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In this research, SMFs panels were applied for further deposition of CNFs, ZnO and Al:0s to hydro-
genate selectively acetylene to ethylene. To understand the role of different structures of the examined
supports, the characterization methods of SEM, ASAP, NH3-TPD and N adsorption-desorption isotherms
were used. Following the characterization of green oil by FTIR, the presence of more unsaturated constitu-
ents and then, more branched hydrocarbons formed upon the reaction over alumina-supported catalyst in
comparison with the ones supported on CNFs and ZnO was confirmed, which in turn, could block the pores
mouths. Besides the limited hydrogen transfer, the lowest pore diameters of AloOs/ SMFs close to the sur-
face, supported by N2 adsorption-desorption isotherms could explain the fast deactivation of this catalyst,

compared to the other ones.
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1. INTRODUCTION

In the recent decades, many global demands for
ethylene-containing products have attracted so much
attention [1]. Since, ethylene derived from the catalytic
and/or thermal cracking of oil compounds includes
small amounts of acetylene, selective hydrogenation of
acetylene to ethylene is industrially suggested to purify
ethylene feedstocks from traces of acetylene up to be-
low 5 ppm [2-4]. In spite of the useless effect of alumi-
na-supported catalysts at higher temperature, alumina
is still used as the conventional support [5]. However,
carbon-based supports have been extremely applied in
selective hydrogenation reactions, as reported in litera-
ture [6-7]. Nowadays, some carbon supports such as
carbon nanotubes and carbon nanofibers are competing
with the oxide ones because of having interesting in-
trinsic characteristics which lead to more electron
transfer and hydrogen spillover [8].

The using of some novel ordered supports such as
monoliths [9], metallic grids [10], carbon fabrics [11]
and bidimentional glass [12] in alkyne hydrogenation
with high selectivity to alkenes has been shown better
performance in comparison with the traditional reac-
tors randomly filled with catalyst particles. Structured
sintered metal fibers (SMFs), having the porosity of 80-
90% and uniform fiber sizes of about several microns
are very promising as catalytic supports due to inter-
esting characteristics, i.e. high mechanical strength
and thermal conductivity, large permeability and excel-
lent filtrating properties with a low pressure drop
through the catalytic bed, however, these supports
have low surface area [13]. To increase the specific sur-
face area (SSA) of the SMFs, the deposition of a micron
layer of some well-known substrate may be proposed.
In line with the above-mentioned advantages, some
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authors synthesized carbon nanofibers over SMFs via
chemical vapor deposition (CVD) technique [14] to im-
prove the specific surface area, which in turn, could
decrease the run away during exothermic hydrogena-
tion reactions [15]. Furthermore, they developed a
structured catalyst including ZnO supported on SMFs
to use in selective hydrogenation of 2- methyl-3-butyn-
2-0l (MBY) to 2-methyl-3-buten-2-ol (MBE) [16].

Catalyst deactivation is one of the most important
challenges in catalysis for many years. According to
literature [17-21], both the structure and the nature of
supports; i.e. pore configuration and acidity of the sup-
ports, respectively, could undergo the deactivation pro-
cess as well. However, there are some challenges, espe-
cially, in the case of the role of acidic sites.

In the present study, the main objective of our
study is to identify how the configuration and the na-
ture of the support could influence the catalytic activity
of Pd-based catalysts supported on CNFs/SMFs,
Al20O3 / SMFs and ZnO / SMFs in selective hydrogena-
tion reaction of acetylene.

2. MATERIALS AND METHODS

Commercially available Inconel sintered metal fibers
(SMFmconel, Inconel 601, Bekipor ST20AL3, Bakaert Fi-
ber Technology, Belgium) were used as a growth sub-
strate for carbon nanofibers (CNFs). In order to clean
the surface of the SMFsmconel panels, they were calcined
at 650 °C. The procedure of CNFs deposition over the
panels has been already described elsewhere [14]. Brief-
ly, CNFs were deposited on SMFsmconel by the catalytic
decomposition of ethane in the presence of hydrogen.
Then, SMFs were treated by hydrogen (625°C, 2h,
120 cc/min) to decorate SMFs with Ni nanoparticles
(SMF's is composed of an alloy mixture, containing nick-
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el). Afterwards, the reactor was heated up to 675 °C,
while, a mixture of Ar: C2Hs: H2=80:3: 17 (total flow
rate of 600 cc/min) was passed through the reactor for
2 h. The resulted 5 wt % CNFs/SMFs composite sup-
ports were functionalized in a boiling 30 % H202 aqueous
solution (Reactolab SA) for 1 h, followed by sonication in
ethanol to remove amorphous carbon.

