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a b s t r a c t

The catalytic performance during the 1-butyne hydrogenation using two reduced Al2O3-supported Pd-
based catalysts was carried out in a total recirculation system with an external fixed-bed reactor. The
lab-prepared egg-shell NiPd/CeO2-Al2O3 catalyst (NiPdCe) with Pd loading ¼ 0.5 wt%, Ni/Pd atomic
ratio ¼ 1 and CeO2 loading ¼ 3 wt% was synthesized and characterized, and it was compared with an
egg-shell Al2O3-supported Pd based commercial catalyst (PdCC). The reduced catalysts were character-
ized by X-ray diffraction, X-ray photoelectron spectroscopy, and high-resolution transmission electron
microscopy. The textural characteristics and ammonia temperature-programmed desorption profiles of
the fresh (unreduced) catalysts were also obtained. Both catalysts show high 1-butyne conversion and
selectivity to 1-butene, but the catalysts also present important differences between hydroisomerizing
and hydrogenating capabilities. NiPdCe catalyst shows higher capability for hydroisomerization re-
actions, while the PdCC catalyst exhibits higher hydrogenating capability. The observed catalytic per-
formances can be interesting for some industrial processes and can provide a guideline for the
development of a Pd-based catalyst with specific catalytic properties.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Most petrochemical industries include hydrorefining reactors
for the upgrading of C4 cuts originated during cracking operations,
in which 1,3-butadiene, 1-butyne, iso-butene, 1-butene, and 2-
butenes are simultaneously produced.1 To take advantage of these
cuts as industrial streams, several hydrorefining operations have
been developed, in which hydroalkylation and hydrogenation re-
actions have attracted attention for decades, where the trans-
formation of traces of unsaturated compounds, such as 1,3-
butadiene and 1-butyne, is the most important challenge2

because these reactions proceed under strong diffusion
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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limitations, causing significant losses of the desired-product.3e6

Thus, the selectivity toward the formation of the desired product
and hydroisomerization/hydroisomerization capabilities should be
the most important parameters in these petrochemical processes
along with the requirements of high activity and stability.5

Current technologies use catalytic fixed-bed reactors with the
concurrent flow of the liquid hydrocarbons and gaseous hydrogen.
The operating temperatures ranging from room temperature up to
around 60e70 �C and total pressure from atmospheric up to about
1400 kPa are used to maintain the hydrocarbon stream in the
liquid-phase, allowing the desired level of hydrogen partial pres-
sure.2,6 The resulting hydrogen partial pressure in the gas phase
and its corresponding molar fraction in the liquid phase are about
500 kPa and 0.5 mol%, respectively.

Some noble metals, such as Rh, Ru, Pd, and Pt, have been used
for a long time as the active component for hydroisomerization and
selective hydrogenation reactions.7 However, Al2O3-supported Pd-
based catalysts (0.05 wt% to 0.5 wt% metal content) have been
shown as the most active and selective catalyst in both petro-
chemical processes due to the stronger adsorption of 1-butyne (or
1,3-butadiene) on the metal surface as compared with the desired
product, 1-butene. To minimize contact time of the active sites and
reactants/products, a vital characteristic of such catalysts is that the
active phase is distributed as egg-shell.8 Previous studies have
demonstrated that Pd particle size, support acidity and the pres-
ence of other transition metals have a significant influence on the
activity and selectivity for several petrochemical applications.

Pd in combination with a second metal such as Cu, Ag, Au, has
also been used as catalytic systems to improve the performance.9

The use of Ni as second metal in Pd egg-shell catalysts is compar-
ativelymuch less reported than other bimetallic combinations.10e15

On the other hand, ceria has many interesting applications16 but, to
the best of our knowledge, has not been employed to modify the
characteristics of the supports for selective hydrogenation and
hydroisomerization.17e19 Our lab has involved in research of new
Al2O3-supported NiPdCe-based formulations for several years.17e20

It has been demonstrated that Ni- and Ce-incorporation to the Pd/
Al2O3 catalyst, and toluene-addition to the reaction feed, affect the
metals dispersion and diolefin adsorption. Furthermore, both ac-
tivity and selectivity have been improved during the selective hy-
drogenation of 1,3-butadiene in the presence of 1-butene. 1-Butyne
is another important pollutant in the C4 cuts which requires
attention, while the hydroisomerization function of our NiPdCe
catalyst, and its relationship with hydrogenation remain unex-
plored and could be important for future industrial applications. On
the other hand, the comparison between synthesized-model with
current industrial catalysts (typically subjected to confidentiality
agreements) is scarce, if at all published. In the present study, we
examined the catalytic parameters of an egg-shell bifunctional
NiPd/CeO2-Al2O3 catalyst and compared it with a promoted Pd/
Al2O3 commercial catalyst under conditions that allow the best
catalytic behaviour during the reaction.

