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Abstract: CO, methanation is typically carried out using Ni-supported catalysts containing promot-
ers such as alkali or alkali-earth metals to improve their properties. In this work, bimetallic Ni-based
USY zeolite catalysts containing alkali (Li, K and Cs) and alkali-earth (Mg, Ca) metal compounds
were prepared using the same conditions (15 wt% of metals; co-impregnation), characterized by N,
sorption, XRD, TGA, CO, adsorption—desorption, DRS UV-Vis and H,-TPR, and finally applied in
CO, methanation reaction (86,100 mL h~! g_l, Pco, = 0.16 bar, Hy:CO, = 4:1). For each group, the
effects of the second metal nature on the properties and performances were assessed. Alkali metals
incorporation induced considerably low catalytic performances (CH, yields < 26%), attributed to
their negative impact on zeolite structure preservation. On the contrary, alkali-earth metal-containing
catalysts exhibited lower structural damage. However, the formation of Ni-Mg mixed oxides in
Ni-Mg/USY catalyst and CaCO3 during the reaction in Ni-Ca/USY sample could explain their
performances, similar or lower than those obtained for Ni/USY catalyst. Among the studied metals,
calcium was identified as the most interesting (CHy yield of 65% at 415 °C), which was ascribed to
the slight improvement of the Ni” dispersion.

Keywords: CO, methanation; CO, adsorption; basic oxides; alkali metals; alkali-earth metals; nickel
catalysts; co-impregnation

1. Introduction

CO; methanation, an important reaction in the current context of renewable energies
expansion [1,2], is typically carried out using metal-supported catalysts [3-10]. Among all,
Ni/Al,Os catalysts are the most widely studied, as they lead to high activity and selectivity
to methane and, unlike noble metals, have a more favorable cost-efficiency ratio. Despite
being one of the most used metals, the utilization of nickel as active metal still requires
solutions to some problems such as sintering, reoxidation, carbon deposition and sulfur
poisoning [11]. In this way, the nature and properties of the chosen support can influence
the metallic dispersion, the electronic properties and also play an important role in the
activation of CO; and, consequently, in their catalytic performance and stability. In this
context, other types of supports such as CeO,, ZrO;, SiO;, carbons, hydrotalcites, metal
organic frameworks or zeolites have revealed promising results in the literature [3-10].
Furthermore, the incorporation of rare-earth metal oxides (e.g., CeO;, LayO, Y,03) is a
common strategy to improve the properties of Ni catalysts. However, their high cost and
limited availability requires the identification of alternative promoters.

Among the studied supports, zeolites have been identified as suitable due to their
easily tunable properties in terms of metal-support interactions, metallic dispersion, hy-
drophobicity or basicity [12]. Most of the reported studies on zeolites application in carbon
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dioxide methanation reaction have been carried out using Ni as active metal and rare-earth
metal oxides as promoters [10,12]. However, as already pointed out, the identification of
alternative additives based on more abundant and/or inexpensive metals is mandatory.

One potential strategy toward the synthesis of cost-efficient catalysts for CO, metha-
nation is the use of alkali and alkali-earth metal compounds as promoters. Their potential
incorporation in CO, methanation catalysts formulation was reported for systems contain-
ing Ni, Co or Ru as active metals and Al,O3, SiO,, CeO, or TiO, as supports [13-20], and
summarized in a complete review elaborated by Tsiotsias et al. [21]. Overall, and besides
the cost and abundancy issues, the main benefits derived from the incorporation of alkali
and alkali-earth metals arise from the improvement of the CO, adsorption capacity and the
modification of the active metal properties (e.g., metal-support interactions, metallic dis-
persion, electronic properties) [21]. These compounds were reported as able to strengthen
the interaction between the active metal particles and the support, hindering the occur-
rence of sintering processes and improving the metallic dispersion [21]. Additionally, their
incorporation over metal-supported CO, methanation catalysts could result in the creation
of new active sites for carbon dioxide adsorption, affecting the mechanistic steps [21].

However, despite the potential of incorporating different alkali and alkali-earth metals
to CO, methanation catalysts, no systematic studies have discussed this topic in Ni/Zeolites
thus far. Consequently, the present work aimed at the synthesis, characterization and
catalytic testing of Ni catalysts containing alkali (Li, K and Cs) or alkali-earth (Mg and
Ca) oxides supported on a previously optimized zeolite [22,23]. By keeping the same
preparation conditions and metal loadings, a screening study based on the influence of
the alkali/alkali-earth metal nature on the catalysts’ properties and performances toward
CO; methanation was performed. The alkali/alkali-earth metals loading was chosen
considering that, in the literature for Ni-based zeolites applied in CO, methanation [10,12],
where only La, Ce and Mg were reported as promoters, the loadings chosen for these
metals were up to 20 wt%. In addition to this, the use of alkali/alkali-earth metals loadings
above 10 wt% in catalysts supported over other types of materials (e.g., Al,O3, SiO;, ZrO,)
was reported [21]. Consequently, as a starting point for studying the addition of these
metals to Ni-based zeolites and in order to compare with other promoters already reported
in literature for this type of catalysts, 15 wt% of alkali/alkali-earth metals and 15 wt%
of Ni were used. Samples were prepared by co-impregnation method and characterized
by Nj sorption, powder X-ray diffraction (XRD), thermogravimetric analysis (TGA), CO,
adsorption-desorption cycles by TGA, diffuse reflectance spectroscopy UV-Vis (DRS UV-
Vis) and H; temperature programmed reduction (H-TPR). Finally, they were catalytically
tested under CO, methanation conditions.

