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The aim of this work was the development of novel structured catalysts applied to the oxidative dehydro-
genation of ethane. Different Ni-based catalytic formulations promoted with cerium were incorporated
onto ceramic papers and were tested in the reaction. Ceramic papers presented an interconnected 3D-
network of silica-alumina fibers almost totally covered by the binder agent (Al,03) and provided an
adequate environment for the deposition of the catalyst. The catalytic results indicated that the paper
with Ce/Ni=0.17 atomic ratio showed the highest ethylene productivity, due to the presence of the
smallest crystalline domain size of NiO and the partial incorporation of the Ni cation into the ceria lattice.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Structured catalysts are currently used in many chemical reac-
tions [ 1] because they show numerous advantages compared with
conventional ones [2]. They are usually constituted by a catalytic
coating onto a substrate, which can be formed by structures such
as monoliths, meshes and foams, built with different materials
(cordierite, stainless steel, metals) [3,4].

Ceramic papers constitute a novel kind of substrates, formed
by linking fibers that produce a three-dimensional structure. This
feature allows adapting them to diverse geometries thus present-
ing flexibility, versatility and easiness of handling, among other
advantages [5]. By adding catalytic components to a ceramic paper,
a structured catalyst can be obtained. The unique fiber-network
microstructure with connected “pores” spaces provide a favorable
reaction environment to promote desirable gas diffusion within
the catalyst layer [6]. The principal characteristics of these struc-
tured catalytic reactors in comparison to conventional fixed bed
reactor are lower pressure drop, shorter diffusional distances and
higher geometric surfaces. In addition, the flow regime is turbulent
allowing a better mixing of reagents and more uniform temper-
ature profiles, preventing the generation of “hot spots”. Since the
oxidative dehydrogenation of ethane is an exothermic reaction, the
last two characteristics are useful.
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The use of catalytic papers has been reported for different reac-
tions such as autothermal reforming (ATR) of methanol [ 7], toluene
removal from a gas stream [8] and photocatalytic elimination of
water pollutants [9]. Ceramic papers have also been used in the
NOx reduction with methane for the treatment of combustion gases
[10] and the catalytic combustion of soot [11]. In the former reac-
tion, the paper-structured catalyst demonstrated higher efficiency
and more rapid thermal responsiveness than a conventional honey-
comb catalyst, indicating that the paper-like structure contributes
to effective transport of heat and reactants to the catalyst surfaces,
even at low temperatures.

In addition, modifications in the preparation process such as the
incorporation of silicon carbide lead to a better energy transfer and
enhance the heat distribution, which is useful for exothermal reac-
tions like methanol steam reforming (MSR) to produce hydrogen
for fuel cells [12].

On the other hand, rare earth oxides have been largely investi-
gated in catalysis as structural and electronic promoters in order to
improve the activity, selectivity and thermal stability of the cat-
alysts. Among them, the most outstanding one is cerium oxide
because it is a key compound in two significant catalytic processes,
three way catalysts (TWC) and fluid catalytic cracking (FCC). The
significance of this oxide can be appreciated in numerous scientific
publications and industrial patents. Distinctive chemical features
as the redox ability in the presence of transition metals make CeO,
an interesting compound to be employed in catalytic formulations
[13]. The important role played by ceria is related to the generation
and participation of surface oxygen species and anionic vacancies
which could be modified by the presence of other elements into
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the lattice [14]. Specifically, the mixture of cerium and nickel has
been investigated for many catalytic reactions such as nitrogen
oxides reduction [15], methane total oxidation [16] and oxidative
dehydrogenation of propane [17], among others.

Nickel-based materials are promising catalysts for the oxidative
dehydrogenation reactions (ODE) because they have the capabil-
ity of activating light paraffins at relatively low temperatures [18].
The ODE reaction is an interesting route for producing ethylene,
a key intermediate for polyethylene and polyvinyl chloride (PVC)
manufacturing. Current production processes employ high oper-
ating temperatures, resulting in increasing energy consumption.
This reaction is exothermic and thermodynamic constraints are not
present, which allows obtaining a better global energy balance.

