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Abstract 
CO methanation over the 20% nickel catalyst prepared by impregna-
tion-precipitation method on different supports of commercial γ-Al2O3, TiO2, 
SiO2 and nano-γ-Al2O3* was investigated. The nano-γ-Al2O3* support was 
pulverized using a ball milling method. Catalyst characterization was done 
using the methods of BET, XRD, SEM, ICP-OES methods. Carbon monoxide 
methanation process was carried out at the temperature of 350˚C in pressure 
of 3 bar of H2:CO syngas with the molar ratio of 3:1 and with the GHSV of 
3000 h−1 in a fixed bed reactor. The initial temperature of methane formation 
increased according to the order of Ni/γ-Al2O3* < Ni/SiO2 < Ni/γ-TiO2 < 
Ni/γ-Al2O3. The Ni/γ-Al2O3*, which was prepared on the surface of nano 
milled γ-Al2O3 support, produced methane from the lowest temperature of 
178˚C to 350˚C in CO methanation. The Ni/γ-Al2O3* catalyst gave the high-
est amount of methane (0.1224 mmol/g-cat) for 1 h methanation among oth-
er catalysts. XRD and SEM analysis proved that NiO particles in the 
Ni/γ-Al2O3* were finely distributed, and their sizes were smaller compared to 
those in the traditional one. The pulverization of γ-Al2O3 improved the dis-
persion of catalytic active nickel species inside porosity of the support leading 
to the improvement of its catalytic performance for CO methanation. 
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1. Introduction 

Synthetic natural gas (SNG) as a clean energy carrier has been attracted increas-
ing attention worldwide owing to its lower emissions of sulfur, nitrogen and dust 
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than that of direct using coal and is expected to be one of the main energy 
sources in the 21st century [1]. This process mainly includes coal gasification to 
syngas and methanation of syngas, in which methanation is a critical step with 
the reactions as shown in Equation (1) and Equation (2) [2]. 

CO + 3H2 → CH4 + H2O ΔH = −206 kJ/mol              (1) 

CO2 + 4H2 → CH4 + 2H2O ΔH = −165 kJ/mol              (2) 

Rhodium, ruthenium and nickel are known to be catalytically active for CO 
and CO2 methanation reaction. However, nickel is estimated as the most suitable 
commercial catalyst because of its reasonable cost and high selectivity [3] [4] [5]. 
The activity of Ni based catalyst can be affected by support types, preparation 
methods and promoters [6]-[13]. MgO, Al2O3, SiO2, TiO2 and ZrO2 are used as a 
catalyst support for Ni catalyst in methanation; and these supports can affect the 
activities of methanation catalyst through changing the particles size and distri-
bution of Ni active component [6]. Takenaka et al. [10] reported that the activity 
of supported Ni catalysts for CO methanation was strongly dependent on the 
type of catalytic supports, and the observed conversions of CO at 526 K were 
higher in the order of Ni/MgO < Ni/Al2O3 < Ni/SiO2 < Ni/TiO2 < Ni/ZrO2 
[8]-[14]. Also, Liu et al. [15] showed that when the supports of Al2O3, CeO2 and 
ZrO2 were tested at low temperature of CO methanation, catalytic activity of Ni 
increased according to the order of Ni/CeO2 < Ni/ZrO2 < Ni/γ-Al2O3. The last 
one presented the best catalytic performance with the highest CH4 selectivity of 
94.5% [15].  

In the present study, γ-Al2O3, TiO2, SiO2 were selected as a catalyst support for 
nickel in CO methanation. Since it is supposed that catalyst support should be 
an important factor for the preparation of fine species of Ni active catalysts, we 
tested a pulverization of γ-Al2O3 prior to precipitation of active metal to γ-Al2O3 
support. This research work described an effect of different supports on nickel dis-
tribution and particle size, and also an influence of nano milling of Ni/γ-Al2O3 
support on catalytic performances for CO methanation. 

2. Experimental Method 

Pulverization of γ-Al2O3 support prior to precipitation of Ni catalyst 
Pulverization of γ-Al2O3 was carried out using a high energy planetary ball 

mill described in Figure 1(a), Figure 1(b). A planetary ball mill (HPM-700, Haji 
Engineering, Korea), as shown in Figure 1(a), was used to grind the samples in 
this study. Ball milling process is a mechanical process which relies on an energy 
released at the point of collision between balls as well as on the high grinding 
energy created by friction of balls on the wall. As shown in Figure 1(b), zirconia 
balls with 5 mm of diameter were placed in a sintered corundum container. 
When the mill rotates, balls are picked up by mill wall and rotate around the wall 
due to centrifugal force leading to grinding of material due to frictional effect. 
There is also reverse rotation of disc with respect to mill which applies centri-
fugal force in opposite direction leading to transition of balls on opposite walls  
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Figure 1. Photo of mill (a) and working principle of ball milling process (b). 
 
of mill. The zirconia ball to sample weight ratio was 10:1. A rotation speed of the 
planet carrier was 500 rpm. The pulverization of γ-Al2O3 was performed for 10 
min of dry milling.  

