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Abstract.

Ni/La-y-Al203 samples containing 13.6 wt.% Ni and a variable amount of lanthana (0, 4, 14
and 37 wt.%) were prepared by incipient wetness impregnation, using silica-free y-Al203
support. The materials were characterized, as such or after reaction, with XRD, H2-TPR,
IR, UV-vis-NIR, XPS and FE-SEM techniques. They were tested as catalysts for CO2
methanation at atmospheric pressure at GHSV 55000 h'l. The reaction is under kinetic
control at T < 650-673 K, while the product mixture is under thermodynamic control above
this temperature range. Lanthanum addition strongly increases the activity of Ni/y-Al2O3 for
CO2 methanation. Methane selectivity is increased to nearly 100% at low temperatures,
where the reaction is in a kinetically controlled regime (T < 650K). The CO2 methanation
reaction on La-doped Ni/y-Al203 occurs with similar activation energies (80 kJ/mol), with
slightly higher reaction order for hydrogen and lower reaction order for CO2 than those
observed for undoped Ni/y-Al203. Lanthanum acts as a promoter because of the stronger
basicity of the lanthana-alumina support allowing stronger adsorption of CO2 as surface
carbonates that can be act as “reactant reservoirs”. The Ni/La-alumina catalysts studied
here appear to be competitive with Ru/alumina catalysts for the selective CO2 methanation

at low temperature and atmospheric pressure.
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1. Introduction

The hydrogenation of CO2 to methane is a possible way to reuse captured CO2, thus
reducing the emission of greenhouse gases by recycling carbon dioxide [1,2]. The use of
hydrogen produced by water electrolysis using photovoltaic electricity production, or in any
case the use of “renewable” hydrogen allows one to realize the “Power-to-Gas” (PtG)
technology in a sustainable way [3,4]. The methane product, sometimes denoted as
Synthetic or Substitute Natural Gas (SNG) [5], can be used as a green fuel and injected
into existing natural gas pipeline networks. Through CO2 methanation, “hydromethane”, a
H2-CH4 mixture, a potentially interesting fuel for automotive purposes [6], can be

synthesized.

CO produced by the reverse water gas shift reaction (r-WGS) is an unwanted by-product
from CO2 methanation. Taking into account that methanation is an exothermic equilibrium
reaction, catalysts for an efficient process must be active at low temperature, very
selective and stable in practical conditions. Most of transition metals (such as nickel, cobalt
and iron), and platinum group metals are active for both CO and CO2 methanation
reaction. However, the choice, for both CO2 and CO methanation catalysts, is usually
restricted to ruthenium and nickel. Ruthenium is more active, especially at low
temperatures, and very selective to CHa4 starting from CO2 [7,8,9]. Nickel is usually less
active than Ruthenium, but can also give rise to high selectivities to CHas, depending on
nickel loading [10]. Moreover, nickel is much cheaper than Ru, allowing one to use much
higher metal loadings. As for the supports, y-Al203 is a widely produced and used material
and support [11,12], with high dispersion properties for metals, usually giving rise to active
and stable metal hydrogenation catalysts [13,14]. In fact, commercial catalysts for the
already well-established CO methanation process in the purification of hydrogen (thus for
low concentration COx feeds) are based on either 0.3% Ru/y-Al203 (low temperature
catalysts) or ~ 20% Ni/y-Al203 (high temperature catalysts) [15]. However, catalysts for
SNG production, thus using concentrated feeds, may work at high temperatures. The use
of a 22% Ni catalyst on a stabilized support, with a surface area decreasing from 50 m?/g
(fresh) to 30 m?/g (used) has been reported [16]. In spite of the higher activity of Ru

catalysts, according to Fechete and Vedrine [17], “Ni/Al203 is the best known catalyst for



industrial CO2 methanation applications worldwide and it has been commercialized by

Evonik, Johnson Matthey, Topsge, and Clariant-Stid Chemie”.

To improve the CO2 methanation process efficiency, a possible way is to improve the
cheap Ni/y-Al203 catalysts, by tailoring optimal Ni particle size [18] and loading [10], thus
increasing low temperature activity and CHas selectivity, as well as by stabilizing it
structurally. We previously found that Lanthanum doping improves the properties of Ni/y-
Al203 catalysts for steam reforming reactions [19]. Lanthanum is also reported to be
fundamental in most of perovskite cathodes in Solid Oxide Fuel Cells [20] (i.e. LSM, LSCF
etc.). On the other hand, lanthanum is reported to be a relevant additive to alumina in
catalyst formulations: it improves alumina properties by increasing its mechanical strength
[21] and stabilizing spinel-type alumina with respect to sintering and loss of surface area
[22]. Additionally, it has been reported that lanthana can be used as precursor of sulfur-
tolerant catalysts, being converted in situ to lanthanum oxysulfide (La202S) [23].

In previous papers we reported on the methanation activity of different Ni/Al2O3 catalysts
[10,24], as well as on the preparation and characterization of La203-Al203 catalytic
materials [25,26]. In the present paper we report on ways to improve the catalytic
properties of a home-made 13.6 wt.% Ni/y-Al203 catalyst by modifying the alumina support

with Lanthanum.

