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HIGHLIGHTS GRAPHICAL ABSTRACT

¢ The hydrolysis of urea was applied
to successfully synthesize NiMgAl
mixed oxides catalyst (NMA-UH).

e NMA-UH facilitates CO, conver-
sion at lower temperatures
compared to catalysts synthesized
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via traditional routes.
e Adding urea to the synthesis liquid

generates more layers in the cata- ; ~ . o o

lyst framework and increases its fempemure €]

surface area.
e Its hydrolysis in the medium re-

sults in a significant improvement

in total basicity and weak-medium

site distribution.
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conversion and CH, selectivity, with ca. 82.3% and 99.8% (GHSV = 12,000 h™*, H,/CO, = 4/1)
respectively, at 300 °C. This is mainly due to its large specific surface area, small Ni-particle
size, and higher basicity.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

According to the newly issued International Energy Outlook,
global energy consumption is anticipated to rise by 48% be-
tween 2012 and 2040 [1]. Increasing energy consumption
currently jeopardizes world energy security and puts the
environment under strain. The main issues in terms of
climate change to concentrate on are reducing greenhouse gas
emissions and increasing the efficient usage of renewables at
the same time [2]. Using CO, as a cheap and plentiful chemical
feedstock has received much interest; it has many benefits in
generating value-added chemicals and liquid fuels (e.g,
methane, methanol). This is a promising strategy due to its
potential to utilize exhausted CO,.

The CO, methanation process developed by Sabatier and
Senderens (Eq. (1)), first introduced in 1902, is regarded among
the most advanced technologies for recovering CO, and
meeting the growing need for energy resources [3] and thus
can be a long-term answer to escalating energy demands.

(Eq. 1)

First and foremost, the power-to-gas strategy offers the
possibility of large-scale CO, recycling in tandem with the use
of a large amount of renewable energy to produce methane.
Second, space agencies such as NASA have also highlighted
methanation as a crucial reaction for long-term space explo-
ration missions. This reaction is presented as the key
parameter that will eventually define its technological and
economic feasibility on Earth and in Space [4]. However,
pressure and temperature dramatically impact the reaction
equilibrium because the Sabatier reaction (Eq. (1)) is consid-
erably exothermic and volume-reducing. In order to reach
high CO, conversion, thermodynamically, it is preferential to
run the reaction at low temperatures. Nevertheless, low
temperature implies slow reaction kinetics; therefore, looking
for efficient catalysts that support for the reaction to operate
productively under moderate conditions is unavoidable.

The Ni-based catalyst is presently recognized as a prom-
ising catalyst-base for CO, methanation because of its satis-
factory catalytic activity at high temperatures and low cost
[5—7]. When the reaction temperature turns lowered, how-
ever, its catalytic activity drops. Recently, the development of
Ni-based catalysts found hydrotalcite (HT) as a promising
material for CO, conversion [8,9]. The formula of HT-like
compound is presented below (Eq. (2)):

CO, + 4H, ~CH,; + 2H,0, AHY, — —165k]/mol

OH)(OH)(OH),[*" (A" .mH,0]

X/n

(Eq. 2)

Where M- the divalent cations such as Mg?", Ni?"; M™- the
trivalent cations like Al**; A®"- compensating anions (CO3*",

S0,%7, NO3"), is an interlayer n valent anion; and x varies be-
tween approximately 0.25 and 0.33; m-is the content of co-
intercalated water. Hydrotalcite, upon calcination, turns into
oxide-form through several changes: dehydration, dehydrox-
ylation, and the loss of compensating anions, which generate
basic characteristics and a weakly crystalline structure [10,11].
These oxides own a smaller particle size, a larger specific
surface area, uniform metal inter-dispersion, and greater
sintering resistance than corresponding supported catalysts.
The chemical compositions, preparation methods, and treat-
ment parameters influence the surface basic, particle size,
and/or redox features [12—14]. These are all crucial parameters
to define a suitable catalyst. Many approaches, such as co-
precipitation [15—17], sol-gel [18—20] and hydrothermal syn-
thesis [21-23], reconstruction [24,25], microwave irradiation
[26—29], biomineralization [30], have been reported for the
synthesis of HT. Choosing the synthesis routes is a pivotal step
depending on the requirements of the purpose of usage.