2. Materials and Methods
2.1. Catalysts Preparation

In this work, a commercial ultrastable Y zeolite (CBV 780, <0.02 wt% Na) provided by
Zeolyst with a global Si/ Al ratio of ~38 and without extra-framework aluminum (EFAL)
species was used as starting material. Based on previous findings [22,23], this zeolite
was ion-exchanged with Cs* to improve its hydrophobicity and CO; affinity, being the
final material (named as USY) used as support for all catalysts from the present work.
First, a monometallic catalyst containing 15 wt% Ni (labeled as Ni/USY) was prepared by
incipient wetness impregnation followed by drying (oven, 80 °C and 12 h) and calcination
(60 mL min~! g’l air, 500 °C and 6 h), following a procedure described elsewhere [22,24].
The Ni loading was optimized in previous studies. Second, a series of bimetallic catalysts
with 15 wt% (nominal value) Ni and containing 15 wt% (nominal value) of alkali (A; Li,
K and Cs) and alkali-earth (AE; Mg and Ca) metals (labeled as Ni-(A or AE)/USY) were
synthesized by co-impregnation followed by drying (oven, 80 °C and 12 h) and calcination
(60 mL min~—! g~ air, 500 °C and 6 h), using the protocol reported in our former studies [25].
Finally, in order to confirm the positive effect of using 2-propanol (2-PrOH) as impregnation
solvent in the Ni’ dispersion [26], the best bimetallic catalyst was again prepared using
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2-PrOH. Further information regarding reagents purity and supplier can be found in the
Supplementary Materials.

2.2. Characterization Techniques

Catalysts were characterized as described in previous studies [25]. Overall, N, sorp-
tion was carried out on an Autosorb iQ equipment from Quantachrome, being micropores
volumes (Vmicro) and external surface areas (Sext) obtained from f-plot using de Boer method,
total pore volumes (Vi) measured at a relative pressure (p/p°) of 0.95 and mesopores
volumes (Vmeso) determined as Viora) — Vimicro. Powder XRD patterns were collected using
a Bruker AXS Advance D8 diffractometer equipped with a 1D detector (SSD 160) and
using a Ni filter. The scanning range was set from 5 to 80° (20), with a step size of 0.03°
and a step time of 0.5 s. The analysis of the obtained patterns was performed using EVA
software (Bruker), identifying the match between the experimental pattern and the Crystal-
lography Open Database (COD). NiO/Ni? crystallite sizes were determined using Scherrer
equation and metallic dispersion was estimated using Ni” crystallite sizes as described
elsewhere [27]. TGA was conducted for catalysts saturated with water vapor using a Setsys
Evolution equipment from Setaram instruments, being hydrophobic indexes (h) deter-
mined as the ratio between the mass losses at 150 and 400 °C. DRS UV-Vis spectra were
collected using a Varian Cary 5000 UV-Vis-NIR spectrophotometer equipped with a diffuse
reflectance accessory. NiO band gaps were determined as described elsewhere [28-30].
Finally, H,-TPR profiles were obtained in an AutoChem II equipment from Micromeritics
from room temperature to 900 °C under a 5% Hy/ Ar flow.

In addition, catalysts’ CO, adsorption capacity was assessed in the same TGA equip-
ment during six adsorption—-desorption cycles. First, catalysts’ surface were cleaned at
470 °C under N, flow. Afterward, CO, sorption was carried out at 150 °C (60 min, 25/75
of CO,/Nj flow) and the desorption was performed at 450 °C (10 min, N, flow). TGA
mass variations registered during the sorption and desorption steps were related to CO,
adsorption/release along the cycles. The adsorbed CO, was estimated using Equation (1),
where m and M are respectively the mass (kg) and the molecular weight (kg/mmol).

mco,
MCOZ " Meatalyst

M

COZadsorbed =

2.3. Catalytic Tests

Catalytic performances were assessed, as in previous works [25], from 200 to 450 °C
(increasing the temperature by steps of ~25 °C) at 1 bar using a fixed-bed reactor (internal
diameter: 17 mm, length: 750 mm) presenting a porous glass filter (P3, pore size between 16
and 40 um, European porosity designation), where 0.200 g of catalyst in powder form (par-
ticle size < 63 pm) were loaded. Pressure drop during the experiment was measured with
a manometer and a leak detector equipment (Inficon GAS-Mate GAS-Mate Combustible
Gas Leak Detector) was used to guarantee the absence of leaks in the system during the
experiments.

An in situ pre-reduction step was first performed (470 °C, 2.5 °C min™", molar ratio
of Hy:N, = 4:1, total flow of 250 mL min~!), being the used temperature previously
optimized [22,31]. In the case of Ni-Mg/USY catalyst, an additional test was performed
after a pre-reduction step at 740 °C. For the reaction, a mixture of Hy, CO; and N (inert)
was used (molar ratio of H,:CO,:N, = 36:9:10, total flow of 287 mL min~!). The reactor
effluent was analyzed using Guardian® NG infrared detectors (Edinburgh Sensors) for
CO,, CHy and CO and outlet flows were measured for each temperature after reaching
the steady state, since this reaction proceeds with a reduction in the number of mol. The
corresponding CO,, CHy and CO molar flows (Fco, outlet: FcH4,outlet and Fco outiet) Were
determined, being CO, conversions, CHy selectivity and CHy yields determined for each
reaction temperature using Equations (2)—(4), respectively. Carbon balances confirmed that

1
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CO and CH4 were the only C-containing products. The experimental relative error was
estimated as 2%.

F intet — F
CO; conversion (%) = O, inlet _ 7COy, outlet 1 )

Fco,, inlet

F
CHy selectivity (%) = CHy, oulet 1100 3)

FCOZ, inlet — FCOZ, outlet

FCH4, outlet )

CH4 yzeld (0/0) = FCO -
h, inle

100 4)

3. Results
3.1. Ni-A/USY Catalysts

In this first section, bimetallic catalysts containing alkali metal species were ana-
lyzed with the aim of studying the influence of the metal nature on their properties and
performances.

3.1.1. Calcined Catalysts Characterization

Samples were first characterized by Ny sorption for assessing their textural properties,
being the isotherms presented in Figure S1 and the Vinicro, Vmeso and Sext values exhibited
in Table 1. As observed, the incorporation of Ni over the zeolite support led to a reduction of
28-41% in the textural properties (Vimicro, Vmeso and Sext), which could be due to the location
of NiO particles on the external surface and mesoporous cavities of the material [32].
However, the incorporation of alkali metals together with Ni led to non-porous materials
isotherms (type III) with a drastic reduction of the Viicro, Vimeso and Sext, suggesting the
damage and/or collapse of the zeolite structure [22,23].

Table 1. Main properties obtained for the Ni-A /USY catalysts, Ni/USY reference sample and USY
support after calcination.