2. Experimental

2.1. Catalyst preparation

The metal incorporations were carried out by wet impregnation
from aqueous solutions, using ammonium cerium (IV) nitrate (Alfa
Aesar), nickel(II) nitrate hexahydrate (Sigma-Aldrich) and tet-
raamminepalladium (II) chloride monohydrate (Sigma-Aldrich) as
precursors. The experimental details are described in the Electronic
Supplementary Information, ESI. The NiPd/CeO2-Al2O3 catalyst
(denoted as NiPdCe) showed a Pd loading of 0.5 wt%, Ni/Pd atomic
ratio equal to 1 and CeO2 amount of 3 wt% and the obtained
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cylindrical pellets presented an external layer containing CeO2-
Al2O3-supported NiPd particles (~150 mm in depth) and a core with
only CeO2 and Al2O3. Some additional characterization results of
metal content, including elemental mapping along the pellets
cross-section, can be seen in our previous article.19
2.2. Commercial catalyst

An egg-shell Pd-based commercial catalyst (denoted as PdCC)
supported on spherical Al2O3 was also used. The manufacturer's
information mentioned that this catalyst presents a mean diameter
of 2.34 mm and 230 mm external layer of Al2O3-supported Pd
particles and an Al2O3 inert core. Furthermore, it is also declared
that the catalyst was modified but the promotor(s) characteristics
are not mentioned, such as metal type or amount.
2.3. Physicochemical characterization

Powder XRD patterns were obtained between 2q range of 20�

and 80� with a SIEMENS D-5005 diffractometer using Cu Ka radi-
ation. Nitrogen physisorption data were obtained with a MICRO-
MERITICS ASAP 2010 automatic analyser at liquid N2 temperature.
HRTEM micrographs were obtained with a JEOL JEM-2100 micro-
scope with LaB6 filament operating at 200 kV. XPS spectra were
obtained using a SPECS PHOIBOS 150 spectrometer equippedwith a
LEYBOLD vacuum system operating at 1.33 � 10�6 Pa and Al Ka
(E ¼ 1486.6 eV) as the radiation source. NH3-TPD thermograms
were obtained from 40 to 500 �C using a MICROMERITICS
AUTOCHEM II 2920 automatic analyser.
2.4. Catalytic test

2.4.1. Reduction treatment
The unmilled NiPdCe catalyst was loaded in a stainless steel

fixed-bed reactor of ¼ in internal diameter and reduced in situ
under 30 mL/min flow of H2 at 300 �C, this temperature was
reached at a linear rate of 3 �C/min, which was held for 2 h. The
unmilled PdCC catalyst was reduced according to the manufac-
turer's recommended protocol.5
2.4.2. Liquid-phase 1-butyne hydrogenation
The reagents were purified just before tests because it is well-

known that the moisture decreases the catalyst performance5

(see their details in the Electronic Supplementary Information,
ESI). Liquid-phase reactivity measurements were carried out in a
total recirculating system with an external fixed-bed reactor (see
ESI, Scheme S1). The recirculation at a high rate (700 mL/min) from
the stirred vessel (AUTOCLAVE ENGINEERS EZE-Seal) to the
external reactor and back to stirred vessel was carried out using a
magnetically driven gear micropump (MICROPUMP 200). The stir-
red vessel allowed loading the initial hydrocarbon mixture, feeding
H2 continuously, and maintaining the liquid saturated with H2
during the runs. All experiments were performed with 250 mg of
catalyst, an initial molar composition of 1-butyne of 7.0%, a tem-
perature of 44 �C, a total pressure of 700 kPa and agitation speed of
2000 r/min.21

The liquid effluent stream from the reactor was analysed with
an on-line gas chromatograph (SHIMADZUmodel GC-8A) equipped
with a flame ionization detector and a column packed with 0.19%
picric acid on GRAPHPAC-GC 80/100 (ALLTECH, 213.36 cm length
and 0.32 cm internal diameter). The control of the H2 partial
pressure during runs was tested by analysing the vapor-phase in a
conductivity cell.
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3. Results and discussion

