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Monodispersed Pd nanoparticles of 5 and 10 nm were obtained via reduction of Pd(acac), dissolved in ionic
liquid (IL), [bmim][PF¢], or [bmimOH][TF,N], supported on carbon nanofibers (CNF) anchored to sintered
metal fibers (SMF). Using [bmimOH][TF,N], the monodispersed Pd nanoparticles were synthesized by simple
heating in the absence of an additional reducing agent. The supported ionic liquid phase Pd nanoparticles on
the structured CNF/SMF composites were tested for the selective hydrogenation of acetylene to ethylene and
showed excellent long-term stability. The IL cation—anion network surrounding the nanoparticles suppressed
the formation of active-site ensembles, known to catalyze the oligomerization of acetylene, responsible for the
catalyst deactivation. The reaction rate was controlled by the internal diffusion of the reactants through the
IL phase. The solubility of acetylene and ethylene in [bmim][PFs] was analyzed by NMR spectroscopy,
which showed an order of magnitude difference. The lower solubility of ethylene compared to acetylene in
the IL results in a high selectivity to ethylene, up to 85% at 150 °C. The catalytic system also demonstrated
high efficiency and long-term stability without any deactivation in ethylene-rich feed (2 vol % of acetylene,
40 vol % of ethylene, 10 vol % of H, in Ar), and therefore, the system shows promise for industrial application.

1. Introduction

The selective hydrogenation of acetylene is an important
industrial reaction related to large-scale ethylene polymerization,
typically performed to remove acetylene impurities (<3%) from
the ethylene feedstock.!> For commercial applications, acetylene
must be <10 ppm in the ethylene feedstock. Supported Pd
catalysts are most widely used for this purpose!? and remain
under intensive study, with the aim of further improving catalyst
stability and selectivity. The main drawback of existing catalysts
is deactivation due to acetylene oligomerization leading to
polyolefin (green oil) which blocks the metal surface.*’ Limited
selectivity and long-term stability of Pd-based catalysts is
attributed to the formation of active-site ensembles; thus, they
have to be avoided. Catalytic activity, selectivity, and stability
strongly depend on the nature of the support and on the size of
the Pd nanoparticles, because the hydrogenation of acetylene
is a structure-sensitive reaction.®!' The preparation of Pd
nanoparticles with a narrow size distribution has therefore
attracted considerable attention. However, nanoparticles need
to be stabilized (by surfactants, block-copolymers, etc.) to avoid
aggregation during the reaction,'? although the introduction of
a stabilizer into the catalytic system affects catalyst performance.
Recently, transition metal nanoparticles with narrow size
distributions have been synthesized in imidazolium-based ionic
liquids (IL) and applied to various multiphase catalytic
processes.!320 The IL acts as a template for the formation of
nanoscale structures and stabilizes the metal nanoparticles by
the formation of “protective” anionic and cationic layers.?! The
stabilization of Pd nanoparticles by imidazolium-based ILs is
very promising for the selective hydrogenation of acetylene,
since the IL facilitates the control of the nanoparticle size.
Moreover, the presence of the IL network around the Pd
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nanoparticles creates supplementary diffusion resistance for
reacting molecules and should suppress the formation of active-
site ensembles. Nevertheless, for continuous-flow gas-phase
reactions, the catalytic system should be heterogeneous. There-
fore, the supported ionic liquid phase (SILP) concept seems
suitable for this application.!>2>-26 Recently, we demonstrated
the successful use of SILP catalysts on structured supports
consisting of carbon nanofibers (CNF) grown on sintered metal
fibers (SMF) for gas-phase hydrogenations.?’” The advantages
of such a catalytic system emanate from a low pressure drop
during the gas passage through the reactor and an even flow
distribution as compared to randomly packed catalytic beds.
Furthermore, the use of the CNF/SMF support ensures the
homogeneity of the SILP layer and, due to the chemical inertness
of CNF surface, no chemical interaction between the support
and the SILP catalyst has been observed.?® Herein, we report a
study of Pd nanoparticles in SILP on CNF/SMFiyconel Structured
supports for the selective hydrogenation of acetylene in argon
and in ethylene-rich streams. Two different imidazolium-based
IL have been used, [bmim][PFs] and [bmimOH][Tf,N], to
elucidate the influence of the IL on the catalytic properties.
Furthermore, NMR spectroscopy was used to determine the
solubility of the reactants in [bmim][PFg] and the mass transfer
from the gas phase to the catalytically active Pd nanoparticles.

