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1. Introduction

Energy demand for natural gas has increased from 2005 until present 
for household usage, transportation, electrical and industry. This 
is because natural gas is the cleanest option among fossil fuels 
and emits less CO2 into the atmosphere [1]. As part of the Kyoto 

Protocol, Malaysia’s natural gas must be treated in order to mini-
mize the emission of CO2 gas into the air. The most promising 
technique to eradicate CO2 from natural gas is through catalytic 
methanation, which converts it into CH4 in the existence of H2 
gas. The basic oxides for instance are oxides of rare earth metals 
which form a good catalyst for the reductive process in the natural 
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ABSTRACT
Developed countries are increasing their demand for natural gas as it is an industrial requirement for fuel transportation. Most of modern 
society relies heavily on vehicles. However, the presence of CO2 gas has led to the categorization of sour natural gas which reduces the 
quality and price of natural gas. Therefore, the catalytic methanation technique was applied to convert carbon dioxide (CO2) to methane 
(CH4) gas and reduce the emissions of CO2 within the environment. In this study, samarium oxide supported on alumina doped with 
ruthenium and manganese was synthesized via wet impregnation. X-ray diffraction (XRD) analysis revealed samarium oxide, Sm2O3 and 
manganese oxide, MnO2 as an active species. The reduction temperature for active species was at a low reaction temperature, 268.2oC 
with medium basicity site as in Temperature Programme Reduction (TPR) and Temperature Programme Desorption (TPD) analyses. Field 
Emission Scanning Electron Microscopy (FESEM) analysis showed an agglomeration of particle size. The characterised potential catalyst 
of Ru/Mn/Sm (5:35:60)/Al2O3 (RMS 5:35:60) calcined at 1,000oC revealed 100% conversion of CO2 with 68.87% CH4 formation at the reaction 
temperature of 400oC. These results were verified by artificial neural network (ANN) with validation R2 of 0.99 indicating all modelling 
data are acceptable. 
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gas conversion reaction [2]. The use of samarium as a promoter 
or support within the catalytic reaction has been widely inves-
tigated due to these interesting properties, i.e. reducibility and 
basicity. As investigated by Yamasaki et al. [3], the number of 
active surface nickel sites has increased as samarium was used 
as a promoter in the Ni-Zr catalyst, thus enhancing the performance 
of catalytic activity. However, no studies have been conducted 
on the possible optimization improvement of CO2 methanation 
over supported samarium oxide based as a heterogeneous basic 
catalyst. 

During the experiment, the optimization process will be needed 
in order to identify the optimum parameter that gives higher CO2 
conversion. Thus, modelling of variables in methanation reaction 
is needed to save time and cost and also give higher predictions 
of CO2 conversion. In recent years, artificial neural network (ANN) 
based modelling has grabbed many attentions in research area 
especially in an industry for developing empirical models for time 
series prediction. ANN is a process of information’s element, con-
stituted by layers of neurons and an output as a result [4, 5]. Due 
to its high proficiency and unique features, the ANN method has 
given better predictions and its results depend on the number 
of variables entered [6]. 

ANN has been widely used in the industrial hydrogen production 
plants. A back-propagation feed forward ANN with three layers 
was used in predicting the optimum parameters of feed temperature, 
reformer pressure, steam to carbon ratio and carbon dioxide to 
methane ratio in the feed stream. From the results, the artificial 
neural network can be easily applied to analyze the performance 
of the entire hydrogen plant to achieve suitable operating conditions, 
with less time-consuming and high accuracy [7]. Recently, hydrogen 
production by catalytic dry reforming of methane through the use 
of artificial neural networks (ANN) has been reported by Alsaffar 
et al. [8]. They focused on the optimization of gas hourly space 
velocity (GHSV), the oxygen (O2) concentration in the feed, the 
reaction temperature and the CH4/CO2 ratio. The predicted hydrogen 
yield and the CH4 conversions by the optimized ANN model were 
in close agreement with the observed values obtained from the 
experimental runs.