2. Experimental
2.1 Materials preparation

The catalysts were prepared using Puralox 200 Sha (y-Al203, 200 m?/g) from Sasol
previously calcined at 1023 K for 5 h as bare support. The catalytic materials, summarized

in Table 1, were prepared through incipient wetness impregnation using La(NO3)3*xH20
(x~4) and Ni(NOz3)2*6H20 (from Alfa Aesar and Sigma Aldrich, respectively) aqueous

solutions. The theoretical amounts of La and Ni to obtain the designed % oxide on alumina

(measured as 100*g,,,/100g_,, where MO is La20s3 or NiO and cat is the total catalyst

weight). Different La203 contents in catalyst formulation (XLA, with x= 4, 14 and 37 wt.%)
were achieved by dissolving the precursor salts in a volume of deionised water, in the way
that the total liquid volume was equal to the pore volume of the material. A step of drying

at 353 K in vacuum was undertaken for 15 h and calcination in air at 1023 K for 5 h with a
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temperature ramping of 2 K/min was performed. The NixLA catalyst was prepared using
XLA as the support, thus the first impregnation was with La and the second with Ni
precursors with an intermediate calcination of the support with the same procedure applied

for the whole catalysts and reported above.

For the catalytic experiments and characterization, the catalysts were reduced in situ with
a 20 mol%H2-80 mol%N2 mixture and a total flow rate of 70 NmL/min. The heating rate
was fixed at 25 K/min to 1023 K, then held for 30 min at that temperature. The catalysts
were cooled to r.t. (room temperature) in the same atmosphere to avoid oxidation and kept

in a pure nitrogen stream.
2.2 Materials characterization

Surface area measurements were performed in a Micromeritics Autochem 2920 with a
single point measurement. The samples were pretreated in He at 523 K in order to desorb
or decompose potentially adsorbed surface species.

X-Ray diffraction patterns were recorded using Cu Ka radiation (A=0.15406 nm). XRD
analysis of the fresh catalysts was performed on a Rigaku Smartlab Cu-source powder
diffractometer. Cu Ka radiation was used with a power setting of 45kV and 200mA with a
scan rate of 2°/min and a step size of 0.02°. The patterns of the reduced samples were
obtained using a vertical powder diffractometer X'Pert. Diffractograms were collected in
the 15 — 100° 20 range with a step size of 0.02° and a counting time for each step of at
least 15 s. Powder patterns were indexed by comparing experimental results to the data
reported in the Pearson’s Crystal Data database [27].

Temperature Programmed Reduction with H2 (H2-TPR) was used to identify and evaluate
the reducibility of the various nickel species present on the alumina-supported catalysts. In
a typical H2-TPR test, the as-calcined catalyst was reduced by a 10% H2/Ar gas mixture,
while the temperature was increased from RT to 1173K at a rate of 15 K/min. In table 1,

the moluz2/molni hydrogen consumption data during TPR are reported.

FT-IR spectra were registered with a Nexus Thermo Fisher instrument with 100 scans and
spectra resolution of 2 cm™. KBr pressed disks were used for skeletal characterization with
a 1 wt.% catalyst and a disk total weight of 1.00 g. Pure powder pressed disks were used

for surface characterization. The disks were previously activated by outgassing at 773 K



for 1 h. After activation, 50 Torr of CO2 (SIAD, 99.99% grade) was introduced into the cell.

After 10 min, brief outgassing at r.t. was realized and IR spectra recorded.

X-ray photoelectron spectroscopy (XPS) was conducted by using the Thermo Scientific
monochromatic Al K-alpha line (1.4866 keV) as the excitation source. Binding energies
were measured on a multi-channel detector with pass energy of 50 eV and energy step of
0.05 eV for high-resolution scans and 0.5 eV for survey scans. Spectral regions are Ni2p,
Al2p and La3d. All the spectra were referenced to the elemental carbon at binding energy
(BE) of 284.8 eV. Quantification of surface components was based on the peak fitting and

normalization of Ni (2p 3/2), La (3d 5/2), and Al (2p) primary peaks.

Microscopic analyses were performed on a SEM ZEISS SUPRA 40 VP microscope,
equipped with a field emission gun. This instrument is equipped with a high sensitivity
‘InLens” secondary electron detector, a solid state detector for backscattered electrons
(BSE) and with an EDX microanalysis OXFORD "INCA Energie 450x3" for chemical
analysis. Sample powders were directly mounted on a high purity conductive double sided

adhesive carbon tabs, and the specimen so obtained was then imaged.
2.3 Catalytic experiments

A tubular silica glass flow reactor, containing a fixed bed with 88.2 mg of catalyst mixed
with 700 mg of silica glass particles 0.25-0.21 mm (corresponding to 60-70 mesh sieved)
was used in steady-state catalytic experiments. CO2 hydrogenation experiments were
conducted with the following feed gas: 6% CO2, 30% H2 and Nz balance, used as carrier
gas. The gas hourly space velocity GHSV was equal to 55000 h1. In order to follow any
hysteresis, activation or deactivation effects, experiments were performed both in
ascending and descending reaction temperature (523 K, 573 K, 623 K, 673 K, 723 K,
773K and reverse).

Online products analysis was performed using a Nicolet 6700 FT-IR instrument.
Frequencies, where CO2, CH4 and CO molecules absorb weakly, were used (2293 cm! for
CO2, 2170 cm for CO, 1333 cm for CH4, after subtraction of baseline) with previous
calibration using gas mixtures with known concentrations, in order to have quantitative
results. Produced water was condensed upstream of the IR cell. From the inlet and outlet
concentrations calculated from the absorbances of CO, CO2, CH4 and the measured inlet
and outlet total flows (which allow to take into account the variation of the number of moles



during the reaction), CO2 conversion (Xco,), selectivities and yields to products, Siand Y;i,

were calculated [28]. They are defined as:

Feop in — F,
XCOZ — C02in C02 out (4)
FCOZ in
F;
S; = - (5)
FCOZ in FCOZ out
F;
Y = —— (6)
FCOZ in

where Fi is the molar flow rate of i (i.e. CO and CHa), while Fco, is the molar flow rate of

COg2, all expressed in mol/min.