2. Experimental

2.1. Materials. Sintered metal fibers Bekipor ST 20AL3
(Bekaert Fiber Technology, Belgium) made of Inconel 601
(alloy composition: Ni, 58—63%; Cr, 21—25%; Al, 1.4%) in
panel form (elementary filament diameter, 8 «m; panel thickness,
0.49 mm; porosity, 81%; weight, 750 g/m?) were used as
supports. Hydroxyl-functionalized butyl-3-methylimidazolium
N-bis(trifluoromethanesulfonyl)imidate [bmimOH][TF,N] was
synthesized as reported elsewhere;? 1-butyl-3-methylimidazo-
lium hexafluorophosphate, [bmim][PF¢] (Alfa Aesar, 99%), and
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other chemicals (Fluka, Aldrich, >98%) and gases (Carbagas,
>909.99%) were used as received.

2.2. Preparation of the Pd-Based SILP Catalysts. The
SMFinconel Was calcined at 650 °C for 3 h to remove contamina-
tion and enhance the surface roughness. The CNF coating was
obtained by catalytic growth on SMFy,conel as reported else-
where?® and treated for 5 min in an ultrasonic bath with methanol
to remove amorphous carbon. SILP catalysts were prepared by
the impregnation of CNF/SMFconel supports with a solution
containing acetone, IL ([bmim][PF¢] or [bmimOH][TF,N]) and
the catalyst precursor, Pd(acac), (4 wt % in IL); the acetone
volume was varied between 0.3 and 0.9 mL to obtain different
IL loadings on the support. After evaporation of acetone, the
catalyst contained 3—9 wt % of IL phase and 0.05—0.11 wt %
of Pd. The catalyst was subsequently reduced to obtain Pd
nanoparticles at 150 °C overnight at atmospheric pressure with
30% H, in Ar (total flow 150 mL (STP)/min) for [bmim][PFg]
and with Ar (flow 100 mL (STP)/min) for [bmimOH][TF,N]).

2.3. Characterization of the Pd-Based SILP Catalysts. The
CNF/SMFiyconel surface morphology was studied by a scanning
electron microscopy (SEM, Philips XL.30 FEG) before and after
IL phase deposition. The samples were placed in the microscope
chamber without any pretreatment; SEM micrographs at 3500 x
and 15000x were taken with an accelerating voltage of 10 kV.
The morphology of the Pd nanoparticles was characterized with
a high-resolution transmission electron microscope (HR-TEM,
Philips EM 430 ST) equipped with an energy dispersive X-ray
(EDX) analyzer. The specimen sample for HR-TEM was
prepared by removing the IL phase Pd nanoparticles supported
on CNF from SMFy,conel by ultrasonication (30 min in methanol).
The sample was then deposited on a carbon film of a copper
grid used in HRTEM. X-ray photoelectron spectroscopy (XPS)
analysis of the catalyst was also carried out after the reduction
of the precursor to Pd nanoparticle to estimate the Pd oxidation
state using an Axis Ultra ESCA (Kratos, Manchester) with
monochromated A1 Ka radiation (1486.6 eV).

2.4. Gas Solubility Measurements Using NMR Spectros-
copy. The molar fraction of dissolved hydrocarbons (C,Hs,
C,Hy, CyHg) in [bmim][PFs] was determined in situ in a 10
mm sapphire NMR tube at a pressure of 1.0 atm at 25 and 75
°C to be as close as possible to the reaction conditions (see
section 2.5). After bubbling and shaking for 1 h, 3C and 'H
spectra were recordered on a Bruker DRX 400 MHz NMR
spectrometer. The integral of the '3C or 'H peaks in relation to
the peak corresponding to the CH, carbons of the butyl chain
or the two 4, 5 CH protons of the [bmim][PF¢] were determined
using the NMRICMA2.8/MATLAB program (nonlinear least-
squares iterative fitting application for MATLAB).

