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Abstract: With the increased demands of environmental protection, recycling/utilization of industrial
byproducts has attracted much attention from both industry and academic communities. In this
work, silicon carbide (SiC) was successfully synthesized from industrial waste silica fume (SF) during
metallic silicon production. Following this, Ni nanoparticles with many defects were supported
on the as-obtained SiC by conventional impregnation method. The results showed that defect-rich
Ni nanoparticles were dispersed onto the surface of SiC. The as-obtained Ni/SF-SiC exhibited an
enhanced metal-support interaction between Ni and SiC. Furthermore, the density functional theory
(DFT) calculations showed that the Hy and CO adsorption energy on Ni vacancy (Vy;) sites of
Ni/SF-SiC were 1.84 and 4.88 eV, respectively. Finally, the Ni/SF-SiC performed high catalytic
activity with CO conversion of 99.1% and CHjy selectivity of 85.7% at 350 °C, 0.1 MPa and a gas
hourly space velocity (GHSV) of 18,000 mL-g~!-h~!. Moreover, Ni/SF-SiC processed good catalytic
stability in the 50 h continuous reaction.

Keywords: defect-rich catalyst; silicon carbide; silica fume; synthetic natural gas; carbon
monoxide methanation

1. Introduction

Metallic silicon is also known as industrial silicon or crystalline silicon and is usually produced
by reducing silicon dioxide from carbon in an electric furnace. It is mainly used as an additive for
non-ferrous alloys or as a raw material for the production of semiconductor silicon and silicone.
The amount of metallic silicon production capacity in China was 7.5 million tons in 2018. With growing
demand for metallic silicon, the related industries have been burgeoning. It is inevitable that a large
amount of silica fume is derived from metallic production (about 0.3 tons of silicon fume/ton of
products). However, handling the problems of silica fume properly is not easy or smooth during the
production. There is a large quantity of silica fume deserted in industrial disposal, which not only
brings about resource wastage, but also results in serious pollution from the dust and powder [1,2].

Silica fume has excellent properties of pozzolanic, which is mainly used in concrete and refractory
materials [3]. Recently, silica fume was widely used as support for the reaction of dry reforming of
methane [4], or as silica source of producing mesoporous silicate materials (MCM-41, SAB-15, zeolite
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S5Z-13, etc.) and to synthesize SiC/Si3sN4 powder [5-7]. A porous silicon nano-cluster was synthesized
by using waste silica fume from the metallurgical grade silicon industry (MG-Si). This material was
used in lithium ion batteries, showing excellent electrochemical properties [8]. However, further
utilization of silica fume has seldom been realized, and therefore it is necessary to develop a new
technique to produce materials beneficial to the economy and environment.

The present study concentrates on the synthesis of silicon carbide ceramic material, and then
on successfully preparing a Ni/SE-SiC catalyst, using silica fume as the raw material. Considering
that silica fume contains more than 97% of SiO, and a small amount of SiC, silica fume has naturally
become an ideal raw material for SiC production, as well as for its associated decrease of production
cost. In recent years, with increased demand on natural gas, and the aspiration to strengthen national
energy security and increase energy efficiency, the production of synthetic natural gas (SNG) from
coal or biomass has aroused widespread concern [9-13]. Being a good potential material, SiC has
extensive applications in many fields, especially working in harsh environments as a support due
to its excellent properties including high heat conductivity, thermal stability, mechanical strength,
and chemical inertness [14-19]. SiC has been applied to various reactions, including methane reforming
and combustion, Fischer-Tropsch synthesis, isomerization and dehydrogenation, among others [20,21].
Therefore, making full use of the waste generated during industrial production not only achieves the
maximum use of resources, but also makes a great contribution to the protection of the environment.
Additionally, a Ni/SF-SiC catalyst with metal defects is a promising approach to enhance the catalytic
activity of methanation.