In order to investigate kinetic aspects, the catalysts were pretreated as previously
reported. In this case, 88.2 mg of catalysts were diluted in 350 mg of silica glass. To study
the COz2 reaction order, CO2 partial pressure was varied between 0.02 atm and 0.07 atm
while maintaining constant hydrogen partial pressure (ps2 = 0.30 atm). The reaction
temperatures were fixed at 493 K and 523 K for Nickel based catalysts, where the
hypothesis of a differential reactor can be applied (CO2 conversion in 3-15% range). The
same procedure and hypothesis were made to study the reaction order with respect to Hz

concentration, where pH, was varied from 0.03 atm to 0.28 atm at constant pco, (0.07
atm). At low temperature, an estimation of the apparent activation energy of CO:2

methanation was done, using the conversion values obtained under kinetic control at 493
K, 523 K and 573 K, thus deriving Arrhenius- type plots [29].

It should be noted that we did not observe any coke formation in our experiments, each
performed over 8 h. Carbon balance was 100% =+ 1% in our calculations and no evidence
of coke was obtained from the catalyst weight measurements nor from FE-SEM studies of
Ni- catalysts. Moreover, the amount of liquid water formed during reaction was measured
at the end of each experiment, allowing to evaluate the goodness of our tests and as a

further check of total mass balance.
3. Results

3.1 Characterization of the fresh catalyst



3.1.1 Surface area measurements.

The surface area of the pure alumina support, calcined at 1023 K for 5 h, is 170 m?/g. The
sequence of impregnation of lanthanum and nickel reduces the surface area, to nearly 150
m?/g for NidLA and Ni4LA, down to 130 m?/g and 100 m?g for Nil4LA and Ni37LA,

respectively.
3.1.2 XRD

In Figure 1, the XRD patterns of the as prepared samples under study are reported
together with the diffractograms of the corresponding supports. The diffraction patterns of
NigLA, Ni4LA and Nil4LA show, with respect to y-Al203 (@LA), an intensification and a
shift toward smaller 20 of the 400 and 440 spinel peaks and, in particular, to those
assigned to the 311 peak, with almost complete disappearance of the 222 one. The
resulting diffraction pattern is similar to that observed for NiAl2O4 inverted spinel [30] even
if the composition is still cationically deficient (Nio.26Al203.26 in line with the determined EDX
composition Nio.36Al203.36) with respect to the spinel composition, although less deficient
than y-Al20s. This is in line with previous studies that showed that XRD patterns of both
cationically deficient and stoichiometric NiAl2O4 are very similar [30,31]. As already
reported, a strong interaction of surface Ni with alumina occurs with the formation of
surface or subsurface Ni aluminate and this is evident by observing the shift toward low 20
values of the 440 peak that corresponds to a slight expansion of the cubic cell volume [32].
The presence of lanthanum does not modify the diffractogram in these cases and a
constant 20 shift of the 440 peak is observed for the three samples. The picture for the
samples Ni@LA, Ni4LA and Nil4LA suggests that Ni spreads and strongly interacts with
the alumina surface while lanthanum disperses over the surface without a significant

perturbation of the bulk.

A different situation is observed for the Ni37LA catalyst. In this case, several different
phases are found together with the spinel. In fact, the presence of La(OH)s and a
rhombohedral perovskite LaAlOs, phases are observed, as found in the corresponding
La203-Al203 “support” [25]. The presence of NiO (bunsenite, JCPDS table 04-0835) is
clearly observed only for the Ni37LA sample, while it is not present in other samples
whose Ni loading is the same [33]. This might be due to the significant reduction of the
surface area of the La-rich support and/or to its different composition, resulting in a lower

interaction of Ni with the surface favouring the oxide formation.



In Figure 2, the diffraction patterns of the reduced catalysts are reported. As expected,
reduction of NigLA, Ni4LA and Nil4LA produces cubic metallic Nickel with a reappearance
of the characteristic 222 peak typical of y-Al203, and a shift of y-Al2Os peaks to the
characteristic listed structure peaks [13, 27]. This indicates that, upon reduction, the
surface or sub-surface aluminate phase produces less dispersed nickel as Ni

nanoparticles.

For Ni37LA, the disappearance of the peak corresponding to NiO is observed with the
appearance of cubic metallic nickel. For this sample, an increased crystallinity is observed
after reduction with a clear appearance of the peaks assigned to La(OH)s. For the metallic
Ni phase, an evaluation of crystallite size through the Scherrer formula, using the (2,0,0)
crystal plane family, determined particle diameters of 7 nm, 8 nm, 10 and 15 nm in the four
samples, at increasing, from 0 to 37 wt. %, La20s3 loading, with a linear trend. To calculate
crystallite dimensions, data have been previously treated with a smooth function, and then

the line profile peaks have been fitted with a pseudo-Voigt function.
3.1.3 Skeletal IR and UV-vis spectroscopic characterization of unreduced catalysts.