2.5. Catalytic Activity/Selectivity during the Hydrogena-
tion of Acetylene. The selective hydrogenation of acetylene (4
vol % of acetylene, 4—30 vol % of H; in Ar) was studied in a
continuous fixed-bed tubular reactor at atmospheric pressure.
Two slices of catalyst (mc ~ 180 mg) were placed perpen-
dicularly to the gas flow in a stainless steel tubular reactor
(internal diameter 12 mm). At the reactor inlet, a bed of glass
beads (d = 2 mm) ensured good mixing and homogeneous
temperature of the reactant mixture. A thermocouple inside the
reactor, in contact with the catalyst bed, was used to monitor
the temperature, which was kept constant using an external
heating jacket. Mass flow controllers regulated the mixture to
the reactor. The reaction temperature was set between 70 and
150 °C. Products were analyzed online by gas chromatography
(HP 6890) using a Carboxen 1010 (Supelco) capillary column,
a flame ionizer, and a thermal conductivity detector. The
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catalytic activity was expressed in terms of specific reaction
rate, R [mol-s™!'-gp;!], calculated as the mol of acetylene
converted per second and per gram of Pd on the catalyst. The
selectivity toward ethylene was calculated as the molar ratio of
ethylene obtained to acetylene converted; the same method was
used for ethane, and the selectivity toward C,>, was considered
as the complement of the sum of the previous two.

The hydrogenation of acetylene was also carried out in
ethylene-rich feed (2 vol % of acetylene, 40 vol % of ethylene,
10 vol % of H; in Ar) using the same reactor setup and with
the same catalytic systems. In this case, the catalytic activity
was calculated as mentioned above (specific reaction rate, R).
However, the true selectivity to ethylene was much more
difficult to estimate, because it was not possible to distinguish
between ethane directly converted from acetylene or produced
through the ethylene hydrogenation. The approximated expres-
sions frequently used in industrial plants do not take into account
the direct acetylene hydrogenation to ethane,’® but an attempt
to evaluate the selectivity from the mass balance on hydrogen
is given in eqs 1 and 2:

- (CCZHZJn - CCZHZ,ou!)SC2H4 + 2CC2H6<0ul (1)
(CHZ,in B CHZ,out) B 2CC2H6.oul
Sen, = (2)

CCZHZTin CCZHZ,oul

CHZ,in - CH

2,0ut

Nevertheless, this is an approximation, because it assumes that
a negligible amount of ethylene present in the feed is converted
to ethane.

3. Results and Discussion

3.1. Characterization of the SILP catalysts. The morphol-
ogy of the IL layer on the CNFs was probed by SEM for
different IL loadings. Figure 1 shows that at low IL loading, it
is possible to maintain the mesoporous structure of the CNF
network (1-A), and on increasing the IL content, the CNFs are
completely submerged by the IL (1-C). For slow reaction
kinetics, the reactants have sufficient time to diffuse through a
thick layer of IL embedding the catalytically active phase. Thus,
the configuration of Figure 1-C (9 wt % IL phase on CNF/
SMFnconer) is preferred because it provides higher quantities of
the active phase on the support while maintaining the homo-
geneity of the IL layer.?” For fast kinetics, as for acetylene
hydrogenation, the morphology of Figure 1-A/B is better
because it provides a higher surface area in contact with the
gas phase and a thinner layer of IL in which the active Pd
nanoparticles are embedded.

