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Abstract—Ni-based catalysts supported on a support with 3D-mesopores, including Ni/KIT-6(EG), Ni/KIT-6(PS) and
Ni/KIT-6(DS), were prepared by adding ethylene glycol, direct synthesis and post synthesis methods, respectively, and
their catalytic properties were investigated for CO methanation as one of the core technologies of synthetic natural gas
production in a continuous flow fixed-bed reactor. The catalysts were characterized by N, adsorption-desorption, X-ray
diffraction (XRD), transmission electron microscope (TEM), energy-dispersive X-ray spectroscopy (EDS), hydrogen
temperature-programmed reduction (H,-TPR), hydrogen temperature-programmed desorption (H,-TPD) and ther-
mal gravimetric analysis (TGA), respectively. The results showed that Ni/KIT-6(EG) exhibited the best catalytic perfor-
mance with CO conversion of almost 100% and CH, yield of 75% at 450 °C, atmospheric pressure and 60,000 mL/g/h
due to the higher dispersion of Ni species, stronger reducibility of NiO and formation of smaller Ni nanoparticles fixed
into 3D-mesopores, indicating that adding ethylene glycol was effective to improve catalytic performance of Ni-based
catalyst for CO methanation. Moreover, compared with Ni/AL,O5(EG) prepared using AlLO; as a support, Ni/KIT-
6(EG) showed better catalytic performance owing to the higher specific surface area, stronger reducibility of NiO and
confinement effect of 3D-mesopores promoting to produce more active sites. After 60h lifetime test of Ni/KIT-6(EG) at
500 °C, atmospheric pressure and 60,000 mL/g/h, 3D-mesopores were still maintained and no obvious agglomeration
of Ni nanoparticles was observed, meaning that Ni species were still well dispersed into 3D-mesopores. As a conse-
quence, Ni/KIT-6(EG) exhibited superior catalytic performance and stability, which makes it a promising candidate for

CO methanation.
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INTRODUCTION

Synthetic natural gas (SNG) by coal gasification has received wide-
spread attention due to growing demand for natural gas as an
energy carrier with higher heating value and desire for clean utili-
zation of coal resource [1,2]. However, CO methanation as one of
the core technologies of SNG production, is a highly exothermic
reaction, resulting in catalyst deactivation due to sintering and car-
bon deposition [3,4]. For this reason, extensive efforts have been
devoted to the study of catalysts with higher catalytic performance
and stability. Among the catalysts being explored, Ru- and Rh-
based catalysts have exhibited excellent catalytic properties at lower
operating temperature [5]. Unfortunately, the limited availability
has restricted the commercial application of Ru- and Rh-based cat-
alysts. Some researchers have also focused on the preparation of Fe-
and Co-based catalysts [6,7], but they are nagged by lower CH,
selectivity. In this case, Ni-based catalyst was considered as the most
promising candidate for CO methanation due to its advantages,
including lower price and superior catalytic performance [8-10].

Ni-based catalyst supported on the metallic oxides has been widely
investigated for CO methanation [11-13]. Unfortunately, at higher
operating temperature, these materials are prone to cause Ni nano-

"To whom correspondence should be addressed.
E-mail: clguo@cumt.edu.cn
Copyright by The Korean Institute of Chemical Engineers.