In Figure 3, the infrared skeletal spectra of the materials are reported. The spectra of Ni-
containing samples markedly differ from the spectra of the Ni-free “supports” because of
the presence of a pronounced component at 723 cm, as well as to a slight shift
downwards of the main band from near 545 cm™ to 508 cm™. This confirms the results
obtained by XRD showing the features of spinel NiAl2O4 or of cationically deficient
NixAl203+x spinels, which are very similar each other [30]. A different situation is found for
Ni37LA where the feature at 429 cm™ is associated to the presence of bulk NiO
[34,35,36,37] which masks the features of other phases such as LaAlOs [19,38]. The
presence of lanthanum species is confirmed by the fingerprint of carbonate features (1400
and 1491 cm?) which can be associated either with surface or bulk lanthanum carbonates
[39,40]. It is noted that the carbonate band intensities increase as the La- loading

increases.

In Figure 4, the diffuse reflectance UV-visible spectra (DR-UV-vis-NIR) of the as prepared
catalysts are reported. Ni@LA, Ni4LA, Nil4LA spectra show absorption in the visible
region, characterized by a split band at 601 and 633 nm, which is attributed to the 3Azg
—a®T1g d—d transition of Ni?*, split for the presence of the weaker 3A2g —a'Eg , whose

position and shape are typical of Ni?* dispersed on alumina [31,41] in an environment
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similar to that of NiAl2O4 spinel. Moreover, the clear absence of the feature at 718 nm
indicates that NiO species are not present in any of the three catalysts [31]. By looking at
the NIR region, a broad band is observed near 1048 nm that is assigned to vi ((A2g—3T2g)
transition of Ni?* in octahedral surroundings in a position similar to the one reported for low

loading Ni catalysts, i.e. NiAl204 [42] and Ni highly dispersed on alumina [32,33].

Indeed, the spectra of NigLA, Ni4LA and Nil4LA look qualitatively similar in the visible
region, although the addition of lanthanum seems to slightly increase the background
absorption. At lower wavenumbers, in the UV region, the addition of Lanthanum seems to
cause the formation of a shoulder centered around 310 nm, absent in the case of the
NigLA sample, at the high wavenumber side of the absorbance increase due to the a O%"
(2p)— Ni?* (3d) charge transfer transition. This shoulder, located at lower energy than the
corresponding transition of isolated Ni** on alumina, can be associated to Ni?* species
interacting with other Ni?* or with La3* species.

In agreement with the XRD results, a different situation is observed for Ni37LA. This
sample is absorbing a great part of the radiation, inhibiting the possibility to observe
characteristic absorption in the visible range. This might be due to the strong absorption of
the visible light by LaNiOs perovskite [43]. Additionally, the sample shows a cut off near
350 nm due to the appearance of the strong O?~ (2p)— Ni?* (3d) charge transfer transition
of bulk NiO, in agreement with XRD and Hz2-TPR data.

These spectroscopic data confirm that, even in the presence of significant amounts of
lanthanum, nickel strongly interacts with alumina. Only at the highest La loading, the

situation changes, with the formation of lanthanum rich phases.

3.1.4 XPS analysis of unreduced catalysts.

In Fig. 5, the XP spectra are reported in the Al(2p), Ni(3p) and La(3d 5/2) regions. The
Al(2p) spectra of NidLA, Ni4LA and Nil4LA show a significant shift of the main peak from
74.2 eV, value reported for y-Al203 [44,45], down to 73.9 eV for Ni4LA and Nil4LA and
further shifting to 73.5 for Ni37LA. The shift of the XP peak to lower binding energy is
interpreted as due to a decreased ionicity of the AI-O bond [46] or to a higher density of
the phase [47]. In any case the trend, i.e. the shift increasing with increasing Ni loading,
seem to further indicate a strong interaction of Ni with surface Al ions. In the same region,

an additional component appears at 68.9 eV for Ni@LA, shifting to 68.2 eV and 68.0 for
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Ni4LA and Ni14LA samples respectively, which is due to Ni 3p core level spectra of Ni?*
species [48,49]. A split of the components is observed for Ni37LA where signals at 69 and
67 eV are present showing that an additional Ni-containing species is formed, which can

be identified as LaNiOs phase [50] or LiAl1xNi1xOs3 solid solution.

The XP spectrum of NixLA samples in the 830-845 eV region (Fig. 5) is due to lanthanum
3d5/2 transition. The peak positions we found for the three La-containing catalysts are
close to 835.0 eV and 838.5 eV, at slightly higher energies than those reported for bulk
La(OH)s [51], La203 [51,52,53], LaAlOs [51,53], and for a number of La hexaaluminates
[54,55,56] but in good agreement with our previous results [19].