In the area of CO2 methanation, Ngo and Lim [9] developed 
the physics-informed neural networks (PINNs) to solve the catalytic 
CO2 methanation in isothermal fixed bed (IFB) model. When only 
predicting the concentration outside the training domain, PINN 
showed excellent extrapolation performance with an accuracy of 
88.1%. These results indicate that PINN can be used for solution 
and system identification in a fixed bed model with chemical re-
action kinetics. Meanwhile, the study by Esfandyari et al. [10] 
also found ANN to be a powerful and accurate tool for building 
up empirical models for prediction in Fischer-Tropsch. Four varia-
bles such as operating temperature, operating pressure, time and 
CO/H2 ratio have been studied to predict the CH4, CO2 and CO 
compositions. Therefore, the uniqueness of current study is applica-
tion of supported samarium oxide-based catalyst for CO2 methana-
tion and its process optimization using an ANN to achieve exact 
optimal parameters and the prediction of experimental 
performance.  Additionally, the physicochemical characteristic of 
Ru/Mn/Sm/Al2O3 (RMS) catalyst was also examined using several 
characterization techniques.

2. Experimental 

2.1. Material and Reagents

In this research, all metals salts used for catalyst preparation were 
of high purity and were purchased from Sigma Aldrich. A samarium 
(III) nitrate hexahydrate (Sm(NO3)3.6H2O) was used as based cata-
lysts while, manganese nitrate tetrahydrate (MnNO3.4H2O) and 
ruthenium(III) chloride (RuCl3) were used as dopant and co-dopant. 
Then, aluminium oxide bead, γ-Al2O3 with 3 mm was used as 
a support material of catalyst. 

2.2. Preparation and Catalytic Activity of Ru/Mn/Sm/Al2O3 
(RMS) Catalyst 

The RMS catalyst was prepared by the aqueous incipient wetness 
impregnation method [11, 12]. A 5 g of Sm(NO3)3.6H2O was weighed 
in a beaker and dissolved with 10 mL of distilled water. The mixed 
catalyst solution was prepared by adding the appropriate amount 
of dopant MnNO3 (0.141 g) and co-dopant RuCl3 (0.289 g) into 
the based solution to get the desired ratio of RMS (5:35:60). The 
catalyst was then labelled as RMS (5:35:60) to indicate that there 
is 60 wt% of Sm, 35 wt% of Mn and 5 wt% of Ru. Then, the 
mixture catalyst was stirred continuously for 30 min before being 
immersed with 7 g of 3 mm alumina beads for 1 h. The alumina 
beads were left in the desiccator overnight, and then aged at 80–90oC 
overnight in an oven before calcination in the furnace occurred 
at 400oC for 5 h using a 10oC/min ramp rate. The same procedure 
was repeated for other Sm loadings of 50–85 wt% and calcination 
temperatures of 700–1,100oC. 

Meanwhile, the catalytic activity testing was performed under 
atmospheric pressure in a fixed micro-reactor and analysed online 
by use of a Fourier Transform Infrared from ambient temperatures 
of up to 400oC of reaction temperature at a ramp rate of 5oC/min. 
Glass tube made of Pyrex glass with a diameter of 10 mm and 
a length of 520 mm was used as the catalyst holder and placed 
in an isothermal furnace. The gaseous mixture of CO2 and H2 with 
a ratio of 1:4 was launched into the reactor system. The formation 
of CH4 was measured via a Gas Chromatography Flame Ionisation 
Detector system equipped with an Ultra 1 capillary column (nominal 
column 25.0 m × 200 μm × 0.11 μm).

2.3. Characterisation

X-ray Diffraction (XRD) analysis was performed using a Crystalloflex 
D5000 Diffractometer with CuKα radiation (λ = 1.54060A). The 
sample was placed into the sample holder with diameter of 10-15 
mm and approximate depth of 1 mm in a 40 × 33 × 2 mm glass 
plate. X-ray Photoelectron Spectroscopy (XPS) analysis was per-
formed via Kratos AXIS Ultra DLD using energy of 15.0 kV. The 
samples were tested at the electron take-off angle which is normal 
to the surface working at 20 eV. Electron Spin Resonance (ESR) 
analysis was conducted using the ThermoFlex3500 model and was 
operated with a center field of 336 mT, a modulation amplitude 
of 1.00 × 100, a scan time equal to 4 min with 3 number of scans, 
and a microwave power of 0.998 mW. Meanwhile, H2-Temperature 
Programmed Reduction (H2-TPR) and CO2-Temperature Programmed 
Desorption (CO2-TPD) analyses were accomplished by using 
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Micromeritics Autochem 2920. The measurement was carried out 
by ramping the catalyst sample from room temperature to 1,000oC 
with a total gas flow of 20 mL/min at 10oC/min. For the Field 
Emission Scanning Electron Microscopy- Energy Dispersive X-Ray 
(FESEM-EDX) study, a 15 kV Zeiss Supra 35 VP FESEM coupled 
with EDX analyzer was used to scan the sample under 25 kV. 
Lastly, surface area analysis was measured by Nitrogen sorption 
analysis using a Micromeritics ASAP 2010 at -196℃. Prior to the 
measurement, the calcined catalysts were degassed at 120oC 
overnight.

