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Abstract

This study optimized a Ni-Ce-Zr catalyst and its contents for a CO2 methanation reaction by selecting a disk
shape with a high mechanical strength, good durability, and thermal emission resistance. The physical and
chemical properties of the obtained catalysts were determined by X-ray diffraction, scanning electron
microscopy, Brunauer—-Emmett—Teller, hydrogen temperature-programmed reduction, and temperature-
programmed desorption of CO: analyses. In addition, the activity and stability of the obtained catalysts were
then evaluated and compared. It was determined that the combined Ni-Ce-Zr catalyst positively affects the
conversion of COz to CH4. Furthermore, a CO2 methanation experi- ment was performed under atmospheric
pressure conditions at 200-350 °C. The CO:z conversion was 82% at 300 °C, and the CHa selectivity was
100%. A durability test revealed a difference in the conversion of approximately 6% for 1000 h, which
indicates that the catalytic performance was maintained for a significant period.



1. Introduction

In recent years, the issue of reducing greenhouse gas emissions has
gained major interest [1]. According to the Fourth Assessment Report
published by the Intergovernmental Panel on Climate Change (IPCC) in
2007, carbon dioxide (CO,) is responsible for most of the global
warming observed over the last fifty years. The Fifth Assessment Report
(2013) reported that the CO, concentration in the atmosphere prior to
industrialization was only approximately 280 ppm; however, it in-
creased significantly to 391 ppm in 2011 and to 400 ppm in 2014 [2].
Therefore, the need to significantly reduce CO, around the world has
increased. Over the years, there have been many attempts to convert CO,
into a useful resource [3—5], and to solve the above-mentioned problem,
various methods for treating and converting CO, have been proposed
[6]. In the presence of hydrogen, the overall CO, methanation reaction
converts CO; into methane, as presented in the formula below (Eq. (1)).
This chemical conversion method is much faster and more effective than

methods that convert CO; into hydrocarbons, plastics,
high-molecule compounds, or alcohols during a reaction [7,8].

CO _ +4H CH +2HO H 165.0kJ/mol,
— A -
2(gas) 2(gas) 4(gas) 2 (gas)
A G 113.2 kJ/mol )

The mechanism of the CO, methanation reaction can be described
via the following six-step reaction: [9—11]. First, CO, is adsorbed onto
the catalyst surface, and it is subsequently dissociated into to CO,qs and
Oads (COzads = COugs + Oags; Step 1); CO,qs is then rapidly absorbed
and leads to the reactions of CO,4s — Cyuas + Oags (Step 2) and 2CO 45 —
Cads+ COgz4s (Step 3). The dissociation of CO in Step 2 is irreversible
due to the sudden removal of surface O,y after hydrogenation, and the
dissociation of CO,4s in Step 3 occurs by disproportion [ 12]. Next, the
rate-determining steps that lead to the following reactions are com-
pleted: C,gs + Hags — CHags (Step 4) and CH,gs + Hags — CHoags (Step
5). Finally, CH4 is produced by the reaction of CH,,4s With hydrogen as
follows: CHaags + 2Hqas — CHugas (Step 6).