In this context, the aim of this work was to investigate the fea-
sibility of obtaining Ni and Ni-Ce catalysts incorporated to ceramic
papers and to analyze, for the first time, the application of these
novel structured catalysts on the oxidative dehydrogenation of
ethane, used as test reaction. The systems were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD) and
laser Raman spectroscopy (LRS).

2. Materials and methods
2.1. Preparation of ceramic and catalytic papers

Ceramics papers were prepared using a papermaking tech-
nique with a dual polyelectrolyte retention system which employs
cationic and anionic polymers. This method improves the com-
ponents retention during the paper manufacturing [19]. The
incorporation of a binder to give mechanical resistance to the final
ceramic paper is also required.

Fig. 1 shows a schematic preparation procedure of the cat-
alytic ceramic papers. In order to obtain the ceramic paper, two
kinds of materials were used: ceramic and cellulosic fibers. Further
details were reported in a previous work [11]. In brief, a suspen-
sion was prepared with 1L solution of NaCl (0.01N) and 66 ml
of the cationic polyelectrolyte (polyvinyl amine-PVAm-Luredur PR
8095, BASF). Dry ceramic fibers (48 wt% Al,03 and 50 wt% SiO,)
(10g) were added to the stirring suspension. The following step was
the incorporation of 10 g of a binder agent (alumina colloidal sus-
pension — Nyacol® AL20DW), 42 ml of the anionic polyelectrolyte
(anionic polyacrylamide-A-PAM-Aquatec) and 1.5g of cellulosic
fiber (bleached softwood kraft pulp). With this suspension, sheets
were produced by applying pressure using the SCAN standard
method [20]. The sheets were dried at 25°C during 24 h and cal-
cined in a muffle at 550 °C during 2 h (1 °C/min). The ceramic papers
so obtained were designated as PA.

To obtain catalytic papers, the ceramic papers (PA) were cut in
~20 mm diameter pieces. These pieces were placed over a plastic
mesh and moistened up to saturation with solutions of either nickel
nitrate or nickel and cerium nitrates with cerium/nickel atomic
ratios being 0.05, 0.11, 0.17 and 0.25 and then calcined in air at
550°C during 2 h. The structured catalysts so obtained were des-
ignated as Ni-PA and NiCe (x)-PA, where x is the cerium/nickel
atomic ratio in the impregnation solution.

2.2. Characterization of ceramic and catalytic papers

The morphology and the components distribution of the papers
obtained were analyzed by scanning electron microscopy (SEM)
JEOL JSM-35C operating at 20kV, equipped with EDX energy-
dispersive system. The sample coating procedures were performed
using a combined gold/carbon deposition of metals SPI supplies
12157-AX under argon atmosphere.
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Fig. 1. Scheme of the preparation procedure of ceramic and catalytic papers.

Crystalline phases of the different catalytic papers were studied
by X-ray diffraction (XRD). The analysis was performed with a Shi-
madzu XD-D1 diffractometer. Diffraction patterns were recorded
using Cu-Ka radiation over a 20-85° range at a scan rate of 2°/min,
operating at 30kV and 40 mA. The pieces (disks with 20 mm of
diameter) were supported in a special sample holder designed for
the XRD analysis. The software package of the equipment was used
for the identification of the phases. The size of nickel and cerium
oxides crystallites were calculated by the Scherrer equation.

The plane used for the calculation of the crystallite size of nickel
oxide was (200) corresponding to main peak of NiO at 43.3°.
Whereas, for this calculation of cerium oxide, the plane (11 1) cor-
responding to main peak of CeO, at 28.6°. The calculated values
are an average of two FWHM measurements of the corresponding
peaks in different XRD patterns.

The Raman (LRS) spectra were recorded using a LabRam spec-
trometer (Horiba-Jobin-Yvon) coupled to an Olympus confocal
microscope (a 100x objective lens was used for simultaneous illu-
mination and collection), equipped with a CCD detector cooled to
about —70°C using the Peltier effect. The excitation wavelength
was in all cases 532.13 nm (Spectra Physics diode pump solid state
laser). The laser power was set at 30 mW.
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2.3. Catalytic tests

The oxidative dehydrogenation of ethane was carried out in
a flow system in a temperature range between 300 and 450°C.
The feed composition was 6% O, and 6% C,Hg diluted in He.
Four catalytic paper disks (&~ 20 mm) were stacked in the mid-
dle of a quartz reactor. Each catalytic paper disk contained about
18.1+ 1.7 mg of active phases coated on ceramic fibers. Conse-
quently, the total mass of metal oxides (MO: NiO, NiO-CeO,)
corresponding to the stacked four disks was ~70 mg. The gas flow
was fixed to get a constant W/Fvalue of 0.08 g s/cm?3, where Wrefers
to the total weight of metal oxides (MO).