The synthesis of HT materials via urea hydrolysis has been
recognized as a new technique. So far, however, only few
works have been dedicated to synthesizing hydrotalcite via
such a technique. Available works could be listed as MMgAl-
HT where M = Fe, Co, Ni, Cu, or Zn [31], or M(I)M’ (I)Al-HT
with M(II) and M’ (II) = Fe, Co, Ni, or Zn [32], or Ru—NiMgAl-HT
[33]. The others addressed either the synthesis of MgAl-HT
[22,34,35] or NiAl-HT [36,37], with most of the interest
focusing on the catalysts' synthesis parameters and charac-
terizations; the applications for catalytic-chemical processes,
nevertheless, are still limited. More importantly, NiMgAI-HT
synthesized via urea hydrolysis method has never been re-
ported for a catalytic test of CO, methanation before.

This work, therefore, is dedicated to the synthesis of
NiMgAI-HT via urea hydrolysis route and its application for
CO, methanation compared to traditional co-precipitation
and impregnation catalysts. First, NiMgAl-HT material
(NMA) was synthesized by co-precipitating Ni, Mg, and Al-
precursors. Following the same synthesis procedure, MgAl-
HT was also prepared. MgAl-HT as a support was used for
impregnating purpose of Ni as active sites. On the other
hand, NMA was synthesized via the urea hydrolysis route
for comparative study. These three catalysts were then
tested under the 250—450 °C range of CO, methanation
conditions.

Experimental
Catalyst synthesis and characterizations

Three strategies of synthesis were chosen in this study:
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(i) Co-precipitation: The NiMgAI-HT was synthesized
through co-precipitation at constant pH from an
aqueous solution containing Ni acetate, Mg and Al ni-
trate precursors [M™/M®™ + MU = 0.25, 15 wt% Ni
loading) following [15,38]. Shortly, solution A contains
1M of Ni**, Mg and AI** cations using acetate salts of
nickel (Ni(Ac),.6H,0) and nitrate salts of magnesium
and aluminum (Mg(N),-6H,0, Al(N)3-9H,0) at a molar
ratio [AI**/(Ni®" + Mg*"+ AI*")] of 0.25. Solution B was
prepared by dissolving a proper quantity of Na,CO3 in
water to achieve the concentration of CO3~ of 1.0 M.
Solution A was added dropwise into solution B under
vigorous stirring at the constant temperature of 65 °C.
The mixture was aged for 1 h, keeping the pH 9.5-10
throughout the synthesis process by NaOH 1 M. After
vacuum filtering and washing with deionized water to
pH =7, the obtained slurry was dried overnight at 80 °C
and calcined at 550 °C for 5 h with a 5 °C/min heating
ramp. The complete catalyst was named NMA-CP.

(ii) Impregnation: Using the same procedure, MgAl-HT was

synthesized separately as a support with [Al**/(Mg?*+

AI*")] = 0.25. Nickel, as active sites, was introduced onto

the MgAIl-HT by impregnation with 15 wt% loading

(NMA-IMP).

Urea Hydrolysis: The synthesis of NiMgAI-HT via urea

hydrolysis followed the procedure reported by M.

Adachi-Pagano et al. [34]. Some synthesis parameters

such as temperature, aging time, and the medium were

varied by researchers [31,36] in which the hydrolysis was
thought to be faster at 100—110 °C, and the requirement
of aging time was 10—48 h in an autoclave, or 4 days
aging at 130 °C [37]. In this study, however, the same
temperature as the co-precipitation procedure during
the synthetic step was applied for comparative study as
described herein. First, a glycerol-oil bath was set up and
heated up to 65—70°C. 100 ml of deionized water, 20 ml of

a metal salts solution (Ni** + Mg>" + AI*" = 1 M, [AI*"/

(Ni?" + Mg*'+ AI*")] = 0.25) and urea, [urea/(Ni*" +

Mg?"+ Al*")] = 3.3, were added into a 1 dm>-triangle flask

and stirred at room temperature. It could be seen that

the solution was transparent and clear when stirred at
25°C. Afterward, the flask was soaked into the oil bath to
start the hydrolysis reaction at 65 °C. At this step, an
opaque-color solution was observed, suggested that the
hydrolysis occurred. After 24-h aging, the reaction was
forced to stop by quenching the flask with cold-water.

