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a  b  s  t  r  a  c  t

Flexible  structured  catalysts  based  on Ni and  Zr  deposited  on  a ceramic  paper made  of SiO2-Al2O3 and
ZrO2 fibers  showed  to  be active  and  selective  for the  Oxidative  Dehydrogenation  of Ethane.  Zirconium
promoter  strongly  interacted  with  nickel  oxide  and  produced  structural  changes  that  affected  the  NiO
redox  behavior,  crystal  growth  and lattice  order  which  enhanced  selectivity  towards  ethylene.  The  varia-
tion  of  the  concentration  of  the  precursor  solution  used  and the  addition  of  zirconia  short  fibers,  affected
eywords:
xidative dehydrogenation of ethane
i catalysts
r promoter
atalytic ceramic paper

the  catalytic  performance.  The  lower  the  concentration  of the solution  used  to  incorporate  the  catalyst,
the better  the  catalytic  performance.  The  addition  of  zirconia  fibers  also  showed  beneficial  effects  on
ethylene  production.

© 2016  Elsevier  B.V.  All  rights  reserved.
thylene production

. Introduction

Light olefins such as ethylene, propylene and butylenes are
trategic products for the current chemical industry. In 2004, the
otal consumption of this group represented around 174 millions
f tons; it rose up to 205 millions in 2010 and it is expected to grow
p to 259 million tons in 2016 [1]. In particular, ethylene is a key
uilding block to produce polyethylene, ethylene oxide, ethylene
ichloride, ethyl benzene, propionaldehyde and n-propyl alcohol,
mong others. Nowadays, it is mainly produced by steam crack-
ng of light fractions of naphtha and some components of natural
as that operates under severe conditions with temperatures above
00 ◦C.

Some alternative processes for the production of this key light
lefin are under study, but the oxidative dehydrogenation of ethane
ODH) seems to be particularly promising. The main advantage
f this method is the absence of thermodynamic constraints that
nable the system to operate in mild conditions at temperatures
etween 300 ◦C and 500 ◦C.

Furthermore, the discovery of large reserves of shale gas has
otably increased the availability of natural gas that is mainly com-

osed of methane, but that could also contain up to 11% of ethane.
his resulted in a decrease in gas costs of about 75%, relative to 2005

∗ Corresponding author.
E-mail addresses: emiro@fiq.unl.edu.ar, cabemiro@hotmail.com (E.E. Miró).

ttp://dx.doi.org/10.1016/j.cattod.2016.03.005
920-5861/© 2016 Elsevier B.V. All rights reserved.
prices, making shale gas very attractive both as an energy source
and as feedstock for the production of fuels or chemicals [1].

Over the last years, several catalysts have been studied to con-
vert ethane into ethylene through oxydehydrogenation reaction.
Among them, an important group of these catalysts is based on
nickel oxide [2–4]. Although this oxide shows a higher level of activ-
ity based on its capacity to activate ethane, its selectivity to the
olefin is too low. The latter can be increased by dispersing nickel
species on a suitable support as SiO2 [2], Al2O3 [2,5,6], MgO  [7] or
ZrO2 [8]. Also, both conversion and selectivity can be modified, tun-
ing the properties of nickel oxide by doping it with other elements
like Mo,  W,  Nb, Ce, Sn or Ta [9–13].

A number of reports investigate these catalysts in powder form,
which entail some practical constraints to any potential indus-
trial application. In this respect, different groups have put in a
great deal of effort to research on the feasibility of depositing cat-
alytic formulations onto different substrates so as to make use of
the intrinsic advantages of each type of structures. Among them,
metallic and ceramic foams [14–17] and ceramic paper [18,19]
were studied. Besides, some authors reported the use of metallic
or ceramic monoliths [20], while others investigated the confor-
mation of microchannel metallic reactors [21].