2374

particles agglomeration, lowering catalytic performance and stabil-
ity [14-16]. Therefore, it is urgent that some novel materials with
excellent physicochemical properties are developed as supports for
CO methanation. Recently, researchers utilized mesoporous SiO,
molecular sieves as supports of Ni-based catalyst, which have ex-
hibited better catalytic performance and stability [17-21]. For exam-
ple, Tao et al. [19] reported that SBA-15 was used as a support of
Ni-based catalyst for improving catalytic performance. Moreover,
Ni incorporated SBA-16 catalyst was also prepared by impregna-
tion method, and the experimental results demonstrated that the
catalyst displayed excellent catalytic performance [20]. In addition,
Zhang et al. [21] prepared Ni-based catalyst supported on MCM-
41 by hydrothermal synthesis method, and the results showed that
a strong interaction between Ni species and MCM-41 inhibited
catalyst sintering. Although promising, catalytic property of Ni-
based catalyst was still nagged by a critical problem, that is, inef-
fective anchor of smaller Ni nanoparticles located inside the sup-
port [22]. As a novel silica material with 3D-mesopores, KIT-6
consisting of two interwoven subnetworks possesses higher spe-
cific surface area and pore volume [23-25], which is conducive to
producing more active sites for enhancing catalytic performance
and stability. Unfortunately; to date, studies on Ni-based catalyst using
KIT-6 as a 3D-mesoporous support to promote catalytic property
for CO methanation have not been reported. In addition, the prepa-
ration method has been considered as a critical factor affecting the
catalytic property of Ni-based catalyst [26-28]. Lv et al. [26] pre-
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pared Ni-based catalyst by the modification of silica support by
adding ethylene glycol to decrease the decomposition tempera-
ture of impregnated nickel nitrate. It was also reported that Ni-
based catalysts were prepared by direct synthesis and post synthe-
sis methods for enhancing catalytic performance due to higher
dispersion of active metal centers by enhancing the metal-support
interaction [27,28]. Nonetheless, it was not fully understood the
effect of preparation method on catalytic property of Ni-based cat-
alyst supported on a 3D-mesoporous support for CO methanation.

We synthesized Ni-based catalysts using KIT-6 as a support
with 3D-mesopores under various preparation methods and char-
acterized by N, adsorption-desorption, X-ray diffraction (XRD),
transmission electron microscope (TEM), energy-dispersive X-ray
spectroscopy (EDS), hydrogen temperature-programmed reduction
(H,-TPR), hydrogen temperature-programmed desorption (H,-
TPD) and thermal gravimetric analysis (TGA), respectively. More-
over, the relationship between catalytic performance and 3D-mes-
opores as well as the effect of preparation method on catalytic
performance of Ni-based catalyst for CO methanation were also
explored in a continuous flow fixed-bed reactor.

EXPERIMENTAL

1. Catalyst Preparation

The support with 3D-mesopores was prepared using a triblock
copolymer (P123) as structure directing agent according to the
published literature [29]. Typically, 4 g P123 was dissolved into aque-
ous solution with 144 g distilled water and 6.6 mL HCI (35%),
which was stirred at 35 °C for 2 h. Then, 49 mL 1-butanol was added
and stirred for 1 h. Subsequently, 9.2 mL TEOS was dripped into
and kept stirring at 35 °C for 24 h. The resulting mixture was trans-
ferred to a Teflon bottle and maintained at 100 °C for 24 h. The
solid product collected by filtration was washed until the filtrate was
neutral. After drying at 100 °C overnight, P123 was finally removed
by calcination in air at 550 °C for 4h to obtain the support with
3D-mesopores, which was named as KIT-6. KIT-6 was pretreated
by incipient-wetness impregnation with ethylene glycol at room
temperature for 1h and dried in an oven at 100°C for 12h. The
modified KIT-6 was impregnated by aqueous solution of nickel
nitrate under stirring at 60 °C for 10h. Next, the solid product
acquired by evaporating water under stirring at 60 °C, was dried at
100 °C overnight and calcinated in air at 550 °C for 4 h. The ob-
tained catalyst was denoted as Ni/KIT-6(EG). For comparison, Ni-
based catalyst was prepared by the same procedure with a support
of ALO; instead of KIT-6, which was named as Ni/AL,O,(EG).
KIT-6 was also added into a solution by dissolving nickel nitrate
and urea with a mole ratio of 3:1 in 10 mL distilled water, and then
kept stirred at 60 °C for 2 h. The resulting mixture was poured into
a Teflon bottle and hydrothermally treated at 100 °C for 6 h. After
filtration and washing, the solid product acquired by drying at
100 °C overnight and calcination in air at 550 °C for 4 h, was noted
as Ni/KIT-6(PS). A nickel nitrate solution and 9.2 ml TEOS were
added into aqueous solution with 4 g P123, 144 g distilled water,
6.6mL HCI (35%) and 4.9 mL 1-butanol. After stirring at 35°C
for 24 h and hydrothermal treatment at 100 °C for 24 h, the pH
value of the resulting mixture was adjusted to 8.0 with ammonia

