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   Synthetic natural gas (SNG) has attracted significant attention over the past years due to its critical 

role in the future energy mix where it can be produced from multiple sources, including coal, wastes 

& biomass. Carbon monoxide (CO) methanation is considered one of the major SNG production 

routes. Nickel oxide catalyst supported on silica extracted from risk husk was prepared using wet 

impregnation method and characterized using different techniques including XRD, N2 Adsorption, 

Atomic absorption, XRF & TPR. Distinctively from most of the published previous work, The 

catalyst performance in progressing CO Methantion reaction was tested in a bubbling fluidized bed 

continuous flow reactor system at the stoichiometric H2:CO ratio of 3:1 in absence of any other feed 

constituents. The catalytic runs were conducted at atmospheric pressure, in the temperature range 

between 200-450oC and at fluidization velocity equal to four times the minimum fluidization 

velocity (Umf). CO conversion, CH4 selectivity & CO2 Selectivity were calculated for all runs. Based 

on the assessment of catalytic runs, fluidized bed reactor system proved to be efficient in ensuring 

adequate temperature control and uniformity for CO methanation. Optimal results of 97% CO 

conversion, 81% CH4 selectivity and 21% CO2 selectivity were achieved at operating conditions of 

temperature of 450oC, pressure of 1 bara & superficial velocity of 4 Umf. Recommendations for 

future work in terms of catalyst development and operating conditions were also made based on the 

results achieved. 
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1. Introduction 

Demand for synthetic natural gas has increased in 
recent years as it serves multipurpose in managing the 
global energy dual challenge of higher global energy 
demand with fewer emissions[1][2]. On one hand, natural 
gas is considered a less environmentally polluting fossil 
fuel [3]. It also possess a major advantage of fossil fuels 
which is energy availability on demand with no 
intermittency issues similar to those crippling alternative 
energies like wind & solar. On the other hand, SNG can 
be produced from Syngas, which can either be obtained 
from Coal, municipal waste, biomass or even waste 
plastics[1], [4]. In other words, SNG offers an industrial 
route to utilize either emissions intensive fuel sources or 
wastes into fewer emissions energy source. Moreover, 
SNG takes full advantage of the existing transport & end 
usage infrastructure of natural gas [5], which is already 
providing a significant portion of the global energy 
demand. 

Syngas methanation has been intensively studied on 
the lab scale and a few industrial facilities are already 
operational. Various metallic catalysts were studied for 
CO methanation including Pt, Ru, Rh, Fe, Ni & Co [6]. 
The activity of metallic catalysts were found to be in the 
following order Ru>Fe>Ni>Co whereas the selectivity 
towards methane production was found to be 
Ni>Co>Fe>Ru [6]. Nickel oxide is one of the most 
widely used catalysts for CO methanation due to its high 
activity, relatively economic production costs and high 
Methane selectivity [5]. Unsupported nickel catalyst have 
considerable limitations in methanation reaction as they 
are prone to deactivation through thermal sintering and 
carbon deposition [7][8]. Catalytic supports are a very 
active area of research for CO methanation reactions [5]. 
This is because the metal-support interaction can 
influence the catalytic performance through altering 
catalyst activity and metal dispersion [9] [8] . Different 
supports have been explored over the past years including 
alumina and cerium. Both of which have their own 
shortcomings when employed as a catalyst support for 
this highly exothermic reaction [10]. Supports are crucial 
for CO methanation since they provide better stability to 
the catalyst and help combat sintering and catalytic 
deactivation specially in the highly exothermic 
Methanation reactions. Among different supports 
explored for CO methanation, silica is proven to be an 
attractive choice owing to its high thermal stability  
availability and low production cost. 

A global push towards a circular economy, 
sustainability in energy production and waste products 
utilization alongside with maximizing resources 
utilization favors using more eco-friendly materials in 
various industries. In this work, silica produced from rice 
husk is explored as an effective cost-efficient 
environmentally friendly catalyst support for CO 
methantion reaction. 