Figure 2 shows HR-TEM images of Pd nanoparticles
(confirmed by in situ EDX) with a narrow size distribution. The
reduction of Pd(acac), with H, in [bmim][PF¢]/CNE/SMF,conel
gave Pd particles with size distribution around 10 nm (deviation
<25%), whereas merely heating Pd(acac), at 150 °C in
[bmimOH][Tf,N]J/CNF/SMFyconel afforded 5 nm nanoparticles
(deviation <25%). The OH functionality of the imidazolium
moiety is probably responsible for the formation of Pd(0)
nanoparticles via a redox reaction with the Pd (IT) precursor.’!
Similarly, the formation of Au(0) nanoparticles in IL phase
without any external reducing agent has been reported.3> The
apparent supramolecular structure of ILs inhibits agglomeration
of the nanoparticles.?%33 It has recently been demonstrated that
the IL anions influence the stabilization of metal nanoparticles
and that the particle size can be controlled by the anion
volume,?!?*35 which is not the case for the nanoparticles
reported herein. In [bmimOH][Tf,N], the hydroxyl group in the
imdazolium cation is responsible for the formation of the
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Figure 1. SEM micrographs of IL/CNF/SMFconer fibers with different IL loadings: (A) 3 wt %, (B) 6 wt %, (C) 9 wt %.
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Figure 2. HRTEM micrographs: (A) 10 nm sized Pd nanoparticles formed in [bmim][PF¢]/CNF/SMFncone and (B) 5 nm sized nanoparticles

formed in [bmimOH][T£:N]/CNF/SMFinconel-

nanoparticles; thus, the order of the ionic layers surrounding
the particle during its nucleation/growth changes, and the anion
volume cannot be related to the particle size. As a result, smaller
Pd nanoparticles than expected were formed.

The spectra obtained by XPS of the catalyst based on
nanoparticles in [bmim][PF¢] were of poor signal-to-noise ratio
in the Pd3d region due to the scarcity of Pd phase on the surface
of the material. Nevertheless, it qualitatively revealed the
presence of Pd(0) and Pd(II). For complete reduction of the Pd
precursor, a 4-fold higher pressure of H, would be required,'320:3
and despite the presence of H, during catalysis, no further

reduction of the Pd precursor could be inferred. Indeed, the
catalytic activity was stable and did not increase with time.
3.2. NMR Determination of the Reactant/Product Solu-
bility in [bmim][PF¢]. NMR spectroscopy has previously been
used to determine gas solubility in [bmim][PFe].3"3 The
solubility of the acetylene, ethylene, and ethane in [bmim][PF¢]
was determined using this method (see section 2.4), and the
results are presented in Table 1 as the measured gas concentra-
tions in IL, where the errors were estimated from five parallel
experiments. Following the general trend of gas solubility in
liquids, the three gases were found to be less soluble as the
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TABLE 1: Measured Concentrations of Dissolved Gases
under 0.101 MPa Pressure in [bmim][PF¢] at 25°C and at
75°C

mole fraction,
x [-] at 75 °C

mole fraction,
gas x [-] at 25 °C

acetylene (74 +7)x 1073 (57 £6) x 1073
ethylene (6.5+2) x 1073 28+1) x 1073
ethane B35+1) x 1073 1.6 £1) x 1073

temperature increased, corresponding to an exothermic solva-
tation process. When comparing the concentration of three
hydrocarbons dissolved in IL, the trend acetylene > ethylene
> ethane was observed, and the results for ethylene and ethane
are consistent with available literature data.’*=*! To the best of
our knowledge, this is the first report on the solubility of
acetylene in IL. Indeed, the amount of dissolved acetylene was
found to be more than 10 times higher than that of ethylene,
confirming that hydrocarbons with the same number of carbon
atoms, but with increasing saturation, show lower solubility in
[bmim][PF¢]. As previously observed by Dupont and co-
workers?? for the hydrogenation of 1,3 butadiene, the different
solubility in IL of the unsaturated reactant and the intermediate
(target) product has a positive effect on the selectivity when
the reaction takes place in IL media. These results encouraged
us to use the SILP Pd nanoparticles for the selective hydrogena-
tion of acetylene.

