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The gas-phase hydrogenation of ethyne, propyne, and propadiene was investigated over partially reduced
Ni–Al mixed oxides derived from takovite, a hydrotalcite-type compound. The unique attributes of
the hydrotalcite route leads to more active and selective catalysts compared to conventional Ni/Al2O3
prepared by impregnation. Tuning calcination and reduction conditions of the catalyst precursor is
essential to optimize the hydrogenation performance. The best catalyst, calcined and reduced at 773 K,
rendered stable propene yields up to ca. 65% and consisted of a Ni(Al)Ox solid solution with 55%
of the total bulk nickel in reduced form and surface enrichment by aluminum. Sintering of NiO and
crystallization of NiAl2O4 at high calcination temperature induce lower activity. The alkyne or diene
conversion increases with the percentage of metallic Ni in the samples, while an optimal degree of nickel
reduction maximizes the monoalkene selectivity. Below the optimum, oligomer formation is favored and
above the optimum, alkane production increases. A similar pattern was found for the H2/HC ratio. The
alkene selectivity experiences a dramatic increase in early stages of the reaction, which correlated with
the build-up of C-containing species on the catalyst (sub-)surface. These selectivity-enhancing species are
formed at specific reaction temperatures, highlighting the relevance of the testing procedure on assessing
hydrogenation catalysts. The catalytic performance is strongly influenced by the hydrocarbon substrate.
In contrast to propyne and propadiene, ethyne hydrogenation led to a C2H4 yield of only 6%.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

An important segment of commercial catalytic hydrogenations
in the petrochemical and fine (specialty) chemical industries is the
selective transformation of organic compounds with conjugated
or cumulative double bonds and/or triple bonds into the corre-
sponding monoalkene [1–5]. Supported palladium (<0.1 wt% Pd
on low-surface-area alumina) is the preferred catalyst for semi-
hydrogenation of alkyne (e.g. ethyne, propyne) and alkadiene (e.g.
propadiene, butadiene) impurities to olefins in C2–C5+ fractions
of steam crackers [2,4,6–8]. ‘Bare’ Pd catalysts experience over-
hydrogenation to the alkane and formation of higher hydrocar-
bons by oligomerization (green oil). Accordingly, modification of
monometallic Pd systems by promoters and/or additives is essen-
tial to increase the alkene selectivity and lifetime [3,5,8,9]. A repre-
sentative example of modified palladium catalyst for partial hydro-
genation of triple bonds in the fine chemical industry is the Lindlar
system, consisting of 5 wt% Pd supported on CaCO3 promoted by
lead diacetate and quinoline [10]. Compared to palladium catalysts,
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supported nickel catalysts prepared by impregnation are more se-
lective to the alkane while displaying extensive oligomerization [7,
8,11,12]. In fact, nickel is frequently used for alkene hydrogena-
tion or total alkyne hydrogenation [1,3]. Besides, nickel requires
higher operating temperatures (up to 623 K) than palladium (323–
353 K) [1]. Strategies to prevent total hydrogenation over nickel
catalysts include promotion by additional metals (e.g. Cu, Re, Pb,
Ag, Bi, Mo) [7,13,14], partial presulfiding, and continuous dosing of
small H2S amounts to the reactor [1].

Pd has monopolized recent open-literature publications on hy-
drogenation of alkynes, dienes, and alkenes [5,15–19], which was
traditionally focused on supported nickel (on alumina or pumice),
Raney nickel, and nickel boride catalysts [20–26]. Supported gold
nanoparticles also attract recent attention due to the superior
thermodynamic selectivity with respect to palladium [27]. In the
nineties, Monzón et al. [28] prepared Ni/NiAl2O4 by coprecipita-
tion of Ni1–Al2 precursors (22 wt% Ni) followed by calcination at
1173 K and reduction at 773 K. Tests in ethyne hydrogenation at
423 K led to very low ethene yields (ca. 6%) and an extremely
high coking rate (up to 7.5 gcoke g−1

cat h−1). Incorporation of Zn, Cr,
and/or Fe in the base Ni3–Al1 hydrotalcite increased the ethene
yield to 13% [29,30].
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In general, hydrogenation studies of acetylenics and dienes over
nickel catalysts used a fixed condition for activation of the precur-
sor material (calcination and reduction) and catalytic tests have
been typically conducted with ethyne [12,20,26,31,32]. Compre-
hensive relationships between the catalyst synthesis, structure,
procedure for catalyst evaluation, and the resulting hydrorefining
performance have not been derived. Besides, studies assessing the
sensitivity to the hydrocarbon in terms of chain length (e.g. ethyne
and propyne) and type of insaturation (e.g. propyne and propadi-
ene) have not been reported. Monzón et al. [28] showed that the
degree of nickel reduced can be controlled by the reduction tem-
perature of the Ni–Al oxide, but the influence thereof on ethyne
hydrogenation was not examined. Phillipson et al. [25] observed
that the isomer selectivity in the hydrogenation of 1,3-butadiene is
affected by the reduction temperature of Ni/Al2O3. Apart from re-
duction conditions, well established is also that the calcination of
nickel oxide impacts on the reduction properties, as early shown
by Benton and Emmett [33]. Consequently, the possibility rises to
design rules for more efficient nickel-based hydrogenation catalysts
by proper selection of the synthesis and activation conditions.

Herein, we have investigated unpromoted reduced Ni–Al mixed
oxides derived from takovite (Ni–Al hydrotalcite) in the gas-phase
hydrogenation of ethyne, propyne, and propadiene. The hydrotal-
cite route makes it possible to obtain multimetallic mixed oxides
combining high metal loadings, high metal (inter)dispersion, and
high surface area [34–36]. Structure–performance relationships as-
sociated with the activation of the takovite precursor have been
derived by detailed characterizations and catalytic tests in a con-
tinuous fixed-bed reactor at different temperatures and hydrogen-
to-hydrocarbon ratios. Operando infrared spectroscopy monitored
the formation of carbon-containing species on the catalyst surface
under reaction conditions, which has been correlated with changes
in alkene selectivity.