2. Results and Discussion

The reactivity of Ni/SF-5i0O, and Ni/SF-SiC catalysts was tested at 250-550 °C at a GHSV
18,000 mL-g~'-h~! and 0.1 MPa, as shown in Figure 1. With increasing test temperature, the catalytic
performances of these catalysts were improved. There are some differences as the reaction temperature
raised to 250 °C: The CHy selectivity of Ni/SE-SiC was 84.1%, while Ni/SF-5iO, was 0%. At 350 °C,
the CO conversion of the catalyst Ni/SF-SiC achieved 99.1%, and the CO conversion of the catalyst
Ni/SF-5i0, was only 89.8%. Furthermore, the CHy selectivity and yield for Ni/SF-SiC catalyst was
85.7% and 84.9% at 350 °C, respectively, but for Ni/SF-5iO; catalyst, the CHj selectivity and yield was
only 75.0% and 67.4%, respectively. In addition, we researched the 50 h stability test for Ni/SF-5iO,
and Ni/SF-SiC at 350 °C, and the results are presented in Figure 1c. The reactivity and stability
of Ni/SF-5iC are much better than Ni/SF-5iO, [22]. When the temperature went beyond 400 °C,
these catalysts decreased slightly in catalytic activity, because the catalyst Ni/SF-SiC was limited by
thermodynamics in the strongly exothermic reaction. In a high temperature reaction, it is easy for
the Ni/SF-SiO; catalyst to be sintered and carbon deposited, which results in the decrease of catalyst
activity [23-25]. In Table 1, we compared the CO catalytic performances of different catalysts, and the
catalyst Ni/SF-SiC exhibited excellent performance.
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Figure 1. Catalytic performances of catalysts in CO methanation under different reaction temperatures
at 0.1 MPa and GHSV of 18,000 mL-g~!-h~!: (a) CO Conversion, (b) CH, Selectivity and (d) CHy
yield of Ni/SF-SiO, and Ni/SF-SiC; (c) long-time stability test of Ni/SF-SiO, and Ni/SF-SiC at 350 °C,
0.1 MPa and GHSV of 18000 mL-g~1-h~1.

The detailed information for components of the supports and catalysts were investigated by
X-ray diffraction (XRD). In Figure 2, the diffraction peaks of SF-SiC and Ni/SF-SiC at 34.8°, 35.72°,
38.23°, 41.50°, 49.77°, 60.15°, 65.80°, 71.96°, 73.59° and 75.65° are related to distinct peaks of SiC
(JCPDS 29-1131) [26]. In addition, SiC characteristic peaks at 26 of 35.72°, 60.15° and 71.96° of the
support, fresh and used Ni/SF-5i0,, were also clearly observed. Furthermore, the diffraction peak at
21.98° was attached to SiO; (JCPDS 29-0085). For the above catalysts, the diffraction peaks at 44.50°,
51.84° and 76.37° belonged to face centered cubic Ni (JCPDS 04-0850) [27]. In the Ni/SF-SiC catalyst,
the intensity of Ni diffraction peak was slightly weaker than the Ni/SF-SiC catalyst, revealing the
higher dispersion of Ni species over the Ni/SF-SiC catalyst surfaces [28]. The mean size estimation
of Ni crystallites is discussed by the Scherrer equation, and the results are shown in Table 2 [29,30].
Compared with the Ni/SF-5iO, catalyst, the crystallite size of Ni in the Ni/SF-SiC catalyst did not
change before and after the reaction, which shows the Ni/SF-SiC catalysts possesses an excellent
anti-sintering property. However, in the used Ni/SF-5iO; catalyst, the crystallite size of Ni particle
was larger than the freshly reduced Ni/SF-5iO; catalyst; this phenomenon can be ascribed mainly to
the aggregation of Ni species of Ni/SF-5i0;, which further indicates that the Ni/SF-5iC catalyst has
better anti-sintering and anti-aggregation properties than Ni/SF-SiO; catalyst [21].
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Figure 2. Wide-angle XRD patterns of the support and the catalysts SF-5i0,, Ni/SF-SiO,, u-Ni/SF-SiOy,
SF-SiC, Ni/SF-SiC, u-Ni/SF-SiC.
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Table 1. The comparison of catalytic performance in different works.

Optimum Pressure Space co CHy4 Space-Time
Catalysts Raw Material Temperature (MPa) Velocity Conversion Selectivity Yield CHy Refs.
°0) (mL-g~1.h~1) (%) (%) (mL-g~1.h~1)
7%Ce-10%Ni/SiC SiO, 600 1 60,000 95 85 41,182 [28]
10%Ni/VMT-SiO, Vermiculite (VMT) 450 15 20,745 85.9 78 13,899 [31]
10%Ni/SiOy SiO, 420 - 60,000 95.8 75.2 43,225 [29]
10%NiO/VMT-LDO  VMT-waste water 400 15 20,000 87.88 89.97 15,813 [9]
10%Ni/SBA-15(ET)  Tetraethylorthosilicate 400 03 15,000 100 - - 30]
10%NiO/Al, O3 Al,O3 350 0.1 120,000 912 75 82,080 [32]
10%Ni/SF-SiC Waste silica fume 350 0.1 18,000 99.1 85.7 15,287 This work
20%NiO/ Al,03-SiC SiO, 320 0.1 30,000 99 82 25,800 [21]

Table 2. Physical and chemical properties of the catalysts and supports.