(28%). After continuous hydrothermal treatment at 100°C for
48 h, the solid product acquired by filtration, washing and drying
was calcined in air at 550 °C for 4 h, which was named as Ni/KIT-
6(DS). In this work, the NiO content of all Ni-based catalysts was
set to 10 wt% under various preparation methods.
2. Catalyst Characterization

N, adsorption-desorption isotherms at —196 °C were measured
by a Micromeritics Tristar II 3000 analyzer. Prior to measurement,
these samples were outgassed at 100 °C for 1 h and then at 300 °C
for 3h. The pore size distributions of samples were calculated by
Barret-Joyner-Hallender (BJH) method according to desorption
branch, and the specific surface areas of samples were derived from
Brunauer-Emmett-Teller (BET) method. XRD patterns were recorded
using a Rigaku D/MAX-2500 diffractometer. The wide-angle was
in the range of 10° to 80° with scanning speed of 8°/min, and the
low-angle in the range of 0.5° to 5° was performed at scanning speed
of 1°/min. The average size of Ni nanoparticles was estimated by
the Debye-Scherrer equation. H,-TPR was investigated in a mixture
of 10 vol% H,/Ar with a gas flow of 30 mL/min using a Micromer-
itics AutoChem 2910 system with a thermal conductivity detector
(TCD). The sample temperature was raised from room temperature
to 800 °C at heating rate of 10°C/min. H,-TPD was also conducted
on the same instrument like H,-TPR. 100 mg catalyst was reduced
in a pure H, flow of 30 mL/min for 2 h, and then cooled to 50 °C.
After removing the physically adsorbed H,, the temperature was
raised to 800 °C at ramping rate of 10 °C in an Ar flow. The desorbed
H, was detected by TCD. The number of Ni sites per unit mass was
determined by H,-TPD result based on the assumption of adsorp-
tion stoichiometry of H/Ni=1: 1. Peak area of H,-TPD profile was
normalized by H,-TPD result of a standard CuO sample. Ni spe-
cies dispersion was calculated by the following equation [30,31]:

2%V, ;x MxSF

%)= ——
D(%) mxPxV, xd,

x100% Q)

where V,; (mL) represents the chemisorbed H, volume under
standard temperature and pressure (STP) in TPD measurement;
M is the molar mass of Ni (58.69 g/mol); SF is the stoichiometric
factor (the Ni/H molar ratio for chemisorption) which is seen as 1;
m is the sample mass (g); P is the mass fraction of Ni in the sam-
ple; V,, is the molar volume of H, (22,414 mL/mol) at STP; d, is
the reduction degree of Ni species determined by H,-TPR.

The TEM was employed to explore the morphology of sample
by a Philips TECNAI G2F20 instrument, accompanied with EDS
for measuring various elements. Before the measurement, the sam-
ple was dispersed ultrasonically into the ethanol and deposited on a
holey carbon-supported grid. TGA was conducted by an STA449F3
(NETZSCH Corp.) under an air flow of 80 mL/min within a tem-
perature range from room temperature to 800 °C at a ramping rate
of 10 °C/min.

3. Catalytic Performance Measurement

CO methanation was carried out in a continuous flow fixed-
bed reactor with 6 mm inner diameter quartz tube at atmospheric
pressure, and the operating temperature was adjusted from 300 to
500 °C. Typically, 50 mg catalyst (40-60 mesh) mixed with 500 mg
quartz sand (40-60 mesh) homogenously was loaded into quartz
tube and reduced in situ at 550 °C in 50 vol% H,/N, for 2 h. After
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Fig. 1. N, adsorption-desorption isotherms of (a) KIT-6, Ni/KIT-6(EG) and Ni/ALO;(EG), (b) Ni/KIT-6(EG), Ni/KIT-6(PS) and Ni/KIT-6(DS);
pore size distribution curves of (c) KIT-6, Ni/KIT-6(EG) and Ni/AL,O,(EG), (d) Ni/KIT-6(EG), Ni/KIT-6(PS) and Ni/KIT-6(DS).