2. Experimental

2.1. Catalyst preparation and activation

Ni–Al hydrotalcite with a nominal Ni/Al molar ratio of 3, known
as takovite, was synthesized by continuous coprecipitation us-
ing the ILDP method [37]. Briefly, aqueous solutions of 0.75 M
Ni(NO3)2·6H2O and 0.25 M Al(NO3)3·9H2O and the precipitating
agent (NaOH + Na2CO3, 1 M of each) were pumped into a 6 ml-
microreactor attached to a high-shear homogenizer rotating at
13,500 rpm. The pH of the slurry was measured and controlled by
an in-line probe directly at the outlet of the precipitation chamber.
The synthesis was carried out at constant pH 10 with an average
residence time of 18 s. The product slurry was collected in a glass
vessel and aged at 313 K for 12 h under stirring, followed by fil-
tration, washing, and drying at 353 K for 12 h. The as-synthesized
sample, denoted as ‘AS,’ was calcined in static air at different tem-
peratures (623, 773, or 1173 K) for 15 h using a ramp of 5 K min−1.
Previous to catalytic tests (Section 2.3), the calcined samples were
treated in He at 623 K for 30 min and cooled or heated in the
same gas to the desired prereduction temperature (423, 623, or
773 K), which was done in a mixture of 5 vol% H2 in He during
30 min. Occasionally, a 5 h-reduction treatment was carried out.
The ramp used in the temperature programs was 5 K min−1. Along
the manuscript, the samples are designated as ‘Cx–Ry,’ where ‘x’
and ‘y’ stand for the calcination and reduction temperatures, re-
spectively.

2.2. Catalyst characterization

The chemical composition of the as-synthesized Ni–Al hydro-
talcite was determined by X-ray fluorescence in a Philips PW 2400
spectrometer. Before analysis, the sample was mixed with Li2B4O7
and LiI as tensoactive agent, and the mixture was fused at 1423 K
in a Perle’X-3 radiofrequency furnace.

Powder X-ray diffraction was studied in a Brucker-AXS D5005
θ–θ diffractometer equipped with a Bruker-AXS MRI high-tempera-
ture chamber and a diffracted beam graphite monochromator
using CuKα radiation. A thin layer of sample (ca. 30 mg) was
mounted on the Pt90–Rh10 heater strip by placing a few droplets
of a suspension of finely ground sample in ethanol followed by
drying under ambient conditions. The as-synthesized and calcined
samples were measured at 298 K in N2 (100 ml STP min−1). In situ
XRD patterns during reduction of the Ni–Al oxides were recorded
in 5 vol% H2 in N2 (100 ml STP min−1) at 423, 623, 773, and 1173 K
after 30 min equilibration at each temperature. The heating rate
between each temperature step was 5 K min−1. Data were col-
lected at 2θ = 10◦–70◦ with a step size of 0.05◦ and a counting
time of 1 s per step.

Thermal analysis was performed in a Mettler Toledo TGA/
SDTA851e microbalance. Analyses were performed in air (50 ml STP
min−1), ramping the temperature from 298 to 1173 K at 5 K min−1.

N2 isotherms at 77 K were measured in a Quantachrome
Autosorb-1 MP analyzer. Before analysis, the samples were de-
gassed in vacuum at 393 K for 12 h.

Temperature-programmed reduction with hydrogen (H2-TPR)
was measured in a Thermo TPDRO 1100 unit equipped with
a thermal conductivity detector. Ca. 50 mg of Ni–Al oxide ob-
tained by calcination of takovite at 623, 773, and 1173 K were
loaded in the quartz microreactor (11 mm i.d.), pretreated in N2
(20 ml STP min−1) at 623 K for 1 h, and cooled to 323 K in the
same atmosphere. The analysis was carried out in a mixture of
5 vol% H2 in N2 (20 ml STP min−1), ramping the temperature from
323 to 1173 K at 10 K min−1. H2-TPR was also carried out over
prereduced samples. For this purpose, the calcined samples were
in situ reduced in 5 vol% H2 in N2 (42 ml STP min−1) at different
temperatures (423, 623, and 773 K) and times (30 min and 5 h)
previous to the analysis.

X-ray photoelectron spectroscopy (XPS) measurements were ob-
tained using a VG-Microtech Multilab 3000 spectrometer equipped
with a MgKα (hν = 1253.6 eV) excitation source, a nine-channel-
tron detection system, and a hemispheric electron analyzer. The
sample was outgassed overnight at room temperature in a UHV
chamber (<5 × 10−8 Torr). In some cases, before XPS measure-
ments, the specimen was transferred to a high-pressure reaction
cell (10−3 Torr) attached to the analysis chamber of the spectrom-
eter and pretreated in H2 at 773 K. Reduced samples were imme-
diately transferred to the analysis chamber. All binding energies
were referenced to the C 1s line at 284.6 eV, and the integrated
intensities were corrected by atomic sensitivity factors [38].

2.3. Catalytic tests

The gas-phase hydrogenation of propyne, propadiene, and
ethyne was studied at ambient pressure in a MicroActivity Refer-
ence setup (PID Eng&Tech). The catalyst (0.15 g, sieve fraction 200–
400 μm) was loaded in the 12 mm i.d. quartz microreactor, heated
in He at 623 K for 30 min, and prereduced in 5 vol% H2 in He
(42 ml STP min−1) as described in Section 2.1. The catalysts were
tested isothermally at intervals of 50 K in the range 373–523 K
using a typical feed mixture of (alkyne or alkadiene)/H2/He =
2.5/7.5/90 and a total flow of 42 ml STP min−1 (weight hourly space
velocity, WHSV = 16,800 ml h−1 g−1). The tests were run starting
at the highest or lowest temperature, with a holding time of 5 h at
each temperature. The influence of the hydrogen-to-propyne ratio
(1–5) was studied over selected catalysts at 523 K. For this pur-
pose, the inlet hydrocarbon concentration was kept at 2.5 vol% and
the hydrogen concentration was decreased from 12.5 to 2.5 vol%



S. Abelló et al. / Journal of Catalysis 259 (2008) 85–95 87
by balancing the mixture with He in order to keep the total flow
constant. The product gases were analyzed by a gas chromatograph
(Agilent GC6890N) equipped with a GS-GasPro column and a ther-
mal conductivity detector. The turnover frequency was expressed
as [mole alkyne/alkadiene converted · s−1 ·mole Ni reduced−1]. The
selectivity to the alkene (alkane) was determined as the mole of
alkene (alkane) formed divided by the mole of propyne, propadi-
ene, or ethyne reacted. The alkene yield was determined as the
product of alkyne (alkadiene) conversion and alkene selectivity.
The fractional selectivity to oligomers (often referred to as green
oil) was determined as S(oligomers) = 1 − S(alkene) − S(alkane).