Reactants and products were analyzed with a Shimadzu GC2014
gas chromatograph equipped with a packed column (HayeSep D®).
Closure of the carbon mass balance was 100 + 2%. Carbon monox-
ide was not detected in the products stream after the reaction.
The ethane conversion (Xc,H, ) and the selectivity toward ethylene
(Sc,H, ) were based on the carbon mass balance and were calculated
as follows:

[CO) +[COp] +2[CoHa]

100
2[CoHg]

XcyHg (%) =

2[CyHy]

[COT+[CO,] + 2[GoHa] * 120

Sc,H, (%) =

The productivity of ethylene was given by the following equa-
tion:

_ Fe,Hg % XcyHg X ScyH,

P
Whi

x Mc, 4
24 (gethylene/ngi h)

where F, is the flow rate of ethane (mol/h), Mc,, is the molec-
ular mass of ethylene (28 g/mol) and Wy; is the mass of nickel
(keni)-

3. Results and discussion
3.1. Structural and morphological features of the papers

Before calcination, the sheet containing pulp and ceramic
fibers presented a typical packed structure. The thickness of the
final sheets was 1-2mm approximately (Fig. 2a). During the
thermal treatment, the cellulosic fibers were burned and the
silica-alumina fibers formed an interconnected 3D-network. The
structure presents high macroporosity as shown by the SEM micro-
graphs (Fig. 2b). Besides, these fibers were almost completely
covered by alumina particles with nanometric sizes (Fig. 2b),
although there were some sectors without any coverage (Fig. 2c).
The thickness of the layer was approximately 100-200 nm (esti-
mated by cross section SEM micrographs) with an average size of
alumina particles (aggregates) of 50-70 nm (Fig. 2d). The appear-
ance of the final structure was similar to a flexible board.

After the addition of active phases, well-adhered catalyst par-
ticles spread all over the fibers structure were observed (Fig. 3a).
The average size of these particles was lower than 1 wm and the
predominant shape was almost spherical (Fig. 3b).

3.2. Physicochemical characterization: active phases

Fig. 4 shows the XRD patterns of the catalysts. Characteristic
peaks of nickel oxide (JCPDS: 47-1049; 20 =37.3°,43.3°,62.9°,75.5°
and 79.6°) and cerium oxide (JCPDS: 43-1002; 26=28.6°, 33.1°,
47.5°,56.4°,59.1°,69.5°, 76.8° and 79.1°) were identified.

The peaks corresponding to the ceria phase were barely visible
in NiCe (0.05)-PA but were better defined in the other cerium-
promoted samples. These signals become sharper while the cerium

Fig. 2. SEM micrographs of the papers: ceramic paper (white disk, left) and catalytic
paper (dark disk, right) (a), microstructure (b), fibers coverage (c) and coverage
morphology (d).

content increase, which denotes higher ceria crystallinity. The crys-
tallite size of ceria was estimated in 6.3, 7.4 and 8.8 nm for NiCe
(0.11)-PA, NiCe (0.17)-PA and NiCe (0.25)-PA, respectively.

NiO crystallite sizes were estimated in 18.1, 14.5, 12.1, 10.7 and
12.9 nm for Ni-PA, NiCe (0.05)-PA, NiCe (0.11)-PA, NiCe (0.17)-PA
and NiCe (0.25)-PA, respectively, showing that the presence of a
certain amount of cerium inhibits the crystalline domain growth of
nickel oxide, as reported by Solsona et al. [21].
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Fig. 3. SEM micrographs of the catalytic paper: structure (a) and catalytic particles detail (b).