Vmicro 1 Vineso 2 Sext 1 dNiO 3 BGNiO 5
Catalyst (mig 1) (mdg1) (m? g-1) (nm) h Index * RS
Usy 0.25 0.28 282 - 0.94 -
Ni/USY 0.16 0.20 165 20 0.95 3.79
Ni-Li/USY <0.01 0.04 22 22 0.75 3.60
Ni-K/USY <0.01 0.02 21 29 0.75 3.59
Ni-Cs/USY <0.01 0.07 39 21 0.80 3.78

! Micropores volume and external surface area obtained from t-plot method; > mesopores volume obtained as
Viotal-Vimicro; © average NiO crystallite sized determined applying Scherrer equation; # hydrophobicity index
obtained from TGA analysis of the catalysts saturated with water; > NiO band gap determined using DRS
UV-Vis data.

XRD patterns of the calcined samples can be found in Figure 1. The characteristic
peaks of the zeolite (faujasite) were found in Ni/USY pattern at 20 = 5-35° [33]. However,
these peaks were not identified in Ni-A/USY catalyst patterns, confirming the severe
damage of the zeolite structure suggested by Ny sorption results. In the case of Ni-Li/USY,
the characteristic peaks of Li;SiO3 (19.0, 27.0, 33.2, 38.6, 51.7, 55.6, 59.2, 69.6 and 72.9°) were
observed, indicating the reaction of Li with the Si from the support and the consequent
collapse of the structure of the zeolite. The synthesis of lithium silicate using mesoporous
silicas and/ or zeolites was already reported in literature for application in CO; capture [34].
In addition to this, diffraction peaks at 21.4, 25.0, 30.5, 31.9 and 37.5° could be ascribed
to LiOH-H,O, evidencing the presence of this compound in the calcined catalyst. Based
on literature [35], the formation of Li4SiO4 during the calcination treatment is expected.
However, after contacting with the ambient, its conversion into Li»S5iO3 and Li, O (followed
by hydroxylation forming LiOH-H,O) was reported [35], which could explain the presence
of these species in Ni-Li/USY sample.
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Figure 1. XRD patterns obtained for Ni-A /USY catalysts after calcination and reduction.

In the case of Ni-K/USY and Ni-Cs/USY catalysts, no clear diffraction peaks attributed
to K or Cs oxides/hydroxides could be identified. However, the presence of these species
in the samples was expected, being the absence of intense diffraction peaks related to their
high dispersion (average crystallite sizes below the detection limit, ~5 nm) or the formation
of amorphous glass structures. Furthermore, NiO diffraction peaks were observed in
calcined samples (37.3, 43.3, 62.8 and 75.4°), being the average crystallite sizes (Table 1) not
improved by the incorporation of alkali metals. Among them, K was responsible for an
important increase in the NiO crystallites size (29 nm) when compared to the monometallic
Ni/USY reference (20 nm).

Furthermore, and considering the inhibitory role of water in this reaction [12,36],
the hydrophobic properties of the catalysts were assessed by TGA (mass loss and heat
flow profiles presented in Figure S2). As observed in Figure S2, while in the case of
Ni/USY and Ni-Cs/USY a main mass loss process occurred at 107 and 102 °C, respectively,
catalysts containing Li and K exhibited different behaviors. In the case of Ni-Li/USY, a
first mass loss step occurred at 87 °C, followed by a second process close to 300 °C, in
agreement with literature results obtained for LIOH-H,O/NaY zeolite [37]. In the case of
Ni-K/USY, two processes were identified at 94 and 143 °C. This indicates the presence of
water interacting with different strengths with the materials (e.g., adsorbed or structural
water). The h indexes presented in Table 1 indicate that the high hydrophobic character
of USY and Ni/USY (indexes =~ 1) was reduced with the incorporation of alkali metals
in the formulation. As the hydrophobicity of this material is related with the high Si/ Al
ratio of the structure as well as the presence of large compensating cations, the severe
damage suffered could contribute to this behavior. In addition, for Ni-Li/USY catalyst, the
high hydrophilicity of LiOH-H,O was already reported [37]. Overall, Ni-Cs/USY catalyst
presented the highest hydrophobicity among the bimetallic Ni-A /USY samples.

In addition, the interaction of catalysts with carbon dioxide was analyzed by perform-
ing CO, adsorption—desorption cycles, typically used for assessing sorbents” ability to
capture CO,. As observed in Figure 2, where catalysts’ CO; adsorption capacity is pre-
sented along the cycles, Ni-Li/USY exhibited the highest ability to adsorb CO,, followed
by Ni-Cs/USY, Ni/USY and, finally, Ni-K/USY, which displayed negligible results. The
highest capacity of Ni-Li/USY could be related with lithium silicate ability to capture
COy, as reported in literature [34,38]. In addition, all catalysts presented a decrease in the
CO; adsorption capacity over the cycles, i.e., 30, 34 and 36% for Ni/USY, Ni-Cs/USY and
Ni-Li/USY, respectively ((CO2 sorption 1¢y — CO2 sorption 6€y) / CO2 sorption 1cy - 100). This
loss may be due to the formation of stable nickel, lithium or cesium carbonates, whose de-
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composition occurs at temperatures above 700 °C [39,40], reducing the number of available
CO; adsorption sites. To avoid catalysts’ damage and mimic the methanation temperature
conditions, the desorption step was performed at 450 °C.

180

Bl ~iusy [ Ni-Li/USsY
W Ni-k/usy =S Ni-Cs/USY

160 4

140

120

100 4

@®
(=]
1

CO, adsorbed (mmol/kg)
£

'S
(=}
1

20 1

Cyclel Cycle2 Cycle3 Cycle4 Cycle5 Cycle6

Figure 2. CO; adsorption capacity of Ni/USY and Ni-A/USY catalysts under cyclic experiments.
Adsorption was performed at 150 °C (CO, /Njy; 60 min) and desorption at 450 °C (Nj; 10 min).