3.3. Catalytic Activity for Acetylene Hydrogenation. The
catalytic system was found active toward the acetylene hydro-
genation in both ILs tested (see Table 2). Similar specific
reaction rates were observed for IL-free Pd nanoparticles
supported on CNF/SMFy,conel,2” but in contrast to the referenced
catalyst, no formation of green oil was inferred: on Pd-SILP
catalysts, acetylene was converted only to gaseous ethylene and
ethane, confirmed by the molar balance from the GC analysis.
The oligomerization of acetylene giving C,,, which is known
to strongly deactivate the catalyst,%’*?> was not observed.
Consequently, the activity and selectivity did not change
significantly over 6 h on-stream, as shown in Figure 3. The IL
layers probably control the access of the reagents to the Pd
nanoparticles and hinder part of the surface, preventing the
formation of active-site ensembles known to facilitate the
formation of oligomers.*> Furthermore, both hydrogen and
acetylene take part in the oligomerization, which is negligible
without hydrogen.3® Due to the low solubility of hydrogen in
ILs’” and to the hindered access of hydrogen to the Pd
nanoparticle surface, the oligomerization of acetylene is reduced.
Most likely, the supramolecular structures created by the IL
around the particle promote the surface segregation into small
sites, which also increases the selectivity to ethylene.

Since the catalyst did not show any deactivation, it was
possible to reuse it for several runs, even after exposure to air.
Indeed, it is known that the interaction of the IL with the metal
surface enhances the stability of the nanoparticles.'®?! Two
different ILs, [bmim][PFs] and [bmimOH][Tf,N], were em-
ployed, and Table 2 reports the observed activity. The activity
is slightly higher in [bmimOH][Tf,N] (entries 5 and 6), even
though the nanoparticles are smaller (5 nm versus 10 nm), being
in the range where the activity is sensitive to particle size.%!044
The coordinating power of the IL anions, which form the first
layer of the “protective shell” around the nanoparticle, influences
the accessibility of the reactants to the particle, thus modifying
its catalytic activity. The Tf,N™ anion is known to be less
coordinating than PFs~,* and consequently, the nanoparticle
surface is more accessible, and the catalytic activity is higher.!?
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Thus, the nature of the IL employed influences not only the
size of nanoparticles formed but also their catalytic activity.

3.4. Mass Transfer Limitations. The presence of the IL
layer on the support in which the Pd nanoparticles are embedded
influences the observed activity as compared to the IL-free
systems, since hydrogenation can be mass-transfer-controlled.*¢
To elucidate mass transfer, three different catalysts were
prepared with increased amounts of IL (Pd(acac),/IL ratio
constant) and tested at 100 °C and atmospheric pressure. As
shown in Figure 4, the specific reaction rate decreased with the
increasing amount of IL, suggesting an influence of the mass
transfer on the kinetics observed. To exclude the limitation of
convective mass transport from the bulk gas phase to the IL
phase, the total volumetric flow was varied between 50 and 500
mL(STP)/min, consequently reducing the residence time on the
catalyst and improving the external mass transfer. No major
changes of the specific reaction rate were detected, indicating
that the external mass transfer is negligible when compared to
the internal diffusion term. The diffusion of gas species through
the IL phase is linearly related to its solubility. As observed in
other studies,”3%% the solubility of hydrogen in [bmim][PF)
is relatively low compared to hydrocarbons, and the Henry’s
constant at 25 °C and 1 atm is 5380 bar,3” as compared to 173
4 17 bar and 355 £ 36 bar for ethylene and ethane, respec-
tively.? Despite the fact that the solubility of hydrogen increases
with increasing temperature,* it is highly probable that the
reaction is limited by the diffusion of hydrogen through the IL
film. This hypothesis was also confirmed by the higher activity
of the [bmimOH][Tf,N]-based catalyst, due to the enhanced
accessibility of the reactants to the nanoparticles (see above).
Indeed, the solubility of hydrogen has been demonstrated to be
higher in ILs with the Tf,N~ anion, regardless of the cation.3”->°
The results in Table 2 suggest that the catalytic systems
described herein operate in a mixed regime and the kinetics are
influenced by the diffusion of hydrogen through the IL phase.