2.4. Statistical Analysis

2.4.1. Artificial Neural Network (ANN)
ANN’s most common technique, known as feed forward MLP artifi-
cial neural network (MLP-FF-ANN), is one of the techniques that 
relies on memory less and thus the reflection in response to the 
result is much faster than the feedback type [13]. In this study, 
MLP-FF-ANN generated by JMP version 10 (SAS, USA) was used 
for simulation because of its flexibility and ease of use when com-
pared to the Statsoft Statistica Release 7.0 software [14]. This net-
work type consists of a system of multi-level interconnected 
“neurons” or nodes that are formed in three layers, namely input 
layers (independent variables), hidden layers (one or more), and 
output layers (dependent variables) [15, 16]. The input variables 
were calcination temperature (oC), based ratio (%) and catalyst 
dosage (g), while the output was CO2 conversion (%). The parameters 
were chosen based on our previous study [11, 17], as they could 
give great influence on the performance and physicochemical prop-
erties of the prepared catalyst. The model was trained by using 
the Levenberg Marquardt Learning Algorithm [14, 18]. The re-
spected R2 and RMSE were computed using Eq. (1) and (2), re-
spectively:

(1) 

(2)

The predicted value is signified by where ti the measured value 
of the experimental samples is, tdi signifies the predicted value, 
and N represents the total of samples. The range calculation for 
R2 is in between 0.0−1.0. The lowermost value of R2 is considered 
weak, whilst the highest value (near to 1.0) indicates suitability 
to be chosen as the best predictor [18]. Next, the efficiency model 
(EM) by Nash and Sutcliffe [19] was used to test the fit between 
measured and modelled data using the Eq. (3):

(3)

Where, E refers to coefficient of efficiency, Om represents the 
measured value, Qp indicates the predicted value and Qmea_avg de-
notes an arithmetic average measured value. If modelled values 
perfectly match the measured ones, then E is equal to 1.

3. Result and Discussion

3.1. Characterization

3.1.1. XRD analysis 
XRD analysis was performed to observe the presence of active 
oxide phases on the prepared RMS (5:35:60) catalyst in different 
calcination temperatures of 400, 700, 900, 1,000 and 1,100oC. 
Calcination temperature would influence both the crystal phase 
and crystallite size of the catalyst. Some processes including change 
in structure, arrangement of crystal lattice and active phase for-
mation could also occur during sintering [11, 20]. The XRD diffracto-
grams of RMS (5:35:60) catalysts calcined at different temperatures 
as shown in Fig. 1. 

As shown in Fig. 1, the phases for RMS (5:35:60) catalysts were 
highly amorphous and most of them were dominated by alumina 
support, Al2O3 at 2θ values of 66.86°, 45.79°, 37.73°, and 39.42°. 
The amorphous phases may be due to the presence of the lanthanide 
element, samarium in the catalyst and may have hindered the 
crystallinity of the catalyst phase. RMS (5:35:60) catalyst heated 
at 400°C and 700oC shows similar diffractograms with the presence 
of alumina cubic peaks only. Meanwhile, RMS (5:35:60) catalysts 
heated at 900 to 1,100oC showed the existence of tetragonal RuO2 
at 2θ values of 28.08°, 35.09°, and 54.53° besides cubic Sm2O3 
peaks at 27.88°, 32.31°, and 45.36° in addition to the cubic of Al2O3. 
Interestingly, the presence of new small peaks of MnO2 with tetrago-
nal phase at 2θ values of 36.99°, 56.40°, and 42.82° were observed 
for the catalyst calcined at 1,000 and 1,100oC. However, the appear-
ance of low MnO2 intensity peak in the diffractogram was in accord-
ance with research conducted by Xu et al. [21] who also observed 
a broad peak of MnO2 which indicated the amorphous nature of 
the product. Therefore, 900oC of calcination temperature is not 
sufficient to increase the crystallinity and size of the MnO2 species 
thus, it was not observable in the diffractogram. Besides that, a 
few peaks on the diffractogram that overlapped each other were 
also observed. These overlapping peaks occurred due to very similar 
crystallographic characters from the PDF XRD profile. 