cooling to the starting operating temperature in N,, the gas mix-
ture composed of 60 vol% H,, 20 vol% CO and 20 vol% N, was fed
into the reactor at a weight hourly space velocity (WHSV) of 60,000
mL/g/h. The outlet gas was cooled and then analyzed on-line by
gas chromatograph (GC-SP2100, China) with a TDX-01 and a
TCD using Ar as carrier gas. In addition, the catalytic stability was
performed at 500 °C and atmospheric pressure for 60 h. CO con-
version, CH, selectivity and CH, yield were calculated according
to the following equations:

Veom—V
CO Conversion (%)= Veo,in=Veo, ou) x100% ()
VCO, in
CH, Selectivity (%)= _ Verou 100% 3)
¢ (VCO, in~ VCO, out)
CH, Yi oL VCH,, out o
4 leld(/o)fv—XIOO/o (4)
CO, in

where V,,, and V, ,, are the volume flow rate of component i (CO,
CH,) at the inlet and outlet, respectively.

RESULTS AND DISCUSSION

1. Catalyst Characterizations
1-1. N, Adsorption-desorption

N, adsorption-desorption isotherms and pore size distribution
curves of KIT-6, Ni/KIT-6(EG) and Ni/ALO;(EG) are presented
in Fig. 1. N, adsorption-desorption isotherms of KIT-6 and Ni/

September, 2017

KIT-6(EG) were attributed to typical type IV isotherms and H1
hysteresis loop [23], meaning that large channel-like pores were
formed. As shown in Fig. 2(a) and (b), large channel-like pores of
KIT-6 and Ni/KIT-6(EG) were also seen from TEM images, with
the average pore size of 5.84 and 5.77nm (cf. Table 1), respec-
tively, which further confirmed the formation of large channel-like
pores. Also, N, adsorption-desorption isotherms of KIT-6 and Ni/
KIT-6(EG) increased rapidly in the relative pressure (P/P;) from
0.6 to 0.8 due to the capillary condensation, indicating that 3D-
mesopores were still preserved after Ni deposition. However, N,
adsorption-desorption isotherm of Ni/AL,Os(EG) exhibited type
IV isotherm and H4 hysteresis loop [32], which had the character-
istics of mesoporous material. KIT-6 and Ni/KIT-6(EG) displayed
two monomodal pore size distributions, corresponding to a pore
around 6.5nm, while Ni/KIT-6(PS) and Ni/KIT-6(DS) showed
two bimodal pore size distributions, corresponding to the small
pore around 3.7 nm/3.7 nm due to the introduction of Ni nanopar-
ticles into 3D-mesopores and the large pore around 7.5nm/30
nm, because of the partial damage of 3D-mesopores after Ni spe-
cies doping into the skeletons of mesoporous silica, respectively. As
shown in Table 1, the specific surface area, pore volume and aver-
age pore size of KIT-6 were 722.7 m’/g, 1.07 cm’/g and 5.84 nm,
respectively, as well as the specific surface area and pore volume
decreased significantly after Ni deposition. Noticeably, Ni/ALO;(EG)
with a monomodal pore size distribution possessed the lowest spe-
cific surface area of 186.8 m”/g and pore volume of 0.36 cm’/g, re-
spectively. The average pore size of Ni/KIT-6(EG) was smaller than



Enhanced CO methanation over Ni-based catalyst using a support with 3D-mesopores 2377

H

&
Energy {keV)

Fig. 2. TEM images of (a) KIT-6, (b) Ni/KIT-6(EG), (c) Ni/ALO,(EG); (d) EDS profile of Ni/KIT-6(EG).