2.4. Operando FTIR spectroscopy

Fourier transform infrared spectroscopy was carried out in a
Nicolet 5700 spectrometer (Thermo Scientific) using a Spectrat-
ech collector II diffuse reflectance (DRIFT) accessory equipped with
a high-temperature chamber, ZnSe windows, and a MCT detector.
The sample cell was filled with powdered catalyst and carefully
leveled off to reduce reflections off the sample surface and to en-
sure reproducible results. The experiments were carried out repro-
ducing the procedures detailed in Section 2.3. Gases were dosed
into the cell by digital mass flow controllers. Spectra were auto-
matically recorded every 80 s during 5 h using KBr (Aldrich, IR
spectroscopy grade) under reaction conditions as the background.
The range 650–4000 cm−1 was covered by co-addition of 32 scans
at a nominal resolution of 4 cm−1.

3. Results and discussion

3.1. Hydrotalcite activation

3.1.1. As-synthesized sample
Fig. 1 shows the XRD patterns of the coprecipitated mate-

rial and the products of calcination and reduction at different
conditions. The as-synthesized sample (AS) presents characteris-
tic reflections of takovite (Ni6Al2(OH)16CO3·4H2O, JCPDS 15-0087).
The molar Ni/Al ratio in the solid determined by XRF (3.3) was
close to the nominal ratio of 3. Takovite had the platelet-like
morphology characteristic of hydrotalcite-type compounds [34,39]
(Fig. S1 in Supplementary information). The sample was purely
mesoporous, with a total pore volume of 0.32 cm3 g−1 and a
BET surface area of 227 m2 g−1. Thermogravimetric analysis in
air (Fig. 2) shows the typical two-step decomposition pattern of
these clays [39], with transition temperatures at 375 K (inter-
layer water removal) and 570 K (dehydroxylation and decarbon-
ation).

3.1.2. Calcination
As shown in Fig. 1 and summarized in Table 1, the XRD patterns

of the materials calcined at 623 and 773 K showed NiO (bunsen-
ite, JCPDS 47-1049), while both NiO and NiAl2O4 spinel coexist in
the material calcined at 1173 K. No distinctive reflections associ-
ated with any crystalline form of alumina were detected in the
samples. The nickel and aluminum content in the oxides is 58 wt%
and 8 wt%, respectively. In agreement with the literature [39–41],
the NiO reflections in the calcined samples were shifted to higher
2θ values than those corresponding to pure NiO, due to Al3+ sub-
stitution in the nickel oxide lattice and the formation of a solid
solution, denoted as Ni(Al)Ox. Puxley et al. [42] described this
solid solution as a highly disordered metastable mixed oxide, in-
termediate in nature between pure nickel oxide and nickel alumi-
nate. Hence, the cubic cell of the solid solution in C623 and C773
(a = 0.4151–0.4157 nm) is significantly smaller than that of NiO
(a = 0.4177 nm, JCPDS 47-1049). In line with our results, Alzamora
Fig. 1. XRD patterns of the as-synthesized takovite and the products of calcination
and in situ reduction at different conditions. Crystalline phases: (1) takovite, (2)
NiO, (Q) NiAl2O4 and (!) Ni. The reflections with asterisk belong to the Pt95–Rh5

strip where the samples were mounted.

Fig. 2. Thermogravimetric profile of the as-synthesized takovite in air and derivative
of the weight loss (inset).

et al. [40] reported similar d spacings for the hydrotalcite-derived
Ni–Al oxides calcined at 573 and 723 K.

The cell parameter of the NiO phase in C1173 (a = 0.4171 nm)
resembles that of pure nickel oxide, suggesting that at this cal-
cination temperature aluminum is segregated from the solid so-
lution forming the additional NiAl2O4 spinel phase. It has been
reported that at ca. 1073 K, Ni(Al)Ox starts to transform into ad-
ditional phases, namely NiAl2O4 [42]. Both nickel oxide and nickel
aluminate present a cubic close-packed lattice of O2− ions, only
differing in the way in which the cation vacancies are filled. Ni2+
ions occupy octahedral sites in NiO and tetrahedral sites in the
normal spinel NiAl2O4, respectively. The concentration of nickel in
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Table 1
Characterization data of the takovite-derived samples

Sample codea Phasesb Ni reducedc (%) SBET (m2 g−1)

C623 NiO – 275
C773 NiO – 206
C1173 NiO + NiAl2O4 – 62
C623–R423 NiO 0 250
C623–R623 NiO 17 238
C773–R423 NiO 0 178
C773–R623 NiO 6 170
C773–R773 NiO + Ni 55 155
C773–R773, 5 hd NiO + Ni 91 166
C1173–R773 NiO + NiAl2O4 + Ni 37 55

a C and R stand for calcination and reduction treatments, respectively. The num-
bers indicate the temperature in K.

b Identified by XRD.
c Percentage of metallic nickel determined by H2-TPR.
d Reduced for 5 h. Reduction time in the other samples was 30 min.