Fig. 1. XRD Diffractograms of RMS (5:35:60) catalyst calcined at (a) 
400°C, (b) 700°C, (c) 900oC, (d) 1,000oC and (e) 1,100°C for 
5 h.
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3.1.2. X-ray Photoelectron Spectroscopy (XPS) analysis 
To determine the oxidation state of elements in the catalyst, the 
relative contents of each state over the catalyst surface were decon-
vulated using XPS software based on the binding energy. The relative 
surface charge was adjusted against the C 1s line (284.50 eV) as 
a standard. Fig. 2 shows the deconvulation of XPS spectra for 
O 1s, Al 2p, Mn 2p and Sm 3d. Oxygen constitutes a high percentage 
in the surface composition, which was 25.42%. The O 1s photo-
emission spectrum exhibited single-lobed envelopes. The deconvu-
lation produced two peaks, which suggests the presence of two 
different elements. The strongest peak had an Eb value of 531.50 
eV and was assigned to Al2O3 or oxygen of the Sm3+-O groups. 
The presence of a weak peak at an Eb value of 529.96 eV was 
assigned as oxygen of Sm2+-O groups. This is related to the oxygen 
in the crystal lattice of Sm2O3 [22]. Aluminium constituted a high 
percentage in the surface composition, which was 65.04%, confirm-
ing the Al2O3 as a support. Deconvulation of Al 2p produced two 
peaks that indicated Al3+ in different chemical environments. The 
Eb values of 73.40 and 74.47 eV, were credited to the presence 
of Al3+ in Al2O3 and Al(OH)3, respectively. Meanwhile, Mn 2p 
consisted of two doublets which were Mn 2p1/2 and 2p3/2 which 
are equal to 11.5 eV. In this study, the high binding energy in 
the range of 642 - 647 eV was ascribed to the presence of Mn4+ 
from the MnO2 species [23] and was aligned with the observation 
obtained from the XRD analysis in Fig. 1. 

The peak of samarium formed two doublet structures of 3d5/2 

and 3d3/2 equal to 28 eV as a result of spin-orbit splitting and 
their satellites in rare-earth compounds as also explained by Chung 
et al. [24]. The first doublet corresponded to Sm 3d5/2 at a binding 
energy of 1,082.33 eV that was attributed to Sm3+ ion under its 
oxidized form in metal oxide, Sm2O3. The observation of satellite 
Sm2O3 shouldered at 1,085.73 eV was associated with a strong 
charge-transfer effect, which leads to an increase in the number 
of unpaired 4f electrons by more than one of the samarium oxides 
[25]. It was also reported that Sm was in a trivalent state when 
adsorbed onto transitional metals due to the close binding energy 
at 1,082.33 and 1,085.73 eV [26, 27]. This is supported with XRD 
where Sm2O3 was observed in the diffractograms.

3.1.3. Electron Spin Resonance (ESR) analysis 
The ESR spectra of the RMS (5:35:60) catalyst calcined at various 
temperatures are shown in Fig. 3. From the spectra, all of the 
catalysts showed a g value of 2.12 with different intensities. The 
shift from the value was caused by the electron spin-orbit interaction 
in atomic orbital. The ‘wing’ that forms from both sides at the 
g value of 2.12 was attributed to Mn4+ as suggested by Chakradhar 
et al. [28]. This result correlates well with the result obtained from 
the XRD and XPS analysis in Fig. 1 and 2 whereby the manganese 
species that exists in this catalyst were MnO2 (Mn4+). This result 
is similar to Phan et al. [29] who identified that MnO2 will exhibit 
a symmetrical center which is caused by a paramagnetic property 
at a magnetic field about 300 mT. From the ESR spectra, at calcina

a b

c d

Fig. 2. Binding energy for elements of O 1s, Al 2p, Mn 2p, Sm 3d over RMS (5:35:60) catalyst calcined at 1,000˚C for 5 h.
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g=4.36

g=2.12

Fig. 3. Overlay of ESR spectra over RMS (5:35:60) catalyst calcined 
at 900, 1,000, and 1,100oC for 5 h.

tion temperatures of 1,000oC and 1,100oC, both peaks overlapped 
and exhibited the highest peak intensity as compared to 900oC. 
It can be clearly seen in XRD diffractograms that the presence 
of MnO2 peaks in the catalyst calcined at 1000 and above. However, 
the peak of MnO2 was not detected in XRD analysis calcined at 
900oC which can be explained by the lower signal ESR peak due 
to lower intensity and crystallinity of the MnO2 species.  Therefore, 
the paramagnetic properties of the catalysts were said to be higher 
at 1,000oC and 1,100oC which could contribute to the maximum 
catalytic activity of CO2 conversion. 