Table 1. Physicochemical properties of KIT-6 and catalysts

Ni nanoparticles size (nm
Catalyst Sger (m’/g) Vpb (cm’/g) D, (nm) 4 P di,-e : IEI;;E';?;G D (%)
KIT-6 722.7 1.07 5.84 - - - -
Ni/ALO;(EG) 186.8 0.36 5.76 - 6.0 93.5 13.9
Ni/KIT-6(EG) 551.3 0.86 5.77 24 <5 106.0 15.8
Ni/KIT-6(PS) 424.1 091 6.97 32 - 99.8 14.9
Ni/KIT-6(DS) 239.7 0.97 16.06 2.7 - 62.5 9.3

“Specific surface area based on the BET equation
*Pore volume derived from the volume of N, adsorbed at P/P,=0.97

“Average pore size calculated by BJH method using the desorption branch
“Nanoparticles size estimated from Ni (111) plane using the Debye-Scherrer equation

‘Nanoparticles size obtained from Ni (200) plane
/Ni species dispersion determined by the H,-TPR and H,-TPD

that of KIT-6, implying that Ni species were introduced into 3D-
mesopores. The specific surface area of Ni/KIT-6(EG) was higher
than those of Ni/KIT-6(PS) and Ni/KIT-6(DS), which is condu-
cive to enhancing the dispersion of Ni species.
1-2. XRD Measurement

Low-angle XRD patterns of KIT-6 and Ni/KIT-6(EG) are shown
in Fig. 3(a). It can be found that a sharp diffraction peak (211) was
at 20 of 0.97° and an obvious shoulder peak (220) was at 26 of
1.10°, indicating that KIT-6 presented 3D-mesopores with cubic
Ta3d space group. Meanwhile, as shown in Fig. 2(a), 3D-mesopores

were observed from TEM image, which corresponded to the (211)
and (220) planes in low-angle XRD pattern. Additionally, KIT-6
and Ni/KIT-6(EG) were similar in 3D-mesopores, demonstrating
that 3D-mesopores were still retained after Ni deposition. Noting
that, during CO methanation, 3D-mesopores were conducive to
the diffusion and transfer of gas mixture as reactant, subsequently
enhancing catalytic performance of Ni-based catalyst.

Fig. 3(b) displays wide-angle XRD patterns of KIT-6 and cata-
lysts, including Ni/KIT-6(EG) and Ni/ALO;(EG). For Ni/KIT-6(EG)
and Ni/ALO,(EG) three characteristic diffraction peaks of Ni crys-
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Fig. 3. (a) Low-angle XRD patterns of KIT-6 and Ni/KIT-6(EG);
(b) wide-angle XRD patterns of KIT-6, NVKIT-6(EG) and

Ni/ALO;(EG); (c) wide-angle XRD patterns of N/KIT-6(EG),
Ni/KIT-6(PS) and Ni/KIT-6(DS).

tals appeared at 26 of 44.3°, 51.8° and 76.4°, which were, respec-
tively, assigned to the (111), (200) and (220) planes of face-centered
cubic Ni (JCPDS, No. 65-2865). For Ni/KIT-6(EG), the diffraction
peak intensity from 10 to 80° was weaker than that for Ni/ALO;(EG),
indicating that Ni species were well dispersed on KIT-6. As seen in
Fig. 2(d), EDS profile of Ni/KIT-6(EG) showed that the elements,
including Ni, Si and O, were successfully introduced into 3D-mes-
opores, which was in line with higher dispersion of Ni species. The
sizes of Ni nanoparticles estimated from XRD patterns are listed in
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Fig. 4. H,-TPR profiles of KIT-6, Ni/ALO;(EG), Ni/KIT-6(EG), Ni/
KIT-6(PS) and Ni/KIT-6(DS).

Table 1. It can be seen that the size of Ni nanoparticles dispersed
on KIT-6 was smaller than that on Al O;, indicating that 3D-mes-
opores had a significantly impact on Ni nanoparticles size, which
agreed well with the results of N, adsorption-desorption isotherms.
TEM image of Ni/KIT-6(EG) in Fig. 2(b) displayed that Ni spe-
cies was evenly dispersed into 3D-mesopores, suggesting that Ni
deposition cannot damage 3D-mesopores. Compared with Ni/
KIT-6(EG), as shown in Fig. 2(c), Ni/ALO4(EG) exhibited obvious
agglomeration of Ni nanoparticles. In addition, for KIT-6 and Ni/
KIT-6(EG), two broad peaks were at 26 from 15 to 30°, implying
the existence of amorphous silica.