Td sites increases with temperature (>1273 K). At lower temper-
ature, due to the preference of Ni2+ ions for octahedral sites, an
inverse nickel aluminate spinel is favored [43]. Accordingly, both
NiO and NiAl2O4 with different degrees of inversion coexist in
C1173. Besides, as revealed by H2-TPR (vide infra), a certain amount
of Ni(Al)Ox still remains in this sample.

The samples calcined at 623 and 773 K present no appre-
ciable differences in average crystallite size (ca. 3 nm), as de-
termined by the Scherrer method using the (220) reflection at
2θ = 63◦ . Calcination at 1173 K leads to larger NiO crystallites
(ca. 8 nm). The average crystallite size of the NiAl2O4 spinel in
C1173 amounted to 16 nm (estimated using the (440) reflection
at 2θ = 65◦). The morphology of these oxides was studied by
TEM. Representative micrographs are shown in Supplementary in-
formation. Uniform nanoparticles of ca. 10 nm were observed in
C773. The sample calcined at 623 K combines platelets inherited
from the as-synthesized material and small nanoparticles (3–5 nm)
characteristic of the oxide. The transformation from lamellae in
Ni–Al hydrotalcite to nodular particles in the corresponding ox-
ide was reported elsewhere [39,44]. In agreement with XRD, C1173
presents larger particles, in the range of 10–25 nm, due to sin-
tering of NiO and crystallization of NiAl2O4. Nitrogen adsorption
reveals the progressive decrease of BET surface area upon increas-
ing the calcination temperature, particularly at 1173 K (Table 1).
Alzamora et al. [40] also showed that the segregation of aluminum
from the Ni(Al)Ox solid solution and subsequent crystallization of
the NiAl2O4 spinel causes a drastic drop in surface area.

3.1.3. Reduction
H2-TPR was used to investigate the influence of the calcination

temperature on the reducibility of nickel in the samples and to
design prereduction treatments for deriving relationships between
the amount of nickel reduced and the hydrogenation performance
(Section 3.2). As shown in Fig. 3, the reduction of nickel occurs
in the broad range of 600–1050 K depending on the calcination
temperature of the takovite precursor. The unreduced C623 sample
shows a peak of hydrogen consumption centered at 800 K, with
a small peak at 645 K and a shoulder at 925 K. The unreduced
C773 sample shows a more symmetrical profile centered at 925 K
without the low-temperature contribution.

Pure NiO obtained by calcination of nickel nitrate at 773 K typ-
ically displays a single peak consumption at 673 K [45,46], more
or less matching the low-temperature peak in C623. The reduction
of nickel in Ni(Al)Ox solid solutions is hindered by aluminum [41],
causing the shift to higher temperatures. The reduction temper-
ature increases significantly from C623 (peak at 800 K) to C773
(peak at 925 K), strongly suggesting that the interaction of alu-
minum and nickel in the solid solution is enhanced in the latter
sample. This might be due to the favored solid-state diffusion of
Fig. 3. H2-TPR profiles of the Ni–Al catalysts calcined and reduced at different con-
ditions.

aluminum in the NiO lattice. The broad reducibility range in C623
and C773 is likely due to the presence of nickel species in different
environments in terms of interaction with aluminum. This substan-
tiates the presence of a multiple range of structures in the model
by Puxley et al. [42].

It is well known that the presence of Al3+ in nickel oxide in-
creases the resistance of Ni2+ against reduction [39,42]. In analogy
with the work by Arnoldy and Moulijn [47] over the Co–Al system,
the number of Al3+ ions in the surrounding of the Ni2+ ion should
mainly determine the reduction temperature. Al3+ ions exert a lig-
and effect, polarizing the more or less covalent Ni–O bonds, thus
increasing the effective charge of Ni2+ ions, and as a consequence,
the lattice energy, resulting in a higher reduction temperature of
the intermediate Ni(Al)Ox phases as compared to NiO.

In the unreduced C1173 sample, the peak centered at 925 K
in C773 is unfolded in two peaks at 770 and 1050 K. The low-
temperature peak corresponds to NiO generated upon withdrawal
of aluminum from the Ni(Al)Ox solid solution, while the high-
temperature peak is attributed to the incipient NiAl2O4. The H2
consumption by NiO is much lower than that by NiAl2O4, which
does not account for the total segregation of aluminum from the
solid solution [41,48,49]. With a nominal Ni/Al ratio in the solid
of 3, the theoretical molar ratio NiO/NiAl2O4 is 5. Thus, a wide
range of oxidic structures coexist in this sample too, namely NiO,
Ni(Al)Ox, and NiAl2O4, covering the broad range of 800–1200 K.

H2-TPR was also carried out over in situ reduced samples using
different temperature and time. The prereduction temperature of
the samples never exceeded the calcination temperature. As shown
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in Fig. 3, pretreatment of C623 in H2 at 423 K did not produce
detectable reduction of nickel species, while increasing the tem-
perature to 623 K led to the disappearance of the small peak at
645 K, attributed to free NiO. The area of the broad peak at 800 K
is somewhat decreased and slightly shifted to lower temperatures.
A similar behavior was observed for the C773 sample: prereduc-
tion at 423 K originated no change and the peak area gradually
decreased by H2 pretreatment at 623 and 773 K. The reduction
was particularly significant in the sample treated for 5 h. In the
same line, H2 pretreatment of C1173 at 773 K resulted in the dis-
appearance of the peak at 770 K due to complete NiO reduction,
and the decreased area of the peak at 1050 K is mainly due to
nickel reduction in Ni(Al)Ox phases, while Ni2+ in the spinel phase
is unreduced. The latter reasoning is grounded on the practically
unchanged XRD reflections of the NiAl2O4 phase upon reduction
(Fig. 1).

The fraction of metallic nickel was determined dividing the total
integral area of the prereduced samples by that of the unreduced
counterparts (Table 1). As expected, (i) the amount of reduced Ni
at a fixed calcination temperature increases with the prereduction
temperature (compare the C773–Ry series) and (ii) higher calci-
nation temperature requires higher prereduction temperature to
reach an equivalent percentage of metallic nickel (compare C623–
R623 and C773–R623 or C773–R773 and C1173–R773). In light of
these results, it can be concluded that the degree of bulk nickel
reduction in the oxide can be modulated by adjusting temperature
and time. For example, the amount of Ni0 in C773 is 0, 6, and 55%
upon prereduction at 423, 623, and 773 K for 30 min, respectively,
reaching 91% when the prereduction time at 773 K was 5 h.