3.1.4. H2-Temperature Programmed Reduction (H2-TPR) analysis 
A H2-TPR analysis was performed to provide information on the 
reducibility of various chemical species contained in the catalyst, 
the degree of interaction between metal-support, and to determine 
the reduction temperature. The H2-TPR profile of RMS (5:35:60) 

was depicted in Fig. 4. The H2 consumption of the profile provides 
a cursory measure level of coordination and availability of the 
surface capping oxygen ions in the catalyst [30]. 

At calcination temperatures of 900, 1,000 and 1,100oC, four 
reduction peaks were detected at 268.2, 433.5, 594.2, and 976.7oC, 
respectively. The first reduction peak at 268.2oC was owing to 
the reduction temperature of RuO2 reduction to metal Ru where 
the H2 consumption was 0.12 cm3/g STP [31]. It can be observed 
that only a tiny amount of H2 was consumed on the catalyst. As 

Fig. 4. H2-TPR profile of RMS (5:35:60) at 900oC, 1,000oC and 1,100oC 
calcination temperatures.

observed by Peluso et al. [32], the second reduction peak at 433.5oC 
of H2 consumption, 0.02 cm3/g STP belonged to the reduction of 
Mn4+ to Mn2+. On the other hand, the reduction peak at 594.2oC 
was due to the reduction of the Mn-O-Al species with a total H2 
consumption, of 0.02 cm3/g STP [33]. The last reduction peak at 
976.7oC was consigned as the bulk oxygen reduction from SmO2 
to Sm2O3 where the amount of H2 consumption was recorded as 
0.13 cm3/g STP. The reduction peaks at 1,100oC showed a shift 
to higher temperatures, implying stronger interactions between 
active species and alumina support which led to a decrease in 
reducibility. The outflow of H2 to the catalyst surface increased 
the H2 adsorption area and improved the hydrogenation activity. 
The H2-TPR profile demonstrated that γ-Al2O3 was also an inert 
carrier, so no reduction peak of γ-Al2O3 was observed [34].

3.1.5. CO2-Temperature Programmed Desorption (CO2-TPD) analysis 
A CO2-TPD analysis was done to study the basicity of the catalyst 
surface and determine the CO2 and H2 sorption profiles on its 
surface. Lin et al. [35] found that supported noble metal catalysts 
have strong metal-support interactions, which affects the perform-
ance of active species, and favors the adsorption through elec-
tron-deficient state of metal nanoparticles. The difference in de-
sorption profile was caused by the coordination of CO2 to metal 
oxides with different energies. The CO2-TPD profiles were depicted 
in Fig. 5.

The peak at the lowest temperature of 117.6oC was due to de-
sorption of low chemisorption or physical adsorption of CO2 on 
the catalyst surface [36]. Nevertheless, the peaks at 210.6oC and 
279.4oC could be ascribed to the inorganic carboxylate desorbed 
on the surface of the catalyst as suggested by Cox [37]. In addition, 
the TPD profile's peak area of CO2 desorbed from the surface is 
used to determine the catalyst's total basicity. Therefore, the broad 
peak areas at 210.6oC and 279.4oC indicated higher basicity surface 
of catalysts due to many CO2 gas desorbed on the basic sites of 
the catalyst. Aside from that, the amount of CO2 adsorbed on the 
catalyst at 1,000oC was also the highest at 210.6oC and 279.4oC 
with 48.62 cm3/g and 34.00 cm3/g at STP respectively. As a result, 

Fig. 5. CO2-TPD curve of RMS (5:35:60) calcined at 900oC, 1,000oC 
and 1,100oC for 5 h.
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the catalytic activity of the catalyst will be higher and more active 
at reaction temperatures above 200oC.