The XP spectrum of the NiA sample, in the Ni 2p3/2 region (830-865 eV) (Fig. 6), shows
two main peaks at 856.1 and 862.3 eV which compare quite well with the spectra reported
of NiAl204, Ni/Al203 samples [57, 58] and LaNiAl11019 [55,56]. They can be assigned to a
Ni2* main component and its satellite line (= 862 eV). For La and Ni containing samples,
the XP spectra in the La 3d3/2 and Ni 2p3/2 region (830-860 eV) are partially overlapped
(Fig. 6). The doublet due to La 3d3/2 (= 852 and 855.5 eV) increases in intensity with
increasing Lanthanum loading (as expected), while the Ni 2p3/2 doublet shifts slightly and
progressively to lower energies down to about 855 and 861 eV. This behavior confirms
some interaction occurs between Ni?* and La3* centers. The low binding energies of
Ni2p3/2 observed in Ni37LA can be assigned to the presence of NiO with the
characteristic peak at 853.7 eV [31]. On Ni37LA, an additional peak is clearly observable
at 866 eV and it is assignable to the plasmon component of La [59], not detectable for low-
loaded lanthanum catalysts. By looking at the surface elemental composition, coming from
XP spectra of the as prepared catalysts (Table 2), it is possible to detect that the addition
of lanthanum on Ni4LA is at the expense of surface Al, not of nickel. This indicates that, in
the case of this sample, the addition of lanthanum allows to nearly complete the surface
“‘monolayer” of supported species on the alumina surface. In the case of Nil4LA also the
surface Ni is slightly reduced but the Ni-alumina interaction is still nearly intact. A
completely different situation is found for the Ni37LA sample where, in agreement with

XRD data, alumina reacts with lanthanum and nickel oxide species.
3.1.5. IR surface characterization of unreduced catalysts.

In Fig. 7, left, the IR spectra of the surface hydroxyl groups of the samples are compared.

It is evident that the addition of lanthanum as well as of nickel causes the decrease of the
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intensity of the OH stretching bands of the surface hydroxyl groups. This is in line with a
progressive coverage of the alumina surface. In Figure 7 right, the spectra of carbonate
species resulting from CO2 adsorption and short outgassing at r.t. are reported. The
spectrum observed on bare alumina is due to two types of hydrogencarbonate species (vas
COO at 1644 cm?, vsym COO split at 1484 and 1442 cm™, 30OH at 1236 cm™), as reported
many times [25,26]. The spectra of both 4LA and Ni4LA show the bands of one
hydrogencarbonate type only, indicating that the deposition of Lanthanum is “selective”
and “poisons” the more active AIOH and AI**-O?% acido-basic couples of alumina, as
discussed elsewhere [19]. The addition of Ni to 4LA causes a slight decrease of the above
bands and the appearance of broader bands near 1540 and around 1400 cm™, likely due
to bidentate (bridging or chelating) species. In the case of 14LA and Nil4LA samples, the
bands of hydrogencarbonate species are still present but much lowered in intensity; in
particular, a weak feature at 1229 cm is still evident. This suggests that a small fraction of
alumina is still exposed at the surface. However, additionally, strong bands due to
carbonate species are also observed. Two couples are observed, i.e. at 1610, 1380 cm™
and at 1540, 1435 cm. Outgassing at r.t. (data not reported) shows that the former couple
is associated with a more weakly adsorbed species while the latter is associated with a
stable species. The former couple decreases in intensity by further adsorbing Nickel, while

the latter does not seem to be modified by nickel addition.

The above data suggest that in the case of Ni4LA the addition of Nickel mostly shifts a
large part of lanthanum from the strongest alumina sites (where they do not form basic
sites) to weaker ones, generating La-O basic sites adsorbing CO2 as carbonates. On
14LA, a large part of lanthanum forms basic sites where CO: is adsorbed as carbonate
species. Addition of Nickel on 14LA producing Nil4LA causes the decrease of the number
of the La-O sites producing carbonates species not stable at the surface. This suggests
that Ni displaces lanthanum from alumina sites where it produces weak basic sites,

causing its agglomeration.
3.1.5 H2-Temperature Programmed Reduction (H2-TPR).

H2-TPR data are reported in Fig.8 and the obtained H2 consumptions are included in Table
1. In all cases, with the exception of Ni37LA, only one peak is present and it is centered at
1073 K corresponding to a complete reduction of well dispersed Ni oxidized species to the
metallic state. A careful look to H2/Ni ratio (Table 2) points out a slight apparent excess of

11



hydrogen consumption with respect to the expected 1:1 stoichiometry (assuming Ni as
Ni2*), that might be due to possibly adsorbed (on Ni) and spillover hydrogen [60]. For
Ni@LA, Ni4LA and Nil4LA, the reduction onset is observed near 740 K. The high reduction
temperature identified in these samples indicates the presence of poorly reducible Ni
species, strongly interacting with the support, in accordance with the XRD and UV-vis
findings. This is typical of Ni/Al2O3 systems [34]. Only in the case of Ni37LA, the quite
complex peak associated with reduction of free NiO, typically centered at 500-800 K, is
observed even if it could be partially overlapped with the one arising from methane

production by reduction of surface carbonate species [61].
3.1.6 FE-SEM of reduced catalysts.

The reduced catalysts were characterized by means of FE-SEM equipped with EDX
microanalysis. Catalyst composition was determined by EDX at very low magnification and
the results are summarized in Table 2. Ni, La and Al loadings, determined experimentally,
are in line with those designed and expected for the prereduced catalysts, although Al
compositions are usually underestimated respect to nominal bulk composition values,

especially at increasing La203 loading.