The CO, methanation reaction can convert CO, effectively because
it is an exothermic reaction, and it works at low temperatures with
respect to thermodynamics [13]. The reaction should be conducted at a
temperature of 400 °C or below [14]. Under temperature conditions of
450 °C or above, carbon monoxide (CO) selectivity increases due to the
reverse water-gas shift (RWGS) reaction. Therefore, the catalyst is re-
quired to achieve a proper reaction rate and methane (CH,) selectivity
[15,16]. Metallic catalysts, such as nickel (Ni) [17], iron (Fe) [18],
cerium (Ce) [19], aluminum (Al) [20], silicon (Si) [21], and titanium
(Ti) [22], are used in the CO, methanation reaction. Studies utilizing
precious metals, such as platinum (Pt) [23], palladium (Pd) [24,25],
rhodium (Rh) [24], and ruthenium (Ru) [26], have also been reported.
Compared with precious metals, nickel-based catalysts exhibit a high
activity, methane selectivity and are widely used because of their
economic efficiency, availability, etc. [27-29]. The performance and
stability of the catalyst are influenced by the characteristics of the metal
support used [30] and the interaction between the reactive metals and
the support [31,32]. Generally, Ce and zirconium (Zr) are widely used
as promoters for Ni support [33]; Ce addition stabilizes the noble metal
on the surface of the catalyst and accelerates the reaction with hydro-
carbons at low temperature. Moreover, it has the advantage of storing
and releasing oxygen due to a high oxygen storage capacity. However,
it has low heat stability properties [34,35]. A combined catalyst con-
sisting of Ni, Ce, and Zr improves the catalyst’s capacity to store oxygen
and demonstrates outstanding activity capability [36,37]. In addition, a
combined catalyst consisting of Ni, Ce, and Zr has a high oxida- tion—
reduction potential, excellent thermal stability, and resistance to
sintering phenomena [38,39]. In the case of Ni calcination, oxygen

combines two Ni atoms and forms NiO. The formation of NiO leads to a
decrease in Ni grain size and prevents the sintering of particles. It is also
known that the catalytic activity increases as the size of the Ni grain
decreases. However, the grain size increase and activity site decrease
when sintering occurs. Eventually, this leads to a decline in the catalytic
activity. The majority of studies have focused on powder catalysts,
whereas studies using honeycomb types [9,40] and Ni nanotube types
[41,42] have also been reported. However, the practical application of
these powdered catalysts to the large-scale system poses difficulties in
handling and drawbacks due to low efficiency, complicated operation
and management, and high capital costs [13,43]. In addition, to our
knowledge, the available information on a combined catalyst consisting
of Ni, Ce, and Zr in a disk shape has many limitations and gaps for
practical application, requiring adequate investigation to optimize their
performance and overcome the aforementioned difficulties.

Hence, the main objectives of this work are: (i) to manufacture a
series of Ni-Ce-Zr ternary disk-shaped catalysts with different Zr con-

tents and determine their physico-chemical properties by various
technical analyses; (ii) to evaluate and compare the obtained Ni-Ce-Zr

catalysts and contents for the CO, methanation reaction under condi-

tions of atmospheric pressure and low temperatures of 200-350 °C; and
(iii) to verify the stability and durability of the best activity among the
disk-shaped catalysts produced for over 1000 h for optimization of the

methanation reaction.
2. Materials and methods
2.1. Catalyst preparation

In this study, Ni (99.9%, Nickel powder, Sigma Aldrich Co., USA),
Ce (99.9%, cerium (III) nitrate hexahydrate [Ce(NO;);-6H,0], Sigma
Aldrich Co., USA), and Zr (99.9%, zirconium dioxide [ZrO,], Sigma
Aldrich Co., USA) are used as samples. A physical mixed method was
applied to make the catalyst. The Zr content was adjusted to 0%, 10%,
20%, and 30%. The weight of the samples was measured based on the
weight ratio, and the catalyst was then mixed with distilled water. The
sample was agitated for 1 h at room temperature, and moisture was
evaporated in an evaporator (EYELA SB-1100, Changshin Scientific Co.,
Korea) at 70 °C. Then, the sample was dried for 24 h in a dry oven at
105 °C to remove residual moisture. Large particles were removed by
sifting through a 50-um sieve, and the disk-shaped catalyst was formed
under a pressure of 10,000 1bf through a mold (D = 2.54 cm). The
prepared catalyst was then heat-treated at 550 °C and at the heating rate
of 2 °C/min in an air atmosphere.