As shown in Fig. 3(c), Ni/KIT-6(PS) and Ni/KIT-6(DS) exhib-
ited the same characteristic diffraction peaks of Ni species as Ni/
KIT-6(EG) at 260 of 44.3°, 51.8° and 76.4°, but peak intensities were
slight sharper than that of Ni/KIT-6(EG), meaning that Ni/KIT-
6(EG) possessed higher dispersion of Ni species. As shown in Table
1, Ni nanoparticle size of Ni/KIT-6(EG) was smaller than those of
Ni/KIT-6(PS) and Ni/KIT-6(DS). The reason was that ethylene
glycol can coordinate with Ni** to disperse into 3D-mesopores and
stabilize Ni element to prevent the sintering of Ni species during
calcination and reduction processes, promoting the confinement
effect of 3D-mesopores.

1-3. H,-TPR Analysis

Fig. 4 presents H,-TPR profiles of samples, including KIT-6, Ni/
KIT-6(EG), Ni/ALO,(EG), Ni/KIT-6(PS) and Ni/KIT-6(DS). Appar-
ently, a reduction peak of KIT-6 cannot be observed, suggesting
that all H, consumption peaks were assigned to NiO reduction.
According to reduction peak of H,-TPR profiles of Ni/KIT-6(EG),
reducible NiO can be divided into three stages, o, £, and j-stages,
corresponding to low-, mid- and high-temperature peak [17]. The
or-stage from 300 to 360 °C was attributed to the reduction of NiO
interacting weakly with KIT-6. The [-stage around 400°C was
assigned to the reduction of bulk NiO, indicating stronger interac-
tion between Ni species and KIT-6. The y-stage around 540 °C
resulted from the presence of Ni silicate and small NiO nanoparti-
cles, which interacted strongly with KIT-6. Also, the reducible
behavior of catalyst was remarkably affected by support material
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Fig. 5. H,-TPD profiles of Ni/KIT-6(EG), Ni/ALO,(EG), Ni/KIT-
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and preparation method. High-temperature peak of Ni/KIT-6(EG)
was lower than those of other catalysts, which suggests that weak-
ening interaction between Ni species and KIT-6 facilitated the
reducibility of NiO. Compared with Ni/KIT-6(EG), high-tempera-
ture peak of Ni/ALO;(EG) displayed a shift to higher temperature
corresponding to stronger interaction between Ni species and ALO;,
which seems to be contradictory to the formation of larger Ni
nanoparticles on Al O; (cf. Table 1). In fact, the confinement effect
of 3D-mesopores played a key role in the formation of Ni nanopar-
ticles, which controlled Ni nanoparticles size by limiting them in
fixed space. Interestingly, reduction peaks of Ni/KIT-6(PS) and Ni/
KIT-6(DS) exhibited similar trend that the intensities of low-tem-
perature peaks decreased sharply and the intensities of high-tem-
perature peaks rose significantly; implying the formation of small
Ni nanoparticles because of the strong interaction between Ni spe-
cies and KIT-6. However, Ni nanoparticle sizes of Ni/KIT-6(PS)
and Ni/KIT-6(DS) were still larger than that of Ni/KIT-6(EG) (see
Table 1). This was because adding ethylene glycol facilitated the
immobilization of Ni** into 3D-mesopores, which contributed to
the formation of smaller Ni nanoparticles by preventing the sinter-
ing of Ni species during calcination and reduction processes.
1-4. H,-TPD Analysis