Based on a variety of reasons and according to each case in
particular, structured catalysts can offer improved catalytic perfor-

mances when compared with the corresponding powder catalysts
[16]. However, in a couple of reports [14,20] it has been found that
ethylene yield diminishes after the catalyst deposition onto a sub-

dx.doi.org/10.1016/j.cattod.2016.03.005
http://www.sciencedirect.com/science/journal/09205861
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trate. In addition, the easiness to scaling-up this kind of systems
y replication should be considered as an additional advantage.

In this work we study the ethane ODH using structured catalysts
ontaining NiO as the active compound and Zr as the promoter, both
upported on ceramic paper substrates made of SiO2-Al2O3 and
rO2 fibers. In a previous work [19], we showed that the addition of
r as promoter produced lower ethane conversion than NiO alone,
ut higher selectivity to ethylene.

With the aim of improving catalytic performance, this con-
ribution focuses on the development of catalytic ceramic paper
y partially replacing SiO2-Al2O3 fibers by ZrO2 ones in order to

ncorporate the promoting element into the structured substrate.
oreover, the amount of catalyst incorporated was  varied so as to

mprove ethylene yield.

. Materials and methods

.1. Ceramic paper preparation

Three types of fibers were used in the preparation of ceramic
apers. The first one was composed of long ceramic fibers (50 wt%
iO2, 48 wt% Al2O3 and 2 wt% impurities, mainly titanium and iron
xides), 660 �m length, obtained by elutriation from Carbo Ceramic
aterials. The elutriation process was performed with the aim of

oth homogenize the size of the fibers and to eliminate the soluble
mpurities. After that, an Energy dispersive X-ray analysis (EDX)
etected iron and titanium as impurities in a level lower than 1 wt%
19]. These elements are common impurities when aluminum is
resent. In addition, both short ZrO2 ceramic fibers, 190 �m length,
rovided by Zircar and cellulosic ones, obtained by repulping an

ndustrial blotting paper from bleached Kraft softwood were also
mployed.

A papermaking technique with a dual polyelectrolyte reten-
ion system was adopted, which implied the use of cationic and
nionic polymers (Fig. 1). These polyelectrolytes generate a dou-
le layer of charged polymers on ceramic fibers and also produce
ridges which join these fibers, thus increasing the retention of par-
icles during the papermaking process. The cationic polymer was
olyvinyl amine from BASF (PVAm LUREDUR PR 8095 molecular
eight 4 × 105 g/mol and charge density 4.5 meq/g). The anionic
olymer was polyacrylamide (A-PAM from AQUATEC, molecular
eight 104–105 g/mol and charge density 2.7 meq/g). Commercial

olloidal suspension of yttria-stabilized zirconia (Nyacol®, 18.0 wt%
rO2 + 1.3 wt% Y2O3, particle size 100 nm)  was added as binder to
rovide mechanical strength to the final structure. This procedure

s similar to that employed by Tuler et al. [22].
Two different types of flexible ceramic paper were prepared,

ne of them using only SiO2-Al2O3 fibers and the other replacing
0 wt% SiO2-Al2O3 fibers by the same amount of ZrO2 fibers.

After calcination at 600 ◦C during 2 h in air cellulosic fibers were
urnt and ceramic paper was obtained, designating LF the paper
hat only contains SiO2-Al2O3 fibers and SF the one that also con-
ains short ZrO2 fibers.

.2. Catalytic components incorporation

In order to develop catalytic ceramic paper, ceramic paper
heets (16 cm in diameter, prepared as described in Section 2.1)
ere cut into disc forms (16 mm in diameter and 2 mm  in thick-
ess). Single or mixed solutions were used to prepare Ni and NiZr
eramic paper. Both 0.3 and 0.4 M Ni(NO3)2 solutions were used and

n the case of Zr-containing paper, a 0.2 M Zr(NO3)4 solution was
lso incorporated as promoter. Ceramic paper discs were moist-
ned up to saturation with the above mentioned solutions and
itric acid (CA) acting as coordination ligand was  also added. Two
Fig. 1. Synthesis procedure of the catalytic ceramic paper. Detail of the ceramic
fibers.