2.2. Catalytic activity tests

The equipment used in this study consisted of stainless steel and can
be classified into gas injection, reactor, and gas components. The flow
rate was adjusted by using a mass flow controller (MFC, Type 1179A,
MKS Instruments, Inc., USA). The sample was preheated at 180 °C as it
passed through a heat line before entering the main vertical reactor with
dimensions of 300 mm width < 300 mm length < 430 mm height, and
the reaction had a temperature of 200-350 °C. CO,, H,, and ni- trogen
(N,) gases were injected at a ratio of CO,:H,:N, = 1:4:1. The flow rates
were 20 mL, 80 mL, and 20 mL, respectively (total flow rate was 120
mL/min). A chiller was installed at the end of the reactor to remove
moisture. Gas chromatography (GC, YL6500 GC system, YL
Instruments Co., Ltd., Korea), a thermal conductivity detector (TCD)
and Carboxen-1100 (60/80 mesh) were used to analyze the gas pro-
duced after the reaction. After confirming that the desired temperature
was held constant, the GC measured the gas composition every 15 min
for 1 h. The experiment was conducted while decreasing the



temperature gradually from 350 °C. The gas composition was measured
once every 1 h and 15 min, and the CO, conversion was determined by
using the formula below (Eq. (2)):

) % %
CO, conversion (%) = CO2m (%) CO20u (%) . 44

CO2in) (%) 2)
2.3. Characterizations

Scanning electron microscopy (SEM), Brunauer—-Emmett—Teller
(BET), X-ray diffraction (XRD, Rigaku Co., Japan), temperature-pro-
grammed reduction of hydrogen (H,-TPR), and temperature-pro-
grammed desorption of CO, (CO,-TPD) analyses were used to examine
the physical and chemical properties of the catalyst in this study. The
D/Max 2500 V/PC produced by Rigaku Corporation was used to ana-
lyze XRD. Copper potassium-alpha (Cu Ka, A= 1.5056 A) was used as
the radiation source, and the X-ray generator was 18 kW, and 20 was
20°-80°. Field emission SEM (FESEM, S8820, Hitachi Co., Japan) with
energy dispersive X-ray (EDX) analyses were used to ascertain the
surface shape and elemental composition of the catalyst. Ni, Ce, and Zr
were selected to determine the composition of elements in EDX.
Examinations using H,-TPR and CO,-TPD were conducted to measure
the catalyst’s ability to absorb and desorb oxygen. The H,-TPR analysis
was conducted with the temperature increased to 400 °C at the heating
rate of 10 °C/min and then maintained for 30 min in an argon (Ar) at-
mosphere. After that, the temperature was decreased to room tem-
perature and then increased to 800 °C at the heating rate of 10 °C/min
under the condition of 30% H,. For TPD analysis, the temperature was
increased up to 300 °C at the heating rate of 2 °C/min and kept for 1 h in
Ar atmosphere. The temperature was then reduced to room tempera-
ture, and 15% CO, was injected, which was absorbed by the catalyst for
1 h. The quantity of CO, desorption was measured by increasing the
temperature to 600 °C from room temperature at the heating rate of 2
°C/min.

3. Results and discussion
3.1. Catalyst characterization
SEM and EDX analyses were conducted to measure the surface state

of the catalyst produced, and the results are presented in Fig. 1 and Table
1. SEM analysis showed that the grain size of the Ni-Ce catalyst

Table 1
EDX analysis of the Ni-Ce-Zr catalysts.