Samples Sper (m%/g)!  Vp(cm3/g)2  Vp(cm®/g)2* Dpmm)2 Dpmm)?* Dy;(mm)3 Dy (nm) 4

SF-5i0, 18.6 0.10 0.10 36.4 39.6 - -
Ni/SF-5i0, 21.0 0.13 0.13 34.1 36.9 12.6 15.6
u-Ni/SF-Si0; 21.2 0.13 0.13 31.3 33.0 18.9 17.7

SF-SiC 45.2 0.20 0.20 19.9 19.1 - -

Ni/SF-SiC 36.7 0.18 0.18 223 22.1 10.9 16.9
u-Ni/SF-SiC 422 0.18 0.18 21.3 20.9 12.3 16.9

1 Surface area derived from the Brunauer-Ennett-Teller (BET) equation. 2 Desorption average pore volume and pore
diameter derived from Barret-Joyner-Halenda (BJH) method. 2* Adsorption average pore volume and pore diameter
derived from Barret-Joyner-Halenda (BJH) method. 3 Calculated according to equation Dy; = YniDi® / EniDi?
from HRTEM. # Estimated from the XRD diffraction peak (20 = 44.6) using the Scherrer equation as follows:
L = 0.9M«1/B(20)c0s0max Where L denotes the average particle size, 0.9 is the value in radians when B(,g) is the full
width at half maximum (FWHM) of the peak, ka1 is the wavelength of the X-ray radiation (0.15406 nm), and max is
the angular position at the (1 1 1) peak maximum of Ni.

From the SEM and HRTEM images, the fine spherical particles of silica fume could clearly be
observed, as shown in Figure 3a,c. The images of the as-prepared SF-SiC powder are shown in
Figure 3b,d, which reveal that SF-SiC has porous and irregular particle morphologies. This is due
to the large amount of heat released by magnesium thermal reaction, which seriously destroyed the
morphology and structure of SF-5iO,. At the same time, the thermal effect greatly improved the values
of specific surface areas and average pore volumes of SE-SiC, and such results can also be seen in
Table 2. The larger specific areas of SF-SiC support may provide more attachment sites for the active
component. Compared with the amorphous silica fume (Figure 3e), the HRTEM image (Figure 3f)
shows that the SF-SiC has good crystallinity with distinct lattice fringes of 0.251 nm and 0.262 nm
corresponding to the SiC (102) and (101) planes, respectively.

In order to analyze and evaluate the distribution of Ni particles in the above catalysts, the SEM
and HRTEM images of the freshly reduced catalysts Ni/SF-5iO, and Ni/SF-5iC are shown in Figure 4.
It can be clearly observed that small Ni particles were dispersed over the Ni/SF-5iO, surface with
aggregating phenomenon, as shown in Figure 4a. At the same time, the Ni particles can be clearly
observed, which was caused by different contrast values in the images of Figure 4c,d. In comparison
with Ni/SF-5i0, (mean sizes of Ni particles, 12.6 nm), the smaller Ni particles uniformly distributed in
Ni/SF-SiC (mean sizes of Ni particles, 10.9 nm), it is obvious that Ni particles have better dispersion in
Ni/SF-SiC than Ni/SF-SiO, [21,33,34]. The smaller Ni nanoparticles on Ni/SF-5iC could be attached
to the stronger metal support interaction between Ni and SF-S5iC, compared with Ni/SF-5iO, [35].
Moreover, the smaller Ni particles are beneficial for a high methanation rate. From Figure 4e,f, the lattice
spacing of ca. 0.176 nm and 0.203 nm correspond to the Ni (200) and (111) plane. In Figure 4f, many
distortions can be clearly observed, which were related to the novel defects-rich structure. Meanwhile,
the defect-rich structure was also present in Ni/SF-SiO; catalysts (Figure 4e) [36]. The HRTEM element
mapping of Ni/SF-5iO, and Ni/SF-5iC are shown in Figure 4 and it can be clearly observed that the
larger Ni particles were dispersed on spherical morphology of SF-SiO; surface, but the smaller Ni
nanoparticles were highly dispersed on the support of SF-SiC [37].
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Figure 3. SEM images of the samples: (a) SF-SiO;, (b) SE-SiC; HRTEM images of samples: (c,e) SF-SiO,;
(d,f) SE-SiC.