3.1.6. Field Emission Scanning Electron Microscopy (FESEM) analysis 
FESEM analysis was used to study the morphology of the RMS 
(5:35:60) catalyst supported on alumina. Fig. 6 displays the FESEM 
micrographs at 50000X magnification of the RMS (5:35:60) catalyst 
calcined at 400, 700, 900, 1,000 and 1,100oC for 5 h. The micrograph 
for different calcination temperatures showed no significant 
changes of morphology. As can be observed, the particles became 
more agglomerated with increasing calcination temperatures. The 
micrograph also showed that when the calcination temperature 
was raised to 1,000oC, the catalyst had more pores and this structure 
could help in the CO2 methanation activity. From the morphology 
of the catalyst, it revealed more agglomeration occurred by providing 
higher surface areas for the active species to absorb the gasses 
which contributed to higher catalytic activity. At a calcination 
temperature of 400°C, the catalyst surface was tightly packed, which 
results in a small surface area, which limits the active sites of 
the methanation reaction and thus reduces the catalytic activity 
performance. At a calcination temperature of 1,000°C, micrographs 
showed that small spherical particles were agglomerated on the 
catalyst surface which can provide the highest catalytic activity.

3.1.7. Energy Dispersive X-ray (EDX) analysis 
The composition of the element that was present on the catalyst 
surface was confirmed by EDX analysis. The EDX analysis revealed 
a low atomic ratio of Sm, Mn, and Ru with below than 1.00%. 
This is most likely due to the absorption of alkaline metal, Sm, 
Ru and Mn in highly porous and high surface area alumina beads. 
This is in agreement with the FESEM analysis which showed 
many pores on the surface. However, when the calcination temper-
ature was raised to 1,000oC, the atomic ratio of each element 

increased which are Sm (0.72%), Mn (0.79%), except for Ru (0.37%). 
This is supported by the XRD where the peak of the RuO2 species 
was very small in intensity. Previous research conducted by 
Zielinska et al., reported that the content of elements increased 
with the increasing calcination temperature [38]. However, when 
the catalyst was calcined at 1100oC, the element composition of 
Sm and Mn were slightly decreased with 0.49% and 0.64%, re-
spectively except for the Ru element which showed an increase 
with 0.54%. This observation was corroborated by XRD analysis 
and again showed the appearance of the Mn and Ru in the catalyst 
samples.

3.1.8. Nitrogen Adsorption (NA) analysis 
The pore structure and surface area analyses were measured by 
nitrogen adsorption analysis with the Brunauer–Emmett–Teller 
(BET) method. It was found that the BET surface area of the RMS 
(5:35:60) catalysts decreased with each increment of calcination 
temperature. The reduction of surface area among the catalysts 
might be due to agglomeration of metal oxide particles as shown 
by the FESEM analysis. At a 400oC calcination temperature, the 
BET surface area was higher by 155.03 m2/g with a 89.66 nm average 
pore diameter, indicating a smaller particle size. This was verified 
by a H2-TPR analysis (Fig. 3) in which the H2 consumption showed 
a reduction at lower reduction temperature due to an increase 
in the particle dispersion [39]. When the calcination temperature 
was increased until 1000oC, the BET surface area showed only 
41.36 m2/g with an average pore diameter of 207.20 nm. Increasing 
the calcination temperature increases the pore size. This is due 
to the fact that large pores can lead to sintering, resulting in a 
decrease in pore volume and the formation of dense solid. Although, 
higher calcination temperatures reduce BET surface area, but have 
the advantage of ensuring the presence of a stable structure on 
the catalyst.

a b c

d e

Fig. 6. FESEM micrographs of RMS (5:35:60) catalyst calcined at (a) 400oC, (b) 700˚C, (c) 900oC, (d) 1,000˚C and e) 1,100˚C for 5 h at 50000x
magnification.
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3.2. Catalytic Activity 

3.2.1. Effect of calcination temperature
The screening of monometallic and bimetallic catalysts has been 
discussed in our previous study [40]. The lower CO2 conversion 
for monometallic and bimetallic oxides has steered to the trimetallic 
oxide catalyst. However, the higher reaction temperature was not 
compatible with the requirement of industry to achieve a low re-
action temperature. Thus, the effect of calcination temperatures 
on the potential catalyst of RMS (5:35:60) with respect to the catalytic 
performance using FTIR analysis was investigated. At 400, 700, 
800 and 900oC, the CO2 conversion were 94, 96, 89 and 91%, 
respectively. Meanwhile, at 1000oC calcination temperature, the 
CO2 conversion showed a 100% CO2 conversion, followed by 
1,100oC, with a 98% which was slightly decreased at a maximum 
400oC of reaction temperature. From the diffractograms in Fig. 
1, the noticeable peaks of MnO2, RuO2 and Sm2O3 showed that 
these species contributed in determining higher catalytic activity 
(100%) of RMS (5:35:60) calcined at 1,000oC.  