Catalysts Elemental weight (%)

Ni Ce Zr Total
Ni-Ce 77.68 22.32 — 100.00
Ni-Ce-10%Zr 74.08 18.79 7.13 100.00
Ni-Ce-20%Zr 65.18 21.01 13.82 100.00
Ni-Ce-30%Zr 61.14 17.87 20.99 100.00

without Zr was significant (Fig. l1a and e), while the grain size of the Ni-
Ce catalyst with Zr slightly reduced (Fig. 1b—d and f-h). This may be
due to the formation of ZrO, resulting from oxygen being joined be-
tween Zr and Zr. Heat treating a catalyst results in the sintering phe-
nomenon, which refers to tiny particles combining with one another to
minimize their surface energy [10] and to become stabilized in terms of
thermodynamics [44]. This causes an increase in grain size and a re-
duction in the air gap and surface area, resulting in a decrease in the
catalyst’s activity ability [45]. The combination of oxygen with nickel
oxide (NiO), cerium oxide (CeO,), and ZrO, provides a bridge among
Ni, Ce, and Zr, which prevents sintering and a reduction in grain size.
The EDX analysis showed that as Zr content increased, reactive metals
were distributed evenly, and the Ni-20%Ce-10%Zr catalyst had the most
uniform distribution.

XRD analysis was conducted to determine the crystal and oxidation
state of each element, and the results are presented in Fig. 2. There were
Ni peaks at 44° and 52°, and there were NiO crystals at 37°, 43°, 63°,
and 76°. The BET surface area and pore diameter of the produced cat-
alyst were also measured. The results of the BET surface area experi-
ments showed that the specific surface area of the catalyst increases with
an increase in Zr loading (Table 2). The Ni-Ce-Zn catalysts with Zr
loading of 0%, 10%, 20%, and 30% had BET surface areas of 6.45 m*/g,
9.12m%/g, 7.55m*/g and 7.90 m*/g, respectively. The highest specific
surface area of the catalysts was observed at a small amount of 10% Zr
loading (Ni-Ce-10%Zr, 9.12 m*/g), whereas for the catalyst with 20%
Zr loading or higher, the specific surface area tended to sharply decline.
Also, Ni-Ce-10%Zr catalyst showed the highest pore volume (0.0246
cm®/g) as well as the activation capacity of the catalyst (Fig. 5). At low
or moderate Zr loading, a stronger interaction and well-dis- persed state
among Ni, Ce, and Zr together may not have caused the formation of
agglomerates between them. Compared with reported in
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Fig. 1. SEM images (a—d) and EDS mapping images (e—h) of the Ni-Ce-Zr catalyst for different Zr concentrations.
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Fig. 2. XRD patterns of the disk-shaped catalysts: (a) Ni-Ce, (b) Ni-Ce-10%Zr, (c) Ni-Ce-20%Zr, and (d) Ni-Ce-30%Zr.

Table 2

BET analysis of the synthesized Ni-Ce-Zr catalysts with different Zr contents.

Catalysts BET Pore volume Nanoparticle size
(m”/g) (em™/g) (nm)

Ni-Ce 6.45 0.0221 930.06

Ni-Ce-10%Zr 9.12 0.0246 957.91

Ni-Ce-20%Zr 7.55 0.0159 795.05

Ni-Ce-30%Zr 7.90 0.0180 759.30

the recent literature, the BET specific surface area of the Ni-Ce-Zr disk
catalysts prepared in this study are lower than powder catalyst which
was reported by Iglesias et al. [33] (60.3—72.9 m?*/g), and Shang et al.
[46] (35.1-70.9 m%/g), because of the disk catalyst was formed under a
high pressure (10,000 1bf) through a mold which could lead the parti-
cles bonded surfaces together. However, it is noteworthy that even
though the prepared catalysts have low specific surface area, but it
would perform effectively and stably for the long-term test at low
temperatures without undergoing secondary modification such as
powder or honeycomb catalysts.

3.2. Effect of Zr content on the catalyst

The H,-TPR results for the catalyst produced as a function of Zr
content are presented in Fig. 3. Two peaks were observed with the first
appearing in the range of 250-350 °C. Roh et al. 2002 [47] reported that
the first peak is caused by a reduction in CeO, and NiO, which means
that Ni exists on the surface as NiO. The second peak appeared in the
range of 400500 °C. Graga et al. [9] reported that a peak near 450°C
is caused by the reduction of NiO. Ce-Zr without Ni exhibited a
reduction peak near 640 °C [48], and mixing Ce-Zr with Ni lowered the
reduction temperature [49]. As a result, hydrogen adsorption capacities
on Ni-Ce, Ni-Ce-10%Zr, Ni-Ce-20%Zr, and Ni-Ce-30%Zr were 75.45,
65.06, 60.20 and 59.34, respectively, indicating that the H, uptake was
reduced by increasing the Zr content.