H,-TPD profiles of Ni/KIT-6(EG), Ni/ALO,(EG), Ni/KIT-6(PS)
and Ni/KIT-6(DS) are presented in Fig. 5. Clearly, two H, desorp-
tion peaks can be observed for all catalysts, which correspond to
low-temperature peaks at less than 500 °C and high-temperature
peaks around 700 °C, respectively. Low-temperature peaks arose from
the desorption of H, weakly adsorbed on Ni nanoparticles with
defects. High-temperature peaks were ascribed to the desorption
of strongly adsorbed H, and spillovered H,, whose intensities and
positions were almost no change for all catalysts. For Ni/ALO;(EG),
low-temperature peaks located at 131 °C and 395 °C, while that of
Ni/KIT-6(EG) was shifted to lower temperature (122 °C) with only
one peak, indicating higher Ni species dispersion. By comparison
with Ni/KIT-6(EG), Ni/KIT-6(PS) and Ni/KIT-6(DS) exhibited two
weaker peaks at lower temperature because Ni species dispersion
were negatively affected by lower specific surface area and larger
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Fig. 6. Catalytic performances for CO methanation: (a) CO conver-
sion, (b) CH, selectivity and (c) CH, yield.

Ni nanoparticles. As shown in Table 1, among all catalysts, Ni/
KIT-6(EG) possessed the highest H, uptake of 106.0 umol/g and
Ni species dispersion of 15.8%. The result was related to higher
specific surface area and effective confinement effect of 3D-meso-
pores, coinciding with the results from the BET measurement and
TEM analysis.
2. Catalytic Performance
2-1. CO Methanation

Catalytic performance of Ni/KIT-6(EG) and Ni/ALO;(EG) from
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300 to 500 °C was evaluated at atmospheric pressure and a WHSV
of 60,000 mL/g/h, and the results are shown in Fig. 6. Note that
CO conversions of Ni/KIT-6(EG) and Ni/ALO;(EG) increased first
at lower operating temperature owing to the kinetics factors, and
then declined at higher operating temperature due to the thermo-
dynamic equilibrium limitation. Clearly, CH, selectivities of Ni/
KIT-6(EG) and Ni/ALO;(EG) decreased with the increase of oper-
ating temperature below 400 °C. Above 400 °C, CH, selectivity of
Ni/ALO;(EG) remained constant, while CH, selectivity of Ni/KIT-
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Fig. 7. Effect of preparation method on catalytic performances: (a)
CO conversion, (b) CH, selectivity and (c) CH, yield.

September, 2017

6(EG) showed a rising trend, suggesting that KIT-6 with 3D-mes-
opores had a positive impact on CH, selectivity. However, the pro-
duced CO, as by-product induced that CH, selectivity of Ni/KIT-
6(EG) was less than 100% due to some side reactions, such as water-
gas shift (CO+H,0—CO,+H,), Boudouard reaction 2CO—CO,+
C) and reversed CH, and CO, reforming (2CO+2H,—CO,+CH,).
Interestingly, CO conversion and CH, yield of Ni/KIT-6(EG) were
obviously higher than those of Ni/AL,O,(EG) at whole operating
temperature, meaning that Ni/KIT-6(EG) possessed excellent cata-
lytic performance. Therefore, it can be concluded that KIT-6 used
as support had the higher specific surface area, stronger reducibil-
ity of NiO and confinement effect of 3D-mesopores, which facili-
tated to form smaller Ni nanoparticles with higher dispersion,
producing more active sites and subsequently enhancing catalytic
performance for CO methanation.
2-2. Effect of Preparation Method

In this section, the catalytic performance of three catalysts pre-
pared by different preparation methods, including Ni/KIT-6(EG),
Ni/KIT-6(PS) and Ni/KIT-6(DS), was experimentally investigated
for CO methanation, respectively. As shown in Fig. 7, among the
three catalysts, Ni/KIT-6(EG) exhibited the best catalytic perfor-
mance, and its CO conversion and CH, yield at only 450 °C reached
almost 100% and 75%, respectively, while Ni/KIT-6(DS) displayed
the lowest catalytic performance with 87% CO conversion and 63%
CH, yield at 500°C. Note that the catalytic performance of Ni/
KIT-6(PS) was higher than that of Ni/KIT-6(DS), but still lower
than that of Ni/KIT-6(EG). In conclusion, adding ethylene glycol
was effective to improve catalytic performance of Ni-based cata-
lyst using KIT-6 with 3D-mesopores as support for CO methana-
tion due to the higher dispersion of Ni species, stronger reducibility
of NiO and the formation of smaller Ni nanoparticles fixed into
3D-mesopores with enhanced confinement effect.
3. Catalytic Stability

