make zeolites attractive supports that enhance
catalytic activity and selectivity in the CO, reforming of
CH,4 [14]. The nature of the zeolite support has a significant
impact on the performance of the catalyst in the dry
reforming of methane [13,17-19]. NaY zeolites with a FAU
framework type have high potential properties, such as the
microporous structure and a high affinity for CO, adsorp-
tion, which highly improve the activity as well as the
selectivity of the catalysts in reforming reactions.

Furthermore, the method of preparation influences the
catalytic activity by increasing the dispersion of the active
phase. The two-solvent methods [20] were used to highly
disperse, inside the porosity of SBA-15, different metal
oxide species [21-23].

No previous work reported the use of the “two-solvent”
impregnation method for the preparation of zeolite

catalysts. In this contribution, the effect of the preparation
method (“two-solvent” vs. the incipient wetness impreg-
nation method) on the overall performance of the catalysts
in DRM is investigated. The effect of combining the high
coke-resistance of noble metal Rh and the good activity,
availability and reasonable price of non-noble metal Ni is
studied. On this basis, in the present work, activity,
selectivity and stability results concerning the dry
reforming of methane by NaY-supported Ni catalysts
(Niy/NaY) having a 7.5 wt% Ni loading (x = 7.5) are reported.
A small amount (0.1 wt%) of Rh was added to the non-
promoted Ni7.5S/NaY catalyst that showed the best
catalytic performance in CO, dry reforming. The goal is
to obtain an enhancement in catalytic performance.

2. Experimental

NaY-supported monometallic nickel catalysts were
prepared by incipient wetness impregnation method
[24], where an aqueous solution of nickel (II) nitrate
hexahydrate (99.99%; Sigma-Aldrich) was added to NaY
zeolite (supplied by Sigma-Aldrich) or by the two-solvent
impregnation method [20] to obtain the desired load of Ni
(7.5 wt%).

These monometallic catalysts were left to dry at room
temperature for 24 h, and then calcined in a muffle furnace
for 5h at 450°C at a heating rate of 0.5°C/min. The
prepared samples were denoted as NixI/NaY and NixS/NaY
(where x=7.5wt%, I=incipient wetness impregnation
method, S = two-solvent impregnation method).

For the preparation of the rhodium-nickel catalyst, a
solution of Rh (III) nitrate hydrate (Sigma-Aldrich) was
added to the previously prepared and calcined mono-
metallic Ni7.5S/NaY catalyst to obtain a loading of 0.1 wt%
of Rh. The rhodium-nickel catalyst was calcined again
under the same conditions as those described above. The
final sample was identified as 0.1RhNi7.5S/NaY.

The Brunauer-Emmett-Teller (BET) surface area of the
catalysts was determined in a Thermo-Electron QSurf M1
apparatus using the BET method. Prior to analysis, the
calcined catalysts were treated under a helium flow at
120°C for 30 min. The temperature-programmed reduc-
tion (TPR) experiments were conducted using an Auto-
Chem 2920 (Micromeritics) apparatus to determine the
reducible species and the corresponding reduction tem-
peratures. The catalyst powder (40 mg) was placed in a U-
tube quartz reactor. A 5-volume of H,/Ar was fed over the
calcined catalyst powder under atmospheric pressure, at a
continuous flow rate of 20 mL/min. The temperature was
increased from room temperature to 1000 °C. During TPR
analysis, water was trapped in a bath of ice and salt. The
variation of the amount of H, consumed as a function of
temperature is recorded by means of the thermal
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conductivity detector (TCD). X-ray diffraction (XRD)
experiments were carried out on a Bruker D8 diffract-
ometer using Cu Ka radiation (A=1.5405nm) and
operating at 40 kV and 30 mA. The diffraction intensities
were measured over an angular range of 5° < 2® < 80 ° for
all the samples with a step size of 2@ =0.02°. High-
Resolution Transmission Electron Microscopy (HR-TEM)
experiments were conducted on a JEOL JEM-200 electron
microscope operating at 200 keV (LaBg gun) equipped with
an energy dispersive X-ray spectroscopy (EDXS) and
selected area electron diffraction (SAED). A small amount
of sample was suspended in ethanol and dispersed over a
Cu grid coated with a 10-nm carbon membrane. The
average particle size of the active phase was determined
using the Comptage de particules-volume 2 software.