Furthermore, catalysts were characterized by DRS UV-Vis, being the collected spectra
presented in Figure S3 and the calculated NiO band gaps in Table 1. As seen in Figure S3,
NiO characteristic bands can be found at ~290, ~430 and ~725 nm. In addition, a shift
on the first band toward higher wavelengths (redshift) can be observed for Ni-Li/USY
and, specially, for Ni-K/USY. This displacement may be associated with the presence
of aggregated NiO particles in these samples [41-43], which is in agreement with the
crystallite sizes presented in Table 1. In addition to this, NiO band gaps were determined,
as they can be indicators of the electronic properties of the catalysts as well as the degree of
metals agglomeration. Li- and K-containing catalysts presented lower values, which may
be due to the presence of larger NiO particles on these samples.

In terms of reducibility, characterized by the collection of Hp-TPR profiles (Figure 3),
the nature of the incorporated alkali metal significantly influenced NiO redox properties.
In the profile of Ni/USY, the reduction of NiO located on the external surface of the zeolite
(=350 °C) and inside USY mesoporous cavities (>500 °C) could be observed [22]. Regarding
the bimetallic samples, the reducibility below 470 °C followed the order: Ni-K/USY >
Ni-Cs/USY > Ni-Li/USY. As seen, K incorporation strongly weakened the interaction
between NiO and the support, with most of the nickel oxides species reduction occurring
below 500 °C, with this behavior confirmed in the literature [13].

E)

&

L0

=

g

.50

2]

o Ni-K/USY

9] H

H __b

Ni-Li/USY

100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 3. H,-TPR profiles obtained for Ni-A /USY catalysts. Note that for Ni-K/USY, the experiment
was carried till 650 °C to prevent the eventual reaction of K compounds with the quartz reactor.
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3.1.2. Reduced Catalysts Characterization

Reduced catalysts were characterized by XRD, and the results are exhibited in Figure 1.
In agreement with the results for calcined catalysts, no peaks ascribed to the USY zeolite
support were found in the bimetallic samples, while the presence of Ni’ phases was
identified in all cases at 44.5, 51.9 and 76.3° (note that peaks found at 43.3 and 62.9°
in Ni-Li/USY pattern are ascribed to Li;SiO; phases and not to NiO). The average Ni’
crystallite sizes varied as follows: Ni-Cs/USY (dn;° = 17 nm; dispersion = 5.9%) < Ni/USY
(dni® = 18 nm; dispersion = 5.6%) < Ni-Li/USY (dn;’ = 19 nm; dispersion = 5.3%) <<
Ni-K/USY (dni” = 26 nm; dispersion = 3.9%). This indicated that, as found for the NiO
crystallite sizes (Table 1), the incorporation of alkali metals did not significantly improve
catalysts’ dispersion, being Ni-K/USY the sample presenting the less dispersed metallic
phases. Li;SiO3 diffraction peaks were found on reduced Ni-Li/USY, while K and Cs
compounds were not clearly identified in Ni-K/USY and Ni-Cs/USY samples, respectively,
in accordance with calcined samples results.

3.1.3. Catalytic Performances

Ni-A/USY catalysts were finally tested under CO, methanation conditions, being the
CO; conversion, CHy selectivity and CHy yields are presented in Figure 4 as a function
of the reaction temperature. As observed, bimetallic samples did not reveal higher per-
formances than the Ni/USY reference. CO, conversions were lower than 50% in all the
range of studied temperatures, varying as follows: Ni-Cs/USY > Ni-Li/USY > Ni-K/USY.
In the case of the CHjy selectivity, always lower than 55%, different trends were observed
depending on the alkali metal nature. While for Ni-Li/USY and, specially, Ni-Cs/USY the
selectivity to CHy increased with the reaction temperature, Ni-K/USY sample presented
the highest selectivity to methane at 300 °C (~30%), decreasing then for 350 °C (~=19%)
and stabilizing at ~24% for 400-450 °C. Consequently, the CHy yields, with values <26% in
all cases, were similar for Ni-Cs/USY and Ni-Li/USY, being Ni-K/USY the sample leading
to the lowest performance (<10% in all the temperature range).

- — — Thermodynamics —MB—Ni/USY —O—Ni-Li/USY —©—Ni-K/USY — Ni—CS/USY|
100 100 = 100
1(A)- < _ 1(B) b Q) < _
90 4 S 90 4
S ~
~
80 4 S 80
;\3 70 4 °\E 70
= 2
S 604 = 604
jol
S 50 - 2 50
£ P
~ 40 T 40 4
o
S ] @)
30 4 304
204 204
10 4 10 4
0 T T T T 0 T T T T T 0 T T T T
250 300 350 400 45 250 300 350 400 45 250 300 350 400 45
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 4. Catalytic performances obtained for Ni-A/USY catalysts after reduction at 470 °C: (A) CO,
conversion; (B) CHy selectivity and (C) CHy yield. Operating conditions: 1 bar, 86 100 mL h~1! gcafl
and CO,:Hjy:Nj =9:36:10.

3.1.4. Spent Catalysts Characterization

After catalytic tests, samples were analyzed by XRD, being the corresponding patterns
presented in Figure S4. As observed, only Ni’ phases peaks could be found in the Ni-
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K/USY and Ni-Cs/USY spent samples, while lithium silicate and lithium hydroxide were
still present in spent Ni-Li/USY, indicating a high stability of these phases. As previously
performed, Ni” average crystallite sizes were determined applying Scherrer equation, being
the obtained values compared to those from reduced samples in Figure S5. Overall, the
results suggest the occurrence of sintering or agglomeration of metal particles in the case
of Ni-Li/USY catalyst (Adn;® = 4 nm).

3.2. Ni-AE/USY Catalysts

In this second section, bimetallic catalysts containing alkali-earth metal species were
analyzed in terms of properties and catalytic performances.

3.2.1. Calcined Catalysts Characterization

Starting by N, sorption results (isotherms presented in Figure S6 and textural proper-
ties in Table 2), a reduction of the Vijicro, Vimeso and Sext was observed in bimetallic samples.
Ni-Mg/USY catalyst presented the lowest reduction of the Viicro and Sext, suggesting the
preservation of the zeolite structure and/or a higher dispersion of the metal species in this
catalyst. In addition, the Viyeso Was similar for both Mg and Ca-containing samples.

Table 2. Main properties obtained for the Ni-AE/USY catalysts, Ni/USY reference sample and USY
support after calcination.