Efficiently managing the aggressive exothermic 
nature of the CO methanation reaction is the cornerstone 
to successful scale up and commercialization [11]. 
Controlling the temperature rise inside the reactor on a 
large scale can be extremely challenging. To get a sense 

of the expected temperature rise, a conventional syngas 
fed to a single adiabatic reactor at a temperature of 250-
300oC could result in an adiabatic temperature of 900oC 
[12]. 

 Currently, two main designs are deemed suitable for 
commercial scale CO methanation being a series of 
adiabatic intercooled fixed bed reactors and a fluidized 
bed reactor system [12]. Fixed bed reactors require 
catalysts of very high thermal stability since temperature 
rise over the reactor bed can reach up to 700oC and suffer 
from poor temperature distribution and potential for 
hotspots generation [13]. Fluidized bed reactors are an 
excellent choice for CO methanation, which is an 
extremely exothermic reaction owing to the fact that they 
have a much higher efficiency in heat exchange, 
compared to fixed beds, and better temperature 
distribution & control [14], due to the turbulent gas flow 
and rapid circulation.  

Most experimental research work conducted on CO 
methanation is either done on selective CO methanation 
or in presence of an inert gas. In selective CO methanation 
the H2/CO ratio is considerably higher than the 
stoichiometric ratio of 3:1 in addition to presence of other 
species in the reactant stream, most commonly CO2. 
Selective methanation is usually done for the applications 
of syngas cleanup for Ammonia synthesis and recently for 
Proton-Exchange Membranes (PEM) fuel cells so it is 
usually a CO cleanup process from a stream rather than 
CO utilization for SNG production [15]–[17]. The work 
focusing on SNG production usually utilizes a percentage 
of an inert gas in the feed stream to aid in the removal of 
heat of reaction produced to avoid temperature hotspots 
in the fixed bed reactors usually utilized in this kind of 
work. 

On a commercial scale, it is not economical to use a 
significant percentage of an inert gas within the process 
stream as this will increase operating costs for utilizing 
such high volumes of inert gases plus it will add also to 
the energy requirement for heating the inert gas prior to 
introduction to the reactor unnecessarily. 

The essence of this work is to assess the adequacy of 
semi-pilot scale bubbling fluidized bed reactors in SNG 
production from a pure H2/CO gas mixture with 
Stoichiometric feed ratio while maintaining decent 
temperature control despite the extremely exothermic 
nature of the reaction as a step forward in the journey of 
technology commercialization 

2. Materials and Methods 

2.1. Catalyst preparation 

Silica was produced from rice husk by first rinsing the 
rice husk in 2% solution of HCl for 2 days. Pyrolysis of 
rice husk followed the acidification step where rice husk 
was heated to 900oC in inert atmosphere of nitrogen. 
After that, the obtained powder was calcined at 900oC in 
presence of purified air stream. The prepared silica was 
denoted RH-Silica. 

To prepare the NiO catalyst, wetness impregnation 
method was used where the required weight of Nickel 
nitrate powder (Ni(NO3)2.6H2O) was dissolved in 
distilled water before adding the required weight of RH-
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Silica to the solution. The solution was continuously 
stirred for 45 minutes before being heated to 80oC while 
continuously stirring the solution using a magnetic stirrer 
for 3 hours. The obtained gel is then dried overnight at 
120oC in an oven. 

The produced powder is then calcined in flowing hot 
air at 450oC for 5 hours with an incremental temperature 
increase of 10oC/minute. 

The prepared catalyst was denoted Ni30 representing 
the weight percentage of NiO in the prepared catalyst 
powder. 

2.2. Catalyst Characterization 
The morphology of the prepared sample was 

identified by Shimadzu (Japan)-X-ray diffraction (XRD) 
with a Cu Kα (λ = 1.5406 Å) radiation at a 40 kV voltage 
and current of 40 mA. . The surface area and pore volume 
were determined by USA-NOVA 3200 at - 196◦C. 
Temperature programmed reduction of prepared calcined 
sample was performed using ChemBet 3000, 
Quantachrome (USA). Chemical analysis of prepared 
silica was performed using X-ray fluorescence technique 
utilizing S8 TIGER Series 2 device, Bruker, Germany 
after burning 1 gram of prepared sample 1000ºC till 
constant weight Is achieved. The weight loss due to the 
removal of moisture and adsorbed gases was (0.870 
wt.%). The impregnated NiO weight percentage in the 
catalyst was determined by Flame Atomic Absorption 
Spectrophotometer (AA-6300, Shimadzu). 