The N, adsorption—desorption was employed to measure the physical properties of the catalysts,
as shown in Table 2. Compared with SF-5iO,-support catalysts, the SF-SiC supporting catalysts show
higher specific surface areas and pore volume, which should be attached to the influence of molten
salt-mediated magnesiothermic reduction [14]. Figure 3 shows that the surface of SiO; was smooth
with a few pores. However, after loading Ni species, the specific surface areas and pore volume of
Ni/SF-5i0, were obviously increased, which may be attributed to the rough surface of Ni/SF-5iO,
produced by Ni particles loading and many holes produced among these Ni particles. However, the Ni
precursors were introduced to the interior pore walls and the pore of the support was blocked, which
explained that the specific surface areas and pore volume of Ni/SF-S5iC were decreased. At the same
time, this phenomenon also caused a slight change of average pore diameter in the Ni/SF-5iO, and
Ni/SF-SiC catalysts [38].



Catalysts 2019, 9, 295 6 of 14

Ni/SF-SiC

Ni/SF-Si0)

N

//0“203 R, £0.203 nm
i : y I (111
Ni (1) e 1)

(g) ' I\.l‘i/_SF—SiOZ c

—— 200 nm —— 200 nm ——— 200 nm —— 200 nm

Si

200 nm 200 nm ’ 1 200 nm 200 nm

Figure 4. SEM images of the samples: (a) Ni/SF-SiO;, (b) Ni/SF-SiC. HRTEM images of the reduced
catalysts: (c,e) Ni/SF-SiO, and (d,f) Ni/SF-SiC. HRTEM elemental mapping images of C, O, Si and Ni
of (g) Ni/SF-5iO; and (h) Ni/SF-SiC.

In Figure 5, based on the temperature programmed reduction (TPR) results, the curves of
the two catalysts are similar. There was a strong peak with a shoulder peak in the NiO/SF-SiO,,
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the previous peak in the low temperature region was related to a-type NiO species and played a
dominant role in nickel oxide species, which were assigned to the weaker interaction in Ni/SF-SiO; [31],
and another peak was corresponded to 3-type NiO species, which had a stronger interaction with
the SF-5i0; [39,40]. In comparison with the NiO/SE-SiO; catalyst, the spectrum of the NiO/SF-SiC
also had a broader peak, and the peak at a higher temperature could be associated with the reduction
of nickel silicate, implying the enhanced interaction between NiO and the support of SFE-SiC [33,41].
In addition, the overlapping peaks of TPR profiles were fitted by the Gaussian function and classified
into four peaks; the peak positions and the quantitative results of relative content are shown in
Table 3. It can be seen that there were four peaks in the NiO/SF-SiC. However, there were just three
reduction peaks in NiO/SF-5i0,, suggesting that the interaction between NiO and support was weaker.
Compared with NiO/SF-5i0;, the fraction of 3-type NiO species of NiO/SF-SiC was larger, implying
a stronger interaction between NiO and support. By comparing the H, consumption of the reduction
peaks for the two catalysts, it can be found that more H; was consumed in the NiO/SF-5iC catalyst.

a,,396.8 °C

Ni

0,400.0 °C

TCD Signal (a.u.)

B 488.1°C

200 400 600 800
Temperature (°C)

Figure 5. H,-TPR profiles of the as-prepared NiO/SF-5i0O, and NiO/SF-SiC catalysts.

Table 3. Gaussian fitting analysis of Hy temperature programmed reduction (H,-TPR) patterns of

different catalysts.
Reduction Temperature (°C) Relative Content (%) H; Consumption (mmol/g)
Samples
a1 o2 B Y o1 29} B Y o1 o B Y
NiO/SF-SiO,  350.7 400.0 488.1 - 329 405 266 - 046 056 037 -