Vmicro 1 Vineso 2 Sext 1 dNiO 3 4 BGNiO 5
Catalyst (cm? g 1) (cm? g 1) (m? 1) (nm) h Index V)
Uusy 0.25 0.28 282 - 0.94 -
Ni/USY 0.16 0.20 165 20 0.95 3.79
Ni-Mg/USY 0.10 0.10 145 - 0.55 -
Ni-Ca/USY <0.01 0.11 77 18 0.70 3.75

I Micropores volume and external surface area obtained from t-plot method; 2 mesopores volume obtained as
Viotal-Vimicro; © average NiO crystallite sized determined applying Scherrer equation; # hydrophobicity index
obtained from TGA analysis of the catalysts saturated with water; > NiO band gap determined using DRS
UV-Vis data.

Regarding the structural properties obtained by XRD analysis for calcined samples
(Figure 5), the diffraction peaks attributed to the zeolite [33] were observed, which sug-
gested that the drastic reduction of the V¢, in the Ni-Ca/USY could not be attributed to
the structure collapse but probably to a partial blockage of the pores due to the location
of metal species in the entry of these cavities. In addition to this, the presence of CaCOs3
(diffraction peak at 29.4°) could be suggested in Ni-Ca/USY catalyst, being this a result
of the contact of the catalyst with the ambient and the easy formation of this compound.
Finally, the presence of NiO phases was found in Ni-Ca/USY (average crystallite size of
18 nm—Table 2), while the formation of a solid solution (NixMg(;_,)O>) between Ni and
Mg was expected in the case of Ni-Mg/USY (e.g., slight shift of the NiO diffraction peak
at ~=43° toward lower values [44,45]), in agreement with previous results obtained for
Mg/Ni/USY catalysts in literature [46]. Consequently, it was not possible to determine the
average crystallite size of NiO on Ni-Mg/USY, as performed previously for the bimetallic
catalysts of this work.

In terms of interaction with water, the determined h indexes (Table 2) suggested that
Ni-Mg/USY and Ni-Ca/USY catalysts interacted strongly than Ni/USY with water. In
terms of interaction with CO;, results from adsorption—desorption cycles are exhibited in
Figure 6. As observed, higher CO, adsorption capacities were obtained for Ni-Mg/USY,
but the Ni-Ca/USY catalyst evidenced a higher stability along the cycles (loss of adsorp-
tion capacity ~ 27%, considerably lower than the ~50% loss found for Ni-Mg/USY). As
previously suggested for Ni-A /USY catalysts, the deactivation of the Ni-Ca/USY sample
the adsorption—desorption cycles could be ascribed to the formation of stable calcium
carbonate. However, considering the characteristics of Ca-looping process used for CO,
capture [47,48], the formation of CaCOs will be unexpected and/or slow at the adsorption
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temperature used (150 °C). In addition, Mg and Ca-containing catalysts exhibited higher
CO; adsorption capacities than the Ni/USY reference for all cycles.
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Figure 5. XRD patterns obtained for Ni-AE/USY catalysts after calcination and reduction.
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Figure 6. CO, adsorption capacity of Ni/USY and Ni-AE/USY catalysts under cyclic experiments.
Adsorption was performed at 150 °C (CO, /Njy; 60 min) and desorption at 450 °C (Nj; 10 min).

DRS UV-Vis spectra collected for Ni-AE/USY catalysts can be found in Figure S7,
being the profiles similar for both Ni/USY and Ni-Ca/USY. In the case of Ni-Mg/USY
catalyst, a shift on the band at ~290 nm attributed to NiO was found toward higher
wavelengths, but this behavior could not be ascribed to differences in terms of metal
aggregation/agglomeration, as in this sample, NiO was not present as a unique phase
but in a mixed oxide containing Mg. The NiO band gap determined for the Ni-Ca/USY
sample was slightly lower than the obtained for Ni/USY, which was in agreement with
the differences in the NiO average crystallite sizes (e.g., larger particles lead to lower
band gaps).

Furthermore, Hy-TPR profiles are presented in Figure 7. In agreement with the
literature [46,49], the formation of the Ni-Mg solid solution was confirmed as their typical
reduction processes were found above 600 °C, while the presence of free NiO over the
zeolite support was expected to be negligible (e.g., no significant reduction processes
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occurring below 500 °C). The reduction of surface NiO with a medium interaction with
MgO was reported to occur at ~600 °C while peaks at ~700 °C and ~800 °C were attributed
to the reduction of NiO on the outermost layer of the NixMg;.,)O2 solid solution [46,49].
Regarding Ni-Ca/USY catalyst, which exhibited a higher reducibility, a profile similar to
that of Ni/USY was obtained.

Tmlucnmz =470°C
3 Ni-Ca/USY
X
20
)
=
20
2]
A
o
=
Ni-Mg/USY
Ni/USY
- T T r 1 T T T T
100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 7. H,-TPR profiles obtained for Ni-AE/USY catalysts.

3.2.2. Reduced Catalysts Characterization

Again, reduced catalysts were characterized by XRD (patterns presented in Figure 5),
being clear that the reduction at 470 °C did not induce the formation of metallic nickel
over the Ni-Mg/USY catalyst. For this reason, this sample was additionally reduced at
740 °C being then confirmed the presence of Ni® phases (dn;” = 12 nm; Dispersion = 8.4%).
In the case of Ni-Ca/USY, an average Ni’ crystallite size of 14 nm (Dispersion = 7.2%)
was obtained after reduction at 470 °C. As a result, both Mg (when reducing at higher
temperature) and Ca favored the metallic dispersion, as the reference Ni/USY presented
Ni® crystallites of 18 nm and a dispersion of 5.6%. The decomposition of the CaCOj present
in the calcined Ni-Ca/USY was attained during the reduction at 470 °C, in agreement with
literature [50,51], i.e., CaCO3 decomposition occurs at lower temperatures in presence of Hy,
especially if Ni, Ru or Rh metals are present, contributing to the formation of CO and/or
CHy. However, CaO diffraction peaks (32.3, 37.5 and 54.0°) were not observed. Regarding
the USY structure preservation, no diffraction peaks attributed to the zeolite were found
in Ni-Mg/USY reduced at 740 °C nor Ni-Ca/USY (reduced at 470 °C). However, these
peaks could be still found in Ni-Mg/USY sample when performing a reduction treatment
at 470 °C, suggesting that for this sample the use of 740 °C was responsible for the collapse
of the structure.