The slurry was filtered and washed with deionized

water, dried at 80 °C overnight and calcined at 550 °C for

5 h. The obtained catalyst was denoted as NMA-UH.

(iii

=

All catalysts were characterized by several techniques,
including SEM-EDX, BET, XRD, H,-TPR, and CO,-TPD. More
details about the characterization methods can be found in
Supplementary Material, Section 2 (SM.S2).

Catalytic evaluation system
CO, methanation tests were carried out in a U-shape quartz

reactor (i.d. 10 mm) placed in a furnace that allowed the
temperature reaches 900 °C. The temperature was governed

by a thermocouple K-type. Catalysts were packed between 2
layers of quartz wool, with the desired mass of each catalyst
calculated based on its own density to achieve
GHSV = 12,000 h™2. Prior to methanation tests, catalysts were
reduced in-situ at 900 °C in the 100 ml-H,/Ar flow (5% vol/vol)
for 1h, ramp 10 °C/min. Afterward, methanation flow con-
sisting of H,/CO,/Ar (12/3/5) was fed into the reactor at a total
flow rate of 100 cc/min. The reaction was performed in the
range of 250—450 °C, 50 °C/step, and held at a steady condition
for 30 min for each step. The outlet was analyzed using a gas
chromatograph (490Varian Micro-GC) with a thermal con-
ductivity detector (TCD).

The catalytic performance was evaluated via CO, conver-
sion, CHy selectivity and Carbon balance (Cy). TOF values were
reported (TOF expresses the number of converted CO, mole-
cules (N¢o,) per exposed Ni atoms (Nys) per unit time (s) [39])
for all catalysts.

The setup and all detailed calculations can be found in
SM.S1 (Fig. 1, Egs. 1-5). The catalyst stability was examined on
the best catalyst by time-on-stream run for 27.5 h at 300 °C.

Results and discussion
Catalyst characterizations

Scanning electron microscopy (SEM)

Visually, all 3 mixed-oxides catalysts owned identical
morphology; in specific, a solid form after thermal treatment
at 550 °C could be seen. This is in agreement with previous
observations [40].

Regarding EDS results (SM.S2, Table 1), the content of Ni on
NMA-IMP was lower than that of both NMA-CP and NMA-UH.
This loss was counted from the solution evaporation during
the impregnation process. It is worth noticing that EDS map-
ping presents a small region of catalyst surface, and the fact
that Ni-species are easily aggregated to form cluster/bulk
through impregnating step (by the uneven distribution of Ni-
species onto MgAI-HT surface); consequently, at some
points, the Ni content detected by EDS is lower, but in another
region, it could be much higher. In the cases of NMA-CP and
NMA-UH, Ni was easily incorporated into HT-framework,
resulting in more homogeneous inter-dispersion. It will be
proved in H,-TPR results later, in which the broader peak with
higher intensity of Ni—O—Al (around 800 °C) was observed in
the reduction profiles of NMA-CP and NMA-UH, while the
lower intensity of the corresponding peak, alongside the
appearance of more NiO-bulk species (broader band around
400—-550 °C), could be seen on the TPR profile of NMA-IMP.

Low-temperature N, sorption

Allisotherms of the calcined catalysts are of type IV according
to IUPAC categorization [41]; surprisingly, different types of
hysteresis loops were seen. NMA-CP presented Hj type, typical
of mesoporous materials, NMA-UH exhibited H; type with
more layers in the catalyst structure. Furthermore, NMA-IMP
seems to be different (SM.S2, Fig. 2). Thus, it is possible to
state that the hydrolysis of urea in the presence of ionic
metals generated catalysts with more layers in the structure
compared to the traditional routes.
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Table 1 — Physicochemical and redox properties of the
catalysts.