3.2.2. Effect of metal oxide based loadings
The next parameter step was to optimise the RMS (5:35:60) catalyst 
for various samarium loadings to observe its effect on the perform-
ance of catalyst. The ratios of 50−85 wt% of samarium oxide catalysts 
were selected. Low performance (< 30%) was observed for all 
the prepared catalysts (50−85 wt%) at 200oC reaction temperature 
except for the 60 wt% based loading which able to convert 65% 
of CO2 at the same reaction temperature. It was clearly showed 
that an appropriate amount of samarium could increase the activity 
of the catalyst.  As RMS (5:35:60) catalyst gives highest CO2 con-
version at 200 and 400oC reaction temperature (100%), it can be 
concluded that 60 wt% is the optimum loading for the samarium 
content. When the Sm content was increased beyond the optimum 
loading (60 wt%), the CO2 conversion decreased. The excessive 
loading of Sm may block the active species on the catalyst surface 
as reported by He et al. [41]. Therefore, the trend for based loading 
is as follows: 50 < 55 < 85 < 80 < 75 < 70 < 65 < 60 wt%.

3.2.3. Effect of catalyst dosage
The parameters for various catalyst dosages were also investigated 
to find an optimum value for CO2 conversion. The CO2 conversion 
began to increase drastically at a reaction temperature of 200oC 
for each dosage. At a reaction temperature of 400oC with 3 g of 
catalyst or more, a complete CO2 conversion (100%) was observed. 
Almost complete conversion of 98.53% occurred for 5 g of catalysts. 
This observation is mainly due to the increase in the number of 
active sites on the catalyst surface which are affected by the increase 
in the catalyst dosage. This finding was consistent with Su et 
al. [42], who found that when the catalyst dosage is increased, 
it would also increase the catalytic activity. Therefore, the catalyst 
dosage trend for CO2 conversion was 3 < 5 < 7 g. 

3.3. Methane Detection by Gas Chromatography 

The potential catalysts selected from the screening process were 
further studied for the production of methane by GC analysis. 
No methane was produced at the initial temperature of 100°C for 
RMS (5:35:60) catalyst calcined at 1,000oC. However, when the 

reaction temperature was raised to 300, 350, and 400oC, about 
31.11, 48.91 and 68.87% of methane production was detected. 
This indicates that the CH4 content increases with increasing re-
action temperatures. This might due to exothermic reactions which 
are required to form CH4 at high reaction temperatures. Other than 
CH4, the by-product of CH3OH and H2O were also formed from 
the reaction. Due to the high methane formation of RMS (5:35:60) 

calcined at 1,000oC, compared to the others, it was assigned as 
a potential catalyst among other studied samarium catalysts.

3.4. Reusability Test 

Reusability test for the catalytic activity of RMS (5:35:60) catalyst 
was conducted by using the same catalyst several times until it 
deactivated through decreasing in catalytic activity of CO2 
conversion. The trend of reusability test for RMS (5:35:60) catalyst 
showed that after 5 times of reused catalyst, the CO2 conversion 
started to decrease around 60%. All tested catalysts from 2 to 5 
times showed a similar pattern with substantially increasing CO2 
conversion at 250oC till the highest examined reaction temperature, 
as shown in the Fig. S1. According to a study conducted by Argyle 
and Bartholomew, carbon deposition could occur when the catalyst 
was run repeatedly numerous times [43]. This is because carbon 
can chemisorb aggressively as a monolayer or physically adsorb 
in a multilayer, thus blocking the reactant from reaching metal 
surface sites.

3.5. Statistical Analysis of Ru/Mn/Sm/Al2O3

3.5.1. Artificial neural network
In this study, a neural network technique was applied to develop 
the best CO2 conversion prediction model using three hidden nodes. 
The ANN model was trained using the Levenberg Marquardt 
Learning Algorithm. The factors were calcination temperature, oC 
(900–1,100oC), based ratio, % (60–80%), and catalyst dosage, g 
(3–7 g). The parameters were selected based on preliminary results. 
Table 1 shows the experimental and predicted values for CO2 
conversion.