Zr were carried as results presented in Fig. 4. The result indicates that

adsorption capacities of CO, on the samples of Ni-Ce, Ni-Ce-10%Zr, Ni-

Ce-20%Zr, and Ni-Ce-30%Zr were quite difference, and the Ni-Ce-10%
Zr catalyst stability and highest performance for CO, adsorption, and as
the Zr content increased, CO, adsorption decreased.

To evaluate the CO, adsorption ability, CO,-TPD on the prepared
catalyst samples of Ni-Ce, Ni-Ce-10%Zr, Ni-Ce-20%Zr, and Ni-Ce-30%



3.3. Catalytic performance

The CO, equilibrium conversion and results of the catalytic per-
formance in CO, methanation produced under different Zr contents in
Ni-Ce-Zr catalysts are presented in Fig. 5. The equilibrium curve was
computed from ideal gas phase thermodynamics using a stoichiometric
method as described in detail in previous work [50]. The experiment
was conducted at 200—-350 °C and at a gas hourly space velocity (GHSV)
of 14,400 h™!, and for all produced catalysts, the conversion of CO,
was reduced at a lower reaction temperature. These results show that
the Ni-Ce-10%Zr catalyst displayed the best activity, in which the CO,
conversion attained approximately 82% at 300 °C. With respect to

Temp. (°C)

Fig. 3. TPR profiles of the different Ni-Ce-Zr disk-shaped catalyst samples.
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Fig. 4. The maximum desorption of CO: for the different Ni-Ce-Zr disk-shaped
catalyst samples.
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Fig. 5. CO: conversions of the Ni-Ce-Zr disk catalysts with different Zr amounts,
CO2:N2:H> = 1:1:4, GHSV: 14,400 h™', catalyst loading: 3 g, calcined at 550 °C.

activity, these findings represent an improvement, compared to the
results reported by Pan et al. [38] (73% CO, conversion) and Ocampo
et al. [51], and can be explained by the results of the H,-TPR and CO,-
TPD analyses. It is known that CO, methanation reactions show stronger
dependence on the H, partial pressure than on the CO, partial pressure
[7,52]. As described previously, as the Zr loading increased, hydrogen
consumption decreased, and maximum CO, adsorption was observed at
10%Zr. For example, at 300 °C, Ni-Ce was 73%, Ni-Ce-10% Zr was 82%,
Ni-Ce-20%Zr was 80%, and Ni-Ce-30%Zr was 77% for the CO,
conversion, which was similar to CO, adsorption. According to the Di
Monte, Kaspar [53], when ZrO, is added to CeO,, the oxygen va-
cancies are increased, and more reduction of Ce-Zr composite was also
observed. Therefore, additives such as Ni and Cu can improve the
catalytic activity [54,55]. Furthermore, the oxygen storage capacity of
CeO; on its surface is limited, whereas for Ce-Zr mixed oxides, thereis
participation of bulk oxygen in the storage process [56]. These results
imply that when making a catalyst, there is an optimum ratio of Ni, Ce,
and Zr, and this study determined that Ni-Ce-10%Zr is the ideal ratio.

3.4. Catalytic applications
Various form of catalyst was manufactured in optimized contents of

the disk type catalyst. Post-treatment such as binder or thermal treat-
ment was excluded in order to figure out the effect of the formation.
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Fig. 6. CO: conversions of the Ni-Ce-Zr catalysts with various catalytic form,
CO2:N2:H> =1:1:4, GHSV: 14,400 h ™.