NMA- NMA- NMA-
CP UH IMP

Catalysts

BET analysis

BET surface area [m%g] 165 189 133
Pore volume Vj, [cm®/gcar]” 036 059 027
Mean pore diameter r, [nm] 9.08 12.85 8.32
H,-TPR analysis

Total H, consumption [mmol/ge.] 434 586 3.36

Peak consumption [mmol/g..;] 399—424 °C 0.003 0.04 0.51
700—-722°C 2.743 3.86 1.10
790—-808 °C 1.594 1.96 1.75
399-424°C 0.1 0.64 15.1
700—-722°C 63.2 65.8 32.8
790—-808 °C  36.7 335 52.1

Distribution (%)

CO,-TPD analysis

Total Basicity [pmol/gcat] 56.8 277.9 162.0

Distribution (%) Weak 225 489 87
Medium 60.0 29.5 52.2
Strong 17.5 21.6 39.1

XRD analysis

NiO particle size [nm] Calcined catalysts 2.8 2.9 45

SEM analysis

Ni° particle size [nm] Reduced catalysts 17.5 122 225

Ni° particle size [nm)] Spent catalysts 32 31 38

Dispersion (%) 5.8 7.9 4.5

Carbon Balance (Cp, %)°°°°¢ 948 924 939

& Pore volume determined from the adsorption isotherms by BJH
method.

The N, adsorption-desorption data of the calcined cata-
lysts are presented in Table 1. According to the BET analysis,
the specific surface area (SSA) of the prepared catalysts is
considerably influenced by the preparation method. The SSA
of NMA prepared by impregnating was the lowest (133 m%g),
while the value of NMA-UH was higher (189 m?/g). The partial
blocking of pores by the growth of particle size caused during
the impregnation step could be the reason for NMA-IMP
owning the lowest SSA. The measured SSA, in this case, was
supposed to be dominantly contributed by the smaller pores -
further discussion in section 3.1.3. Powder X-ray diffraction
(XRD). In comparison to NMA-CP and NMA-UH, where Ni-
species were introduced into the framework more directly
with uniform interdispersion, as the corollary, the pores are
more open. This is evidenced by the larger mean-pore-
diameter (rp) and pore volume (V) of NMA-CP and NMA-UH
(see Table 1). It should be noted that NMA-UH possesses the
biggest (rp) and (Vy) in the three-catalyst series, at 12.85 nm
and 0.59 cm®/g..,, respectively.

Powder X-ray diffraction (XRD)

Catalyst diffractograms reveal several prominentreflections at
20 =137.5°,43.3°,63.2°,75.3°, and 79.5°. These peaks correspond
to the diffraction of NiO-lattice planes (111), (200), (220), (311),
and (222), which are consistent with the prior study [42]. Ac-
cording to Debek et al. [43], the occurrence of three reflections
at 20 = 36°, 43.5°, and 63.2" is similarly associated with the
periclase-like structure of Ni—Mg—Al mixed oxides (ICOD 00-
045-0946). Furthermore, some authors [44—46] stated that
NiMgO, could also show the characteristic diffraction peaks at

20 = 37°, 43.3° and 63, in which the main reflection was
localized in the range of 20 = 42.2° to 43.6°. The reflections of
MgO [45] were recorded at the same position; as a result, it is
logical to assume that a MgNiO, solid solution coexists with the
MgO crystal phase in our catalyst. The reflections of NiAl,04
phases, on the other hand, can position at 26 = 37°, 43°, 63.5°,
according to Ref. [45] (see SM.S2, Fig. 3). The absence of segre-
gated phases (NiO, MgO, Al,0s) in all catalysts suggested that
the mixed oxides were solid solutions containing transition
metal cations.

In terms of peak shape and intensity, the NMA-IMP dif-
fractogram showed sharper peaks with higher intensity than
NMA-CP and NMA-UH, implying that the NMA-IMP has a
larger NiO particle size. This was validated by determining
NiO particle size (L) using the using Scherrer equation (SM.S2,
Eqg. 6); the results are shown in Table 1, with the particle size
classified as NMA-CP (2.8 nm), NMA-UH (2.9 nm), and NMA-
IMP (4.5 nm); this confirmed the bigger particle sizes were
presented in NMA-IMP catalysts.

In correlation to BET surface area results, where NMA-IMP
showed the lowest value at 133 mz/g, in fact, it is commonly
acknowledged that increasing crystalline size reduces the
surface area [47—50]. Nitrogen molecules are unable to access
the pores due to the confinement and coverage of pores by
bigger Ni-particles on the surface. The results were proven by a
diffractogram of NMA-IMP (SM.S2, Fig. 3-blue line), which
revealed that it had the highest crystallinity among the others
(see Fig. 1).

Study of the reducibility of catalysts (H,-TPR)

Fig. 2 shows the H,-TPR profiles of all catalysts. The synthesis
of HT via different methods resulted in the formation of
different Ni-species, which is indicated by diverse reduction
peaks.