3.2.3. Catalytic Performances

Regarding the performances exhibited by Ni-AE/USY catalysts under CO, methana-
tion conditions after a pre-reduction at 470 °C (Figure 8), results (CO, conversion, CHy
selectivity and CHy yield) followed the trend: Ni/USY ~ Ni-Ca/USY > Ni-Mg/USY. To be
pointed out is the similarity between the results exhibited by the monometallic reference
(Ni/USY) and the Ni-Ca/USY sample below 350 °C while a difference on the conversion
and yield <10% was found in the 350-450 °C temperature range. In the case of Ni-Mg/USY,
an additional catalytic test was performed after reduction at 740 °C to allow the formation
of Ni® phases. Results can be seen in Figure S8, which evidences that, in spite of the
beneficial effect of increasing the pre-reduction treatment for reducing the Ni-Mg solid
solution, no enhancement of the performances was achieved.
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Figure 8. Catalytic performances obtained for Ni-AE/USY catalysts after reduction at 470 °C: (A) CO,
conversion; (B) CHy selectivity and (C) CHy yield. Operating conditions: 1 bar, 86 100 mL h-! gcat_l
and CO,:H:Nj = 9:36:10.

3.2.4. Spent Catalysts Characterization

XRD patterns of the spent catalysts (Figure 54) revealed that, after tests, no diffraction
peaks ascribed to the USY zeolite were found in Ni-Mg/USY (reduced at 470 and 740 °C)
nor Ni-Ca/USY, being in the last found diffraction peaks ascribed to CaCO3 (23.0,29.4, 36.0,
39.4,43.1,47.5,48.5, 57.4 and 64.6°). This indicates that, during the reaction in presence of
CO,, calcium carbonate was progressively formed. In addition to this, Ni phases peaks
could be clearly found in the Ni-Mg/USY reduced at 740 °C and Ni-Ca/USY catalysts,
while the use of a lower reduction temperature for the Mg-containing sample did not
allow the complete reduction of the Ni-Mg solid solution during the catalytic test. The
low intensity of the Ni” peak at ~244.5° may indicate that the amount of metallic nickel on
the sample was low and/or the phases were highly dispersed. Based on the calculation of
the average Ni® crystallite sizes and comparison with the values obtained after reduction
(Figure S5), the occurrence of sintering or metal agglomeration was expected on Ni-Ca/USY
catalyst (Adn;? = 5 nm).

3.3. Impregnation Solvent Effect

As a final step, and considering the beneficial effect reported in literature when using
2-propanol instead of distilled water as impregnation solvent in Ni-based zeolites [26],
the most outstanding bimetallic catalyst (Ni-Ca/USY) was prepared following the same
procedure but replacing the chosen solvent (Ni-Ca/USYp). The main properties of these
two catalysts are summarized on Table 3, being their N, isotherms and XRD patterns
presented in Figures S9 and 510, respectively. As seen, their textural properties (Table 3)
were similar in terms of Veso and Sext, while the use of 2-propanol as solvent did not
lead to a remarkable decrease in the V yjcro. As already discussed, this reduction on the
Vinicro on the Ni-Ca/USY could not be only due to the damage of the zeolite structure,
as the diffraction peaks of USY could be still found in the calcined catalyst (Figure S10).
Similarly, zeolite diffraction peaks were found in the Ni-Ca/USYp. Additionally, in terms
of average NiO crystallite sizes (Table 3), the positive effect of 2-propanol on this parameter
was confirmed (from 18 to 7 nm when using water or 2-propanol as impregnation solvent,
respectively). In terms of interaction with water (h indexes, Table 3), a lower h index
was found in Ni-Ca/USYp. Furthermore, no remarkable changes in the reducibility of Ni
species were observed by H,-TPR (Figure 9), being the profiles equivalent.
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Table 3. Main properties obtained for the Ni-Ca/USY and Ni-Ca/USYp catalysts after calcination.

Vmicro 1 Vineso 2 sext 1 dNiO 8 4
Catalyst (cm g-1) (cm3 g1) (m2g1) (am) h Index
Ni-Ca/USY <0.01 0.11 77 18 0.70
Ni-Ca/USYp 0.11 0.11 83 7 0.57

I Micropores volume and external surface area obtained from t-plot method; 2 mesopores volume obtained as
Viotal-Vimicro; © average NiO crystallite sized determined applying Scherrer equation; * hydrophobicity index
obtained from TGA analysis of the catalysts saturated with water.
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Figure 9. H,-TPR profiles obtained for Ni-Ca/USY and Ni-Ca/USYp catalysts.

In terms of catalytic performances (Figure 10), similar CO, conversion and CHy
selectivity were found for both catalysts, despite the lower Ni® crystallites size determined
for Ni-Ca/USYp (10 nm) when comparing to Ni-Ca/USY (14 nm). Consequently, the effect
of the impregnation solvent on the performances of these bimetallic catalysts seems to be
negligible. As performed previously, spent samples were characterized by XRD, being the
patterns presented in Figure S4 and the average Ni crystallites sizes after reduction and
test in Figure S5. As observed, an increase of 4 nm in the Ni® crystallite size was found for
Ni-Ca/USYp, similar to the one of Ni-Ca/USY sample.
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Figure 10. Catalytic performances obtained for Ni-Ca/USY and Ni-Ca/USYp catalysts after reduction
at 470 °C. Operating conditions: 1 bar, 86 100 mL h™! gq, ! and CO,:Hy:N; = 9:36:10.
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4. Discussion

In this work, the influence of adding alkali and alkali-earth metals in the formulation
of Ni-based USY zeolite catalysts for CO, methanation was assessed, with the aim of
studying the influence of the metal nature in the physicochemical and catalytic properties.

4.1. Alkali Metals

Ni-A /USY catalysts containing Li, K or Cs were first synthesized and the analysis of
the textural properties (Table 1) was coherent with XRD data. The drastic decrease on the
micropores volumes (Vicro) together with the disappearance of the characteristic zeolite
diffraction peaks (mainly in the 20 range of 5-35°) were indicators of the structure collapse.
This zeolite destruction could be attributed to the reaction between Li, K and Cs with the
Si from the zeolite, being this confirmed in the case of Ni-Li/USY catalyst (Figure 1) and
expected for K and Cs-containing samples.