3.1. Catalyst characterization

The structural identification of the different Al2O3-phases was
traditionally carried out using XRD or 27Al-MAS-NMR analysis. As
samples change from g-Al2O3 / d-Al2O3 / q-Al2O3, the XRD
patterns do not exhibit abrupt changes but show the gradual
appearance of new features, related to their crystallinity.
Fig. 2. N2 physisorption isotherms (a) and pore size distributions (b) of unreduced
Al2O3-supported Pd-based catalysts.
3.1.1. X-ray diffraction
XRD results of both reduced Al2O3-supported Pd-based catalysts

are shown in Fig. 1. The diffractogram of the most crystalline
catalyst (PdCC) presents seven signals at 32.6�(022), 36.9�(122),
39.4�(026), 45.5�(220), 46.4�(222), 60.7�(138) and 67.1�(042)/2q,
while the NiPdCe catalyst shows six peaks at 28.7�(220), 37.5�(311),
39.4�(222), 46.1�(400), 60.7�(511) and 67.1�(440)/2q. The compar-
ison with the reference patterns illustrates the dominant d-Al2O3
(JCPDS card number 46-1131) and g-Al2O3 (JCPDS card number 10-
0425) phases for the PdCC and NiPdCe catalysts, respectively. The
NiPdCe sample also presents four visible peaks at 28.5�(111),
33.1�(200), 47.5�(220) and 56.3�(311)/2q and two weaker contri-
butions at 76.7�(331) and 79.1�(420)/2q assigned to the cubic CeO2
structure (JCPDS card number 81-0792). The diffractograms do not
show any additional signals corresponding to the Pd crystals,
probably due to the small crystallite sizes or their high dispersion in
the supports. These results are consistent with our previous
studies.19
3.1.2. Textural properties
N2 physisorption isotherms and pore size distributions of both

unreduced Al2O3-supported Pd-based catalysts are presented in
Fig. 2. The corresponding textural properties are shown in Table 1.
The PdCC catalyst shows the lower specific surface area
(SBET ¼ 67 m2/g) and a Type-IV isotherm with a narrow Type-H3
hysteresis loop at high relative pressures (between 0.8 and 1),
indicating a mesoporous distribution with the higher mean pore
size (Dp¼ 17 nm). Type-H3 hysteresis loop is usually found in solids
consisting of aggregates or agglomerates of particles forming slit-
shaped pores with nonuniform size and/or shape. On the other
hand, the synthesized catalyst also shows a Type-IV isotherm, but it
presents bigger nitrogen adsorption, indicating a higher specific
Fig. 1. XRD patterns of reduced Al2O3-supported Pd-based catalysts.
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surface area. The NiPdCe catalyst has SBET ¼ 103 m2/g, which is 1.5
times higher than that of the PdCC catalyst, and lower average pore
size (Dp¼ 7 nm). Unlike PdCC, NiPdCe catalyst presented a Type-H2
hysteresis loop, which is characteristic of spheroidal cavities, voids
between closely packed spherical particles or ink bottle-shaped
pores, indicating that these pores are more uniform than those
present in the PdCC catalyst.
3.1.3. High resolution transmission electron microscopy
HRTEM images and particle size distributions of both reduced

catalysts are shown in Fig. 3. In the micrographs, many small
crystallites are observed, which are visible as dark contrasts. The
images also show that metal nanoparticles have uniform
morphology (right side panels, Fig. 3) and they are decorating the
support surface. The aggregation phenomenon is not easily visible
but, other studied zones of the reduced NiPdCe catalyst (not pre-
sented here) showed aggregates containing NiePd particles, which
could be easily distinguished from the very small Pd particles. Some
aggregates containing Ce, Pd, and Ni traces, as well as pure CeO2

nanoparticles were also detected, as reported previously.19 On the
other hand, some differences can also be observed in particle size
distributions (left panels, Fig. 3), as about 60% are relatively small
particles for the NiPdCe catalyst with sizes nearby 1 nm, whereas
the PdCC catalyst shows larger Pd particles with sizes between 2
and 3 nm. The average particle sizes are about 2.8 and 1.7 nm for
the PdCC and NiPdCe catalysts, indicating that Pd particles could be
better dispersed on our synthesized catalyst.
Table 1
Textural properties obtained by N2 physisorption of unreduced Al2O3-supported Pd-
based catalysts.