Catalyst precipitation method 
The different supported Ni catalysts were prepared by impregnation-precipitation 

method [16] [17] [18]. Initially, catalyst support was dissolved in deionized water 
of 100 ml. The suspension was heated to 50˚С and maintained at that tempera-
ture for 30 min. Amount of 10.11 g of Ni(NO3)2·6H2O as a nickel precursor was 
dissolved in 300 ml of deionized water. A slight excess stoichiometrically of 
Na2CO3 aqueous solution with a volume of 300 ml was added dropwise (pH ≈ 9) 
to the previous solution for precipitation. After stirring continuously for another 
1 h at 50˚С, the carbonate precipitate was removed by filtration, then it is 
washed by deionized water three times. Then, the precipitate was dried over-
night at 110˚С, followed by heating to 500˚С with a ramp rate of 2˚С/min for 
calcination in air for 4 h. The catalysts were denoted as Ni/γ-Al2O3, Ni/γ-Al2O3* 
(nano), Ni/TiO2, Ni/SiO2. All catalysts were pressed into pellets, and then they 
were further crushed into particles of 45 - 90 mesh, and their activities were 
evaluated in CO methanation. 

Evaluation of catalyst performance 
Catalytic test for CO methanation was carried out in a stainless steel tubular 

reactor with the inner diameter of 8 mm. About 1 g catalyst was used for each 
test. Catalysts were activated in a hydrogen flow of 13 ml/min at 400˚С with a 
heating rate of 5˚С/min for 2 h. After activation, a feed syngas with a volume ra-
tio of 3H2:1CO was introduced to the reactor, and its flow rate was controlled by 
an MFC. Methanation was performed at pressure of 3 bar and with a GHSV of 
3000 h−1 in the temperature of 350˚С. Gas products were separated through a 
cooler, and analyzed online by a gas chromatography (GC; YL-6100) with a 
thermal conductivity detector (TCD). The CO conversion, CH4 yield and selec-
tivity were calculated using the following Equations (3)-(5), respectively.  

CO conversion:  

( ) CO,inlet CO,outlet
CO

CO,inlet

% 100
V V

X
V
−

= ×                      (3) 
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Меthane selectivity: 

( ) 4
4

4 2 2

CH ,outlet
CH

CH ,outlet CO ,outlet H ,outlet

% 100
V

S
V V V

= ×
+ +

               (4) 

Меthane yield:  

( ) 4
4

CO CH
CH %

100
X S

Y
×

=                          (5) 

Catalyst characterizations 
BET surface area was measured by nitrogen adsorption at the liquid nitrogen 

temperature on a Flowsorb ΙΙΙ 2305/2310 analyzer. Prior to analysis, the samples 
were degassed under dynamic vacuum at 150˚С for 30 min.  

XRD measurement was carried out on a mini Flex 600 diffractometer with a 
monochromatic Co Kα radiations source (λ = 1.7903). The scans were per-
formed from 5˚ to 95˚ of 2θ angle with a step size of 0.02˚.  

Nickel contents in fresh catalysts were determined using by 6500 ICP-OES 
analyzer.  

SEM images were obtained on the JEOL JSM 7001F microscope operated at 10 
- 20 kV. The sample was fixed on a carbon black holder with conductive adhe-
sives. 

3. Results and Discussion 

After the impregnation-precipitation, actual contents of nickel catalysts were 
measured using a method of ICP-OES. Table 1 shows the nominal and experi-
mental contents of nickel metal precipitated on the different supports by the 
impregnation-precipitation method.  

It was identified that when nickel content of the catalysts was nominally ex-
pected as 20 wt%, the obtained contents were between in approximately 17 - 18 
wt% depending on different supported catalysts.  

Catalyst activity of the Ni/γ-Al2O3* catalyst was compared with those of 
Ni/γ-Al2O3, Ni/TiO2 and Ni/SiO2 in Figure 2. Activities of the obtained catalysts 
prepared on different supports were examined at the reaction temperature of 
350˚С under the syngas pressure of 3 bar. 

It was found that Ni/SiO2 catalyst gave the best activity at the equilibration 
temperature of 350˚С, and the CH4 yield reached 85.7%. However, the na-
no-Ni/γ-Al2O3* catalyst produced a methane from the lowest temperature fitted 
around 35 minutes of time on stream. This catalyst gave the CH4 yield of 78.7% 
at the equilibration temperature of 350˚С. As shown in Figure 2, the activity of 
Ni/TiO2 was similar to that of Ni/γ-Al2O3.  