H2-TPR results agree with in situ XRD studies during reduction
of the C773 sample (Fig. 1). The intensity of the NiO diffraction
lines in C773 and C773–R423 is virtually the same, and is slightly
reduced in C773–R623. Reflections of metallic Ni were not ob-
served in these samples. The intensity of NiO in C773–R773 signifi-
cantly decreased and two broad reflections belonging to Ni0 (JCPDS
4-850) emerged at 2θ = 44◦ and 52◦ . The degree of nickel reduc-
tion in C773–R773 was estimated as the ratio of the area of the
NiO (220) reflection at 2θ = 63◦ and the area of the same reflec-
tion in unreduced C773. The resulting value (57%) is in excellent
correspondence with that determined by H2-TPR (55%, Table 1).
Based on the (220) reflection, no NiO was identified in the C773–
R773 sample reduced for 5 h due to the complete nickel reduction.
The XRD pattern of C1173–R773 shows the virtual disappearance
of NiO, while NiAl2O4 reflections are still present, though exhibit-
ing a lower intensity compared to C1173. The average size of the
nickel crystallites in these reduced samples was estimated by the
Scherrer method applied in the Ni (200) reflection at 2θ = 52◦ .
As expected, Ni0 crystallites in C773–R773 (3 nm) are smaller
than in C1173–R773 (6 nm) since the size of the metal is very
much inherited from the crystallite size of the nickel oxide pre-
cursor.

Finally, transmission electron microscopy and nitrogen adsorp-
tion were carried out in order to check whether the reduction
treatments affect the morphological and textural properties of the
precursor oxides. The morphology of the calcined and reduced
samples did not apparently change (Supplementary information).
The reduction treatments did not significantly alter the BET sur-
face area of the samples either (Table 1).

3.1.4. Surface vs bulk analyses
The bulk analyses presented above, namely XRD and H2-TPR,

indicated that the oxide resulting from calcination of takovite at
773 K consisted of a Ni–Al solid solution. However, these tech-
niques provide no insight on the chemical state of nickel on the
surface and the aluminum distribution within the catalyst parti-
cle. For this purpose, XPS analysis was carried out over C773 and
Fig. 4. Ni 2p3/2 core level spectrum of the C773 and C773–R773 samples.

Table 2
Comparative results of bulk and surface analyses over selected samples

Sample Molar Ni/Al ratio (–) Ni reduced (%)

XRF XPS H2-TPR XPS

C773 3.3 1.4 0 0
C773–R773 3.3 1.0 55 15

C773–R773 (Fig. 4 and Table 2). The latter is the best hydrogena-
tion catalyst identified in our study (see Section 3.2). The Ni 2p3/2

core level spectrum of C773 shows a binding energy of 855.6 eV
and the corresponding shake-up satellite at ca. 6 eV above the
principal line [50]. This peak, characteristic of Ni2+, is positioned
between the binding energy of NiO (854.1 eV [51]) and NiAl2O4

spinel (856.2 eV [52]). This further indicates the intimate interac-
tion of Ni2+ and Al3+ in the catalyst, pointing once more to the
presence of metastable phases intermediate in nature between the
two structures. Noticeably, the atomic Ni/Al ratio of C773 deter-
mined by XPS amounts to 1.4, i.e. much lower than the bulk Ni/Al
ratio of 3.3 determined by XRF (Table 2). Consequently, the sur-
face of the oxide is enriched by aluminum. Various authors have
reported aluminum zoning on the surface of Ni–Al oxides derived
from thermal treatment of Ni–Al hydrotalcite [40,41,53]. For ex-
ample, based on alkaline leaching coupled with 27Al MAS-NMR
analyses, Rebours et al. [53] concluded that the oxide at 923 K
consists of NiO particles whose surface is decorated by aluminate-
type patches.

The Ni 2p3/2 core level spectrum of C773–R773 displays an ad-
ditional peak at 852.9 eV, which is assigned to Ni0 [54], although
the peak due to Ni2+ is still predominant (Fig. 4). By peak decon-
volution and taking into account the corresponding satellite peaks,
it was determined that only 15% of the nickel probed by XPS is
in metallic form. The amount of nickel reduced on the surface is
much lower than that of 55% determined in the bulk (Table 2).



90 S. Abelló et al. / Journal of Catalysis 259 (2008) 85–95
(a)

(b)

(c)

Fig. 5. Propyne conversion (a), propene selectivity (b), and propane selectivity (c) vs time during propyne hydrogenation over the Ni–Al catalysts. Conditions: C3H4/H2/He
ratio = 2.5/7.5/90, T = 373–523 K, WHSV = 16,800 ml g−1 h−1, and P = 1 bar.
This result can be tentatively explained considering the marked
aluminum zoning, hindering more significantly nickel reduction at
the surface of the catalyst. The atomic Ni/Al ratio in C773–R773
determined by XPS was 1.0 (Table 2), indicating that the reduc-
tion treatment enhances the relative enrichment of the surface by
aluminum with respect to the calcined material. It has been sug-
gested that the reduction of the samples causes the progressive
diffusion of aluminum ions to the surface of the crystallite [40].
Finally, the Ni2+ contribution in XPS is shifted to higher binding
energies upon reduction of the sample (856.3 eV in C773–R773
and 855.6 eV in C773), further accentuating the stronger interac-
tion of Ni2+ and Al3+ in the solid solution upon partial reduction.
This is due to both the higher surface concentration of aluminum
and the lower Ni2+/Al3+ ratio in the oxide upon Ni0 formation,
provoking that the ligand effect of Al3+ is distributed over a rela-
tively lower number of Ni2+.