Catalyst SBET
a (m2/g) Vp

b (cm3/g) Dp
c (nm)

PdCC 67 0.30 17
NiPdCe 103 0.31 7

a Specific surface area (SBET) was determined by the Brunauer-Emmett-Teller
method.

b Pore volume (Vp) was obtained at a relative pressure close to 0.98.
c Mean pore diameter (Dp) was determined from the desorption isotherms by the

Barret-Joyner-Halenda method.



Fig. 3. Particle size distribution and HRTEM images of reduced Al2O3-supported Pd-based catalysts. The average particle diameter and standard deviation (s) were calculated from
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3.1.4. X-ray photoelectron spectroscopy
The electronic structures of both reduced Al2O3-supported Pd-

based catalysts were examined by XPS. As expected, the full scan
XPS spectra (ESI, Figure S1) presented both Pd 3d and Pd 3p signals.
There are also peaks that were assigned to Al 2p, Al 2s, O 1s, O 2s, C
1s, and two groups of Auger lines (C KVV and O KLL). Two signals
were only observed in the PdNiCe catalyst, corresponding to Ni 2p
and Ce 3d regions.22 Additional signals were expected in the PdCC
catalyst but were not observed here, possibly due to the low
amounts of anymodifier in its formulation. Themain signals (Ni 2p,
Pd 3d, Ce 3d, and Al 2p) were curve-fitted (deconvoluted) and are
shown in Fig. 4.

The binding energy values, at 335.6 eV (Pd 3d5/2) and 340.9 eV (Pd
3d3/2) as shown by the NiPdCe catalyst, can be assigned to the fully
reduced Pd species. Both signals are slightly shifted to the lower
binding energy values (~0.3 eV) when compared with the same sig-
nals for the PdCC catalyst, indicating that an interaction of metal-
metal in the NiPdCe catalyst is happening (Fig. 4(b)). An additional
doublet at 335.8 eV (Pd 3d5/2) and 341.1 eV (Pd 3d3/2) was observed
suggesting the formation of aNi-Pdbimetallic compound. The signals
at 853.3 eV (Ni 2p3/2) and 870.2 eV (Ni 2p1/2) also correspond to an
intermediate charge associated with Ni-Pd interaction (Fig. 4(a)).23

The signal at 859.5 eV corresponds to Ni 2p3/2 satellite, while an
overlap between Ni 2p1/2 satellite signal of NiePd structure and Ce
3d5/2 signal cannot be discarded. The bimetallic NiePd structure was
previously proposed fromHRTEM/STEM-HAADF results (see Ref.19).
The NiePd signals (Pd 3d region) have a higher area (82.8%) than the
Pd signals of the commercial catalyst (17.2%), suggesting that the
NiPdCe catalyst is mainly composed of Ni-Pd nanostructures. On the
other hand, it is possible thatoxide species, such as a bulk oxide (PdO:
Pd 3d5/2 at 337.6 eV) or intermediate oxide species (PdOx: 3d5/2 at
336.4 eV), could form during the transference of samples from the
reduction reactor to the UHV equipment, however, these were not
observed.

̄

Fig. 4. XPS spectra of reduced Al2O3-supported Pd-based catalysts obtained
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The Ce 3d XPS core level spectra are shown in Fig. 4(c), in which
five peaks can be identified. The signals, centered at 882.8 eV (Ce
3d5/2), 899.6 eV (Ce 3d3/2) and 917.1 eV (Ce 3d3/2), can be attributed
to unreduced Ce4þ, while the peaks at 887.0 eV (Ce 3d5/2) and
904.9 eV (Ce 3d3/2) are characteristics of Ce3þ species, suggesting
the presence of a valence state mixture. The spectra of Ce4þ and
Ce3þ oxides consist of up to ten signals overlapped to different
degrees,24,25 however, those identified here are characteristic of the
two indicated species. On the other hand, it has been reported that
Ce3þ incorporation is associated with oxygen vacancies creation in
the CeO2 lattice as defects.26 A signal at 531.5 eV (O 1s region) has
also been associated with the oxygen vacancies27,28 but, given the
complexity of this system, it would require a very strong commit-
ment between equipment calibration and stoichiometric oxides
used as references to do exact signals assignation. The O 1s peak at
530.9 eV can be assigned to the lattice oxygen in the CeO2 crystals
(Fig. 4(d)), while the corresponding oxygen signal in Ce2O3 cannot
be identified because of the overlap with the AleO signal at
531.8 eV.