Zr/Ni atomic ratios of 0.11 or 0.15, which were almost the optimal,
were studied [23]. After drying at room temperature for 24 h, the
impregnated paper was calcined in air at 500 ◦C during 2 h.

The structured catalysts thus obtained were designated accord-
ing to the active phases (Ni or NiZr) incorporated, the precursor
solution concentrations (0.3 or 0.4 M)  used and the type of fiber
used in the papermaking process, SiO2-Al2O3 fibers (LF) or 10 wt%
ZrO2 fibers + 90 wt%  SiO2-Al2O3 fibers (SF).

2.3. Physicochemical characterization
X-ray Diffraction (XRD): Crystalline phases were identified with
Shimadzu XD-D1 equipment using Cu K� radiation at a scan rate
of 2◦/min, from 2� = 20◦ to 80◦. The ceramic paper pieces were
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Fig. 2. SEM micrographs of ceramic paper LF (a, b) and cataly

upported on a special sample holder designed for the XRD anal-
sis. The software package of the instrument was  used for phase
dentification from the X-ray diffractograms. Crystallite sizes were
stimated by the Scherrer equation, employing the main peaks (2�)
f each compound.

Laser Raman Spectroscopy (LRS): a Horiba Jobin Yvon LabRAM
R instrument was employed to obtain the spectra. The excitation
avelength was 532.13 nm (Spectra Physics diode pump solid state

aser with the power set at 30 mW).  Several spectra were acquired
or each sample.

Scanning Electron Microscopy (SEM): an electronic microscope
EOL JSM-35C with an acceleration voltage of 20 kV was employed.
amples were coated with a thin layer of Au in order to improve
mage quality.

Temperature-programmed Reduction (TPR): The experiments
ere performed in a Micromeritics Autochem II instrument using

 mixture of H2/Ar (5%) as reducing gas. The heating rate was
0 ◦C/min from room temperature to 800 ◦C.
per: NiZr 0.15 (0.3 M)  LF (c, d) and NiZr 0.15 (0.4 M)  LF (e, f).

2.4. Catalytic tests

The oxidative dehydrogenation of ethane was  performed in a
temperature range between 250 and 450 ◦C employing a flow sys-
tem. The reactive stream was  6% O2 and 6% C2H6 with helium as
balance gas. The adequate number of catalytic paper discs was
stacked inside a quartz reactor (400 mm in length and 16 mm in
diameter). Temperature measurement was performed with an axi-
ally located thermocouple. The total mass of catalyst deposited onto
the paper was 200 mg  (NiO or NiO + ZrO2).

Two series of ODH experiments were performed. Firstly, the
evaluation of the ethane conversion was  conducted at variable tem-
perature with a W/F  fixed ratio. The standard W/F  value used to
compare the activity of the different catalysts was  0.48 g s/cm3,
where W corresponds to the above mentioned weight of the cata-
lyst deposited onto the paper fibers being F the total flow rate.

In a second stage, with the aim of exploring the selectivity-
conversion behavior at a fixed temperature (400 ◦C), the W/F  ratio

was modified from 0.1 to 0.8 g s/cm3 by varying the total flow inlet
(reagents + balance gas) maintaining the amount of catalyst con-
stant.
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Fig. 4. Temperature-programmed reduction profiles of different kinds of catalytic
paper (0.3 and 0.4 M).
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ig. 3. XRD diffraction patterns of catalytic ceramic paper (0.3 M). Symbols: � mon-
clinic ZrO2, © tetragonal ZrO2, � NiO.

Reactants and products were analyzed with an on-line
himadzu® GC 2014 gas chromatograph equipped with a packed
olumn (HayeSep D®) and a thermal conductivity detector (TCD).
losure of the carbon mass balance was 100 ± 3%. Carbon monox-

de or other by-products were not detected in the product stream
fter the reaction. The total oxygen conversion never reached 100%.
he downstream gas composition was measured after 1 h, to ensure
hat the reaction steady state was achieved. In addition, under the
xperimental conditions used in the catalytic tests the contribution
f gas-phase reactions was negligible.