The catalytic activity determination was carried out
using 40 mg of catalyst under atmospheric pressure. For all
the experiments, the reactants mixture consisting of CH,
and CO, (molar ratio CH4/CO, =1:1) was fed at 200 °C with
a GHSV of 193,500 mL-g~-h~!, then, the reaction tem-
perature was increased from 200°C up to 800°C at a
heating rate of 5 °C-min~". For the stability measurements,
the reactor was cooled down to 500 °C and maintained at
this temperature for 12 h. Prior to the catalytic tests, each
catalyst was reduced in situ at 650 °C with 5 vol% Hy/Ar for
2 h. The reactants and products were analyzed online by a
Micro-GC Inficon equipped with a thermal conductivity
detector (TCD) and two columns (Molecular Sieve 5 A and
Plot U) used for a complete separation of hydrogen,
methane, carbon monoxide, and carbon dioxide.

The conversions of CHy and CO; (Xcy, and Xco,) were
calculated as follows:

_ [CH4]in — [CH4]out

XCH4 [CH4]in x 100
_ [COZ]in - [Coz]out
XC02 = [COzhn x 100

where [CHglin, [CO3]in are the molar flow rates of the
introduced reactants, and [CHy]out, [CO2]ou: are the molar
flow rates of the corresponding compositions in the
effluents.

3. Results and discussion

The BET surface area of the support NaY and of the
various impregnated catalysts are summarized in Table
1. The NaY zeolite samples presented the highest value of
surface area. As expected, the introduction of nickel into
the framework of NaY zeolite reduced the BET surface from

Table 1
Surface area of the NaY zeolite and of the different catalysts.

Catalyst BET surface area (m?/g)
NaY 940
Ni; sI/NaY 612
Ni7 sS/NaY 702
0.1RhNi; sS/NaY 705

887 to 608 m?/g with the incipient wetness impregnation
technique and from 889 to 704 m?/g with the two-solvent
method.

The XRD patterns of the NaY, Ni7.5I/NaY, Ni7.5S/NaY
and 0.1RhNi7.5S/NaY catalysts are reported in Fig. 1. The
XRD profile of the NaY presents diffraction peaks (*)
characteristic of zeolite Y [25,26]. The diffraction patterns
of the Ni7.5I/NaY and Ni7.5S/NaY catalysts show a similar
crystallinity to that of the NaY zeolite. This indicates that
the zeolite structure is preserved in the two solids
[27]. However, the small decrease in the intensity of the
diffraction peaks indicates that the zeolite crystallinity
decreased upon Ni incorporation [27,28]. Moreover, no
NiO diffraction peaks are observed. This is due to the
presence of highly dispersed and/or amorphous Ni based
species on the surface of the zeolite. The addition of
0.1 wt% rhodium did not affect the diffraction profile. The
diffraction peaks corresponding to the different rhodium

f s * - * * 0.1RhNi7.55/NaY
*

-

= * i

3 % * ¥ % * % Ni7.55/NaY

=

=y

‘@

=

D

o *

E * % * P * * Ni7.51/NaY

5 10 15 20 25 30 35 40 45 50
2 theta (°)

Fig. 1. (Color online.) XRD patterns of NaY, Ni7.5I/NaY, Ni7.5S/NaY and
0.1RhNi7.5S/NaY calcined catalysts.
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Fig. 2. (Color online.) TPR Profiles for Ni7.5I/NaY, Ni7.5S/NaY and
0.1RhNi7.5S/NaY catalysts.
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oxide species (RhO, Rh,05, Rh,0...) are absent. This might
be due to the low rhodium content in the solid in addition
to the dispersion of the species on the surface of the
support.

Fig. 2 shows the temperature-programmed reduction
profiles of the calcined Ni7.5I/NaY, Ni7.5S/NaY and
0.1RhNi7.5S/NaY catalysts. It is to note that the TPR profile
of the support does not show any reduction phenomena in
the considered temperature range (result not shown). The
TPR profiles of the Ni7.5I/NaY and Ni7.5S/NaY solids follow
similar trends. In fact, two reduction zones are identified
between 250 and 450 °C (peak II) and between 450 and
625 °C (peak III), respectively. These reduction peaks are
attributed to the reduction of NiO species with low
interaction with the support [29] and present at the level

Fig. 3. TEM images of (a and b) Ni7.51/NaY and (c) Ni7.5S/NaY catalysts.