The reaction characteristics of optimized Ni-20%Ce-10%Zr catalyst in
different formation was shown in Fig. 6. The catalyst was formed in
powder, honeycomb, disk, and granular types. In these, powder-type
catalyst was formed by thermal treatment after the drying process, and
granular-type catalyst was manufactured by molding in cylinder with
thermal treatment, followed by grinding into 2 mm size. For the hon-
eycomb-type catalyst, distilled water was coated on the catalyst to
minimize the effect of binder in 300 cpsi of cell density. In GHSV
condition, the powder-type catalyst showed highest activation capacity,
whereas honeycomb type catalyst showed the lowest. Generally,
powder-type catalyst shows higher activation than modified catalysts
because of porosity, bulk density, and BET. In addition, the modified
catalysts show sintering phenomenon in the thermal treatment process
at high pressure. However, powder-type catalyst has to be modified for
the plant scale application, and the catalyst layer has to be cooled as the
methanation reaction is an exothermic reaction. If there is not any
cooling system in the methanation process, the temperature in the re-
actor would increase and lead to continuous decrease of the conversion
rate. Thus, it is appropriate to apply catalysts with effective cooling
formation. In addition, deactivation derived from the exothermic re-
action was not found obviously in laboratory experiments. However,
when the size of reactor and the amount of CO, increase, cooling system
equipped is required.

3.5. Stability tests

We conducted a stability test on the Ni-Ce-10%Zr catalyst, which
exhibited the best activity among the catalysts produced, and the re- sults
are presented in Fig. 7. The reaction temperature was set to 260 °C, which
resulted in a conversion efficiency of 50% or higher. The GHSV was
conducted under the conditions of 14,400 h™' and atmospheric pressure.
The experiment showed that the initial conversion efficiency was 56%,
which reduced to 51% after 500 h and was 50% after 1000 h. The
catalytic activity declined slightly after a long-term test, which could
possibly be due to the byproducts that formed in situ, such as water
vapor, and/or the changes in the catalyst structure [57]. This implies that
the performance of the catalyst was maintained for a sig- nificant period
of time without any obvious deactivation, meaning its exhibited a
significantly longer, more stable, and efficient performance compared
with those reported in previous studies, such as stabilities of 150 h [58]
and 140 h [57]. It was therefore confirmed that the disk- shaped catalyst
synthesized in this study shows catalytic stability over 1000 h during the
reaction. The catalyst manufactured in this study showed outstanding
CO, conversion and stability. CO,, the greater part of greenhouse gases,
could be effectively reduced. In addition, reactor
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Fig. 7. During the reaction test of the Ni-Ce-10%Zr disk catalyst at constant reaction conditions of CO2:N2:H> = 1:1:4, GHSV: 14,400 h™', T = 260 °C.

design is one of the most important factors for consideration. Con-
sidering the thermal energy of CO, methanation reaction is applied to
the catalyst of this study, it will be a promising application of the me-
thanation process.

4. Conclusions

A series of Ni-Ce-Zr ternary disk-shaped catalysts were successfully
manufactured using simple mixed method and tested for the CO, me-
thanation reaction at low temperatures to confirm their excellent cat-
alytic performance and price competitiveness. The Ni-Ce-Zr catalyst
was distributed with reactive metals evenly, which successfully pre-
vented the occurrence of the sintering phenomenon. In addition, Ce-Zr
composite catalytic material increased the oxygen storage capacity of
the catalyst. The highest CO, conversion was found to be approximately
82% under optimized conditions of the Ni-20%Ce-10%Zr catalyst and
300 °C. In various form of catalysts at the same contents, powder type
catalyst showed the highest performance, followed by disk, granule and
honeycomb type. The durability test of over 1000 h verified that the
catalytic performance and activity were maintained for a long period.

R R A M L T R At AT 0

the CO, methanation.
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