Each reaction experiment was performed at least three times
or the different set of catalysts. The conversion and selectivity
btained were almost the same in all cases, considering an experi-
ental error below 5%, which guarantees the reproducibility of the

atalytic results.

. Results and discussion

.1. Characterization of the flexible ceramic and catalytic paper

Fig. 2a and b show the morphology of the ceramic papers con-
aining only the Y2O3-stabilized ZrO2 binder, i.e. after calcination
nd previous to the impregnation of active phases. The surface of
he ceramic fibers appears to be completely covered with binder
gent particles. Yttria-stabilized zirconia creates a homogeneous
nd well-dispersed coating. Besides, some clusters of the binder
an be clearly observed in the intersection of two fibers. These
ccumulations permit the cross-linking of the fibers, thus, giving
echanical resistance to the ceramic structure (Fig. 2a). It is neces-

ary to remember that the original fibers (before ceramic paper
ynthesis) present a noticeable smooth surface without pores,
oughness or imperfections (Fig. 1).

Fig. 2c–f show the morphology of the catalytic ceramic paper,
iZr 0.15 (0.3 M)  LF (Fig. 2c and d) and NiZr 0.15 (0.4 M)  LF (Fig. 2e
nd f). Catalytic paper prepared using either the 0.3 M or the 0.4 M
i(NO3)2 solutions show a similar morphology. The catalyst is
omogeneously deposited between and onto ceramic fiber where
he solution is retained by surface tension. After drying and cal-
ining catalytic ceramic paper, numerous flakes and cracks are
bserved with ceramic fibers crossing them. Closer views (Fig. 2d
nd f) reveal that these flakes are ca. 1–10 �m wide and ca. 1 �m

hick. SEM micrographs of the other catalytic ceramic paper are not
hown because they display similar pictures.

XRD patterns of the catalytic paper prepared with the 0.3 M pre-
ursor solution are shown in Fig. 3, where those diffractograms
Fig. 5. Raman spectra of catalytic paper (0.3 M).

corresponding to ceramic paper without active phases are also
included. In these latter patterns (LF and SF), signals corresponding
to the tetragonal zirconia, whose main peak is at 2� = 30.2◦, can be
appreciated and correspond to the crystallized binder agent that
coats and joins the silica-alumina fibers. Besides, the diffractogram
of the short fiber-containing paper (SF) shows the main signals of
the monoclinic ZrO2 displayed at 28.2◦ and 31.5◦, associated with
ZrO2 fibers.

Peaks located at 37.3; 43.3; 62.9; 75.5 and 79.6◦ associated with
the presence of nickel oxide (NiO) can be observed in all diffrac-
tograms of the catalytic paper. The most intense peaks of zirconia
can also be appreciated and depending on whether the paper is
manufactured with or without ZrO2 fibers, signals of monoclinic
ZrO2 are detected.

The crystalline domain sizes of nickel oxide were estimated at
9.7 nm for Ni (0.3 M)  LF; 3.9 nm for NiZr 0.11 (0.3 M)  LF; 3.6 nm for
NiZr 0.15 (0.3 M)  LF and 3.0 nm for NiZr 0.11 (0.3 M)  SF. These results
indicate that the presence of zirconium, incorporated as promoter,
inhibits the development of the nickel oxide crystallites in all cases.
Furthermore, the presence of short ZrO2 fibers also seems to restrict
the growth of NiO crystallites, which suggests some kind of Ni-Zr
interaction.
The paper prepared with the 0.4 M precursor solution showed
similar diffraction patterns to those described above (not shown).
However, the sizes of the crystalline domains of NiO were higher in
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ig. 6. Ethane conversion as a function of temperature for catalytic paper
T  = variable, W/F  = 0.48 g s/cm3).

ll cases. For this set of catalysts, they were estimated at 10.5 nm for
i (0.4 M)  LF and for the promoter-containing systems at 5.5 nm for
iZr 0.11 (0.4 M)  LF; 5.2 nm for NiZr 0.15 (0.4 M)  LF and 4.0 nm for
iZr 0.11 (0.4 M)  SF, showing the same trend as the one observed

n the above mentioned systems. Once more, the presence of the
irconia short fibers inhibited the crystalline growth of NiO.