The images obtained with backscattered electrons (BSE) show that the heavier elements,
Ni and La, are homogeneously distributed in the case of unreduced Ni@LA, Ni4LA and
Nil4LA (pictures are not shown here, because there is no contrast in the images). In
contrast, as depicted in Figure 9, the images of prereduced catalysts show clearly small
bright particles of metallic Ni nanoparticles with a narrow particle size distribution and an
average diameter lower than 10 nm, whose size agrees with that calculated from the XRD
peaks using the Scherrer method. Lanthanum also is homogeneously distributed on
catalysts surface; in fact, particles morphology and dimensions do not change passing
from NigLA to Nil4LA. A completely different situation is observed for the sample with the
highest La203 loading, i.e. Ni37LA, where the catalyst morphology is completely changed
from a globular-like structure to a sponge like one (Figure 9, secondary electron
micrograph (SE) and in the inset BSE one). In this case, a La-rich globular phase, with an
average diameter of 10-30 nm, covered quite completely the sample surface. For this

reason, the EDX analyses of this sample quantify a lower Al content than the expected.
3.2 Catalytic activity studies

3.2.1 Catalytic activity in CO2 methanation
12



In Figure 10, the catalytic activity in terms of CH4 and CO vyields for all the investigated
catalysts is reported. In the same figure, the values corresponding to thermodynamic
equilibrium are as well included. No other C-containing products are observed. The
thermodynamic equilibrium has been evaluated in the applied experimental conditions by
using a Gibbs reactor and Soave — Redlich — Kwong equation of state. It has been verified
that, in our conditions, no carbon deposition is expected by thermodynamics. At
temperatures lower than 623 K, the observed CO2 conversion and CH4 yields are much
lower than that allowed by thermodynamics, and significant differences in between the
investigated catalysts can be observed. This agrees with a kinetically controlled regime.
Instead, above 673 K the regime is roughly thermodynamically- controlled in all cases. At
the same temperature in increasing and decreasing temperature experiments, CO:2
conversion is nearly constant for NigLA, Ni4LA and Nil4LA, thus excluding detectable
deactivation and/or conditioning effects. In the kinetically-controlled regime the activity
follows the order: Nil4LA >Ni4LA ~ Ni37LA >NiA suggesting that lanthanum addition is
beneficial for CO2 hydrogenation activity, with the best composition of near 14 wt.% La2Os.
Nil4LA is also the catalyst that reaches thermodynamic equilibrium at the lowest
temperature (673 K). Methane is found as the main product at low temperature, where the
reaction is under kinetic control, with a selectivity approaching 100% at T < 623 K in
particular on the most active Nil4LA catalyst, where the methane yield is around 90 % at
623K (with undetectable CO amount). Thus, in these conditions, only the Sabatier reaction
(reaction 1) is observed
CO2 +4H2— CHa4 + 2H20 (1)
CO production is nearly zero at low temperatures over the La-containing catalyst, but is
non-negligible over the La-free catalyst. At higher temperatures (> 700 K), where the
reaction is under thermodynamic control CO is also detected as a by-product in amounts
approaching those expected by thermodynamics over all catalysts.
It must be considered that the reverse water gas shift reaction (reaction 2).
CO2 +H2— CO+ H20 (2)
producing CO from CO:2 hydrogenation, is an endothermic equilibrium reaction, that,
however, may allow significant CO2 conversion to CO in the range 523-623 K. However,
both CO and CO2 methanation are favored in the same low temperature range, and this is
the reason why CO production from CO2 hydrogenation can be very selective to CHa in the
presence of very active methanation catalysts. Thus, it is evident that lanthanum addition
certainly strongly enhances the methanation rate with respect to La-free catalyst.
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3.2.2 Evaluation of reaction order and apparent activation energies

In Figure 11, the determination of reaction orders for CO2 and Hz in the condition of a
differential reactor with COz2 conversions generally lower than 13% and where approach to
equilibrium can be neglected. The rate data have been fitted with a simple power law

expression [62] in the form:

Teua = Kk * Pﬁngoz

and the determined reaction orders are summarized in Table 3. This expression is
considered an excellent model in differential studies [63] even though not suitable in the
entire range of operation conditions. As a function of the lanthanum loading the reaction
order of Hz (o) slightly increases while for 3, reaction order of CO2, a progressive decrease
from 0.20 to 0.14 is observed, suggesting a stronger interaction of CO2 when lanthanum is
introduced in the catalyst formulation, likely due to a stronger adsorption of CO2 on the
catalyst surface. In the case of the most active catalyst, Nil4LA, CO2 methanation kinetics
was investigated at 493 K. The reaction orders, evaluated in this case, are different from
those evaluated at 523 K (0=0.28 and [(=0.14), suggesting that a non-negligible
temperature dependence is present for both reaction orders. The behavior is similar to the
one previously reported by Weatherbee and Bartolomew [62] for low-loading Ni/SiO2
catalysts. In particular, also in this case, the CO2 order decreases with a temperature

increase, while Hz reaction order increases with a temperature increase.

In Figure 12, the Arrhenius plot for the tested catalysts is reported. In all cases, the
apparent activation energies are in the range of 70-85 kJ/mol, proper of a true kinetic
regime with a negligible contribution due to diffusional limitations. Those values are in
agreement with apparent activation energies reported on Ni/Al203 (Ea=80 kJ/mol) [10,24]
and more realistic than values reported on a recent paper of Ni modified lanthanum
hydrotalcite catalysts where value of 1.4-1.6 kJ/mol were obtained, typical of a diffusion

limited regime [64].
4. Discussion

The data reported here show that all NixLA catalysts are active for the CO2 hydrogenation
at atmospheric pressure and in excess hydrogen conditions. The La-free catalyst tested
here is more active than a 20% Ni/y-Al2Os commercial catalyst tested in the same

conditions as reported in our previous work [24] despite the lower nickel content in our
14



preparation. However, it must be taken into account that while our material was prepared
by incipient wetness impregnation on the support powder, industrial catalysts preparation
can be made by impregnation of support extrudates. Thus, in the industrial case, Ni
loading may be higher at the surface of the pellet and lower in the center of it, thus the
nominal Ni loading is the average of highly loaded particles and almost pure alumina.