The superficial elemental analysis, represented as atomic ratios,
obtained by the XPS technique for both reduced catalysts, is dis-
played in Table 2. The more crystalline phase, i.e., d-Al2O3 in the
PdCC catalyst, is expected to show lower oxygen content on the
surface. Thus, the O/Al ratio is higher for the NiPdCe catalyst
comparedwith the PdCC one. On the other hand, it can be observed
that the Pd/Al ratio is higher in the NiPdCe catalyst, indicating that
Pd loading is more available at the external surface to carry out the
reaction. The NiPdCe catalyst shows a Ni/Pd ratio of 0.83, which is
close to the nominal value (Ni/Pd ¼ 1), however, a very low Ce/Al
ratio indicates that incorporated Ce is mostly present in the core.

3.1.5. Ammonia temperature-programmed desorption
NH3-TPD technique provides important information on the

surface acidity characteristics without distinguishing between
at different spectral regions. (a) Ni 2p; (b) Pd 3d; (c) Ce 3d; (d) Al 2p.



Table 2
Atomic ratios obtained by XPS technique of reduced Al2O3-supported Pd-based
catalysts.

Catalyst O/Al Ce/Al ( � 10�3) Pd/Al ( � 10�3) Ni/Pd

PdCC 0.97 1.09
NiPdCe 1.15 3.99 1.98 0.83
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Brønsted and Lewis acid sites. NH3-TPD profiles and the amount of
NH3 desorbed for both unreduced catalysts are shown in Fig. 5(a)
and (b), respectively. The amount of NH3 desorbed is expressed as
mmol of NH3 desorbed per gram of catalyst in two zones: (a) low-
temperature (LT) peaks (Region I: between 40 and 300 �C) and,
(b) high-temperature (HT) peaks (Region II between 300 and
500 �C).

NH3-TPD profiles show three desorption signals. The PdCC
catalyst exhibits two LT peaks at about 117 and 205 �C and an HT
peak centered at 394 �C, while the NiPdCe catalyst shows that the
three desorption peaks were shifted toward higher temperatures,
at 158, 208 and 429 �C (Fig. 5(a)). The areas of the NiPdCe signals
reveal higher amounts of NH3 desorbed for both Zones I and II
(Fig. 5(b)). The ammonia desorption temperatures reflect their acid
sites strength and the ammonia desorbed amount is taken as a
measurement of the number of acids centres. NH3-TPD results
indicate that the NiPdCe catalyst presented both higher strength
and number of acid sites compared with the PdCC catalyst. It has
been previously demonstrated that the Ni15 and CeO2

19 incorpo-
ration increase the strength of the acid sites in the Pd/Al2O3 cata-
lysts. Furthermore, the acidity also drastically decreased as the
amount of more crystalline Al2O3 increased, i.e., g-Al2O3 (NiPdCe
catalyst) presents a higher amount of acid sites compared with d-
Al2O3 (PdCC catalyst),29 but it must be considered that the more
crystalline phases generally present smaller surface areas, which
also would account for the diminished adsorption of ammonia.
3.2. Catalytic tests

Before catalytic analysis, it is convenient to mention the re-
actions that could occur during 1-butyne hydrogenation. It is well-
known that hydroisomerization and total hydrogenation reactions
are possible when Pd is used as an active component for olefins
hydrogenation. Some time ago, Boitiaux et al.30e32 published a
Fig. 5. NH3-TPD profiles (a) and acid sites amount (b) of unreduced Al2O3-supported
Pd-based catalysts.
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series of articles on liquid-phase hydrogenation of several unsatu-
rated hydrocarbons, such as 1-butene, 1,3-butadiene, and 1-butyne,
using supported Pd-, Pt- and Rh-based catalysts. These authors
detected the formation of 1-butene, 2-butenes (cis-2-butene and
trans-2-butene), and butane during 1-butyne hydrogenation (see
Electronic Supplementary Information, ESI, Scheme S2). The
amounts of products depend on the hydrogenating and hydro-
isomerizing capabilities of the catalyst. In this study, the catalytic
performances of both reduced Al2O3-supported Pd-based catalysts
were evaluated under the same experimental conditions: temper-
ature, total pressure, and agitation speed of 44 �C, 700 kPa and
2000 r/min, respectively.