The redox behavior of the catalytic components is an important
roperty for the catalysts under study. Thus, temperature-
rogrammed reduction experiments were carried out. Profiles
btained are presented in Fig. 4. A reduction peak between ∼300
nd 550 ◦C, associated with the reduction of nickel oxide is observed
or Ni (0.3 M)  LF. The reduction process begins at a temperature
elow 300 ◦C while the maximum is shown at ∼420 ◦C. The pattern
orresponding to Ni (0.4 M)  LF appears ∼10 ◦C left shifted, both at
he onset and at the maximum temperatures if compared with Ni
0.3 M)  LF TPR profile. This could be caused by a different degree of
nteraction between the catalytic particles and the zirconia coating
f ceramic fibers, being it slightly stronger for Ni (0.3) M LF.

Zirconium-containing catalysts showed a marked broadening
ith a maximum at ∼500 ◦C and a shift in reduction temperatures

o higher values as compared with promoter-free catalysts. There-
ore, the interaction between Ni and Y-Zr generated species more
ifficult to reduce, even in the case of smaller NiO crystallites. It

s likely that Zr introduces itself into NiO lattice, forming a solid
olution, which is probable since Ni2+ and Zr4+ cations have sim-
lar ionic radii. In this respect, as reported by Wu et al. [23], the
ncorporation of zirconium in the nickel oxide lattice retarded the
eduction process. On the contrary, the incorporation of nickel ion
nto the zirconia lattice is more difficult due to its lower valence
nd its low solubility into the zirconia phase [24,25].

The main peak and the shoulder in Zr-promoted catalysts clearly
ndicate the reduction of different nickel species. The shoulder at

◦
ower temperatures – between 340 and 395 C – is associated with
he reduction of NiO, whereas the main peak could be ascribed to
i-O-Zr species [23,26]. The increase in the zirconium content from
r/Ni = 0.11 to Zr/Ni = 0.15 shifted the TPR profile toward higher
day 273 (2016) 252–258

temperatures. Also, it can be observed that a lower area of the
shoulder is in agreement with the incorporation of Zr into the NiO
lattice.

On the other hand, the addition of zirconia short fibers (SF) also
produced a decrease in the shoulder area compared with the cor-
responding long fibers (LF) system, probably because of a higher
dispersion of the active phase that enhances the Ni-Zr interaction.
What is more, these systems display a slight shift in the TPR profile
towards lower temperatures that could be related to the smaller
crystallite size of the active phases (Fig. 4).

It should also be emphasized that both bare ceramic paper free
of active phases (LF and SF, only coated with the yttria-zirconia
binder) did not show hydrogen consumption in the temperature
range analyzed, indicating the absence of reducible species.

Fig. 5 presents Raman spectra of the systems prepared with the
0.3 M solution. Spectra corresponding to catalytic ceramic paper
prepared using the 0.4 M solution were similar (not shown). As
reported, nickel oxide exhibits a Raman band around 500 cm−1,
assigned to first order longitudinal optical (LO) phonon mode, and
a shoulder at ∼400 cm−1 related to the transverse optical (TO)
phonon mode [27,28]. The first order TO and LO modes derive
from parity-breaking defects and are related to Ni vacancies in the
oxygen-rich NiO particles (black coloured).

In the case of tetragonal zirconia, it is expected to have bands at
148, 263, 325, 472, 608 and 640 cm−1 while the monoclinic phase
displays their main signals located at 140, 173, 185, 216, 260, 301,
328, 342, 471, 500, 553 and 632 cm−1 [29–32].

