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Figure 3.2. Simplified representation on the synthetical route to obtain the FER or the ITQ-6,
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highlighted region is depicted to show with more clarity the peak separation.

Figure 3.13. Nicolet 6700 FT-IR spectrometer used for the operando FT-IR measurements carried
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Figure 4.4. X-ray diffractograms of 5 wt. % Ni-based catalysts supported on FER and ITQ-6
zeolites between the range 20 =5°-70° with Si/Al ratios of (a) infinite and (b) 30. The
diffractograms of the bare supports are also depicted for comparison.

Figure 4.5. X-ray diffractograms of (a) reduced 5% wt. Ni-based catalysts supported on FER
and ITQ-6 zeolites, and (b) higher Ni loading catalysts supported on ITQ-6 (30).

Figure 4.6. HAADF-STEM dark field images of the reduced catalysts: (a) SNi/FER (), (b)
SN/ITQ-6 (o), (c) SNi/FER (30), and (d) SNi/ITQ-6 (30).

Figure 4.7. TEM images of the reduced 5% wt. Ni-based catalysts supported on aluminum-free
supports: (a) SNi/FER (Si/Al = «) and (b) SNi/ITQ-6 (Si/Al = ).

Figure 4.8. TEM images of the reduced 5% wt. Ni-based catalysts supported of the aluminum-
containing catalysts: (a) SNi/FER (Si/Al = 30), and (b) SNi/ITQ-6 (Si/Al = 30).
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Figure 4.12. (a) HAADF-STEM dark field and (b) TEM bright-field images for the SNi/FER ().
Figure 4.13. Ni’ particle size distribution, normal fit, and average size for the 5 wt. % Ni-based
catalysts: (a) SNi/FER (®) R, (b) SNi/ITQ-6 () R, (¢) SNi/FER (30) R and (d) SNi/ITQ-6
(30) R.

Figure 4.14. SEM images for the reduced version of (a) SNi/FER (), (b) SNi/ITQ-6 (), (c)
SNi/FER (30), and (d) SNi/ITQ-6 (30).

Figure 4.15. Nitrogen adsorption-desorption isotherms of the 5 wt. % Ni-based catalysts
supported on the (a) Si/Al = o zeolites and the (a) Si/Al = 30 zeolites.

Figure 4.16. H>-TPR profile of zeolite-based catalysts under H, flow over the range of
temperatures between 200 °C and 700 °C.

Figure 4.17. H>-TPR profile of higher Ni loading catalyst supported on ITQ-6 (Si/Al = 30) over
the range of temperatures between 200 °C and 700 °C.).

Figure 4.18. Schematic representation of the different types of surface hydroxyl groups found in
an Al-containing zeolite. The presence of aluminum is associated with an increase of -OH groups
on the zeolite surface due to the formation of bridging hydroxyls, Si-(OH)-Al, and terminal
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Figure 4.19. FTIR spectra for the Ni-based catalysts and respective supports for the (a) Si/Al =
30 and the (b) Si/Al = co materials. The spectra exhibit hydroxyl vibrations at different zeolitic
positions: terminal Si-OH and Al-OH, centered around 3742 cm™ and 3640 cm™, respectively,
and bridging Si-(OH)-Al, centered around 3598 cm.



Figure 4.20. (a) CO; conversion and (b) selectivity towards CH4 dependence on temperature for
the catalysts based on FER and ITQ-6. Reaction conditions: 250 °C - 450 °C, Pressure: 1 atm,
WHSV = 38,000 mL (g h)!, H//CO, = 4.

Figure 4.21. CO conversion dependence on temperature for the catalysts based on FER and ITQ-
6. Reaction conditions: 250 °C - 450 °C, Pressure: 1 atm, WHSV = 38,000 mL (g h)', Ho/CO =
3.

Figure 4.22. Arrhenius plot for (a) CO, methanation and (b) CO methanation. The apparent
activation energy for the CO, methanation (E, co,) and CO methanation (Ej ¢o) are obtained
from the slope obtained from the data series.

Figure 4.23. Schematic representation of the possible chemical reactions for the CO, methanation
reaction, either by the associative or dissociative mechanistic pathways.

Figure 4.24. Apparent activation energy for the CO, methanation reaction, Eg ¢, (m) and the CO
methanation reaction, Ej ¢, (®) dependence of the average Ni° particle size.