3.5. Catalyst Selectivity to Ethylene. The nature of the IL
appears to influence the selectivity toward ethylene: at lower
temperature (70 °C), the nanoparticles immobilized in
[bmimOH][Tf,N] are slightly more selective than those in
[bmim][PF¢]. At higher temperature (150 °C), the selectivity
to ethylene for both the ILs reaches the same value of ~78%.
Indeed, the solubility of reagents and products depends on the
nature of the IL.>° The difference in solubility between the
reactant and the intermediate product in the IL phase (see section
3.2) can improve the selectivity toward the desired product, that
is, ethylene. Consequently, working at a higher temperature
results in a higher selectivity (Figure 5). Selectivity toward
ethylene up to 85% was achieved at 150 °C with the nanopar-
ticles in [bmim][PFs]. This is a significant increase as compared
to the selectivity of 60% achieved with IL-free supported Pd
nanoparticles?® and can be rationalized from the difference in
the solubility. With increasing temperature, the hydrocarbon
solubility decreases® (as confirmed by NMR spectroscopy)
while the hydrogen solubility increases.*® Since the reaction rate
seems to be controlled by the hydrogen surface concentration,
the overall specific reaction rate increases (Table 2). At the same
time, the solubility of acetylene diminishes with increasing
temperature, but to a lesser extent than ethylene and ethane.
Therefore, the surface ethylene concentration is diminished (in
favor of acetylene), inhibiting its consecutive hydrogenation to
ethane. To verify this hypothesis, the selectivity to ethylene was
monitored as the residence time was varied. The selectivity did
not decrease at increased conversion, confirming that the
consecutive route to ethane was negligible.
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TABLE 2: Characteristics of Pd/IL/CNF/SMFy,cone Catalysts Used for the Hydrogenation of Acetylene®

entry IL IL (wt %) Pd/CNF (wt %) T (°C) Cy, (vol %) Sethylene (%) R (mol (gpas)™")
1 [bmim][PF] 3 1.7 70 10 60 32 x 1073
2 [bmim][PFg] 3 1.7 70 30 65 7.0 x 1073
3 [bmim][PFg] 3 1.7 150 10 78 2.0 x 1072
4 [bmim][PFg] 3 1.7 150 30 85 3.7 x 1072
5 [bmimOH][Tf,N] 6 2.7 70 10 70 47 x 1073
6 [bmimOH][Tf,N] 6 2.7 150 10 77 3.4 x 1072
3% b [bmim][PFg] 3 1.7 150 10 80 2.5 x 1072
6% P [bmimOH][Tf,N] 6 2.7 150 10 73 3.0 x 1072

@ Feed mixture: 4 vol % C,H, and H, in Ar (total flow 250 mL (STP)/min). ¢ In C,H, rich stream (2% C,H,, 40% C,H, and H, in Ar, Qi =

150 mL (STP)/min).

1.0 q —A&— X,acetylene
—&— S, ethylene
0.8 4 —&— S,ethane

= 061 — e . v+
»
0.2 1
Ak —Ah—h—h—h—A—h—h—A——A
0.0 T T T T T T
0 1 2 3 4 5 6

Time [h]

Figure 3. Conversion of acetylene and selectivity to ethylene and to
ethane as functions of time on stream. Pd nanoparticles in [bmim][PFs]/
CNF/SMFinconet; reacting mixture CoHo/Ho/Ar = 4:10:86; Qe = 250
mL (STP)/min; 7 = 100 °C.

0.016

0.012

o

=1

=1

®
L

0.004 4

R [moli(gra s)'1]
*

0.000 T T T T T 1
3.00 4.00 5.00 6.00 7.00 8.00 9.00
IL [wt.%]

Figure 4. Specific reaction rate at different IL loadings, Pd nanopar-
ticles in [bmim][PFs]/CNF/SMFyconel, reacting mixture CoHo/Ho/Ar =
4:30:56; Qi = 250 mL (STP)/min; 7' = 100 °C.

It is important to note that the conversion during these
experiments always remained above 25%, since the isothermal
conditions within the catalytic bed could not be ensured at high
conversions. The hydrogenation of acetylene to ethylene is a
highly exothermic reaction (AHyosx = —172 kJ/mol).> The
adiabatic temperature rise of the system was estimated at ~200
K. Therefore, hot-spot formation in the catalytic bed perturbing
the kinetic measurements cannot be excluded. Further studies
aimed at improved heat transfer within the reactor to better
control the temperature by using a microreactor’! are in progress.