The lower Ni2* ionic radius (0.69A) [22] compared with Ce**
(0.97 A) [23] would allow a part of the nickel to be incorporated
into the ceria, leading to the modification of the lattice parameters,
as reported by Shan et al. and Deraz et al. [24,25].

Raman spectra of the catalysts presented an asymmetric and
broad band corresponding to the stretching of the Ni-O bond (first
order phonons) at ~500 cm~! (Fig. 5). This signal suggests the pres-
ence of bulk NiO in agreement with the X-ray diffraction patterns.
A shoulder associated with material surface vacancies was also
observed at ~400 cm~!. Besides, two very weak bands at 700 and
1080cm™! assigned to second order phonons (2TO and 2LO) of
NiO were present. No significant shift in the frequency of the main
signal was observed in Ni-PA, indicating that the nickel-alumina
interaction (alumina from the fibers coverage) was weak.

On the other hand, the ceria fluorite-type structure presents
a sharp band located at 460-465cm~! corresponding to the F2g
mode of cerium oxide (oxygen atoms vibrating around the Ce**
cation) [26]. Indeed, the Raman spectrum of the cerium-paper
(without nickel oxide) presents this main band at 465 cm™1.

The spectra of the Ce-containing catalysts showed this charac-
teristic signal of CeO, although a marked shift (~5-10cm~1) was
observed.In all spectra, this signal shifted to lower frequencies, sug-
gesting a distortion in the ceria structure. This shift of the main band
followed a general trend: catalysts with higher amount of cerium

* * o o * * % O o0 %%0 %*|
(e)
3 (d)
s
>
2 (c)
9
<
b
‘J AP
(a)
N 1 1 1 N 1 N 1 N 1 N 1
20 30 40 50 60 70 80

206(°)

Fig.4. X-ray diffraction patterns of the catalysts: Ni-PA (a), NiCe (0.05)-PA (b), NiCe
(0.11)-PA (c), NiCe (0.17)-PA (d) and NiCe (0.25)-PA (e). Symbols: °NiO; *CeO,.

shifted less than formulations with lower amount of the promoter
(Fig. 5 inset).

Additionally, an extra band at 224cm~! and a small shoulder
at ~630cm~! associated with strong modifications in the oxygen
network were also identified [18]. Moreover, the Ni-O stretching
band in the Ce-promoted catalysts was notoriously shifted to higher
frequencies (~60-70cm~1) on these spectra. These latter obser-
vations confirm that the incorporation of the Ni cation into the
ceria lattice took place up to some extent, producing modifica-
tions in the oxygen lattice. This lattice alteration would generate
new species for the ethane oxydehydrogenation and consequently
produce some changes in the active sites nature.

The crystalline domain size of cerium oxide was also calculated
from the CeO, main signal of the corresponding Raman spectra,
as proposed by Kanakaraju et al. [27]. The results indicate a size
of 2.8, 4.1 and 4.6 nm for NiCe (0.11)-PA, NiCe (0.17)-PA and NiCe
(0.25)-PA, respectively. The values are lower than those estimated
by the Scherrer equation; however they follow an identical trend.
These differences could be explained by structural defects [28].

On the other hand, several sectors of two catalytic papers (NiCe
(0.11)-PA and NiCe (0.17)-PA) were analyzed by EDX technique in
order to get further insights about distribution of the active phases.
The Ce/Ni atomic ratios were, in general, close to the expected val-
ues. In the case of NiCe (0.11)-PA sample the average ratio was
0.12 +£0.035 and that for NiCe (0.17)-PA was 0.164+0.036. These

Intensity (a. u.)

1 n 1 n 1 n 1 n 1 n
200 400 600 4 800 1000 1200
Raman shift (cm™")

Fig. 5. Laser Raman spectra of the catalysts: Ni-PA (a), NiCe (0.05)-PA (b), NiCe
(0.11)-PA(c),NiCe (0.17)-PA(d) and NiCe (0.25)-PA (e). Inset: main signal of cerium
oxide for each catalyst (F2g mode).
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Fig. 6. Ethane conversion of the catalytic papers. Reaction conditions:
W/F=0.08 gs/cm3, C;Hg/0z =1.

results show that the active components were spread reasonably
well along the ceramic fiber structures, indicating a quite homoge-
neous distribution of the active phases. However, according to the
irregular arrangement of the ceramic fibers a few sectors presented
a low or high active components ratios.