3.2. Hydrogenation performance

3.2.1. Calcination and reduction conditions
Fig. 5 shows the propyne hydrogenation performance of the

takovite-derived catalysts calcined and prereduced at different con-
ditions. These tests were run at intervals of 50 K from 523 to
373 K. Tests from the lowest to the highest temperature were
also conducted and have a strong impact on the catalytic perfor-
mance. This aspect deserves a separate discussion (Section 3.3).
The propene selectivity greatly increased with time-on-stream in
the first 2 h of reaction at 523 K (Fig. 5b), with a concomitant
decrease of propane selectivity (Fig. 5c) and propyne conversion
(Fig. 5a). After this period, the catalysts display stable performance.
As expected, the degree of propyne conversion decreases with de-
creasing temperature (Fig. 5a). The propene selectivity does not ex-
perience a marked dependence with temperature, although a slight
decrease when going from 523 to 373 K is generally observed. The
increase in propene selectivity at the beginning of the reaction was
more pronounced over C773–R773, going from 0 to 50% in the first
2 h and reaching ca. 80% after 5 h on stream. In this period, the
propane selectivity decreased from 50 to <5%. Monzón et al. [30,
55] attributed this behavior to the presence of two types of active
sites in the nickel catalyst: hydrogenolytic (leading to the alkane)
and hydrogenating (leading to the alkene). According to these au-
thors, the former sites experienced fast deactivation by coke in
ethyne hydrogenation, decreasing the alkane production. However,
we cannot exclude the presence of a single type of sites in the
catalyst that is transformed in early stages of the reaction, e.g. by
formation of C-containing deposits on the surface, thereby mini-
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mizing the pathway to the alkane. More details in this respect can
be found in Section 3.3.

The hydrogenation performance over the Ni–Al catalysts is de-
termined by (i) the nature of the oxidic nickel phase (determined
by the calcination conditions) and (ii) the amount of metallic
nickel (induced by the reduction conditions). The propene selectiv-
ity over most catalysts is in the range 60–80%. In general, the calci-
nation temperature has a stronger influence on the alkyne conver-
sion. Calcination at low temperature (623 K) is not appropriate due
to the fact that the degree of required metallic Ni to attain high
and stable propyne conversion is limited. On the other extreme,
high calcination temperatures (1173 K) cause low propyne con-
version due to extensive NiO sintering and formation of NiAl2O4.
The prereduction treatment strongly depends on selecting an ap-
propriate calcination temperature. The C773–R423 sample led to
low propyne conversion (ca. 30% at 523 K) and propene selectiv-
ity (ca. 30% at 473 K) since this sample was virtually unreduced
(Table 1). The lower activity of the latter sample with respect to
the C623–R623 catalyst is explained by the hindered nickel re-
ducibility attained by the diffusion of aluminum to the surface
when the calcination temperature increases. As expected, increas-
ing the prereduction temperature from 423 to 773 K guarantees
a sufficient amount of active Ni0 sites for hydrogenation. Extend-
ing the prereduction treatment from 30 min to 5 h results into
the highest propyne conversion, ca. 100% in the temperature range
studied, but this is accompanied by decreased propene selectiv-
ity. Overall, the best catalyst was C773–R773, displaying a C3H6
yield of 65%. To evaluate the importance of the synthesis route,
a Ni/Al2O3 catalyst was prepared by incipient wetness followed by
calcination and reduction at 773 K (C773–R773 IM). This sample,
whose characterization is provided in Supplementary information,
showed much lower propyne conversion and propene selectivity
(C3H6 yield ∼6%).

The dependence of the average values of propyne conversion
and products selectivity on the degree of nickel reduction deter-
mined by H2-TPR is shown in Fig. 6a for the catalysts calcined at
773 K and reduced at different conditions (temperature and time).
The propyne conversion increases with the percentage of metallic
nickel in the samples, although the specific activity per mol of Ni0

(turnover frequency, TOF) experiences an opposite trend (Fig. 6b).
The mildly reduced C773–R623 sample (6% of nickel reduced) is
ca. 5 times more active than the C773–R773 (55% of nickel re-
duced), although the TOF does not change at higher degrees of
Ni reduction. The propane selectivity increases with the percent-
age of metallic nickel in the samples and the opposite occurs with
the selectivity to oligomers. The volcano-type dependence of the
propene selectivity indicates that an optimal degree of bulk re-
duction (ca. 55% in C773–R773) maximizes the S(C3H6) at 80%.
The maximum in propene selectivity is likely related to the ex-
istence of an optimum between the rate of hydrogenation and the
rate of oligomerization [5]. The relative significance of these two
paths controls the selectivity to the desired product. A low degree
of Ni reduction induces a lower rate of hydrogenation due to the
limited number of sites to dissociate H2. Consequently, the recom-
bination of neighboring intermediate hydrocarbon fragments into
oligomers is favored. Contrarily, at high degrees of nickel reduction,
(sub-)surface Ni-hydride species can be formed, increasing the
alkyne conversion and the selectivity to the over-hydrogenated hy-
drocarbon.

3.2.2. Hydrogen-to-hydrocarbon ratio
The average values of propyne conversion and products selectiv-

ity over the optimal C773–R773 catalyst using feed H2-to-propyne
ratios ranging from 5 to 1 and 523 K are shown in Fig. 7. The
pattern in this figure qualitatively resembles those obtained with
the different degree of nickel reduction in Fig. 6. The propyne con-
(a)

(b)

Fig. 6. Conversion of C3H4 and selectivity to C3H6, C3H8, and oligomers (a) and
turnover frequency (b) as a function of the percentage of metallic nickel in differ-
ently reduced C773 catalysts (see Table 1). Data represent averaged values of the
5 h reaction period at 473 K in Fig. 7. The TOF is expressed as mole C3H4 converted
per second and mole of Ni0.