Table 2 compared the methane yield and the initial temperature of its forma-
tion. The initial temperature of methane formation increased according to the 
order of Ni/γ-Al2O3* < Ni/SiO2 < Ni/γ-TiO2 < Ni/γ-Al2O3. The Ni/γ-Al2O3* 
produced methane from the lowest temperature of 178˚C to 350˚C in CO me-
thanation.  
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Table 1. Nickel contents after precipitation on the different supports by an impregna-
tion-precipitation method. 

Catalyst code Support 
Ni content, (wt %) 

Nominal Experimental1) 

Ni/γ-Al2O3 γ-Al2O3 20 17 

Ni/γ-Al2O3* (nano) γ-Al2O3 20 18 

Ni/TiO2 TiO2 20 17 

Ni/SiO2 SiO2 20 18 

1)Determined by ICP-OES analysis. 

 
Table 2. Comparison of CO methanation performance for Ni/γ-Al2O3, Ni/γ-Al2O3*, 
Ni/TiO2 and Ni/SiO2 catalysts. 

Catalyst code CH4 yield, % Initial temperature of CH4 formation, ˚C 

Ni/γ-Al2O3 75.4 268 

Ni/γ-Al2O3* (nano) 78.7 178 

Ni/TiO2 80.4 250 

Ni/SiO2 85.7 218 

 

 
Figure 2. Methane yield obtained during synthesis with the catalysts prepared on differ-
ent supports. 
 

Activity of Ni/γ-Al2O3* prepared with support pulverization was higher than 
that of traditional Ni/γ-Al2O3, and the CH4 yield reached 78.7%.  

Figure 3 shows that the Ni/γ-Al2O3* catalyst converts almost fully the carbon 
monoxide into methane. In the end of reaction, the content of CO was only 
0.62 % in product gas.  

With decreasing the CO content in a feed gas, the methane yield is increasing 
sharply from 30 minutes to 60 minutes of time on stream, then it was slowly in-
creasing at the equilibration temperature of 350˚C. Regarding temperature pro-
gram, methanation temperature reaches the equilibration temperature around 
60 minutes of time on stream. 

Figure 4 shows the CH4 productivities, which were calculated by a sum of  
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Figure 3. CO and CH4 contents during methanation synthesis with the Ni/γ-Al2O3*.  

 

 
Figure 4. CH4 productivities of Ni/γ-Al2O3, Ni/γ-Al2O3*, Ni/TiO2 and Ni/SiO2 catalysts in 
CO methanation at 350˚C.  
 
produced CH4 amount per unit of catalyst weight for 1 h methanation, with the 
Ni/γ-Al2O3, Ni/γ-Al2O3*, Ni/TiO2 and Ni/SiO2 catalysts in CO methanation at 
350˚C. It was known that the Ni/γ-Al2O3* catalyst produced the highest amount 
of methane (0.1224 mmol/g-cat) for 1 h methanation among the four catalysts. 
However, the traditional Ni/γ-Al2O3 catalyst gave the lowest amount of methane 
(0.0867 mmol/g-cat) for 1 h methanation, although it contains the same amount 
of nickel catalyst as that in the Ni/γ-Al2O3* catalyst prepared using the nano 
milled γ-Al2O3 support. The structures of the two compared catalysts were fur-
ther analyzed by SEM and XRD analysis. 

The SEM images of Ni/γ-Al2O3 and Ni/γ-Al2O3* catalysts are shown in Figure 
5(a) and Figure 5(b). As shown in Figure 5(a), there were large crevices and 
cracks, which were illustrated by dark part of SEM image, on the surface of 
Ni/γ-Al2O3. However, Figure 5(b) shows a uniform porous structure illustrated 
by bright part for metal oxides in the SEM without any large cracks and crevices. 
It suggests a formation of fine Ni nanoparticles distributed on the surface of na-
no milled γ-Al2O3* support. The porous structure of the last support provided  
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Figure 5. SEM images of the fresh catalysts: (a) Ni/γ-Al2O3 and (b) Ni/γ-Al2O3*. 
 
the good dispersion of active nickel catalyst leading to high activity and selectiv-
ity for methane. Figure 6 describes the X-ray diffractograms of the fresh cata-
lysts of Ni/γ-Al2O3, Ni/γ-Al2O3*, Ni/TiO2 and Ni/SiO2 before methanation 
process. 