3.6. Selectivity to Ethylene during the Hydrogenation of
Acetylene in Ethylene-Rich Streams. The major objectives
for the hydrogenation treatment of industrial ethylene streams
is to maximize the conversion of the acetylene impurities and
to reach the target of 10 ppm without loss of ethylene from the
main stream. The catalysts were therefore tested for the
hydrogenation of acetylene in an ethylene-rich feed. Due to
the large excess of ethylene in the mixture, small changes of
this component in the gas phase were difficult to detect, so the

1 B%S,ethylene
90 1 O %S,ethane

S [%]

V//
%
%
%

T[°C]

Figure 5. Dependence of the selectivity to ethylene and to ethane on
the reaction temperature; conversion ~ 10%. Pd nanoparticles in
[bmim][PF¢]/CNF/SMFjycone; reacting mixture CoHo/Ho/Ar = 4:10:86.

catalytic measurements were carried out at a higher residence
time to have appreciable acetylene conversion (up to 80%). The
ethylene concentration was always found to be higher at
the reactor outlet than at the inlet, confirming the preferential
hydrogenation of acetylene compared to ethylene. The results
summarized in Table 2 (entries 3* and 6* for the acetylene
hydrogenation in an excess of ethylene) show that the selectivity
to ethylene is close to those observed for the ethylene-free
stream (entries 3 and 6). The difference is within the GC analysis
error (<5%). Therefore, eq2 used for the evaluation of the Sc,Ha
selectivity (see section 2.5) is appropriate, since the losses of
ethylene from the inlet feed, due to its hydrogenation to ethane,
can be neglected. Indeed, if part of the ethane measured at the
outlet was formed from the hydrogenation of ethylene present
in the inlet, the selectivity calculated according to eq 2 would
be underestimated. Thus, the catalytic system reported herein,
which employs Pd nanoparticles immobilized in a SILP, is
suitable for acetylene hydrogenation in ethylene-rich streams
and is promising for industrial application in continuous-flow
reactors.

4. Conclusions

Monodispersed Pd nanoparticles of 5 and 10 nm diameter
were synthesized in SILPs on CNF/SMFj,cone1 and applied as
structured catalysts for the selective hydrogenation of acetylene
to ethylene in a continuous-flow tubular reactor. The SILP
provided a favorable environment for the formation and the
stabilization of Pd nanoparticles: 10 nm Pd particles were formed
by H, reduction of Pd(acac), in [bmim][PF¢] and 5 nm particles
by simply heating Pd(acac), in [bmimOH][Tf,N]. The catalytic
activity of the Pd nanoparticles in the SILP/CNF/SMF material
was found to be close to the activity of IL-free nanoparticles
supported on CNF/SMF, with an enormous gain in the selectiv-
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ity to gaseous products ~100%. Since no oligomerization (green
oil formation) was observed, the catalyst demonstrated excellent
long-term stability without any deactivation during 8 h on-
stream. This was attributed to the IL network surrounding the
Pd nanoparticles ensuring active site separation. Under the
reaction conditions applied (low H; pressure), the reaction rate
was found to be influenced by internal mass transfer through
the IL film, where the diffusion of H; is the rate-determining
step. The lower solubility in the SILP ([bmim][PFg]) of ethylene
compared to acetylene, as determined by NMR spectroscopy,
was found to be advantageous for ethylene selectivity, hindering
the consecutive hydrogenation of ethylene to ethane. As a result,
a selectivity of 85% toward ethylene has been attained at 150
°C, which remained constant during 8 h on stream.

The catalytic system was tested for the hydrogenation of
acetylene—ethylene mixtures, thus approaching the industrial
conditions for cracked hydrocarbon streams. The selectivity to
ethylene maintained between 70 and 80%, depending on the
IL employed, and the losses of ethylene due to its hydrogenation
were found to be negligible.
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