Ni-based catalyst easily suffered from sintering and carbon de-
position under higher operating temperature, leading to a dra-
matic decrease of catalytic stability [33]. Therefore, it is essential to
perform a lifetime test for acquiring the catalyst with excellent cat-
alytic stability for CO methanation. In this work, catalytic stability
of Ni/KIT-6(EG) was conducted at operating temperature of 500 °C
and atmospheric pressure with a WHSV of 60,000 mL/g/h for 60 h;
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Fig. 8. 60 h lifetime test of Ni/KIT-6(EG).
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Fig. 9. TEM images and TGA profiles of Ni/KIT-6(EG) and spent
Ni/KIT-6(EG) after 60 h lifetime test.

the results are displayed in Fig. 8. It cannot be seen that the obvi-
ous decreases of CO conversion, CH, selectivity and CH, yield,
indicating that Ni/KIT-6(EG) had better thermal stability. This was
because a large number of Ni nanoparticles were introduced into
3D-mesopores and anchored inside KIT-6, which effectively pre-
vented the sintering of Ni species and carbon deposition on Ni
nanoparticles surface, promoting catalytic stability of Ni-based cat-
alyst. As seen from TEM image of spent Ni/KIT-6(EG) in Fig. 9,
Ni nanoparticles with the size of around 3-5 nm were anchored
into 3D-mesopores, which were slightly larger than that of the cor-
responding Ni/KIT-6(EG), but still being quite fine Ni nanoparti-
cles. Moreover, no agglomeration of Ni nanoparticles could be
observed, reflecting higher dispersion of Ni species. These obser-
vations were regarded as an indication of better anti-sintering prop-
erty of Ni/KIT-6(EG). Furthermore, no signal corresponding to
deposited carbon was observed in TEM, suggesting that the con-
centration of deposited carbon was very low. In addition, from
TGA profiles in Fig. 9, the amount of deposition carbon over spent
Ni/KIT-6(EG) showed a slight decrease relative to that of Ni/KIT-
6(EG), indicating good anti-coking property of Ni/KIT-6(EG).
Therefore, Ni/KIT-6(EG) with higher catalytic stability is consid-
ered as one of the excellent catalysts for CO methanation.

CONCLUSIONS

A series of Ni-based catalysts with NiO content of 10 wt% were
successfully synthesized by different preparation methods using a
support with 3D-mesopores, which can be utilized for CO meth-
anation to produce SNG. Compared to other samples, Ni/KIT-
6(EG) exhibited the highest catalytic performance with almost
100% CO conversion and 75% CH, yield at 450 °C and atmospheric
pressure with a WHSV of 60,000 mL/g/h, which agreed well with
the largest H, uptakes of 106.0 pmol/g and the highest Ni species
dispersion of 15.8%. In a 60 h lifetime test evaluated at 500 °C and
atmospheric pressure with a WHSV of 60,000 mL/g/h, Ni/KIT-
6(EG) showed a good resistance to sintering of Ni species and car-
bon deposition on Ni nanoparticles surface. The catalysts were meas-
ured by N, adsorption-desorption, XRD, TEM, EDS, H,-TPR and

H,-TPD and TGA, respectively, and the results suggested that the
improvement of catalytic property was assigned to the generation
of more active sites, which was derived from higher dispersion of
Ni species, stronger reducibility of NiO and smaller Ni nanoparti-
cles fixed into 3D-mesopores with enhanced confinement effect.
This work revealed that Ni/KIT-6(EG) is a promising candidate
with excellent catalytic performance and stability for CO methana-
tion.
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