Figure 4.25. Effect of nickel loading on CO, conversion (dashed lines) and selectivity towards
CHys (solid lines) on different temperatures for the catalysts based on ITQ-6 (30). Pressure: 1 atm,
H,/CO, =4:1, WHSV = 6,000 mL (gcath)!

Figure 5.1. (a) CO,-TPD diagram for a series of Ni-AlO; catalysts and corresponding
coordination modes of surface carbonate species. Image adapted from Ewald [29]. (b)
Intermediate formate species formed in the Ni-La>O3; and Ni-La,O,COs catalysts during CO,
hydrogenation.

Figure 5.2. Structure of lanthanum aluminate, LaAlOs, highlighting the 6-fold coordination

1T jons.

around Al" ions and 12-fold coordination around La
Figure 5.3. XRD diffractograms of the different supports and equivalent 5% wt. Ni-based
catalysts.

Figure 5.4. Magnification of specific ranges to highlight the presence of the peaks (#) associated
with the presence of NiO at 20 = 37.40° and 43.46°.

Figure 5.5. TEM images of: (a) LaAlO;s; (b) 5Ni/LaAlOs R; (c¢) 5Ni/LaAlOs-ex _R; (d)
15Ni/LaAlOs_R.

Figure 5.6.TEM/SEM images of the reduced catalysts with different Ni loading: SNi/LaAlO; R
(a-TEM e-SEM), 10Ni/LaAlOs;_R (b-TEM e-SEM), and 15Ni/LaAlO;_ R (c-TEM {-SEM).
Figure 5.7. EDS-TEM results for the 15Ni/LaAlOs R and the response obtained for different
elements: Al (cerulean); La (green), and Ni (purple).

Figure 5.8. (a) XRD diffractograms of the calcined LaAlOs-based catalysts prepared by different

methods and metallic content. (b) Magnification of the region between 26 = 30° and 70° to

highlight diffraction peaks related to the presence of the NiO phase.



Figure 5.9. (a) Comparison of the XRD diffractograms of the reduced version of the 5% wt.
catalysts with the calcined ones for the different supports and zoom-in of the region between 26
=30° and 65° for the (b) 5Ni/Al,O3 R and (c) 5Ni/La;O3;_R catalysts.

Figure 5.10. (a) XRD diffractograms of the reduced LaAlOs-based catalysts. (b) Magnification
of the region between 20 = 30° and 70° to highlight the presence of diffraction peaks related to
the presence of the Ni’ phase.

Figure 5.11. Size distribution for Ni® particles obtained, normal fit and average size for (a)
5Ni/La;O;_R; (b) 5Ni/AlO3; R, (c) 5NiLaAlOsz-ex R, (d) 5Ni/LaAlO; R; (e) 10Ni/LaAlOs R,
and (f) 15Ni/LaAlOs_R.

Figure 5.12. H>-TPR profiles for the catalysts (a) on different supports and (b) with different Ni
contents.

Figure 5.13. CO,-TPD-MS profiles for the (a) different supports and (b) different Ni content used
for the preparation of catalysts.

Figure 5.14. (a) CO, conversion and (b) CH4 selectivity values. Conditions of experiment: 1 atm,
250 °C-450 °C, WHSV = 42,000 mL (gcat h)!, Ho/CO, molar ratio = 4:1.

Figure 5.15. Arrhenius plot for the series of Ni-based catalysts prepared over different supports
for the 260-300 °C. Linear regression on each set of data points was used to calculate the apparent
activation energy, Ea.

Figure 5.16. (a) Time-resolved transmission FT-IR mez ~ ments for the 15Ni/LaAlO; catalyst
during CO; exposition. (b) Zoom-in of the region between 1750 and 2075 cm™ showing the
different Ni’-CO bonding modes and (c) example of deconvolution profile for the 10 min sample
for the different Ni’-CO bonding modes.

Figure 5.17. (a) Time-resolved in-situ FT-IR measurements for the 15Ni/LaAlOj3 catalyst during
H; exposition after the CO; exposition step and (b) evolution of normalized intensity for selected
peaks.

Figure 5.18. Dependence of catalytic activity on the ratio between moderate basic sites
concentration, Bco,, and available metallic surface area, Sni. The red curve is added for better
visualization of the data points.

Figure 5.19. Correlation between Ni’ particle size and CH4 formation turnover frequency number
(TOF) for the different catalysts supported on LaAlOs.

Figure 6.1. Schematic representation of the sepiolite structure, consisting of blocks formed by a
Mg-containing octahedral layer, sandwiched between Si-containing tetrahedral layers. These
blocks create channels or tunnels that are occupied by zeolitic water.