NiO/SF-SiC 3543 3968 5103 8174 246 31.1 435 0.8 033 041 058 0.09

The two catalysts were characterized by the X-ray photoelectron spectroscopy (XPS), as illustrated
in Figure 6. In Ni/SF-5i0,, the Ni 2p3/2 binding energy (BE) of 852.91 eV was related to metallic
Ni°, while the Ni 2p3/2 BE 856.78 eV with the satellite peak of 861.02 eV and the Ni 2p1/2 BE of
870.0 and 879.49 eV were assigned to Ni** species, which correspond to the partially oxidized nickel
species. Compared with Ni/SF-5i0;, the Ni 2p3/2 and 2p1/2 BEs (857.02, 861.50, 870.88 and 879.98
eV, respectively) of Ni?* species of Ni/SF-SiC was improved. Furthermore, as for Ni/SF-SiO,, the
spectrum of the Ni 2p3/2 and 2p1/2 shown peaks at 855.24 and 873.26 eV, respectively, which could
be ascribed to Ni** defects species [42,43]. However, the BE of Ni®* species (855.50 and 873.78 eV)
of Ni/SF-SiC was increased. The numerous Ni®* in the two catalysts was generated from Ni and
O vacancies in the process of calcination for forming the NiyOy species. The surfaces of Ni** were
oxidized to Ni** for forming charge neutrality around the Ni and O vacancies, and the surface Ni>*
active sites, which may facilitate charge-transfer and enhance CO and H; adsorption [42]. It is obvious
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that Ni?* and Ni** species were playing a dominate role in Ni/SF-SiO, and Ni/SF-SiC. Compared
with Ni/SF-5i0, (852.91 eV), the binding energy of Ni® in Ni/SF-SiC (853.43 eV) was shifted to a higher
binding energy, which is associated to the enhanced metal-support interactions between Ni and SF-SiC.
From Table 4, there were about 5.2% of Ni elements on the Ni/SF-SiC surface, and that of Ni/SF-SiO,
was 4.7%, which indicates that Ni was easily exposed to the surface of Ni/SF-SiC. In addition, the radio
of Ni®/Ni and Ni** /Ni was about 11.2% and 31.0% for Ni/SF-SiC, respectively, which was higher
than for Ni/SF-5i0; at 11.0% and 27.0%, demonstrating that the Ni species of Ni/SF-SiC were easily
oxidized due to their good dispersion and smaller Ni nanoparticles, and there were more vacancies in
Ni/SF-SiC.

In Figure 6b, the O 1s spectra of Ni/SF-5iO, and Ni/SF-SiC catalysts could be distinguished
into four sub-peaks: The weakly binding energy peaks (O; and Oyj) were related to the surface
lattice oxygen and the adsorbed oxygen [44], respectively; the higher binding energy (Op and
Orv) corresponded to the defects with a low oxygen coordination and the metal-oxygen bonds,
respectively [45]. The binding energy of O 1s of Ni/SF-5iC was higher than Ni/SF-5i0,, demonstrating
that the stronger metal-support interactions between Ni and SF-SiC [21]. For the catalysts, the presence
of Ni®* and Oy could further promote the activity of reactive sites in methanation [45]. In Figure 6c,
the Si 2p binding energy of 100.7 eV and 103.0 eV were attributed to the Si-C and Si-O bond in
Ni/SE-5iC, respectively. There is only an Si-O bond in Ni/SF-5iO; [46]. In Figure 6d, the spectrum C
1s of Ni/SF-5iC (282.7, 285.0, 288.8 eV) corresponded to C-5i, C—C and C=0, respectively [47].
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Figure 6. Ni 2p (a), O 1s (b), Si 2p (c) and C 1s (d) XPS spectra of the freshly reduced Ni/SF-SiO,
and Ni/SF-SiC.

Table 4. Elemental analysis of Ni, O, Si, and C elements content by X-ray photoelectron spectroscopy (XPS).

Samples Ni (%) Ni%/Ni (%) Ni%*/Ni (%)  Ni3*/Ni (%) O (%) Si (%) C (%)