2.3. Catalytic testing 
The performance of the prepared Ni30 catalyst was 

tested in a continuous fluidized bed reactor system as 
illustrated in Fig. 1. 

The reactor is made of stainless steel with an internal 
diameter of 2.54 cm and length of 1 m. The bottom 
section of the reactor entails a mesh support (5 micron 
mesh size) to support the catalytic bed and to aid in feed 
gas distribution to the reactor. 

The mid-section of the reactor is of a uniform 
diameter. The reactor is equipped with a conical shaped 
disengagement section with marginally larger diameter to 
reduce the fluid’s velocity with an aim of settling any 
carried over catalyst particles with the product stream. 

The gaseous product leaving the reactor is then 
introduced to a gas-solid separation Cyclone to separate 
any potentially fugitive catalytic particles that could have 
been carried over as a result of either excessively high 
superficial gas velocities within the fluidized bed or due 
to catalytic particles attrition. 

The clean gaseous produced gases are fed to a double 
pipe water-cooled heat exchanger to condense the 
produced water from the reaction in the cold trap before 
feeding the non-condensable gaseous product stream to a 
thermal-type mass flow meter and eventual disposal of 
the gas stream to a safe location. 

Inside reactor, the following reactions are expected to 
be taking place with various extents of progression. 

3𝐻2 + 𝐶𝑂 ↔ 𝐶𝐻4 + 𝐻2𝑂     ∆𝐻 − 206 𝐾𝐽. 𝑚𝑜𝑙 − 1   (1) 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2     ∆𝐻 + 41.2 𝐾𝐽. 𝑚𝑜𝑙 − 1      (2) 

The first reaction is the main reaction and is strongly 
exothermic, hence reactor selection is of paramount 
importance to ensure uniform bed temperature and 
efficient heat removal from the reaction media to 
effectively control the reaction temperature and prevent 
temperature runaway. The strong exothermic nature of 
the CO methanation reaction renders the fluidized bed 
reactor an attractive choice of reactor owing to its superior 
heat transfer properties leading to bed temperature 
uniformity and efficient heat removal. 

The second reaction, being a side reaction, is the water 
gas shift reaction that favors the production of CO2 from 
CO at the expense of CH4. Catalyst’s ability and reaction 
conditions are the main tools to maximize the extent of 
methanation reaction whilst minimizing CO2 production 
through water gas shift side reaction. 
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Figure 1. Schematic representation of the fluidized bed reactor system used for catalytic testing 
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Forty-Five grams of the catalyst were loaded into the 

reactor and reduced in situ at 500oC for 2 hours in 
continuous Hydrogen flow of 2 Standard Liters Per 
Minute (SLPM). Minimum fluidization velocity (Umf) of 
the catalyst was experimentally determined using a 
transparent plexi-glass cylinder having the same internal 
diameter as that of the reactor. The catalytic experiments 
were carried out at a fluidization velocity of 4 Umf 

corresponding to 2 SLPM. The decision to test the 
catalytic reactor at a relatively high fluidization velocity 
is to assess the system’s ability to withstand the 
significant heat generation expected from the reaction 
while maintaining a constant bed reaction temperature. 
The temperature range explored through the catalytic runs 
encompassed the temperatures between 200 & 450oC. All 
catalytic runs were performed at atmospheric pressure 
with a H2/CO ratio of 3:1 in the mixed feed gas 
introduced to the reactor. The produced gases were 
analyzed using Thermo-Fischer ultra-trace Gas 
Chromatograph utilizing Thermal conductivity detector 
(TCD) to determine CO conversion, CO2 selectivity, CH4 
Selectivity & according to the following equations. 