Table 3 shows the 1-butyne conversion during liquid-phase
hydrogenation. It can be observed that 1-butyne conversions of
both catalysts are similar. At short reaction time, there is a
considerable 1-butyne fraction decrease, which is hydrogenated
forming only 1-butene. The absence of total hydrogenation
(butane) or hydroisomerization products (cis-2-butene and trans-
2-butene) at 50% 1-butyne conversion could indicate an inhibition
of the 1-butene adsorption due to the higher adsorption strength of
1-butyne. At high reaction time, when 1-butyne concentration
decreases, the secondary reactions become much more important.
The 1-butyne level from which the catalytic performance starts to
behave differently will be named x*BY and analysed later. First, the
selectivity parameters should be defined. The selectivity to the 1-
butene formation (SBE) as a function of 1-butyne concentration
(ppm) is defined by Eq. (1):

SBE ¼ xBE e x0BE
x0BY e xBY

(1)

where x0BE and x0BY are initial molar fractions of 1-butene (BE)
and 1-butyne (BY), respectively. The initial molar fraction of BE
(x0BE) was zero in all tests. xBE and xBY are the corresponding
molar fractions of BE and BY at different BY conversions.

Another parameter, also as a function of 1-butyne concentration
(ppm), is defined as SH/I (Eq. (2)). The SH/I factor represents the 1-
butene fraction that is hydrogenated (butane) regarding the one
hydroisomerized (cis-2-butene and trans-2-butene), i.e., the ratio
of hydrogenating and hydroisomerization capabilities of the stud-
ied catalysts.

SH=I ¼
�
xBAexmax

BA

�
�
xcBEexmax

cBE

�þ �
xtBEexmax

tBE

� (2)

where xBA; xcBE and xtBE are molar fractions of butane (BA), cis-
2-butene (cBE) and trans-2-butene (tBE) at different 1-butyne (BY)
conversions. xmax

BA ; xmax
cBE and xmax

tBE are molar fractions of BA, cBE and
tBE when the 1-butene (BE) concentration reaches its highest
value.

A previous study, using the same reaction conditions, revealed
that the PdCC catalyst is highly selective to 1-butene, as long as the
1-butyne is present inside the catalyst.5 However, even at high
concentrations, the 1-butyne can be depleted from the catalyst due
to strong diffusional restrictions. Furthermore, considering that the
diffusion of 1-butyne is lower than that of hydrogen, there will be a
region into the active shell where the 1-butyne concentration will
be essentially zero, allowing the 1-butene adsorption and their
Table 3
Conversion at different reaction time of reduced Al2O3-supported Pd-based catalysts
during the 1-butyne hydrogenation.

Catalyst 30 min 60 min 90 min 120 min

PdCC 18% 43% 76% 100%
NiPdCe 19% 49% 67% 100%



Table 4
Hydrogenation and hydroisomerization reaction rates and hydrogenation/hydro-
isomerization ratio obtained during the 1-butyne hydrogenation under liquid-phase
conditions of reduced Al2O3-supported Pd-based catalysts.

Catalyst rH ( � 10�5 min�1) rI ( � 10�5 min�1) rH/rI ratio

PdCC 36.2 50.0 0.72
NiPdCe 40.5 96.8 0.42

Hydrogenation rate (rH) and hydroisomerization rate (rI) obtained at 0.055 > xBE>
0.015.
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subsequent secondary reactions. For concentrations of 1-butyne
lower than the value calculated by Eq. (3), H2 exists in excess inside
the active region of the catalyst:

x*BY ¼ xdisH2

�
DH2

DBY

�
(3)

where DH2
and DBY are the effective diffusivities of H2 and 1-

butyne (BY). xdisH2
is the H2 molar fraction in the solution.