Ni/SF-Si0, 4.7 11.0 62.0 27.0 59.7 27.1 8.6
Ni/SF-SiC 52 11.2 57.8 31.0 44.2 30.5 20.1
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The SEM and HRTEM images of the used Ni/SF-5iO, and used Ni/SF-SiC catalysts are shown in
Figure 7. Compared with the freshly Ni/SF-5iO;, Ni particles had some agglomeration in the used
Ni/SF-5iO, (see Figure 3), and Ni particles of used Ni/SE-5iO, were larger than fresh Ni/SF-5iO,
catalyst for the Ni particles migrated. Furthermore, the migration of Ni particles was caused by
the weaker interaction between Ni species and SF-S5iO,. In contrast, Ni particles were still keeping
good dispersion over the used Ni/SF-SiC, and the mean size of Ni particles in u-Ni/SF-5iO, and
u-Ni/SF-SiC was 18.9 and 12.3 nm, respectively. In the Ni/SF-SiO, catalyst, the particles sizes of
Ni species were larger, as compared with the freshly Ni/SF-SiO; (see Table 2). The Ni particles of
Ni/SE-SiC catalysts always remained smaller, illustrating the stronger anti-sintering and higher Ni
dispersion characteristics of Ni/SF-SiC than Ni/SF-SiO, [23].

1.00um

u-Ni/SF-SiC

Figure 7. SEM images of the samples: (a) Used Ni/SF-SiO,, (b) used Ni/SF-S5iC. HRTEM images of (c)
used Ni/SF-SiO; and (d) used Ni/SF-SiC.

The Vienna ab initio simulation package (VASP) was employed for the first-principles
calculations [48,49]. The generalized gradient approximation was in the Perdew—Burke—Ernzerhof
(PBE) form [50]. Chemisorption of CO and Hj on the surface of catalyst to ensure that the C-O and
H-H bonds were sufficiently activated is the necessary prerequisite to a high-performance methanation
catalyst [51]. Therefore, the adsorption of CO and H, on Ni- and Nivac-based catalysts was investigated.
Two stable adsorption configurations were taken into account, as shown in Figure 8. For the Ni-CO and
Niyac-CO configuration, both two C atoms interacts with metal atom, forming C-Ni bonds (Figure 8a,c).
For the Ni-H; and Niyac-Hj structure, only one Ni atom interact with two H atoms, forming Ni-H
bonds (Figure 8b,d). From the above adsorption structure, the calculated binding energy (Ep) of CO
and Hj on defect-free Ni and Niy,c are presented in Figure 8. The adsorption energy (absolute value)
of CO and Hj in Niy,c was 1.84 and 4.88 eV respectively, which were significantly larger than that of
CO and H; on defect-free Ni (1.83 and 4.76 eV, respectively.), indicating that the vacancies in the Ni
structure were more favorable for adsorbing CO and H; molecules [52,53]. Accordingly, the defect-rich
Ni catalysts were superior to the defect-free Ni catalysts in the methanation.
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Ni-CO Ni-H,

L

Figure 8. First-principles study of surface CO and H; adsorption on different sites. Top and side views
of the structures of (a) Ni and (c) Ni vacancies with CO adsorption, (b) Ni, (d) Ni vacancies with H;
adsorption. DFT-calculated adsorption energies (Ep,) of CO and H; molecules on the surfaces of Ni and

Ni vacancies are also presented, respectively. Blue, red, gray and white balls represent the Ni, O, C,
and H atoms, respectively.

3. Materials and Methods

3.1. Preparation of Catalysts

The details for waste silica fume (Hesheng Silicon Industry Co., Ltd., Xinjiang, China) tested by
X-ray fluorescence (XRF) were as follows: (wt %) SiO, 97.55, CaO 0.81, K,O 0.43, Al,O5 0.42, MgO 0.31,
5i03 0.12, NayO 0.11, Fe;O3 0.08, PoOs5 0.06, and others 0.11. The waste silica fume (5 g) was mixed
with 1.3 g of Acetylene black and 6.4 g Mg powder with 2.79 g NaCl and 3.56 g KCl, and transferred
to a graphite boat. The mixture powders were calcined at a temperature of 1100 °C for 3 h in argon
atmosphere. The heating rate from room temperature to 700 °C was 10 °C/min, and from 700 °C
to 1100 °C was 5 °C/min. The resulting solid was exposed to 2 M aqueous HCI for 3 h to remove
magnesium and magnesium oxide. The solution was subsequently filtered and washed repeatedly
with water and then dried in an oven overnight at 100 °C. Additionally, the synthesized samples were
heat-treated in air at 700 °C for 3 h to remove residual carbon. Moreover, in order to remove unreacted
Si0;, the product was immersed in the solution of NaOH and HF, respectively, and this was followed
by washing thoroughly by repeated centrifugation. The final production was SE-SiC.