Figure 6.2. Hierarchical porous structure of sepiolite, in which macropores, mesopores and
micropores can be detected.

Figure 6.3. XRD patterns of cerium-nickel-sepiolite catalysts, the support and the reference

patterns of different phases that make up the catalyst.



Figure 6.4. XRD patterns of the higher Ni loading cerium-nickel-sepiolite catalysts, the support
and the reference patters of different phases that make up the catalyst.

Figure 6.5. Structure of sepiolite and sepiolite dihydrate, the phase of the material that is stable
at temperatures above 350 °C, due to the loss of the zeolitic H,O molecules inside the channels.
Gray molecules represent HO molecules.

Figure 6.6. TEM-SEM images of the catalysts after the reduction step: 5Ni-0Ce-Sep R (a-TEM,
b-SEM) and 5Ni-1Ce-Sep (c-TEM, d-SEM).

Figure 6.7. TEM-SEM images of the catalysts after the reduction step: SNi-10Ce-Sep R (a-
TEM, b-SEM) and 5Ni-30Ce-Sep (c-TEM, d-SEM).

Figure 6.8. (a) bright-field TEM image of the 5Ni-10Ce-Sep R catalyst after the reduction step
and (b) dark field STEM of the highlighted area. EDS mapping of different composing elements
was also obtained.

Figure 6.9. Higher magnification TEM image of the catalysts after the reduction step: (a) SNi-
0Ce-Sep R; (b) 5Ni-1Ce-Sep R; (¢) SNi-10Ce-Sep_R; 5Ni-30Ce-Sep R.

Figure 6.10. Structure of a partially truncated octahedron, observed for the Ni® nanoparticles,
highlighting some geometrical elements of interest. Image adapted from Rana et al. [49].

Figure 6.11. N, adsorption-desoprtion isotherms for the nickel-ceria-sepiolite calcined catalysts.
Figure 6.12. H,-TPR profiles between 50 °C and 900 °C for the series of nickel-ceria catalysts
supported over sepiolite.

Figure 6.13. CO,-TPD profiles for (a) calcined sepiolite, Sep 450C; (b) 5Ni-0Ce-Sep; (c) (b)
5Ni-1Ce-Sep; (d) 5Ni-10Ce-Sep; and (e) SNi-30Ce-Sep.

Figure 6.14. CO; conversion (filled symbols) and CHs selectivity (hollow symbols) for the
nickel-cerium-sepiolite catalysts. Equilibrium data was calculated using the DWSIM simulator.
Reaction conditions: 250 °C - 450 °C, 1 atm, WHSV = 38,000 mL (gcar-h)'. Ho/CO, = 4.
Figure 6.15. Transmission infrared results over the different calcined catalysts before introducing
any reactants into the transmission IR analysis chamber.

Figure 6.16. (a) Transmission FT-IR results for the transient experiments after alternate
expositions to CO, and H» at 250 °C for 5Ni-0Ce-Sep. (b) Magnification of the carbonyl region
between 2100 and 1800 ¢cm™!, showing the evolution of the Ni’-CO bands during the transient

experiments.

Figure 6.17. Transmission FT-IR results for the transient experiments after alternate expositions
to CO; and H» at 250 °C at different times for: (a) 5Ni-1Ce-Sep, (b) 5SNi-10Ce-Sep and (d) 5Ni-
30Ce-Sep. (¢) Zoom-in of the 1200-1600 cm™ region for the 5Ni-10Ce-Sep catalyst. Test
conditions: T =250 °C, 1 atm.



Figure 6.18. Time-resolved normalized intensity of infrared bands centered at: (a) 2848 cm™,
formate, (b) 2031cm’!, linear Ni’-CO; (¢) 1909-1855 cm™!, multibonded Ni’-CO, for t5Ni-10Ce-
sep catalyst. Conditions: 250 °C, 1 atm, alternate expositions to CO; followed by H,.

Figure 6.19. Depiction of the proposed catalytic cycle taking place in the SNi-10Ce-Sep catalyst
for the H-assisted associative mechanism for the CO, methanation reaction via formate formation.
Figure 6.20. Dependence of TOF on Ni’ particle size for 5% wt. Ni catalysts with different Ce
loadings. The respective values of concentration of moderate basic site per unit of active metallic
surface area, B¢o,/ Sni are also indicated.