The xdisH2
value is constant because the reaction tests were carried

out under the same hydrogen partial pressure. At the used H2

partial pressure, xdisH2
¼ 5 � 10e3 and, knowing that the diffusiv-

ities ratio ðDH2
=DBYÞ is about 4, the x*BY value is 16643 ppm, which

is represented by the dashed vertical line in Fig. 6.
The most selective catalyst to 1-butene formation will be that

which presents the highest SBE value for a given 1-butyne con-
centration. In this sense, the reduced catalysts present similar SBE
values at both high and low 1-butyne concentrations, being
SBE ¼ 1 at XBY > x*BY (see Fig. 6). On the other hand, it is also
observed that when the 1-butyne is being depleted, the secondary
reactions become more important. The PdCC catalyst presents
higher SH/I value at the same 1-butyne concentrations, i.e., the
commercial catalyst presents lower hydroisomerization product
concentrations and higher hydrogenation product contents. On the
contrary, the NiPdCe catalyst presents a higher hydroisomerization
capability and lower hydrogenation when compared with PdCC.
The apparent rates of hydrogenation (rH) and hydroisomerization
(rI) reactions, obtained at 0.055 > xBE > 0.015, confirm this state-
ment (see Table 4). Therefore, even though the 1-butyne conver-
sion and selectivity to 1-butene formation are similar, the
hydrogenation and hydroisomerization capabilities are different.

The Ni15 and CeO2
19 incorporation to the Pd/Al2O3 catalyst has

demonstrated improvements in the activity and selectivity in the
1,3-butadiene hydrogenation in the presence of 1-butene under
liquid-phase conditions, i.e., the butane formation was suppressed,
while the 1-butene recovery was increased. These enhancements
were associatedwith a dilution effect of the Pd-atoms caused by Ni-
Pd alloy formation15 and the acidity characteristics19 when the Ni
Fig. 6. Selectivity to butene formation (SBE factor) and hydrogenation/hydro-
isomerization ratio (SH/I factor) obtained during the 1-butyne hydrogenation under
liquid-phase conditions of reduced Al2O3-supported Pd-based catalysts.
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and CeO2 were incorporated, respectively. However, the selectiv-
ities toward the isomerization products were not previously
analyzed.

The hydrogenation and hydroisomerization capabilities
observed here could also be associated with those previously
studied characteristics (Pd-sites dilution and acidic characteris-
tics),15,19 but the intrinsic features of the Al2O3 phase and the
electronic properties cannot be discarded. From the XPS results, it is
shown that the PdCC catalyst did not show any shift of binding
energy values (Pd3d spectra, Fig. 4(b)) indicating that the second
unidentifiedmetal decorates the Pd-surface. On the contrary, in the
PdNiCe catalyst, the Pd and Ni atoms formed a bimetallic Pd-Ni
nanostructure, suggesting that the electronic density of Pd atoms
is changed by Ni incorporation. The higher acidity of the NiPdCe
catalyst could also stimulate the hydroisomerization reactions
because it is well-known that the 1-butene skeletal isomerization is
an acid-catalysed reaction that proceeds via carbenium ion in-
termediates formed upon protonation of the double bond.

The observed performance could be interesting for some
petrochemical processes and might provide a guideline for the
development of a Pd-based catalyst with specific catalytic proper-
ties. The usefulness of these catalysts opens new avenues for the
valorisation of the reaction products to provide novel platform
chemicals. Both catalysts could be used for selective hydrogenation
of highly unsaturated hydrocarbons because the isomerization and
total-hydrogenation products did not begin to appear until the 1-
butyne concentration was at least 16643 ppm, suggesting that the
preferential adsorption of 1-butyne led to the high selectivity.
Additionally, the hydroisomerization products are also of special
interest in the C4 HF alkylation pre-treatment or for olefin poly-
merization pre-treatment because these reactions should proceed
without loss of total olefins through over-hydrogenation to alkanes.

4. Conclusions

It is demonstrated that both egg-shell Pd-based catalysts are
highly active and selective toward 1-butene. Furthermore, it is
observed that the bifunctional egg-shell NiPd/CeO2eAl2O3 catalyst
presents a higher capability toward the hydroisomerization re-
actions, while the egg-shell promoted Pd/Al2O3 commercial cata-
lyst exhibits higher hydrogenating capability. It is suggested that in
the commercial catalyst the Pd-atoms are decorated by a second
metal (unidentified), while a bimetallic PdeNi nanostructure is
formed in the lab-prepared catalyst, which can be responsible for
their observed catalytic behaviour. The higher hydroisomerization
rate in the NiPdCe catalyst can be associated with its stronger
surface acidity due to the more acidic g-Al2O3 phase in the support
and the CeO2 incorporation.
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