To prepare ZnO-based SMFs, we applied FeCrAl
SMFs panels (40FP3, Southwest Screens & Filters,
Bekaert SA, Belgium). Following the calcination of
SMFs panels, appropriate amounts of zinc acetate dehy-
drate (Fluka) was added under vigorous stirring to the
desired amounts of monoethanolamine (Fluka) and
acetoin (Riedel-de Haen) dissolved in isopropanol [13].
Zinc oxide was deposited over the SMFs panels through
dipping the SMF's substrates in the prepared solution.
Afterwards, the resulted samples were dried using air at
the ambient temperature for 0.5 h, followed by a rapid
heating up to 600 °C. To reach up to ca. 5 wt % of ZnO
over SMFs, we repeated the above procedure several
times, consecutively. The last treatment was to increase
the specific surface area of ZnO using the post-annealing
the ZnO / SMFs supports at 900 °C.

Sintered Metal Fiber filters (40FP3 Stainless Steel,
AISI316L, Southwest Screens & Filters, Bekaert SA,
Belgium) was used to deposit AleO3 over the SMF's pan-
els. As mentioned previously, SMFs panels were treated
prior to deposition of alumina, as described previously.

The desired amounts of AI(INO3)3 9 H20 (Aldrich) and
anhydrous citric acid (Aldrich) dissolved in water were
applied as the precursor solution to deposit alumina over
SMF's panels. Al2Os film deposition was performed via
dipping, according to what explained for the ZnO-based
samples, then drying the samples in air at room temper-
ature, followed by the calcination at 600 °C (1 h,
5 °/min). The dipping-drying-calcination procedure was
repeated several times to obtain the deposition weight of
ca. 5 wt % Al203 on SMF's surface.

After cutting the prepared supports, wet impregna-
tion method was applied to prepare Pd catalysts sup-
ported on CNFs, ZnO and Al20s3 fiber disks. Palladium
acetate (Aldrich) dissolved in acetonitrile (Reactolab SA-
1077 SERVION) was used as the precursor solution,
adding to the samples in accordance with the weight
porosity of the supports, i.e. 0.4 wt % with respect to the
supports utilized. A mixture of argon and hydrogen was
introduced into the reactor, passing over the disks for
2 h to reduce the catalysts.

Catalytic reactions were carried out in the reactor,
while the reaction temperature was adjusted in the de-
sired amount using oil circulating system. The reactant
feedstocks containing 1.5 vol. % acetylene in 20 vol. %
hydrogen diluted with argon (i.e. 78.5 vol. %), passing
through the reactor was applied, whereas, the reaction
temperatures of 120, 140 and 180 °C and the atmospher-
ic pressure was used. The output gases were analyzed
using HP 6890 gas chromatograph, supplied by a flame
ionizer and a capillary column filled by Carboxen 1010.

The BET surface area and pore volume were meas-
ured by nitrogen adsorption at 77 K using an ASAP-2010
porosimeter from the Micromeritics Corporation GA. NHs-
TPD (Micromeretics 2900) was used to investigate the
presence and the nature of acidic sites. Simulation Distil-
lation (SIM DIS, Varian Simulated Distillation 5.5) analy-
sis was applied to determine the amount of coke extracts,
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and also, to compare the nature of coke formed over the
catalysts surfaces upon acetylene hydrogenation reaction.
Carbon disulfide was used to extract the coke deposited on
the catalysts aged during the reaction. FTIR (Bruker,
Vertex 70) experiments were efficient to indicate the
chemical nature of carbonaceous species formed. The sur-
face morphology of the samples was investigated using
SEM (JEOL JSM-6300F) instrument.