The effects of the applied preparation methods are first
particularly evident below 550 °C. For these catalysts, four
reduction peaks were observed: ca. 207 °C (I), around 289 °C
(I1), about 397 °C (III), and the last one at 506 °C (IV). They are
attributed to the isolated NiO and NiO un-uniformly scattered
on the support surface - (I) and (II) [51], and the reduction in
free-bulk NiO/well-dispersed NiO and bulk NiO weakly inter-
acting with the Mg(Al)O phase - (III) and (IV) [52], respectively.

The shifts of peaks could be observed for the NMA-UH
compared to NMA-UH. In detail, the reduction peak (I) of
NMA-UH was relocated 20 °C lower to ca.190 °C, peak (II) was
positioned at 282 °C (shifted by 7 °C to the left), peak (III) was
situated at 395 °C, and (IV) was shifted to 470 °C (36 °C shift).
Together with the increased intensities of these reduction
peaks, this suggested that the hydrolysis process during
preparation weakened Ni-bonds while generating weaker NiO
species on the surface.

©

Fig. 1 — SEM images of calcined catalysts.
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Fig. 2 — H,-TPR profiles of NMA with different preparation
methods.

The same observation could be made on NMA-IMP, as all
reduction peaks in this temperature range migrated to lower
positions; however, peak profiles for (III) and (IV) - blue line,
were distinctive. These peaks belong to the reduction of NiO-
species in the form of bulk/cluster and/or sintering, with
broader bands and higher H,-consumption (ca.15% distribu-
tion corresponding to 0.51 mmol/g.,;) compared to NMA-CP
and NMA-UH at 0.1-0.6%, respectively, it revealed the pres-
ence of more NiO species on the NMA-IMP surface. The result
was consistent with the BET and XRD observations.

The reduction of stoichiometric NiAl,O, species [53] leads
to prominent reduction peaks at high temperatures (about
800 °C and shoulder peaks at 720 °C) for all three catalysts. The
intensity of this peak was seen highest for NMA-UH, demon-
strating the homogenous inter-dispersion of cations in the
brucite layers of hydrotalcite, which give rise to the number of
strong interactions of the active metal with hydrotalcite-
derived material (Ni—-O—Al). The peak positions for NMA-CP
and NMA-UH are identical, but in the case of NMA-IMP,
there is a slight shift towards higher temperatures, and at
the same time, the area of the TCD profile is smaller. This
suggests that impregnating Ni onto MgAI-HT resulted in a
lower number of strong Ni-HT framework interactions, but
the interactions are more robust; Ni-species present on this
catalyst are in more difficult-to-reduce states. Table 1 reports
the data regarding H, consumption for all catalysts.

The basicity of catalysts (CO,-TPD)

CO,-TPD profiles of hydrotalcite-derived materials are shown
in Fig. 3, in which three CO, desorption peaks corresponding
to weak, medium-strength and strong basic sites can be seen
in agreement with the literature [54—56].

CO, desorption from the surface basic OH-group (hydrogen
carbonate species) was allocated to the earliest desorption
peak (at 130—195 °C), whereas CO, desorption from metal-
oxygen pairs (M™ * - 0%  pairs) assigned to the medium-
strength basic sites was centered around 270—340 °C. Finally,
as found for hydrotalcite-derived catalysts via the CO,-bond

600

P s =
7/ L
Weak Medium /" Strong NMA-CP
1 [ AR - 500
12.75 pmole/g | 7
34.06 pmole/g
7™ 9.94 pmole/g,,
— 400 —
S| 13587 pmolelg,, o
s NMA-UHJ+ by
= g
2 -300 &
7] S
a (7]
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&= 3]
- 200
| NMA-IMP I_
84.59 umole/g,, | | 100
|
63.41 pmole/g
T = T T 0
0 1000 2000 3000 4000 5000 6000

Time [s]

Fig. 3 — CO,-TPD profiles of NMA with different preparation
methods.

on the low oxygen coordination [57], CO, desorbed from
strong-basic sites at higher temperatures (470—550 °C). The
same observations have been reported in the literature, with
hydrotalcite-derived materials showing three desorption
peaks in the temperature range of 100—600 °C (Fig. 3).