Figure 6.21. Effect of Ni loading on (a) CO, conversion and (b) CHy selectivity on different
temperatures for the 10% Ce sepiolite catalysts. Pressure: 1 atm, Ho/CO, =4:1, WHSV = 38,000
mL (geah)™.

Figure 7.1. CO; conversion values dependence on the WHSV and correspondent time of contact
(1) between the reactants and the active phase is specified for (a) 15Ni/ITQ-6 (30), (b)
15Ni/LaAlOs and (c) 15Ni-10Ce-Sep. Reaction conditions: 320 °C, 1 atm, H»:CO, = 4.

Figure 7.2. Stability test results regarding CO; conversion (®) and CHy selectivity () values for
the 15Ni/ITQ-6 (30) catalyst with emulated sweetened synthetic biogas sample. Reaction
conditions: 1 atm, 320 °C, WHSV = 6,000 (gcach)™!, CHa: CO2: Hy = 3:2:8.

Figure 7.3. Comparison of the X-ray diffractograms of the 15Ni/ITQ-6 (30) catalyst after the
reduction step and the stability test with a synthetic biogas sample.

Figure 7.4. Comparison of the TEM of the 15Ni/ITQ-6 (30) catalyst (a) after the reduction step
and (b) after the stability test with a synthetic biogas sample.

Figure 7.5. Stability test results regarding CO» conversion (®) and CH,4 selectivity (#) for the
15Ni/LaAlOs catalyst with a sweetened synthetic biogas sample. Reaction conditions: 320 °C, 1
atm, WHSV = 10,000 mL (gcar-h)!. Reaction conditions: 1 atm, 320 °C, WHSV = 10,000 mL (gca
h)!, CHs: CO,: Hy = 3:2:8.

Figure 7.6. Comparison of the X-ray diffractograms of the 15Ni/LaAlQOs catalyst after the
reduction step and the stability test with a synthetic biogas sample.

Figure 7.7. Comparison of the TEM of the 15Ni/LaAlO; catalyst (a) after the reduction step and
(b) after the stability test with a synthetic biogas sample.

Figure 7.8. Stability test results regarding CO; conversion (@) and CHy selectivity () for the
15Ni-10Ce-Sep catalyst with a sweetened synthetic biogas sample. Reaction conditions: 1 atm,
320 °C, WHSV = 20,000 mL (gcach)!, CHs: CO,: Ho = 3:2:8

Figure 7.9. Comparison of the X-ray diffractograms of the 15Ni-10Ce-Sep catalyst after the
reduction step and the stability test with a synthetic biogas sample.

Figure 7.10. Comparison of the TEM of the 15Ni-10Ce-Sep catalyst (a) after the reduction step
and (b) after the stability test with a synthetic biogas sample.



Figure 9.1. Thermogravimetric differential analysis (TG/DTA) of the zeolite-based catalysts after
the impregnation step for the (a) SNi/FER (), (b) SNi/ITQ-6 (), (c) SNi/FER (30), (d) SNV/ITQ-
6 (30), (e) 10Ni/ ITQ-6 (30), (f) 15Ni/ ITQ-6 (30), and (g) 20Ni/ ITQ-6 (30).

Figure 9.2. Thermogravimetric differential analysis (TG/DTA) for: (a) the support precursors for
LaAlOs before the calcination, and the Ni-impregnated LaAlOs supports with different metallic
loadings: (b) 5% wt.; (c) 10% wt.; (b) 15% wt.

Figure 9.3. Thermogravimetric differential analysis (TG/DTA) for: (a) sepiolite, (b) ONi-10Ce-
Sep, (c) 5SNi-0Ce-Sep, (d) 5Ni-1Ce-Sep, (e) 5Ni-10Ce-Sep, (f) SNi-30Ce-Sep, (g) 10Ni-10Ce-
Sep, and (h) 15Ni-10Ce-Sep.

Figure 9.4. Individual deconvolution of CO,-TPD profiles for (a) calcined sepiolite, Sep 450C;
(b) 5SNi-0Ce-Sep; (¢) (b) 5Ni-1Ce-Sep; (d) SNi-10Ce-Sep; and (e) SNi-30Ce-Sep.



List of Tables

Table 1.1. Values of equilibrium constant (InK), standard Gibbs Free energy change (A/G°),
standard entropy change (A:S°), and standard enthalpy change (AH®) at T =25 °C and P = 1 bar
for possible reactions related to the CO, methanation.

Table 2.1. Summary of directing goals set as secondary objectives for the design and development
of the catalysts for the CO, methanation reaction studied in the PhD Thesis.