3. RESULTS AND DISCUSSION

Fig. 1 shows the catalytic activities of Pd catalysts at
three different temperatures of 120, 140 and 180 °C.
According to the figure, no distinct decrease in acetylene
conversion for Pd/CNFs and Pd/ZnO supported on
SMFs with time on stream is observed, meanwhile,
Pd/ Al2Os shows a sharp decrease in catalytic perfor-
mance, especially, at 180 °C, as it reaches up to the val-
ues even less than the ones obtained at 140 °C. There-
fore, one may conclude that the increased temperature
has a significantly positive role to enhance acetylene
conversion except for the Pd/ Al2O3 catalyst reacted at
180 °C. For instance, in the case of Pd / CNFs / SMFs, an
increase of acetylene conversion from about 10 % at
120 °C to around 22 % at 180 °C is observed, respectively;
however, the enhancement is more pronounced in the case
of Pd/ZnO/SMFs catalyst. A considerable performance
of Pd/ZnO / SMFs may be attributed to the formation of
an effective interaction between Pd and Zn as PdZn alloy,
as Semagina et al. have previously reported [13].
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Fig. 1 - Catalytic activities of SMF-supported Pd/CNFs,
Pd/ZnO and Pd/ AlxOs catalysts at 120, 140 and 180 °C with
time on stream in acetylene hydrogenation reaction (Total gas
flow rate 400 cc/min)

Fig. 2 implies a comparative schematic of the selec-
tivity to ethylene, ethane and undesired products (indi-
cated as green oil (GO) in Fig. 2) at the reaction temper-
atures of 120, 140 and 180 °C. According to Fig. 2, the
ethylene selectivity is enhanced with the increased tem-
perature, for instance, the selectivity to ethylene is found
to be about 76 % at 120 °C, whereas, it reaches up to ca.
91 % for ZnO-supported catalyst, forming less ethane
and green oil at higher temperatures. As observed in
Fig. 2, ZnO-supported Pd catalyst exhibits the highest
selectivity to ethylene and the lowest selectivity to
ethane and green oil in comparison with the ones of
CNFs- and Al20s-supported Pd catalysts.
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Fig. 2 — The variation of selectivities to ethylene, ethane and
green oil (GO) vs. reaction temperature

Fig. 3 presents the SEM micrographs of SMFSsmconel
and SMFsrecral (Figs. 3a and c) in the oxidized state and
after deposition of CNFs and ZnO (Figs. 3b and d) sup-
ports over them. According to Figs. 3a and c, the diame-
ter of SMFsInconel is found to be ca. 8-10 um, whereas, in
the case of SMFsrec:al, it is found to be around 15-20 pum.
Considering Fig. 3b, one may observe a porous support,
having Ni nanoparticles segregated to the surface of
SMF'smconel. According to Fig. 3, the SEM photographs of
Figs. 3b and d indicates higher roughness and lower
surface area for the ZnO /SMFs sample in contrary to
the CNFs / SMFs one.

Fig. 3 - SEM micrographs of a) SMFsmcone, b) CNFs/SMFs,
¢) SMFsrecral, d) ZnO/SMF's

Proc. NAP 2, 03NCNNO7 (2013)

FTIR results of the green oil extracted from the cata-
lysts aged for 8 h upon the reaction are shown in Fig. 4.
Taking into account to the figure, one may conclude that
the bands appeared at around 2854 and 2926 cm—! and
at ca. 2873 and 2955 cm~—! are respectively associated
with the vibration modes of CH2 and CHs groups in the
oligomeric chains [22-23]. According to FTIR spectra, the
lowest relative ratio of intensities of CHz / CHs is associ-
ated with the coke resulted from Pd/ Al2Os/ SMFs, 1.e.
the lower chain length of the green oil upon the reaction
is formed over SMFs-supported Pd / Al20s, however, the
amount of coke is more pronounced for this catalyst,
when it is compared with the other catalysts examined
(see Fig. 2).
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Fig. 4 - FTIR spectra of extracted green oil of SMFs-
supported Pd/ CNFs, Pd/ZnO and Pd/ Al:Os catalysts after
8 h under acetylene hydrogenation reaction (Total gas flow
rate = 400 cc/min, T'= 180 °C).

The presence of C = C bond is confirmed by the band
indicated at 2296 cm-! and also, more drastically at
2155 cm 1 [24]. According to the figure, the peak located
at 2155 em — 1 is very sharp for the extracts resulted from
the Pd / Al20s, while, the corresponding ones belonged to
Pd/ZnO and Pd/ CNFs are found to be less intensified.