In general, the percentages of CO2 conversion obtained were 
high. The efficiency test of modelling was also was performed 
to validate the quality of the model between predicted and measured 
values. Based on the findings, almost all prediction values for CO2 
conversion were near to 1. According to Nash and Sutcliffe [19] 
and Grunwald and Frede [44], the closer the model efficiency is 
to 1, the more accurate the model. Table 2 summarizes the statistical 
parameters of the selected ANNs: Number of hidden nodes, R2, 
RMSE and sum frequency. Selection of the network for prediction 
of CO2 conversion was carried out with a trial-and-error technique. 
The optimal number of hidden nodes is three. The training and 
validation of R2 and RMSE values are 0.99/0.32 and 0.99/0.22, 
respectively. 

Then, the equation for CO2 conversion calculation was developed 
based on the ANN analysis. The equation can be expressed as 
in Eq. (4)–(6):

Firstly, the calculation of three hidden nodes was performed:

(4)
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(5)

(6)

Lastly, the prediction model of CO2 conversion was calculated 
using Eq. (7):

(7)

where, H1, H2 and H3 represent the hidden nodes.

Table 2. The summary of ANN Analysis
Training Validation
R2 0.99 R2 0.99
RMSE 0.32 RMSE 0.22

Number of Hidden Nodes 3 Number of Hidden Nodes 3

SSE 1.45 SSE 0.14
Sum Freq 14 Sum Freq 3

4. Conclusions

The catalyst of RMS (5:35:60) calcined at 1,000oC gave 100% CO2 
conversion with 68.87% of CH4 formation at a 400oC reaction 
temperature. The high CO2 conversion obtained was due to existence 
of active species on the catalyst surface. Other than that, the pre-
dicted value obtained from the ANN is almost identical with the 
experimental data by R2 values of CO2 conversion at 0.99. This 
showed that the models provide a reliable outcome and the equation 
generated from the ANN can be used to predict the CO2 conversion 

for other value in range of studied parameter.  The optimum con-
ditions from the ANN also revealed the RMSE value for training 
and validation are 0.32 and 0.22, respectively which indication 
of accuracy of model. 
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Nomenclature

CO2 carbon dioxide

Table 1. Experiment Design for CO2 Conversion and ANN Results for Samarium Catalyst
Calcination Temperature
X1 (oC)

Based Ratio
X2 (%)

Catalyst Dosage
X3 (g)

CO2 Conversion (%) 
- Actual

CO2 Conversion (%) 
- ANN

Effeciency Test of 
modelling

1,000 70 5 98.77 98.82 0.99

1,100 70 3 91.01 91.38 0.95
1,000 60 7 100.00 100.10 1.08

1,100 70 7 92.75 93.17 0.93

1,100 80 5 89.70 89.62 1.01
900 70 3 89.87 90.10 0.97

900 60 5 91.20 90.91 1.04

1,000 80 3 96.80 96.89 0.95
1,000 60 5 98.53 98.48 1.21

1,100 60 5 95.23 94.93 1.08

1,000 60 3 100.00 100.20 1.16
1,000 80 7 98.18 98.00 1.30

1,100 70 5 99.35 99.45 1.17

1,000 70 3 98.99 98.96 0.84
1,000 80 5 98.27 98.32 0.90

900 70 7 90.28 90.48 0.98

900 80 5 89.80 89.74 1.01
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CH4 methane
H2 hydrogen
CO Carbon monoxide
XRD X-ray diffraction
Sm2O3 samarium (III) oxide
MnO2 manganese (IV) oxide
Sm samarium
Mn manganese
Ru ruthenium
Al aluminium
RMS Ru/Mn/Sm/Al2O3

MnNO3 Manganese (III) nitrate
RuCl3 Ruthenium (III) chloride
Al2O3 Aluminium oxide
CH3OH methanol
TPR Temperature Programme Reduction
TPD Temperature Programme Desorption
FESEM Field Emission Scanning Electron Microscopy
EDX Energy Dispersive X-ray
XPS X-ray photoelectron spectroscopy
GC Gas chromoatography
ESR Electron Spin Resonance
FTIR Fourier Transform Infrared
ANN artificial neural network
MLP-ANN Multi-layer perception artificial Neural Netwok
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