CO Conversion % =  
Moles CO in-Moles CO out

Moles CO in
X 100   

CH4 Selectivity % = 
Moles CH4 out

Moles CO in-Moles CO out
X 100 

 CO2 selectivity % = 
Moles CO2 out

Moles CO in-Moles CO out
X 100  

3. Results and Discussion 

3.1. XRD 

X-ray diffraction pattern shown in figure 2 showed 
broad peak appeared at 2 theta= 21.4○ that belong to non-
crystalline silicon oxide (JCPDS 29-0085), which is 
typical for amorphous solids. This observation confirmed 
the absence of any ordered crystalline structure [18]. 

 The XRD pattern of NiO exhibited shows five 
diffraction peaks at 2θ of 37.18°, 43.12°, 62.88°, 75.24°, 
and 79.23°, which corresponded well with the literature 
of the card (JCPDS 78-0423) XRD pattern. 

 High intensity and broad spectrum width in XRD 
spectra of NiO confirmed their well grain size, and the 
detection of no other peak related to impurity further 
confirmed their high purity and crystallinity [19], [20].  

The XRD pattern clarifies the absence of Ni (III) 
oxide, as a result for carrying out the calcination step at 
temperature higher than temperature of 400°C [21]. 

3.2. BET 

For RH-Silica samples, Full Adsorption-desorption 
isotherms are determined at -196°C. Fig. 3 shows that the 
adsorption was followed up to the saturation whereas the 
desorption was continued till the closure of the hysteresis 
loops, both of the isotherms are obeying the BET equation 
in the relative pressure range 0.05-0.35.  

The nitrogen adsorption of the RH-Silica and NiO 
supported on silica samples started from low pressures as 
seen in Fig. 3, where it indicates that the adsorption 
isotherm is related to both of type I and type II according 
to the IUPAC classification [22], which reveals the 
presence of pores having micro porosity features. The 
isotherms of the samples are exhibiting H3 hysteresis 
loop. This type indicates the presence of non-rigid 

aggregates (assemblage of particles which are loosely 
coherent) of plate-like particles giving rise to slit-shaped 
pores [23]. Such non-rigid pores resulting in decreasing 
the pressure of loop closing, i.e. the hysteresis ended at 
P/P° 0.25. This low-pressure hysteresis usually associated 
with the swelling of the non-rigid pores [24].  

As a result of metal dispersion on catalytic supports, 
the surface area tends to either decrease as a result of 
pores blockage or increase if the metallic dispersion is 
high and no pore blockage has taken place. Table 1 
suggests that surface area increased from 161.91m2 /g to 
344.09m2 /g after the loading process with 30wt.% nickel 
oxide. 

 

Figure 2. XRD patterns for (a) JCPDS 78-0423 & (b) Ni30 sample 

 This could be attributed to the formation of highly 
porous NiO agglomerates resulting in creation of new 
micropores as well as splitting of existing pores by NiO 
aggregates[25] [26].This is evident, as average pore size 
has decreased from 7.38 nm in case of RH-Silica to 6.08 
nm in case of Ni30 Catalyst while total micro pore 
volume increased from 0.0124 to 0.5118 cm3/g. NiO 
loading percentage was estimated against the target value 
of 30% Wt. using atomic absorption technique as shown 
in table 1. 

Table 1. physiochemical properties (BET Surface area, Pore Volume 

& pore size) & NiO weight percentage determined by atomic 

absorption of RH-Silica & Ni30 samples 

Sample 

Surface 

Area 

(m2/g) 

Pore 

Volume 

(cm3/g) 

Pore 

Size 

(nm) 

micro pore 

volume 

(cm3/g) 

NiO 

weight 

percent 

RH-

silica 

161.91 0.2989 7.38 0.0124 0 

Ni30 344.09 0.5234 6.08 0.5118 29.9 

3.3. XRF 
The chemical analysis of the prepared RH-Silica 

sample as determined using XRF analysis is shown in 
table 2 

Table 2. Chemical analysis of RH-Silica sample as determined using 

XRF technique 

Component Weight Percentage 

SiO2 99.948 

Al2O3 0.008 

CaO 0.012 

Na2O 0.004 

K2O 0.002 

MgO 0.001 

Fe2O3 0.021 

TiO2 0.003 

P2O5 0.001 

0

100

200

300

400

500

600

10 20 30 40 50 60 70 80

In
te

n
si

ty

2 Θ

(b)

(a) 



15             International Journal of Theoretical and Applied Research, 2022, 1(1) 

 

 

 

 

Figure 3. RH-Silica (a) & Ni30 (b) Adsorption Isotherms 

 

 

Figure 4. RH-Silica (a) & Ni30 (b) Samples Pore size distribution 

3.4. TPR 

In the TPR results of Ni30 catalyst displayed in Fig. 
5, a distinct reduction peak at 450oC is observed. 