The peak centroid at around 1640 cm~! is assigned
to C=C bond (i.e. olefins) [25]. According to the figure,
higher intensity of C = C bond is belonged to the spectra
of green oil resulted from Pd/ CNFs and Pd/ZnO, when
it is compared with that of the Pd / AleO3. Moreover, the
band revealed at 1450 cm~! could confirm the presence
of higher intensities of C=C groups for the green oil
resulted from Pd / CNFs and Pd / ZnO compared to that
of Pd / Al203 [26].

All the documents mentioned above could be a con-
firmation to prove the presence of higher amounts of
hydrogen in the coke formed over the SMFs-supported
Pd/CNFs and Pd/ZnO, when they are compared with
the one of Pd / Al2Os / SMFs catalyst. This could guide us
towards the hydrogen transfer as the governing mecha-
nism in acetylene hydrogenation reaction. Therefore, a
small rate of hydrogen transfer via the hydrocarbon
layer is expected, leading to more unsaturated species
and likely more branching of the green oil extracted from
the aged catalyst of Pd/Al203/SMFs than those of
SMFs-based Pd/CNFs and Pd/ZnO. More branched
hydrocarbons, more steric hinderance and less accessi-
bility of the reactants to the active sites [27].

03NCNNO07-3
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In the present study, ZnO /SMFs support doesn’t
show any clear peaks in NH3-TPD (not shown here),
however, according to Fig. 1; Pd/ZnO/SMFs catalyst
presents good catalytic performances. It seems that
there is no distinct correlation between the presence of
acidic sites and deactivation rate of the catalyst. This
idea may be more emphasized, when the behavior of
Pd/ Al2O3/ SMFs catalyst are taken into account, hav-
ing some acidic sites (not shown here) along with very
fast deactivation.

The role of acidic sites in deactivation process is dis-
cussing as a major challenge for many years. In spite of
some authors [28-30] who emphasized a direct correla-
tion between the number of acidic sites and the amounts
of coke formation, there are some opposite theories in
literature [31-32]. According to them [31-32], deactiva-
tion process was explained through blocking rather than
consumption or poisoning of the acidic sites.

Fig. 6 depicts the N2 adsorption-desorption isotherms
of SMFs-based CNFs, ZnO and Al20s supports. The iso-
therms associated with both oxide supports (i.e. ZnO and
Al203 supported on SMFs) are indicative of Type II iso-
therms, implying non-porous or macroporous supports
along with the hysteresis loop of Type H3, i.e. character-
istics of aggregates of plate-like particles, leading to slit-
shaped pores [33-34].
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Fig. 6 — N2 adsorption-desorption isotherms of the SMFs-
supported AlOs, ZnO and CNFs (empty symbols: adsorption,
full symbols: desorption)

According to Fig. 6, one may observe that Type IV
isotherm 1is the characteristic feature of CNFs-
containing SMFs which in turn, indicates capillary con-
densation, taking place in mesopores. The initial part of
the Type IV isotherm up to C point is attributed to mon-
olayer-multilayer adsorption; however, it is followed by
the same propensity as the corresponding one of a Type
IT isotherm associated with the non-porous form [33-34].
Type H1 belonged to the porous materials is in accord-
ance with the feature of SMFs-supported CNFs sample
[33-34].

As known, in the course of ascending isotherm of the
adsorption branch, the first vertical rise in volume is
indicative of the size of nanochannels in capillary con-
densation. From Fig. 6, the larger size of nanochannels
is found for the ZnO-containing SMFs support. Upon
descending, the rapid decrease from A to B reflects the
macropore of interparticle voids. Therefore, the presence
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of a severe slope in desorption branch from A to B for
both SMF's-based oxides is confirmed, in contrast to the
one of CNFs-included. According to literature [35], one
may conclude that lower amount of liquid nitrogen evap-
oration from B to C is attributed to the pore-blocking
effect in the defective voids which is more significant for
SMFs-supported AloOs than the one of ZnO. Since, the
pore blocking effect decreases because of higher concen-
trations of voids exposed to the external surface, one
may conclude that higher desorption of nitrogen and
subsequently, more voids close to the external surface
for the ZnO/SMFs in comparison with the ones of
Al203-based support is expected. Although the driving
force required for the opening-up of the interconnecting
channels between voids, i.e. from point C towards the
completely desorption of nitrogen for the CNFs/SMFs
and Al2Os / SMFs, is still existed, no distinct decrease in
the case of ZnO / SMFs is found [35].