In addition, the presence of NiO and Ni’ was identified in the samples after calcination
and reduction, respectively, in all Ni-A/USY catalysts. However, no enhancement of
the Ni’ dispersion was observed when incorporating alkali metals in the formulation
(Ni® crystallites larger in Ni-A/USY samples than on the Ni/USY reference). This effect
could be related to the destruction of the zeolite porosity (Vmeso significantly reduced
with the addition of alkali metals, Table 2), which was found to improve the metallic
dispersion through the establishment of proper metal-support interactions and the location
of NiO/Ni® particles inside the cavities (confinement effect) [22,24].

Besides, and considering the relevance of the interaction of the catalysts with water
(product of the reaction with inhibitory effect) and carbon dioxide (reactant), these two
properties were analyzed. While the bimetallic systems revealed a lower hydrophobic
character (h indexes, Table 2), the interaction of the samples with CO, was highly affected
by the alkali metal nature (CO, uptakes in adsorption—-desorption cycles, Figure 2). Even if
Ni-K/USY presented a negligible CO, adsorption capacity, Ni-Li/USY and Ni-Cs/USY
exhibited higher CO, uptakes than the Ni/USY reference. The CO, adsorption capacity was
doubled when incorporating alkali metals (except for K addition) in catalysts’ formulation.

Furthermore, and based on the H,-TPR profiles analysis (Figure 3), it was concluded
that the incorporation of alkali metals induced some modifications on the NiO particles
interaction with the support. Overall, K and Cs-containing catalysts exhibited a remark-
able NiO reduction degree below the pre-reduction temperature (470 °C), suggesting the
establishment of weaker metal-support interactions.

In terms of catalytic performances (Figure 4), none of the bimetallic catalysts exhib-
ited better results than the reference (Ni/USY), which could be ascribed to the zeolite
destruction and the absence of improvements in terms of metal-support interactions, hy-
drophobicity or metallic dispersion. Based in the literature [12], the zeolite support plays a
role in the CO, methanation reaction as, among all: (i) it can provide additional active sites
for CO; adsorption; (ii) it can reduce the inhibitory role of water in the reaction; (iii) their
cavities and cages can act CO, molecules reservoir; or (iv) it can induce a confinement
effect of the metal particles inside its pores, especially in cases where the zeolite contains
mesopores, which is the case of the USY used in the present study. Consequently, the severe
damage observed in the zeolite structure leads to a reduction of its positive impact on
the reaction, being this probably contributing to the lower performances exhibited by the
bimetallic catalysts. When comparing among them, Ni-Cs/USY and Ni-Li/USY samples
presented similar performances, while Ni-K/USY exhibited the lowest CO, conversions
and selectivity to methane. These results could be easily explained by the lower metal
dispersion, weaker metal-support interactions and negligible CO, adsorption capacity
displayed by Ni-K/USY.

The results obtained were mostly in agreement with literature findings. Petala et al. [18]
evaluated the influence of incorporating Li, Na, K and Cs in the formulation of Ru/TiO,
catalysts prepared by sequential impregnation (alkali metals incorporation prior to Ru
addition). Authors verified the following trend in terms of performances toward CO,
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methanation: TiO, (unpromoted) < Li =~ K < Cs < Na and suggested that too low pro-
moter/Ru ratios could lead to an inefficient promotion while too high ratios could lead to
a poisoning effect. The beneficial effect of alkali metals incorporation over Ru catalysts was
attributed to the favored formation of carbonyl species on Ru sites, key for the methanation
mechanism over these catalytic systems [52]. Cimino et al. [19] also studied the influence of
Li, Na and K incorporation over 1 wt% Ru/Al,Oj3 catalysts prepared by sequential impreg-
nation. Authors found out that only Li, which reacted with alumina forming aluminate
spinel phase, led to a positive effect on the catalytic performance. They also observed
that incorporating the alkali metals after Ru impregnation led to a coverage of Ru sites,
reducing the conversion of CO, and promoting CO formation.

Liang et al. [53] evaluated the influence of Na, Mg, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co,
Cu, Zn, Zr, La and Ce incorporation over Al,O3 followed by Ni addition (sequential
impregnation). Among them, Na and K strongly affected the textural properties of the
catalysts and the second led to a significantly lower activity and the promotion of CO
formation. This behavior was attributed to the improvement of H,CO* species formation.
In a similar study, Zhang et al. [13] studied the incorporation of K and Na in Co/Al,O3
catalysts formulation. Authors observed that Na and K reacted with the support and
induced Al(OH); and/or NaAlO, species formation, drastically reducing catalysts” textural
properties. In addition, these metals enhanced the affinity to HCOO* and CO3%~ species,
hindering its successive reduction to CHy, lowering the catalytic performance and favoring
coke formation/deposition. Authors did not observe a correlation between the CO,
adsorption capacity and the catalytic behavior, with the increase in the basicity induced by
Na and K incorporation responsible for a promotion of CO formation.

The higher activity of K-containing catalysts toward RWGS rather than CO, metha-
nation was also reported by other authors in literature [54-56], being related with the
difficulties in formate species hydrogenation and/or the easy desorption of CO interme-
diates from these catalysts, hindering CH,4 formation. Consequently, based on literature,
the lack of enhancements observed in Ni-A /USY catalysts could be related, among all, to:
(i) the interaction of alkali metals with the zeolite, damaging its structure and reducing the
textural properties; (ii) the strong interaction between some expected intermediates (e.g.,
carbonates, formates [57]) and the alkali compounds, hindering its further hydrogenation
and promoting CO desorption; (iii) the lack of enhancements in terms of metal-support
interactions and Ni’ metallic dispersion in bimetallic samples; (iv) an inefficient pro-
moter/Ni ratio.