Table 3.1. Outline the experimental conditions used for the catalytic experiments and tests carried
out in this study.

Table 4.1. Denomination employed in this chapter for the zeolite-based catalysts prepared over
ferrierite (FER) and ITQ-6 zeolites. All Ni loading refers to nominal values established during
their preparation.

Table 4.2. NiO crystallite size for the zeolite-based catalysts (Dy;o ), corresponding Ni° crystallite
size after the reduction step (D y;0) and Ni loading.

Table 4.3. Textural properties for the zeolite samples: BET surface area (Sger), t-plot micropore
area (Smicro), t-plot external surface area (SexrernaL), t-plot micropore volume (Vwmicro), and BJH
mesopore volume, (Vmeso).

Table 4.4. Textural and reducibility properties for reduced FER and ITQ-6 type catalysts: active
metal surface area, Sxi, Ni® average particle size, Dxi, molar H> monolayer uptake, and percentual
reducibility at 450 °C.

Table 4.5. Turnover frequency values and apparent activation energy values (E;,COZ) towards
CH4 formation via CO, methanation (TOF¢,, and Eg ¢¢,) and CO methanation (TOF¢o and Eg ¢¢)
for the 5% wt. Ni zeolite-based catalysts.

Table 4.6. Comparison of the best catalytic performance conditions achieved for a series of
zeolite-based catalysts for the CO; methanation reaction, and the corresponding experimental
conditions employed for the catalytic tests.

Table 5.1. Denomination employed in this chapter for the oxide-based catalysts. All Ni loading
refers to nominal values established during their preparation.

Table 5.2. Elemental weight percentage for lanthanum aluminate samples, as determined by ICP-
OES, and La/Al molar ratio.

Table 5.3. Textural properties: BET surface area (Sger), t-plot mesopore area (Smeso), t-plot
mesopore volume (Vmeso), Ni° metallic surface area (Sni), Ni® average crystallite size, (Dn;), and
molar H, monolayer uptake.

Table 5.4. CO,-TPD deconvolution for the concentration of weak (50-200 °C), moderate (200-
400 °C), and strong (400-900 °C) basic sites and total basicity for the different supports and

catalysts.



Table 5.5. Catalytic data and selected properties: yield to CH4 at 250 °C (Y,500¢), turnover
frequency at 250 °C (TOF;s <), activation energy towards CHa, E; ¢y, , intermediate basic sites
concentration, B¢o,, and average Ni’ crystallite size, Dy

Table 5.6. Vibration modes for different species in the 15Ni/LaAlO; catalyst and corresponding
wavenumber.

Table 6.1. Denomination is employed in this chapter for the sepiolite-based catalysts. The number
preceding the elements Ni and Ce refers to the nominal loading values established during their
preparation.

Table 6.2. Elemental weight percentage for nickel and cerium, and Mg/Si atomic ratio for nickel-
ceria-sepiolite materials.

Table 6.3. Textural properties of ceria-nickel sepiolite catalysts: BET surface area, Sger, t-plot

micropore area, S_. , t-plot external surface area, S and t-plot micropore volume, V

micro micro-

Table 6.4. H>-chemisorption data for nickel-ceria-based catalysts: metallic dispersion, active
metal surface area, Sni, Ni® average particle size, Dni, and molar H> monolayer uptake.

Table 6.5. CO,-TPD deconvolution for the weak (50 — 200 °C), moderate (200 — 400 °C) and
strong (400 — 600 °C) basic sites and total basicity for the sepiolite-based catalysts.

Table 6.6. Assignation of the corresponding wavenumber to the vibration modes observed in the
nickel-sepiolite-ceria catalysts.

Table 6.7. Catalytic data regarding 5% wt. Ni catalysts and selected properties: TOF at 250 °C,
TOFCH4,2 50°c, moderate basicity concentration, Bcg,, average Ni’ crystallite size, Dni, and
moderate basicity per unit of active metallic surface area, Bco,/ Sni.

Table 7.1. Selected catalysts with optimum results from previous results used for the WHSV and
stability tests with synthetic sweetened biogas.

Table 7.2. Textural properties of selected catalysts used for the stability tests with synthetic
sweetened biogas samples: Ni° crystallite size, Dy;, sintering extent, carbon elemental content, C
(wt. %), and BET surface area, Sger.

Table 7.3. Results for selected catalysts at the end of the stability tests: used weight hourly speed
velocity (WHSV), yield to CHs at the end of the test, Y¢y,, and CHs production rate, Fey, .