A slight reduction of the activation energy is observed for our catalyst with respect to
commercial Ni-y-Al203 catalyst further confirming the catalytic activity data. Similarly, small
differences are observed in the estimated reaction orders where a slight increase is
observed for both the H2 and CO:2 reaction orders 0.41 for H2 and 0.20 for CO2 with
respect to the ones determined for commercial Ni/Al203 catalyst [24]. Our values are also

higher than those reported for coprecipitated Ni/Al2Os catalysts [63].

Moderate lanthanum addition (4 and 14 wt.% La203) does not modify the Ni reduction
profile. This suggests that, still, a strong interaction between metal and support is present
as suggested also from the UV-vis data where the typical components of Ni?* species
were found. Moreover, the stable high surface area, compared to the support, confirms the
beneficial effect of lanthanum addition in increasing the thermal stability of the alumina
support. This feature is important due to the high exothermicity of the methanation
reaction. In the case of all NixLA catalysts, prereduction gives rise to mainly metallic nickel
particles with characteristic diameters lower than 10 nm, comparable to those reported for
prereduced Nil6 on a Si stabilized alumina support [10] that were found to be extremely
selective for methane with no CO coproduction.

Our data show that the introduction of Lanthanum in the catalyst formulation even at low
loadings strongly increases the catalytic activity in the 500-630 K temperature region, with
a simultaneous increase in methane selectivity to ~ 100%. These data roughly agree with
the recent results reported by Rivero -Mendoza et al. [65] but disagree with those reported
by Rahmani et al. [66] where deactivation was observed for 2%La203-Ni/Al203 catalyst in
CO2 methanation. They are also in line with studies of CO methanation studies that
reported an activation effect of lanthanum on Ni/Al2O3 [67] as well as on Ni/Mg-Al203 ex
hydrotalcite catalysts [68]. The data also show a slight increase in the reaction order of
CO2, which can be attributed to an increased basicity, hence an increased adsorption
strength of COz2, on the support. This is in line with the data discussed by some of us years
ago [69] and reported by recent authors for CO2 methanation on alumina-supported metals
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[8,9], suggesting that CO2 adsorption takes primarily occurs on the alumina support.
Additionally, a slight decrease is found of the reaction order of Hz by addition of
lanthanum, which may be in line with the easier hydrogenation of more strongly adsorbed
CO2, or with some effect of lanthanum on nickel in making easier the activation of

hydrogen, that certainly occurs on the metal.

Previous studies from our laboratory [25,26] have shown that the addition of lanthanum to
alumina reduces the number of very active AlI3*-O? acido-basic surface sites and produces
new basic sites probably of the La®*-O?% type [25]. IR data, visible spectroscopy data and
Al (2p) XPS data show that, in the case of Ni4LA and Nil4LA, Ni strongly interacts with
alumina surface producing a spinel-like surface layer as it does on bare alumina. This
occurs by displacing pre-impregnated La-O species from the strongest alumina acido-
basic sites to weaker ones, where their acidity is even stronger. However, both UV
spectroscopy and Ni (2p 3/2) XPS data provide evidence of some interactions between
La%* and Ni?* centers in the case of as prepared catalysts, that could result in some
interaction also in the reduced catalysts. On the other hand, the Ni+La loading in Ni4LA is
nearly the one needed to complete (theoretically) the monolayer coverage, while in the
case of the Ni14LA sample this amount is (theoretically) by larger than that required for a
monolayer, at least in the unreduced state. However, IR data of CO2 adsorption suggest
that, in both cases, a small fraction of alumina is still uncovered, thus the Ni species grow
in 3-D, leaving some small alumina areas in between, in parallel to the partial recovery of
the y-Al203 XRD pattern upon reduction. Additionally, nickel species seems to strongly

interact with the alumina surface irrespective of the lanthanum loaded.

The addition of lanthana, resulting in the formation of basic sites, which adsorb CO2 more
strongly, could be beneficial for CO2 methanation because of the stronger adsorption of
CO2 on the support. This can occur because the support can act as a COz2 reservoir, by
adsorbing it as carbonate species, allowing easier spillover of CO2 from the support to the
Ni particles where reaction takes place, or because surface carbonates are hydrogenated
by spillover of hydrogen. In any case, a stronger basicity can explain a stronger adsorption

of CO2 and the (weak) trend to a lower reaction order with respect to COo..

On the other hand, as suggested by XPS and UV spectra of the unreduced catalysts, the
presence of lanthanum species may also influence Ni particle formation. Wierbizcki et al.
[64] proposed that an electronic interaction may occur among La species and Ni particles.

In our case, we cannot draw definitive conclusions on the basis of the data available up to
16



now. In any case, the decrease of the adsorption strength of hydrogen (as deduced by the
increased reaction order with respect to hydrogen) and the increased methane selectivity

are relevant, and may be due to increased hydrogenation activity.

It seems quite interesting that the catalytic activity of our Nil4LA catalyst is nearly the
same or even slightly better than the activity of a commercial 3 wt.% Ru/Al20s catalyst
tested in the same conditions: as an example, methane vyield is 66% at 573 K on 3 wt.%
Ru/Al203, while nearly 72 % on Nil4LA. While Ru/alumina catalysts can also be improved
by promoters, it seems that robust and cheap Ni/alumina catalysts could be competitive
with the much more expensive Ru- based catalysts, thus preferable for low-temperature
for CO2 hydrogenation.