 

Figure 5. TPR Profile for Ni30 sample 

 Literature suggests that presence of a metal-support 
interaction generally leads to a reduction in the metallic 
oxide reducibility which explains the lack of a reduction 
peak at 300oC corresponding to unsupported NiO 
reduction [27]–[30]. The lack of any reduction evidence 
at 200 oC confirms the XRD conclusion of Ni III species 
absence [31]. The distinct reduction peak at 450 oC can 
be attributed to the reduction of Ni II species strong 
interaction with the support [27], [30]. 

The secondary extension peak observed between 600-
800 oC can be attributed to formation of thermally stable 
nickel silicate having considerably more difficult 
reducibility compared to the supported NiO species[32]. 

The Collective evidence from XRD & TPR studies 
suggests that Ni was only present in the Ni II species form 
and that interaction between the metal and support was 
very strong with almost no support-free Ni II species 
present. 

3.5. Catalytic performance 

The impact of reaction temperature was investigated 
between 200-450oC. as seen in Fig. 6, The conversion 
increased rapidly with the increase in temperature up to 
400oC. 

 

Figure 6. CO Conversion Vs temperature at reaction conditions 
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 Beyond which the conversion kept increasing slightly 

with the increase in temperature until almost complete 
conversion was achieved at 450oC. 

Similarly, Fig. 7 suggests that CH4 selectivity 
followed an increasing trend with the increase in reaction 
temperature up to a temperature of 350oC. Further 
temperature increase did not yield higher CH4 selectivity, 
which could be attributed to thermodynamic equilibrium 
imitations [1] as well as side reactions like water gas 
shift[33], [34]. 

CO2 selectivity depicted an increasing trend with the 
increase in temperature up to 350oC as shown in Fig. 8 
where selectivity stagnated at around 20% with further 
temperature increase. This is due to favorable conversion 
of CO to CO2 at higher temperature and low pressure [1]. 
This is in line with CH4 selectivity stagnation at 
temperature above 350oC. 

Despite the high fluidization velocity utilized in the 
catalytic runs and the aggressive exothermic nature of the 
reaction, adequate temperature control of the reaction was 
successfully achieved in the fluidized bed reactor. 
Moreover, no signs of catalyst deactivation were 
encountered in over 50 hours of intermittent catalytic 
testing. 

Table 3. Comparison between previous work and current work in CO 

methanation at a H2:CO ration of 3:1 

 

 

Figure 7. CH4 selectivity Vs temperature at reaction conditions 

 

Figure 8. CO2 selectivity Vs temperature at reaction conditions 

4. Conclusion 

After Nickel oxide was successively supported on rice 
husk derived silica with a weight concentration of the 
metal oxide of 30%. Different characterization techniques 
were used to determine physicochemical properties of the 
catalyst. The catalyst performance was tested in CO 
methanation reaction over the temperature range of 200-
450oC and a pressure of 1 bara utilizing a fluidization 
velocity of 4Umf. Complete conversion of CO was 
achieved at a temperature of 450oC and no indications of 
catalyst deactivation were observed during over 50 hours 
of intermittent operation. The semi-pilot scale fluidized 
bed reactor system proved to be promising in achieving 
high CO conversion and CH4 selectivity while providing 
adequate temperature control over the full range of 
temperature at relatively high flow rates. 

It is recommended to assess the impact of different 
loading percentages of the metal oxide over the support 
on catalytic performance. It is recommended to extend the 
catalytic experiments to determine the effect of different 
fluidization velocities on the temperature needed for 
complete conversion of CO. Since CO methanation is a 
volume decreasing reaction, it is recommended to include 
the effect of pressure parameter on the catalytic 
performance in future work. 
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