This work employed impregnation method to synthesize the catalysts: 2 g SF-SiC nano material
was immersed in the aqueous solution of Ni(NO3),-6H,O (1.1235 g, Shanghai Macklin Biochemical Co.,
Ltd., Shanghai, China, AR, >98%) and stirred for 12 h at 80 °C, then dried for 12 h at 80 °C and calcined
at 550 °C for 3 h at the rate of 10 °C/min [31]. The obtained catalyst was NiO/SF-SiC. The wasted
silica fume was prepared into catalyst NiO/SF-5iO; in the same way.

3.2. Physical Characterization of the Synthesized Samples

The chemical composition of waste silica fume was analyzed by using X-ray fluorescence (XRF,
XRF-1800). The powers were characterized by X-ray diffraction (XRD, Bruker D8 Advance X-ray
diffractometer with Cu Karadiation (A = 1.5406 A) operated at 40 kv and 40 mA). H;, temperature
programmed reduction (Hp-TPR) was tested by AutoChemII2920 from room temperature to 900 °C
at the rate of 10 °C/min with a gas (10 vol.% H;/Ar) flow of 30 mL/min at 900 °C. The surface
chemical composition was studied by an X-ray photoelectron spectroscopy (XPS) conducted on a
Thermo Scientific Escalab 250Xi. The Micromeritics ASAP 2460 BET apparatus was used to measure the
Brunauer-Ennett-Teller (BET) specific surface area and Barrett—Joyner-Halenda (BH]) pore structure
of the catalysts. The microscopic feature of the catalysts was researched by field emission scanning
electron microscope (SEM) (5-4800, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM)
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(TecaiG2F20, FEI, 200 kV). Energy dispersed spectroscopy (EDS) (Tecnai G2 F20 S-TWIN (200 KV) was
conducted to determine the elemental distribution.

3.3. CO Methanation Performance Test of Powdered Catalyst

The reactivity of the catalysts was tested in a fixed bed reactor (Tianjin Tianda Tianrui
Petrochemical Equipment Manufacturing Co., Ltd., Tianjin, China.) at atmospheric pressure with
a stainless steel tubular microreactor (a 66 cm long with an inner diameter of 10 mm). The 0.217 g
catalyst was placed in the middle of the reaction tube, and before the feed syngas Hy/CO with a
volume ratio of 3:1 was introduced to the reactor, the catalyst was reduced in 60 mL/min Hj at 500 °C
for 2 h. Then, the CO methanation performance tested in the temperature region of 250-550 °C at
intervals of 50 °C, at a synthesis gas (Beijing AP BAIF Gases Industry CO., Ltd., Beijing, China.) flow
rate of 65 mL/min and a weight space velocity of 18,000 mL-g~!-h~!. The composition of effluent
gases was analyzed by gas chromatography (GC-2014C, SHIMADZU CO., Ltd., Beijing, China.) with
TDX-01 column. We also conducted 50 h lifetime tests for Ni/SF-SiO;, and Ni/VMT-SIC catalysts at
350 °C with all other parameters adopting the testing values. The CO conversion, CHy selectivity and
yield are defined as follows:

CO conversion: Xco (%) = [COJ;n — [COlout/[COJin x 100% 1
CHy4 selectivity: Schs (%) = [CH4lout/[COJin — [COJout x 100% 2)
CH4 y1€ld YCH4 = [CH4]0ut/[CO]in x 100% (3)

Here, [COJ;y, is the moles of CO in the feed stream, [CO]oyt is the moles of CO in the effluent gas;
[CH4]out is the moles of CHy in the effluent gas.

4. Conclusions

A large quantity of silica fume is deserted in industrial disposal with the development of the
metallic silicon industry, which brings about resources wasting, and results in serious pollution by
the dust and powder. In this work, silicon carbide ceramics were successfully synthesized using
waste silica fume, and we prepared defect-rich Ni/SF-5i0;, and Ni/SF-SiC catalysts by conventional
impregnation method. The presence of Ni vacancies enhanced the adsorption energy of CO and Hj,
which significantly improved the catalytic performance for methanation. Compared to the Ni/SF-5iO,
counterpart, the Ni/SF-SiC catalyst exhibited a higher reactivity and stronger anti-sintering, which
could be related to the excellent thermal conductivity of SE-SiC and the good dispersion and stronger
metal-support interaction in the Ni/SF-SiC catalyst. Therefore, making full use of the “garbage”
generated in the industrial production process, turning waste into treasure, not only achieves the
maximum use of resources, but also makes a great contribution to the protection of the environment.
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