Fig. 7. Conversion of C3H4 and selectivity to C3H6, C3H8, and oligomers vs the
feed hydrogen-to-propyne ratio over C773–R773. Conditions: T = 523 K, WHSV =
16,800 ml g−1 h−1, and P = 1 bar.
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version increases on increasing the partial pressure of H2 at the
reactor inlet, since the reaction rate is largely governed by the
high concentration of adsorbed hydrogen atoms and nickel hy-
dride species [8]. The hydrogenation of alkenes and alkynes has
been classically described by the Horiuti–Polanyi mechanism [56],
consisting of the successive addition of atomic hydrogen to the
substrate. The selectivity to propane increases with the H2/C3H4
ratio and the selectivity to oligomers displays the opposite trend.
A high coverage of hydrogen favors total hydrogenation, while low
hydrogen coverage favors oligomerization of the adsorbed hydro-
carbon [57]. At high partial H2 pressure, the eventual formation
of a nickel hydride phase could account for the high C3H8 pro-
duction. Analogously, high H2/HC ratios over palladium catalysts
form the hydrogen-saturated β-hydride phase, which is highly re-
active but unselective [5,19]. In consequence, there is an optimal
hydrogen pressure at which the selectivity to the partially hydro-
genated product is maximized. The propene selectivity over C773–
R773 was ca. 70% at H2/C3H4 = 3 and the selectivity to oligomers
was ca. 30% (i.e. no alkane was produced). Going slightly over or
below this optimal ratio causes a significant decrease of the olefin
selectivity.

3.2.3. Sensitivity to the hydrocarbon
We have assessed whether the promising catalytic results using

propyne can be extrapolated to related unsaturated hydrocarbons
such as ethyne and propadiene. The performance of selected cat-
alysts in the hydrogenation of propyne, propadiene, and ethyne is
compared in Fig. 8. Average values of conversion, selectivity, and
yield at 473 K were plotted, since the catalysts exhibited stable
performance at this temperature. The results indicate the supe-
rior activity of the Ni–Al catalysts in the hydrogenation of both
propyne and propadiene as compared to ethyne (Fig. 8a). The high-
est conversions were attained with propadiene, which is due to
the high reactivity of the diene [8]. The conversion of propadi-
ene is in the relatively narrow range of 65–80% despite marked
differences in calcination and reduction of the samples. The se-
lectivity to propene was significantly lower with propadiene than
with propyne (Fig. 8b), due to favored oligomerization and certain
propane formation over the former substrate. It has been previ-
ously suggested that during reaction over nickel catalysts, propa-
diene is converted into C6 products due to the isomerization of
the half-hydrogenated product (2-propenyl), giving a free radical
that can attack a neighboring adsorbed propadiene molecule [8,
22]. Considering the stronger adsorption of an alkadiene with re-
spect to a monoene, the lower C3H6 selectivity with propadiene
can also be explained taking into account the higher probability of
C–C bond formation if both terminal carbon atoms are susceptible
of being fully hydrogenated. In general, and particularly for C773–
R773, the C3H6 yield was higher using propyne (up to 62%) than
propadiene (up to 47%).

In great contrast to the tests with C3s, ethyne hydrogenation
led to extremely low alkyne conversion (<12%). The ethene se-
lectivity was well measurable only over the C773–R773 catalyst,
amounting to ca. 55%. This leads to a C2H4 yield of 6%, in excellent
agreement with values over precipitated nickel catalysts reported
by Peña et al. [28]. The gap between ethyne and propyne has
been attributed to the extensive oligomerization with the C2 [5,
8,12,21,24], causing very fast deactivation by coking and thus low
ethene yields. The presence of the extra carbon of propadiene
and propyne as compared to ethyne minimizes oligomer forma-
tion, as the steric hindrance prevents adjacent adsorption of the
approaching molecule during the C–C bond forming step [5,8,
21]. The more pronounced coking with ethyne was confirmed by
thermogravimetric analysis of the used catalysts in air (Fig. 9).
The total weight loss due to combustion of the carbonaceous de-
posits was higher in the catalyst subjected to ethyne hydrogenation
(a)

(b)

(c)

Fig. 8. Hydrocarbon conversion (a), alkene selectivity (b), and alkene yield (c) over
selected catalysts in propyne, propadiene, and ethyne hydrogenation. Conditions:
(C3H4 or C2H2)/H2/He ratio = 2.5/7.5/90, T = 473 K, WHSV = 16,800 ml g−1 h−1,
and P = 1 bar.

(20%) compared to propyne and propadiene (15%). Interestingly,
only one step of weight loss occurs in all the samples (transi-
tion temperature around 620 K), suggesting a similar nature of
the coke deposits. N2 adsorption revealed a lower surface area
in the used catalysts due to coke residues. The BET surface area
of the fresh C773–R773 catalyst (155 m2 g−1) markedly decreased
to 77 m2 g−1 after ethyne hydrogenation, while values of 128 and
115 m2 g−1 were obtained after propyne and propadiene hydro-
genation, respectively. Accordingly, ethyne should be used with
extreme precaution to generally establish the potential of cata-
lysts for hydrogenation of higher alkynes or dienes. Despite the
marked performance differences among the substrates, the C773–
R773 sample was the best catalyst for the three hydrocarbons in-
vestigated.
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Fig. 9. TGA profiles in air of C773–R773 after hydrogenation of ethyne, propyne, and
propadiene according to the test in Fig. 8.

Fig. 10. Selectivity to propene and propane vs time during propyne hydro-
genation over C773–R773. Conditions: C3H4/H2/He ratio = 2.5/7.5/90, WHSV =
16,800 ml g−1 h−1, and P = 1 bar. The temperature was increased stepwise from
373 to 523 K and then decreased back to 373 K.