Based on what explained above, an evaluation of
pore analysis of all supports is required to identify the
surface characteristics of the supports for better expla-
nation of their catalytic behavior. The physical charac-
teristics of the SMFs-supported CNFs, ZnO and Al203
are exhibited in Table 1. According to Table 1, the high-
est value of BET surface area is found to be 213.9 m%/g
for the CNFs/ SMFs sample, whereas, the lowest one is
associated with the ZnO / SMFs, i.e. 3.3 m2/g. Mean pore
diameter are corresponding to 14.7, 18.2 and 6.4 nm,
respectively, assigned to the SMFs-supported CNFs,
ZnO and Al20:s.

Table 1 - Some intrinsic physical characteristics of CNFs,
ZnO and Al:O3 supported on SMF's

Support BET surface | BET sur- Pore di-
area? (m2/g) | face areab ameter
(m?*g) (nm)
CNFs / SMFs 10.27 213.9 14.7
Zn0 / SMFs 0.148 3.3 18.2
Al2Os3 / SMFs 0.893 19.8 6.4

aBET surface area of the composite
PBET surface area without considering the SMF's

According to FTIR spectra and Table 1, one may con-
clude that the shorter chain length of the coke extracts
of Pd/ Al203 is in accordance with the smaller pore di-
ameter of this catalyst [36-37]. In addition to the pres-
ence of the larger pore diameters in Pd / CNFs/SMFs
and Pd/ZnO/SMFs, these supports have different re-
sults of ammonia desorption (mentioned previously). As
reported in literature [36-37], the dimensions of the coke
formed upon aging are mainly affected by the dimen-
sions of the pore structure of the catalyst. Dimon et al.
[37] investigated the effect of zeolite structures in deac-
tivation behavior, when propene gas was passed over it.
According to them, the hydrogen transfer mechanism
was more pronounced in the case of USHY than that of
HZSM-5 zeolite, because the coke related to the former
catalyst was contained 3 and 4 unsaturations in compar-
ison with the latter one with 0, 1 and 2 unsaturations,
i.e. the branching degree was more significant with
USHY than the HZSM-5. In line with them, the differ-
ences occurred for two mentioned catalysts could be at-
tributed to the diversities in the pores sizes. Moreover,
some indicative observations have been reported based
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on which the pore diameter of the mesoporous supports
such as MCM-41 played a sensitive role to influence the
catalytic activities. It is of great importance to note that
MCM-41with larger pore sizes compared to zeolites im-
proves the catalytic activity of the reaction, facilitating
the accessibility of the reactants to the active sites [38].
To investigate the effect of pore size, He et al. [38] com-
pared the catalytic activity of [Si,Ti]-MCM-41 with sili-
calite I. They rationalized that the former catalyst is
more effective due to its larger pores diameters. Besides
the results mentioned, considering the results of Reddy
and co-workers [39] may be of interest. According to
them, the conversion of real petroleum resid feed was
more significant for normal-loading Co-MoS / AloO3 com-
pared to that of high-loading CoMoS/MCM-41. They
concluded, however, that this was attributed to the
smaller pores diameters and thus, the lowered accessi-
bility of the active phase of CoMoS / MCM-41 compared
to the mean pores diameters of the CoMoS / Al203, i.e.
2.34 nm in contrast to 10.5 nm, respectively.

According to what resulted from Fig. 6, one may con-
clude that for the ZnO / SMF's support, more macropores
are exposed to its external surface, when it is compared
with those of AlsOs/SMFs which in turn, facilitate the
diffusion of branched-chain oligomers, as reported previ-
ously [40]. Since, the maximum kinetic diameter of the
oligomers is ca. 1 nm, using a support with larger pore
diameter is required. According to Fig. 6, one may con-
clude that the major contribution of the macropores
takes place far from the external surface of SMFs-
supported alumina, having the smaller pores mouths
(may be lower than 1 nm) exposed to the surface which
in turn, facilitates the catalyst deactivation upon the
reaction.

However, the reaction rate is the highest with
Pd/ Al203/ SMFs (78 mol/ mol of Pd.s) compared to
Pd/CNFs (32mol/mol of Pds) and Pd/ZnO
(49 mol/mol of Pd.s), the narrower pores diameters of
Al203/ SMFs sample may be responsible for the steric
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