Total basicity was computed using Gaussian fitting to
integrate the desorption profile, which was deconvoluted
from three basic site contributions (weak, medium, and
strong). Catalysts presented a diverse distribution of weak,
medium, and strong basic sites, where the strong basic sites
contributed more on NMA-IMP (approximately 39%) and
roughly the same for both NMA-UH and NMA-UH (varying
from 17 to 21%). On NMA-UH, there was a clear difference in
the generation of weak sites, with 48% of distribution,
whereas it was approximately 8% on NMA-IMP catalyst. One
can note that the calculated total basicity increases from 56.8
umol/geat, 162 umol/gear to 277 pmol/g..: for NMA-CP, IMP to
UH accordingly (Table 1). Also, the total basicity of NMA-UH is
5-time higher than NMA-CP. It was widely accepted that there
is a linear correlation between weak, medium site distribution
and CO, conversion [55]; therefore, NMA-UH is expected to
deliver a high activity in our study.

It is known that urea is a weak Brgnsted base with a pKy of
13.8, it has strong solubility, and urea hydrolysis occurs
slowly, resulting in low supersaturation during precipitation.
Ammonium carbonate is formed when it decays (Eq. (3)):
H,N-(C=0)—NH, + 2H,0 — 2NH,* + CO3>" (Eq. 3)

In fact, according to the literature [58], the hydrolysis of
urea proceeds in two steps, the formation of ammonium
cyanate (NH,CNO) (Eqg. (4)) as the rate-determining step:
H,N-(C=0)-NH, — NH," + NCO~ (Eq. 4)

And the fast hydrolysis of the cyanate to ammonium car-
bonate (Eq. (5)) and/or possibly weak H,CO5 in basic medium
(Eg. (6)), in which H,CO3; will be further segregated into 2H"
and CO5?~ in such medium.
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NCO™ + 2H,0 — NH4*t + CO5%~ (Eq. 5)

NCO™ + 2H* + 2H20 - NI‘I4+ + H2C03 (Eq 6)

This potentially indicated that NMA formed through the
hydrolysis in basic medium will consequently generate more
basicity and thus facilitate CO, activation, giving better cata-
lytic activity.

Catalytic performance

The catalytic activity is reported in Fig. 4 for all catalysts as a
function of temperature. The continuous lines show the
registered CO, conversion, whereas the dashed lines repre-
sent CH, selectivity.

As it can be observed, catalytic activities toward CO,
methanation were moderate at 250 °C, suggesting that the
reaction was slowly initiated, as discussed before. Notwith-
standing this, the effects of preparation procedures on CO,
conversion and CH, selectivity can be realized. A conversion
of 20% was found for the catalyst synthesized via urea hy-
drolysis, while for NMA-CP and NMA-IMP, it was much lower
(around 6%). Regarding CH, selectivity, NMA-UH showed a
good value (about 99%) at this temperature, but it is not the
case for NMA-CP or NMA-IMP.

Up to 300 °C, all catalysts showed an improvement in the
catalytic performance, with NMA-UH being the best as ex-
pected. According to obtained results, NMA-UH showed more
than 60% gain in CO, conversion, from 20% to around 82%,
while NMA-CP had a smaller rise to 46%, and for NMA-IMP, it
was seen at 34% in CO, conversion. When temperatures were
further increased to 350 °C, all conversions reached a higher
value, with NMA-UH obtaining an 88.5%, followed by NMA-CP
(83.1%) and NMA-IMP (79.2%). This demonstrated that urea
hydrolysis-derived catalysts could promote CO, methanation
at lower temperatures.

Summary data from Table 1 and Fig. 5 show that NMA-UH
presents the highest surface area (189 m?/g) and the biggest
mean pore diameter of 12.85 nm, as well as the highest total
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Fig. 4 — CO, Conversion and CH, selectivity of catalysts
versus temperatures.
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basicity (278umol/g.,:) with 218umol/g.,: contribution from
weak and medium sites. It is worth mentioning that this
contribution of weak and medium strength sites approxi-
mately equals to the total basicity of NMA-CP and NMA-IMP
put together. As widely reported by Refs. [55,59—61], the
combinatorial effect of Ni and basic sites can strongly promote
catalytic activity. These are crucial factors for achieving a high
level of catalytic activity. Furthermore, SEM mapping on
reduced catalysts revealed the smallest Ni® particle of 12.2 nm,
which correlate with the highest Ni-dispersion (%). The best
behavior of NMA-UH, therefore, was pointed out by all of the
aforesaid features. On the contrary, with the lowest surface
area, the minor proportion of weak-and-medium basic sites,
the most Ni species difficult to reduce, with the largest Ni°
particle size (22 nm) (cp. Table 1), itis no surprise that NMA-IMP
performed the worst among the three studied catalysts. The
CHgy selectivity at 300°C—350°C witnessed superior 99—99.8% of
values.