3.3. Activation during reaction

Fig. 5 showed the pronounced increase of propene selectiv-
ity (from 0 to 70%) coupled to the decreased propane selectivity
during the first stages of the reaction at 523 K. Afterwards, the
S(C3H6) is practically independent on the reaction temperature
down to 373 K. The outcome of the test is spectacularly differ-
ent if conducted from the lowest to the highest temperature. As
shown in Fig. 10, the fresh C773–R773 catalyst shows a C3H8 se-
lectivity of ca. 80% at 373 and 423 K, with no C3H6 production. At
473 K and more significantly at 523 K, the selectivity to propene
increases at the expenses of propane, resembling the activation be-
havior in Fig. 5. As expected, once the catalyst is activated under
reaction conditions, the propene selectivity does not change when
going to lower temperature. This result highlights the importance
of the testing procedure for the evaluation of hydrogenation cata-
lysts and indicates that selectivity-enhancing species are formed in
the specific temperature range of 473–523 K.

As previously reported over different metals [5,8,30,55,58], par-
tial blocking of the surface by strongly held oligomers and coke
deposits positively influenced the alkene selectivity during alkyne
hydrogenation. Recently, it has been reported that dissolution of
carbon (derived from fragmentation of alkyne molecules) in in-
terstitial sites of Pd generates a metastable subsurface palladium
carbide that turns the hydrogenation selective [19].

Further insights into the activation process, displayed over all
substrates investigated here, were offered by operando infrared
spectroscopy over the C773–R773 sample. Fig. 11 shows the evo-
lution of the CH stretching region in infrared during propadiene
hydrogenation at 523 K, which is indicative of the build up of C-
containing deposits in the course of the reaction. Similar spectra
were observed using propyne and acetylene (not shown for con-
ciseness). The bands at 2960 and 2925 cm−1 are attributed to the
asymmetric CH stretching of CH3 and CH2 groups, respectively [59,
60]. The bands at 2871 cm−1 and the shoulder at 2856 cm−1

belong to the symmetric CH stretching of CH3 and CH2 groups,
respectively. These bands were previously assigned to the forma-
tion of a carbonaceous layer on 2 wt% Pd/γ -Al2O3 on exposure to
ethyne [60].

Fig. 12 shows the build up of C-containing deposits (obtained
by integration and normalization of the infrared bands) during
propadiene and ethyne hydrogenation and the corresponding C3H6
and C2H4 selectivity vs time-on-stream. The results with propyne
were similar to those with propadiene. In agreement with the
Fig. 11. Operando DRIFT spectra in the CH stretching region during propadiene hydrogenation over C773–R773. Conditions: C3H4/H2/He ratio = 2.5/7.5/90, T = 523 K, WHSV
= 16,800 ml g−1 h−1, and P = 1 bar.
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Fig. 12. Correlation between the normalized integral of the absorption bands
in the 2800–3100 cm−1 range during operando DRIFT (lines) and the alkene
selectivity (symbols) during propadiene and ethyne hydrogenation over C773–
R773. Conditions: (C3H4 or C2H2)/H2/He ratio = 2.5/7.5/90, T = 523 K, WHSV =
16,800 ml g−1 h−1, and P = 1 bar.

higher tendency of ethyne to form oligomers (see Section 3.2.3),
the development of the coke-related bands over the catalyst was
remarkably faster compared to propadiene and propyne.

The increase in propene selectivity during propadiene hydro-
genation correlates with the formation of carbonaceous deposits.
On the other hand, the ethene selectivity increases slowly dur-
ing the first two hours of reaction to ca. 40%, exhibiting a less
evident relation with the coke build up determined by infrared
spectroscopy. The formation of coke during ethyne hydrogenation
does not facilitate an increase in alkene selectivity as strong as
with propyne and propadiene. This suggests that the extensive cok-
ing process deactivates a significant fraction of active sites. This
result is supported by the overall higher oligomer selectivity in
this reaction (60% in the reaction with ethyne compared to 40%
for propadiene).

Based on these results, it is plausible that the hydrogenation
behavior of nickel is similar to that of palladium, in which the
population of (sub-)surface sites governs the hydrogenation steps
on the surface [19]. Consequently, nickel hydride-type species favor
total hydrogenation. The latter species are not operative when sur-
face C-containing deposits or even nickel carbide-type species are
formed under certain reaction conditions, boosting the selectivity
to the alkene. Further studies are required to ascertain the struc-
ture and nature of these species remain unclear, requiring further
studies.

4. Conclusions

Reduced Ni–Al oxides obtained from takovite are highly active,
selective, and stable catalysts for partial hydrogenation of propyne
and propadiene, without addition of promoters. The intrinsic fea-
tures of the hydrotalcite route in terms of attaining mixed oxides
with high metal loadings, high metal (inter)dispersion, and high
surface area are beneficial for the performance, which largely ex-
ceeds that of Ni/Al2O3 prepared by conventional impregnation.
Proper selection of activation conditions of the takovite precursor
(calcination and reduction of the derived mixed oxide) is decisive
for the catalytic behavior, as they determine the nature of the ox-
ide (crystalline phase structure, metal distribution, dispersion, and
morphology) and the degree of nickel reduction. The best cata-
lyst, calcined and reduced at 773 K, rendered stable propene yields
up to ca. 65% and consisted of a Ni(Al)Ox solid solution with 55%
of the total bulk nickel in reduced form and surface enrichment
by aluminum. Extensive sintering of NiO and crystallization of
NiAl2O4 at high calcination temperature induce lower activity. The
hydrocarbon conversion increases with the percentage of metallic
Ni in the samples, while maximizing the monoalkene selectivity
requires an optimal degree of nickel reduction. Over-hydrogenation
occurs above the optimum, while oligomerization is favored below
the optimum. The same pattern applies with the feed hydrogen-to-
hydrocarbon ratio. Operando infrared spectroscopy gives evidence
of the intimate relation between the increased alkene selectivity
in early stages of the reaction and the formation of C-containing
species on the catalyst (sub-)surface. These selectivity-enhancing
species are formed at specific reaction temperatures, stressing the
relevance of the testing procedure on assessing hydrogenation cat-
alysts. In contrast with the C3s, ethyne hydrogenation led to much
lower conversion and ethene selectivity as well as fast deactiva-
tion due to coking. Consequently, the latter should not be used as
a model molecule to generally establish the potential of catalysts
for hydrogenation of higher hydrocarbons.
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