3.3. Catalytic performance on the ethane oxydehydrogenation

Fig. 6 shows the ethane conversion in the range of the analyzed
temperatures for the prepared catalysts. Bulk nickel oxide exhibits a
high catalytic activity for the oxidative dehydrogenation of ethane.
This system showed ethane conversion even at the lowest tem-
perature. Nevertheless, the addition of cerium to the formulations
notoriously increased the ethane conversion.

The incorporation of the promoter with a Ce/Ni=0.17 atomic
ratio increased the ethane conversion at 300 °C by a factor of seven
while this increment was about three times at 400°C. However,
the addition of a higher amount of cerium (Ce/Ni=0.25) produced a
decrease in the catalytic activity, suggesting that there is an optimal
Ce/Ni atomic ratio to achieve high activity.

Fig. 7 shows the selectivity to ethylene as a function of ethane
conversion at 350°C for the catalysts. Under the used reaction
conditions, Ni-PA shows low selectivity to ethylene (~27%) while
Ce-containing catalysts achieve higher values (38-45%), being the
maximum value for NiCe (0.17)-PA.

The increment of the ethane conversion at a fixed temperature
produced a very slight drop in the selectivity, which showed an
almost flat tendency suggesting that the ethylene total oxidation
was minimized. Therefore, carbon dioxide was mainly generated
directly from ethane oxidation. It is worth mentioning that no car-
bon monoxide was measured in the products gas stream.

On the other hand, the observed increment in both ethane
conversion and selectivity improved the ethylene productivity in
cerium-promoted systems. At 400°C, NiCe (0.17)-PA showed an
ethylene production about six times higher than the Ni-PA sam-
ple. The same trend in the productivity was observed at all reaction
temperatures (300 and 350°C) (Fig. 8).

A ceramic paper without active phases (PA) was evaluated at
the same reaction conditions as those of the catalytic papers. This
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Fig.7. Selectivity to ethylene of the catalytic papers. Reaction conditions: T=350°C,
W/F=variable, C;Hg/02 =1.

system showed both negligible ethane conversion and selectivity
even at 450°C and thus no ethylene productivity, indicating that
no active species for the oxidative dehydrogenation reaction were
present in the original substrate.

A careful investigation by scanning electron microscopy was
performed to assess the stability of the catalysts. Several micro-
graphs were taken after submitting the catalytic papers to the
reaction conditions during more than 20 h. The results (not shown)
indicated that the alumina layer presents a very high stability onto
the alumina-silica fibers after the catalytic tests. No layer detach-
ments were observed after analyzed numerous sectors. At the same
time, the catalytic particles remains unchanged (shape and mor-
phology) and well adhered to the ceramic fibers, indicating an
adequate adherence of the active phases to the network structure.

In summary, the system NiCe (0.17)-PA showed the best ethane
conversion and selectivity and hence the highest ethylene pro-
ductivity. This behavior could be explained by the presence of the
smallest crystalline domain size of nickel oxide (XRD) and the par-
tial incorporation of nickel cation into the ceria lattice, which lead
to generating new active sites for the reaction (LRS).
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Fig. 8. Ethylene productivity of the catalytic papers at 400 °C (Zethylene/KgNi h).
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4. Conclusions

Ceramic papers have an interconnected fibers structure, covered
by nanometric alumina particles. This arrangement constitutes an
adequate environment for the dispersion of catalysts and allows a
stable deposition of a catalytic formulation.

Catalytic ceramic papers exhibit nickel oxide as active phase
(XRD, LRS) and show a very high activity for the ODE reaction.
The presence of Ce as promoter causes a decrease in the nickel
oxide crystalline domain and induces modifications in the active
sites nature, due to the partial incorporation of the Ni component
into the ceria lattice. Thus, the catalytic performance is noticeably
improved and ethylene productivity is markedly increased.

Even with a low amount of active phases (metal oxides) these
structured systems show high ethylene production, demonstrating
that they are a promising topic for further development. The control
of selectivity through modifications in the preparation process and
the catalytic formulations constitute an interesting challenge.
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