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Abstract — This review comprehensively reviews the latest research trends in nickel catalysts for low-temperature CO,
methanation reactions, with special emphasis on catalyst synthesis and reactor design for low-temperature CO, methanation
reactions. In addition to the previously reported catalyst synthesis method of impregnation, the effects of structural and
chemical properties of catalysts synthesized by solvothermal synthesis and electrospinning on CO, methanation reactions
were analyzed. We also discuss the potential for process cost reduction and scale-up based on 3D catalyst structures and
catalyst stacked reactor designs to improve reaction efficiency. It is found that the efficiency of the CO, methanation
reaction can be maximized by controlling the oxygen vacancies and crystal structure of the catalyst through an
innovative catalyst synthesis method, and by increasing the active area of nickel through the 3D structure of the catalyst
and the reactor design. It is expected that this review will serve as the basis for the field of converting natural gas into
CHya, which can be used as a substitute for natural gas while reducing CO,, a major greenhouse gas.

Key words: CO, methanation, Nickel catalyst, Low-temperature process, Advanced catalyst fabrication, 3D structure
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CO, + 4H, —> CH, + 2H,0, AH,og = —165.4 kJ/mol, AG,og

= —130.8 kJ/mol (1)
CO, + H, > CO + H,0, AH,ggx = 41.17 kJ/mol, AG,qgx
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Table 1. Comparative analysis of CO, methanation performance of nickel catalysts synthesized using impregnation methods (H, : CO,=4:1)

Catalysts Temperature (C) GHSV (h) CO, Conv. (%) CH, Yield (%) CH, Sel. (%) Ref.
Ni/Pr,0;-CeO, 350 25000 54.5 54.5 100 [57]
Ni-CeO,/y-AlL,O5 300 36000 79 nd 100 [58]
Ni/NaY 500 nd 67 nd 94 [59]
Ni/CazrO, 350 24000 ~75 nd 99 [60]
Ni/Y-ALO; 500 6000 772 nd 99.9 [61]
Ni/F-SBA-15 450 24900 99.7 98.2 nd [62]
Ni-Nb,Os 350 20600 92 nd 99 [63]
Ni-Mn/Bn 270 3600 852 nd 99.8 [64]
Ni/MSN 350 50000 854 nd 99.9 [65]
Ni/Y,0;4 300 20000 77 80 99.5 [66]
CA-Ni/Y,0; 350 6000 92 ~90 100 [67]
Ca/Ni/ALO; 275 160000 93 nd 99 [68]
Ni-RuAl 400 30000 60 nd 99.5 [69]
Ni/La,0,CO4 450 480000 38 nd 98 [70]
Ni/ZrO, 400 43500 50 nd 100 [71]
Ni-La,05/NA-BETA 350 10000 65 nd 99 [72]
Ni/USY 450 nd 72.6 nd 95 [73]
Ni/La,0; 320 3250 97.1 nd 100 [74]
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Fig. 1. The role of solvothermal synthesis method and various supports. (a) CO, conversion with increasing temperature on Ni/La,0;, Ni/
Zr0,, Ni/Al,O;, and Ni/CeO, [36]. (b) Schematic illustration of the solvothermal synthesis process [36].
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Fig. 2. Structure of Ni/Al,O; synthesized by solvothermal method. (a) XRD patterns [36]. (b) H,-TPR profiles [36]. (c) CO,-TPD profiles [36].
(d) High-resolution XPS of Ni 2p [36]. (e) High-resolution XPS of O 1s [36].
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Fig. 3. Preparation process and the reaction results of Ni/ZrO, catalysts: Co-precipitation method, electrospinning process [41].
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Fig. 4. Comparison between the electrospinning and Co-precipitation for Ni/ZrO,. (a) In situ DRIFTS spectra of the Ni/ZrO,-ES catalyst by
the electrospinning method at 350C from 1 to 15 min [41]. (b) The enlarged spectra of Figure 4a between 1320 and 1600 cm™ [41]. (c) in
situ DRIFTS spectra of the Ni/ZrO,-CP catalyst by coprecipitation method at 350 C from 1 to 15 min [41]. (d) Predicted reaction pro-

cess of the Ni/ZrO,-ES catalyst in CO, methanation [41].
Korean Chem. Eng. Res., Vol. 62, No. 4, November, 2024



g U S0l 7 9 A2 AT 5 317

(a) 100 (?IU ———,
00 . 98.5 98.9 100 5w
~ 80+ . ! ®
< bt ?\: X *
E z. [¥] - N O3
'5' (21 - ok > N IO CP
S s 60 = < L
> N L A o
§ 40 4 g (©) ‘l‘e-ponmn('C)
) - 40 - ;'ilﬂ
é. k1] T -
~ 204 20 ¥ :
104 hd ——NVZAOAS
04 L o =. 2 - - N0 P
3 50 60 66 M 78 © -
Ni content (mol%) - T_""'m.nm o
(d) 100
2 B B e R = e S S UL <
o 204 0000000000000000000000000000000300030030330< 3004 o~
:E 80 4 999990000000000000000000000000900000000000000004¢ 2949 .E:
° Rl
F 60- -80 S
: F
> L
g 404 9 CO,Conversion of NVZrO,ES - ]
o 4 CH, Selectivity of NVZrO,-ES oo %,
-~
© 204 & CO, Conversion of NVZrO,-CP 50 5
© o ~d&— CH, Selectivity of NVZrO,-CP “
0 10 20 30 40 50 60 70 80 92 100
Time (h)

Fig. 5. (a) CO, conversion and CH, selectivity of Ni/ZrO, nanofiber catalysts with different molar ratios (33—75 mol% Ni, labeled as nNi/
ZrO,, n = 33-75) by the electrospinning method at 350 C, (b, ¢) catalytic performance of the catalysts by the coprecipitation method
(Ni/ZrO,-CP) and electrospinning method (66Ni/ZrO,, also named as Ni/ZrO,-ES) at different temperatures, and (d) stability test of
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selectivity over the multi-stacked catalyst [S3]. (c) Methanation performance of the multi-stacked catalyst at extremely low and high feed
flow rate [S3]. (d) Pressure drops across the multi-stacked catalyst under various feed flow rate at room temperature, comparing with
that across the fixed-bed catalyst [S3]. (e) Temperature profiles of the multi-stacked catalyst at the center (T,) under feed flow rate of
2100 mL/min [S3]. (f) Temperature profiles of the multi-stacked catalyst at the wall (T,)) under feed flow rate of 2100 mL/min [53]. (g)
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