The characteristic diffraction peaks of γ-Al2O3 support and NiO appear at 
53.55˚ and 79.59˚; and at 43.45˚, 50.63˚ and 74.43˚, respectively for the fresh cat-
alysts [16] [17] [18]. For all catalysts prepared by the impregnation-precipitation 
method, no nickel aluminate species, which were inactive catalytically and 
non-reducible ones formed by strong interactions between nickel particles and 
catalyst support, were created in the catalysts. For the Ni/SiO2 catalyst, two 
broad diffraction peaks in 2θ region of 15.5˚ - 30.0˚ were attributed to the dif-
fraction characteristics of amorphous SiO2. For the Ni/TiO2 catalyst, the peaks in 
2θ region of 25.3˚, 43.8˚, 55.0˚ were attributed to the anatase phase of TiO2. The 
particle sizes were calculated from the Scherrer formula (6) based on the peak 
width at 50.63˚ reflection. The results are listed in Table 3. Intensity of the peak 
at 50.63˚ of NiO species in Ni/γ-Al2O3 was the strongest among other catalysts, 
even though their nickel contents were similar (see Figure 7). Its NiO particle 
size calculated by the Scherrer equation was the largest of 21 nm among other 
catalysts. Moreover, Table 3 shows the smaller particles of nickel oxides in 
Ni/γ-Al2O3*, Ni/TiO2 and Ni/SiO2 catalysts. 

cos
K λτ

β θ
∗

=
∗

                             (6) 

τ—Particle size 
К— Shape factor 
λ— X-ray wavelength 
β—half the maximum intensity (FWHM) 
θ—Bragg angle 
For the Ni/γ-Al2O3* and the Ni/γ-Al2O3 catalysts, a surface area of catalyst was 

smaller for the catalyst prepared on the nano milled support of γ-Al2O3. It might 
be suggested that more fine particles of NiO species filled inside porous structure 
of the nano milled support.  

Figure 8 shows the X-ray diffractograms of the used Ni/γ-Al2O3, Ni/γ-Al2O3*,  
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Table 3. BET surface area and NiO particle size of the fresh catalysts of Ni/γ-Al2O3, 
Ni/γ-Al2O3*, Ni/TiO2 and Ni/SiO2.  

Catalyst code SBET (m2/g) NiO particle size1) (nm) 

Ni/γ-Al2O3 131 21 

Ni/γ-Al2O3* (nano) 115 5 

Ni/TiO2 23.1 14 

Ni/SiO2 110 <5 

1)Calculated from the peak width at 50.63˚ using Scherrer equation from XRD. 

 

 
Figure 6. X-ray diffractograms of the obtained catalysts of Ni/γ-Al2O3, Ni/γ-Al2O3*, 
Ni/TiO2 and Ni/SiO2.   
 

 
Figure 7. X-ray diffractograms of NiO particles in the Ni/γ-Al2O3, Ni/γ-Al2O3*, Ni/TiO2 
and Ni/SiO2. 
 
Ni/TiO2 and Ni/SiO2 catalysts after methanation for 1h at 350˚C. It was known 
that NiO particles were converted to metal Ni (peaked around at 50.6˚ and 
60.9˚) by hydrogen activation for all catalysts, and there were no compounds of 
nickel catalysts formed due to catalyst deactivation caused by interaction be-
tween metal and support during activation and methanation. As shown in Fig-
ure 8, it was also identified that crystallinity of metallic Ni was very sharp for 
only the Ni/γ-Al2O3. It might depend on easy agglomeration of large nickel par-
ticles in the Ni/γ-Al2O3 in the present reaction conditions.  
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Figure 8. X-ray diffractograms of the used Ni/γ-Al2O3, Ni/γ-Al2O3*, Ni/TiO2 and Ni/SiO2 
catalysts after methanation for 1 h. 
 

It is noticeable that the metallic Ni peak at 50.6˚ of Ni/γ-Al2O3* catalyst is 
smaller than Ni/γ-Al2O3, implying that the pulverization of γ-Al2O3 improved 
the dispersion of traditional Ni/γ-Al2O3 catalyst. 

4. Conclusions 

1) The initial temperature of methane formation increased according to the 
order of Ni/γ-Al2O3* < Ni/SiO2 < Ni/γ-TiO2 < Ni/γ-Al2O3. The Ni/γ-Al2O3*, 
which was prepared on the surface of nano milled γ-Al2O3 support, produced 
methane from the lowest temperature of 178˚C to 350˚C in CO methanation. 

2) The Ni/γ-Al2O3* catalyst gave the highest amount of methane (0.1224 
mmol/g-cat) for 1 h methanation among other catalysts of the traditional 
Ni/γ-Al2O3, Ni/SiO2 and Ni/γ-TiO2. 

3) XRD and SEM analysis proved that NiO particles in the Ni/γ-Al2O3* were 
finely distributed, and their sizes were smaller compared to those in the tradi-
tional one. The pulverization of γ-Al2O3 improved the dispersion of catalytic ac-
tive nickel species inside porosity of the support leading to the improvement of 
its catalytic performance. 
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