To compare with the literature, the catalytic activity of
NMA-UH at 300 °C, Table 2 is presented.

Because of thermodynamic limitation (see SM.S2, Fig. 4), the
catalytic activities decreased upwards of 400 and 450 °C; i.e.,
NMA-CP, NMA-UH, and NMA-IMP showed lower CO, conver-
sion at ca. 80.8%, 78.7%, and 78.1% with 97.5%, 96.9% and 96.2%
of CH, selectivity at 450 °C, respectively. As the temperature
increases above 400°C—450 °C, the RWGS reaction (CO, + H,0
— CO + H,, AH3g = 41kJ/mol, (Eq. 7)) becomes more favor-
able; therefore, a small amount of carbon monoxide is gener-
ated as a byproduct. This is one of the reasons the reaction was
not examined at temperatures higher than 450 °C.

Moreover, a time-on-stream (TOS) run for NMA-UH at
300 °C for 27.5 h was performed to assess the catalyst's sta-
bility. Fig. 6 depicts the results.

The TOS run showed a good agreement with catalytic
performance results with ca. 81% CO, conversion and 99.5%
selectivity recorded. After a 27.5-h test, both CO, conversion
and selectivity remained stable, with no significant changes
suggesting that the NMA-UH catalyst has remarkable stability.
TOF calculation suggested that NMA-UH is the one that allows
CO, molecules to be converted more on one Ni-site. The TOF
values for all catalysts are listed 0.25 (s™%) < 0.29 (s™%) < 0.82
(s7%), corresponding to NMA-IMP < NMA-CP < NMA-UH.
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Table 2 — Comparison of catalytic activity with some
available data.

Catalysts® Preparation Feed GHSV CO, CH,; Ref.
method Hy (h™%) Conv. Sel

CO, (%) (%)
Ni15/Cul CP 4 12000 62 99 [62]
Ni15/V2 CP 4 12000 75 99 [63]
Ni15 CP 4 12000 63 99 [64]
Ni15/La2 CP 4 12000 75 98
Ni15 UH 4 12000 8 99 This work

& Hydrotalcite type, Ni/promoter (wt.%/wt.%).
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Fig. 6 — TOS run of NMA-UH at 300 °C and TOF calculation
for all catalysts.

Spent catalyst evaluation

Used catalysts were characterized further using XRD and SEM
analysis. XRD diffractograms and SEM images are given in
SM.S3, Figs. 6 and 8.

XRD revealed no C-deposition peak at about 26 = 20°,
indicating no C-deposition form existed on the catalyst sur-
face. SEM analysis revealed the increased particle size
compared to the reduced catalysts suggesting the active site
suffered aggregation following the reaction. Carbon balance
(Cp) was also calculated (SM.S2, Fig. 5). Data at 300 °C (Table 1)
showed the unclosed Cp. The fact that XRD identified no C-
deposition but the Cy, are unclosed suggests that some types of
C species may exist as byproducts or intermediates. Carbon
could be present in the form of carbonate, hydrogen carbon-
ate, or carbonyl; however, it could not be further transformed
during the reaction, therefore remaining on the catalyst sur-
face and, as a result, C, was opened.

Conclusions

In this study, NiMgAl-Hydrotalicte was synthesized, evaluated
under CO, methanation, and compared to the catalysts pre-
pared by co-precipitation and impregnation. The results reveal
that the preparation process has a significant impact on both

physicochemical and redox parameters, as well as catalytic
performance. The catalyst synthesized via urea hydrolysis
showed the best activity, with an average conversion rate of
82.3% and a selectivity of 99.8% for CH, at 300 °C. There is a
possibility of tuning synthesis parameters such as tempera-
ture and aging time to improve the catalytic performance
further.
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