of the supercage and/or sodalite cavities [30]. In the
literature [31], it is reported that a reduction peak at higher
temperature (~800°C) is observed for similar solids,
which was attributed to the reduction of Ni (II) species
having a strong interaction with the support [32] and/or
present in the hexagonal prisms [31]. These species are
minor in our case, as the experimental H, consumptions
(peaks II and IIT) are approximately equal to the theoretical
ones calculated for the reduction of NiO into metallic Ni.
The TPR profile of the 0.1RhNi7.5S/NaY solid exhibits a
reduction peak at 132°C (peak I). In addition, the NiO
reduction peaks for this solid (peaks Il and III) are obtained
at lower temperatures relatively to the rhodium-free
catalysts’ profiles. Peak I is unambiguously attributed to
rhodium oxide species [33]. The left shift in the tempera-
tures of peaks II and III indicates that the promotion of the
solid with rhodium makes the reduction of nickel oxide
species dispersed over the surface easier. It is known that
the presence of reduced rhodium facilitates the “spill-over”
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Fig. 4. Particle size distribution of the different catalysts.
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Fig. 5. (Color online.) CH4 and CO, conversions over NaY, Ni7.5I/NaY, Ni7.55/NaY and 0.1RhNi7.5S/NaY catalysts (molar ratio of CH4/CO,=1 and

GHSV=193,500mLg~"-h).

of the hydrogen molecules generating more reactive
hydrogen radicals.

Fig. 3 shows that nickel is present in three different
forms on the catalysts: spherical particles (Fig. 3a), very
small particles detected by EDS but hard to detect on TEM
micrographs (Fig. 3b), and layers of nickel silicate (Fig. 3c).
No clear difference between the catalysts can be seen on
TEM micrographs. However, particle size distributions
(Fig. 4a-c) determined from statistical counting of nickel
particles indicates smaller particles for the Ni7.5S/NaY
catalyst. The average particle sizes are 23.8, 25.5, and
26.5 nm for Ni7.5S/NaY, Ni7.5I/NaY and 0.1RhNi7.5S/NaY
respectively. For the same Ni/Si ratio (0.22) in the Ni7.5S/
NaY and Ni7.5I/NaY catalysts, Na/Ni ratio decreases from
0.4 to 0.32, respectively. This indicates a better exchange of
nickel leading to a better dispersion when using the two-
solvent method.

Fig. 5 shows the CH4 and CO, conversions over the
different calcined solids. Over the 250-750 °C temperature
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Fig. 6. (Color online.) CH4 conversion and CO, conversion versus time-on-

stream (TOS) over 0.1RhNi7.55/NaY (500 °C, GHSV = 193,500 mL-g~"-h?,
12 TOS).

range, the support is inactive in the considered reaction.
The addition of 7.5wt% of nickel by the impregnation
method allowed the conversion of 50% of CH,4 at 590 °C and
of 50% of CO, at 550 °C. At 750 °C, the conversions of CH4
and CO, reached 87%. For the Ni7.5S/NaY solid, the activity
in the DRM reaction is slightly enhanced. In fact, the
temperatures of 50% conversion (Tsox) for both reactant
gases are decreased by ~20°C. A similar conversion
of ~ 87% is obtained at 750 °C. This result indicates that
the Ni catalytic sites in the catalyst prepared by the two-
solvent method are more active in the low-temperature
range (reaction under catalytic control), while this
improvement is less obvious in the high-temperature range
(reaction under thermal control). The promotion of the
Ni7.5S/NaY catalyst with 0.1 wt% rhodium showed a marked
increase in the conversion of both gases over the whole
temperature range. The Tsqy for CH4 and CO, are 487 °C and
459 °C, respectively, while complete conversion (100%) for
CH4 and CO, is achieved at 584 °C and 559 °C. This is in
agreement with the TPR results that show that the addition
of Rh improved the redox properties of the solid, making it
more catalytically active in the DRM reaction. It is noticed
that Hy/CO ratio is less than 1 in the 250-600 °C range. This
is due to the occurrence of secondary reactions such as the
reverse water-gas shift reaction (RWGS) that consumes CO,
(CO, conversion higher than CH4 conversion in this
temperature range in Fig. 5) and H, to form CO and H,O.
The H,/CO ratio increases to ~ 1 at higher temperatures, at
which the RWGS reaction is less favored.

Fig. 6 represents the results of an aging test in which the
0.1RhNi7.5S/NaY was kept on stream for 12 h at 500 °C. It is
observed that the catalytic activity is unaltered over the
test period, indicating that the catalyst is stable and is
promising to be considered for industrial applications. The
H,/CO ratio remained unchanged during the test, thus, no
side reactions are favored on the working catalyst.

4. Conclusion

A high dispersion of nickel oxides on NaY was obtained
on the different catalysts prepared. The two-solvent
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method enhanced the catalytic activity in the dry
reforming of methane. The promotion with rhodium
enhanced the redox properties of the Ni/NaY solid. This
is beneficial for the DRM reaction as it occurs at relatively
low temperatures. Finally, it was found that the
0.1RhNi7.5S/NaY catalyst exhibited the best catalytic
performance. This catalyst is highly active (both for CH4
and for CO, conversions), stable, and can be envisaged as a
candidate for industrial applications.
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