Although several zones were analyzed for catalytic ceramic
paper, the characteristics bands of zirconia were not identified in
any of the spectra. This could be associated with the location of
the examined regions, in which only the active phase and not the
zirconium-yttrium oxide from binder agent was  detected. It must
be noted that there appear to come into view only those signals cor-
responding to TO and LO modes and which related to NiO particles
deposited on ceramic fibers.

Spectra of NiZr paper showed similar bands as compared with
the free-promoter catalyst. Nevertheless, a comparison between Ni
and NiZr catalysts illustrates differences. To begin with, the band
corresponding to Ni O stretching is markedly broadened, which
could indicate an increased structural disorder [33,34]. In addi-
tion, this main band was markedly shifted (from ca. 500 to ca.
520 cm−1), which confirms the strong interaction between nickel
and the Zr promoter detected from TPR profiles. Furthermore, the
shift observed would not be related to a size-induced phonon con-
finement effect, which would also produce a red shift [33], but could
be strongly connected to the presence of the promoter [35,36]. The
partial replacement of a Ni site into the nickel oxide lattice by
another element leads to a modification in the cell volume. Lat-
tice contraction or expansion produces changes in the unit cell
parameters that modify Raman frequencies.

The above observations suggest changes into the NiO structural
arrangement, confirming that zirconium was  incorporated into the
nickel oxide lattice and was not segregated as ZrO2. At the same
time, the absence of the typical zirconia bands confirms this idea
and it is consistent with XRD and TPR characterization.

3.2. Catalytic performance of structured systems

Regarding catalytic performance, it is necessary to mention that
selective reaction is the dehydrogenation of ethane to produce
ethylene and that by the oxidative environment, water is produced
as a by-product. Moreover, other non-selective reactions occur that

produce carbon oxides and water, i. e. reactant and/or product
could be oxidized. The carbon oxides formed could be monoxide
and/or dioxide, but it depends on operation conditions, such as the
oxygen/alkane ratio, as well as the nature of the catalyst.



J.P. Bortolozzi et al. / Catalysis Today 273 (2016) 252–258 257

4 8 12 16 20 24 28 32 36
0

10

20

30

40

50

60

70

80

NiZr 0.11  (0.4 M) LF
NiZr 0.11  (0.4 M) SF
NiZr 0.15  (0.4 M) LF
NiZr 0.11  (0.3 M) LF
NiZr 0.11  (0.3 M) SF
NiZr 0.15  (0.3 M) LF

Ni (0.4 M) LF
Ni (0.3 M)  LF

)
%(

enelyhte
ot

ytivitceleS

nvers

t tem

a
c
t
u
a
o
p
s

a
z
s

c
t
s
t
o
c

a
(
t
Z
a
n

T
R

Co

Fig. 7. Ethylene selectivity at constan

To evaluate the catalytic behavior of the synthesized paper, the
mount of oxygen used for the experiments was  twice the stoi-
hiometric, i.e. oxygen to alkane ratio equal to 1. This is one of
he reasons that could contribute to the absence of CO as a prod-
ct of non-selective reactions. This point could be considered as an
dvantage for future technological application, because the absence
f carbon monoxide seems to be attractive not only for the sim-
lification of subsequent separation processes but also for their
afety.

In order to assess the effect of the zirconia binder on catalytic
ctivity, several ceramic paper discs covered with yttria-stabilized
irconia were piled up into the reactor and they were evaluated
howing only 0.6% ethane conversion at 450 ◦C.

Results of ethane conversion as a function of temperature of the
atalytic ceramic papers are shown in Fig. 6. In general, the concen-
ration of the precursor solution has an effect on the activity: those
ystems prepared with the 0.3 M solution are more active due to
he smaller crystallites of the active phase and the better spreading
nto the fibers, allowing better accessibility of the reagents to the
atalyst surface.