5. Conclusions
The following conclusion points are drawn from the findings of this work:

1. Lanthanum addition strongly increases the activity of Ni/y-Alz203 for CO:2
methanation. In addition, selectivity to methane is increased up to nearly 100% at
low temperatures, where the reaction is in the kinetic regime (T < 650K).

2. The CO2 methanation reaction on La-doped Ni/y-Al203 occurs with similar activation
energies (80 kJ/mol), a slightly higher reaction order for hydrogen and a lower one
for CO2 than undoped Ni/y-Al2Os.

3. Characterization data suggest that nickel oxide species interact with the alumina
surface more strongly than lanthanum oxide. Thus, the impregnation of Ni species
over lanthanum-alumina shifts lanthanum from the strongest acido-basic sites of the
alumina surface (where they do not form basic sites) to weaker alumina sites
(where they form stronger La-O basic sites).

4. Itis proposed that lanthanum acts as a promoter because of the stronger basicity of
the lanthana-alumina support allowing stronger adsorption of CO2 as carbonates
acting as reactant reservoirs, while activation of hydrogen on nickel is also slightly
improved by the presence of La .

5. La-doped Ni/y-Al2O3 catalysts are competitive with Ru/alumina catalysts for the

selective CO2 methanation at low temperatures and atmospheric pressure.
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Figure captions

Figure 1. X-Ray diffraction patterns of as cast supports (xLA) and unreduced Ni-based

catalysts (NixLA) together with the identification of crystalline phases [27].

Figure 2. X-Ray diffraction patterns of reduced NixLA catalysts and identification of the
crystalline phases

Figure 3. Skeletal IR spectra of as cast supports XLA and unreduced NixLA catalysts.

Figure 4. DR-UV-vis spectra of NixLA catalysts (full lines) and NiO reference sample
(dotted line)

Figure 5. (left) Al(2p) and Ni (3p) regions (80-64 eV) and (right) La (3d 5/2) region (845-
830 eV).

Figure 6. XP spectra of NixLA catalyst in the Ni(2p 3/2) region (870-845 eV).

Figure 7. (right) IR spectra of xLA and NixLA in the OH region and (left) IR spectra of xLA

and NixLA catalysts upon CO2 adsorption.
Figure 8. H2-TPR profiles of the investigated NixLA catalysts.

Figure 9. FE-SEM micrographs acquired in BSE electrons for NixLA catalysts (x= 0, 4 and
14). In Ni37LA secondary electron images is reported and correspondingly the BSE image

in the bright region is included in the inset.

Figure 10 Methane and CO yields obtained in CO2 hydrogenation for prereduced NixLA
catalysts (symbols) in the 523-773 K temperature region with the comparison of
thermodynamic equilibrium values. Experiment conditions: 6% CO2, 30% Hz, N2 balance
and a total flow rate of 80 Nml/min, atmospheric pressure.

Figure 11. (left) Methane production rate as a function of Hz partial pressure in kinetic
evaluations for NixLA catalysts and (right) Methane production rate as a function of CO:

partial pressure.

Figure 12. Arrhenius plot for evaluation of apparent activation energies.
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Table 1: Composition, surface area and hydrogen consumption data

BET
NiO wt% La20Os wt% H2 consumption
Surface area
Wnio/Weat [%] | WLa203/Weat [%0] [m2/g] [nmol/g]
NiA 16.7% - 151 3159
Ni4LA 16.7% 4% 150 3142
Nil4A 16.7% 14% 131 3051
Ni37LA 16.7% 37% 100 2974
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Table 2: Composition of reduced catalysts (design and EDX compositions) and on the as

prepared catalysts (XPS composition).

Design composition EDX composition XPS surface composition H2/Ni
Ni La Al ) ) From
0, 0, 0
W% | wios | wto Ni wt.% | La wt.% | Al wt.% Ni La Al O TPR
WNi/WeaWLa/WealWAI/Weat WNi/Weat | WLa/Weat | WA/ Weat
% % % %5 -
(%] [%)] (%] [%)] (%] (%] at.% at.% at.% at.% [-]
NigLA [13.6% - 45.7%)| 13.5% - 39.0% 3.9% - 45.0% 51.0 1.18
Ni4LA [13.6%| 3.5% |43.5%| 13.0% | 3.0% | 37.0% 4.1% 0.7% | 44.7% 50.6 1.17
Nil4LA |13.6%(12.4% (38.0%| 14.0% | 9.5% | 35.5% 3.0% 2.5% | 40.3% 51.6 1.14
Ni37LA*|13.6%(32.7% (25.4%| 20.5% | 32.0% | 15.5% | 21.2% | 13.2% | 18.5% 45.6 1.11

For Ni37LA* catalyst composition might be not representative for the inhomogeneities of the sample.
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Table 3: Apparent reaction orders and activation energies for investigated NixLA catalysts

catalysts T [K] o B E, [kJ/mol] Ref
Literature Ni/AIzO3 523 0.32 0.16 23 [24]
(20%wt)

Ni@LA 523 0.41 0.20 73 This Study
Ni4LA 523 0.41 0.19 82 This Study
Nil4LA 523 0.45 0.12 78 This Study

Nil4LA 493 0.28 0.14
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