4.2. Alkali-Earth Metals

In terms of Ni-AE/USY catalysts, the incorporation of Mg and Ca was analyzed.
Contrary to what found for Ni-A/USY samples, alkali-earth metals did not lead to such
a destruction on the zeolite structure (textural properties in Table 2; XRD patterns in
Figure 5). This indicated a lower interaction between the metals and the zeolite structure.
In addition, while Ni-Mg mixed oxides were formed in the Ni-Mg/USY catalyst (XRD
patterns, Figure 5) and their reduction was only completed above 850 °C (H,-TPR profile,
Figure 7), Ni-Ca/USY presented the characteristic diffraction peaks of CaCO3 phases after
calcination while the reduction was expectedly inducing the formation of highly dispersed
CaO particles (Figure 5). The strong interaction between Mg and Ni was reported in the
literature for zeolite-supported catalysts [46], and motivated carrying out a pre-reduction
treatment at a higher temperature (740 °C) for allowing a greater presence of Ni’ phases
in the catalyst, as confirmed by its XRD pattern presented in Figure 5. In addition, the
formation of CaCOj in the calcined Ni-Ca/USY sample could be explained by the contact of
the sample with the atmosphere after calcination. Regarding catalyst interaction with water
(h indexes, Table 2) and carbon dioxide (CO, uptakes in adsorption—desorption cycles,
Figure 6), Ni-Ca/USY revealed a higher CO, adsorption—desorption stability over the time
and a more hydrophobic character. In addition, and as found for alkali metals incorpo-
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ration, bimetallic catalysts containing Mg and Ca presented CO, adsorption capacities
considerably higher (more than double) than the monometallic Ni/USY.

In terms of catalytic performances (Figure 8), the incorporation of Ca led to better
results, with Ni-Mg/USY exhibiting lower CHy yields, including after a pre-reduction
treatment at 740 °C (Figure S8). The better results exhibited by Ni-Ca/USY rather than
Ni-Mg/USY could be attributed to the more favorable reducibility of Ni species over the
first catalyst as well as to its higher hydrophobic character. In addition, the negative impact
of using a higher pre-reduction temperature in the performances of Ni-Mg/USY could
be ascribed to the damage of the zeolite structure (zeolite diffraction peaks not found in
this sample, Figure 5), reducing the positive impact of the zeolite structure/porosity on
the results.

When comparing the results of the alkali and alkali-earth metals-containing catalysts,
the preservation of the zeolite structure in the Ni-AE/USY samples and the slightly higher
metallic dispersion achieved with this series could be in the origin of the higher perfor-
mances exhibited by these catalysts. This tendency was also verified by Zhang et al. [13]
when incorporating Mg and Ca in Co/Al;O3 catalysts. Authors observed that the less
negative impact of alkali-earth metals on the performances when comparing with Na and
K was due to the inhibition of sintering processes in Co particles in presence of Mg and Ca.
However, this tendency was not found in this work. When analyzing Ni® crystallite sizes
after reduction and catalytic tests (Figure S4), it was observed that Li and Ca-containing
catalysts were those presenting a more significant enlargement of nickel particles. In
addition, Liang et al. [53] also reported that, even if the incorporation of Mg and Ca to
Ni/Al,Os catalysts improved the basicity, no positive effects were found in the catalytic
performances.

Furthermore, Guo et al. [20] and Liang et al. [15] obtained similar results for Ni/SiO,
and Ni/Al, O3 catalysts, respectively, promoted with Mg and Ca (sequentially impregnated;
Ni added in the second stage). The formation of stable carbonate species over MgO and
CaO was suggested to play a negative effect in the reaction mechanism. In our work, the
presence of CaCOjs in the spent Ni-Ca/USY catalyst was detected (Figure S4) and it could
be in the origin of the lower performances exhibited by this catalyst when compared to the
Ni/USY at higher reaction temperatures (350-450 °C). Thus, the formation of these species
during the catalytic test could be responsible for a reduction in the available CaO sites able
to adsorb and/or activate CO, molecules.

Regarding the use of 2-propanol instead of water as impregnation solvent, responsible
for an enhancement of the metallic dispersion in previous studies dealing with Ni/USY
zeolites [26], no remarkable differences in terms of catalytic performances were found
for Ni-Ca/USY catalysts (Figure 10). While the use of 2-propanol improved the metallic
dispersion and textural properties (Table 3), the lack of enhancements in terms of metal-
support interactions (H,-TPR profiles, Figure 9) and the reduction of the hydrophobicity (h
indexes, Table 3) could explain the obtained results.

4.3. Future Perspectives

Overall, both in the alkali and alkali-earth metals series, the destruction/damage of
the zeolite structure used as support (USY with global Si/ Al of ~38), was responsible for
a negative impact on the properties and performances of the synthesized catalysts. In
this way, and despite the well-known hydrothermal stability of USY zeolites, the high
Si/ Al ratio of the chosen support, achieved commercially by consecutive dealumination
steps and responsible for the creation of holes/cavities acting as mesopores, could be
responsible for a lower structural resistance of the material. Consequently, the utilization of
a more common USY zeolite (with a lower Si/Al ratio of 2-5) could represent a promising
strategy for future studies. In addition, and considering the findings reported on literature
regarding the relevance of the promoter/active metal ratio and the preparation method
strategy, evaluating the impacts of using lower promoter/Ni ratios or preparing sequen-
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tially impregnated samples could be valuable. Finally, the incorporation of other alkali and
alkali-earth metals such as sodium and barium could be focus of study.

5. Conclusions

In this work, the influence of incorporating alkali (Li, K and Cs) and alkali-earth
(Mg and Ca) metals over Ni/USY zeolite catalysts applied in CO, methanation reaction
was analyzed. The addition of alkali metals led to a remarkable decrease in the catalytic
performances as, based on the analysis of their structural and textural properties, the
introduction of Li, K and Cs induced a severe destruction of the zeolite structure. In
addition, regarding Mg and Ca incorporation, even if a lower impact in the zeolite structure
was observed, the formation of Ni-Mg solid solution (Ni-Mg/USY) and the formation of
stable CaCOj3 during the reaction (Ni-Ca/USY) were suggested as responsible for the lack
of improvements in the performances.

Overall, in spite of the enhancement of the CO, adsorption capacity when adding
alkali (Li and Cs) and alkali-earth (Mg and Ca) metals to Ni/USY catalysts, no remarkable
enhancement of the performances was observed. Among them, Ca was found as the most
interesting metal, which was ascribed to the slight improvement of the Ni® dispersion.
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