In all cases, the addition of zirconium resulted in lower cat-
lytic activities as compared with that of paper without a promoter
not shown). However, the effect depends on both the amount and
he way zirconium is incorporated into the system through the

r(NO3)4 solution or by means of adding ZrO2 fibers. In the first case,

 higher amount of promoter added to the precursor solution is
egative for the ethane conversion since the presence of zirconium

able 1
esults reported in literature for different catalysts applied to ODH of ethane.

Catalyst a W/F  ratio (g s/cm3) Temperature (◦C) 

NiZr (0.3 M)  SF b 0.48 400 

NiGaO 0.54 400 

NiAlO 0.54 400 

NiSnO 0.80 350 

NiWO 0.60 400 

NiNbO/Al2O3 0.54 400 

NiNbO 0.54 350 

NiNbO 0.60 400 

NiWO – 400 

a Powder catalyst.
b Structured catalyst.
io n (%)

perature (T = 400 ◦C, W/F  = variable).

affects NiO reducibility. Also, it could reduce the amount of highly
active oxygen species present in the non-selective bulk nickel oxide
[6,7]. In the second case, the addition of ZrO2 fibers to the struc-
ture could improve the dispersion of the active phases and help
to achieve even smaller crystallite sizes compared with the paper
that does not contain this kind of fibers. Besides, the reducibility of
this system happened to be slightly higher as shown by TPR pat-
terns. Therefore, the combination of all these factors contributes to
increase the conversion.

Results of selectivity at constant temperature are presented in
Fig. 7. The general trend for NiZr systems is a slight drop of around
10% in the conversion range analyzed. This slight decrease corre-
sponds to the oxidation of the ethylene formed and it is indicative of
the fact that carbon dioxide comes mainly from the direct oxidation
of ethane and not from the oxidation of the main product.

It is necessary to mention that paper without a promoter
showed very low selectivity to ethylene, with values in the order
of 25%, which remained approximately constant with increasing
conversion (not shown). The addition of zirconium resulted in a
substantial improvement in the selectivity level. If the systems
promoted are compared with one another, no substantial differ-
ences are observed, although the two  kinds of paper with the
higher amount of zirconium added to the precursor solution, i.
e. Zr/Ni = 0.15, are more selective than the other ones. This could

be partially explained by lower conversion as well as because of
the fact that the promoter helps to reduce and isolate electrophilic
oxygen species (O2

−), which are more selective to carbon dioxide.

Ethane conversion (%) Ethylene yield (%) Reference

34 19 This work
∼31 ∼16 [2]
∼25 ∼15 [2]
26 20 [24]
∼36 ∼23 [34]
27 ∼19 [9]
33 26 [10]
∼56 ∼34 [37]
∼12 ∼5 [38]
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Table 1 presents some results reported in the literature about
i-containing powder catalysts applied to ODH of ethane reaction.

t can be seen that the catalytic ceramic paper prepared presents
romissory values of ethane conversion with moderate selectivity,
ven at high conversion levels (∼60% selectivity at 34% of conver-
ion). It is worth to mention that the W/F  ratio employed in this
ork is the lowest among those listed in Table 1.

On the other hand, in order to assess the evolution of the conver-
ion and selectivity over time, some catalysts prepared were tested
nder reaction conditions during 16 h. A slight decrease in ethane
onversion was observed while a relative constancy on ethylene
electivity was found. These results give a first approach to the sta-
ility of this kind of structured systems under reaction conditions.

. Conclusions

Catalytic ceramic paper could be successfully developed by the
eplacement of 10 wt% SiO2-Al2O3 long fibers by ZrO2 shorter ones.

Zirconium strongly interacted with nickel oxide and produced
tructural changes that affected the NiO redox behavior, crystal
rowth and lattice order (XRD, TPR, Raman), which enhanced selec-
ivity towards ethylene.

Modifications introduced in the preparation process of NiZr-
eramic paper, i.e., the variation of the concentration of the
recursor solution used and the addition of zirconia short fibers,
llow obtaining systems with an enhanced performance.
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