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Abstract
The century of urbanisation and industrialisation had a great impact on the environment due to the rapid growth of the flue
gas sectors. Thus, green technology is enforced to convert carbon dioxide (CO2) gas into methane (CH4) gas as an alternative
fuel in electricity generation, particularly coal and natural gas sources. Cerium (Ce) was recognised as one of the most basic
and unique redox characteristics utilised in the promising methanation reaction among catalysts used. The trimetallic catalyst
used in this work was prepared with Ce as the based catalyst and ruthenium/magnesium (Ru/Mg) as the impregnated metal.
Response surface methodology projected the CO2 conversion to be less than 0.3% of the experimental value of 78.82% using
the indicated parameters of 593 °C calcination temperature and 61 wt.% ratios. Ru/Mg/Ce/Al2O3 catalyst with 60 wt.% of Ce
loading calcined at 600 °C produced 58.08% of CH4. The characterisation results revealed that CeO2, Mg(Al2O4), and RuO2

species were the active species for CO2 methanation selectivity, as observed in XRD and XPS analyses. The mesoporous
structure and particle agglomeration resulted in a surface area of 147 m2/g.
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1 Introduction

Numerous power plant stations have been built worldwide
due to urbanisation and industrialisation, primarily in coal,
gas, and oil for combustion process. However, flue gases
released into the atmosphere by combustion are hazardous.
Carbon dioxide (CO2) is the most harmful greenhouse
gas compound that causes climate change. In developing
and industrial countries, the growing fuel consumption is
inevitable [1–3]. Therefore, these countries are creditworthy
to the more significant emitter along with their economic
growth. At present, the topic of methanation has been
extensively explored, while numerous technologies for CO2

recovery have been introduced. Chemical absorption is a
technique for separating CO2 gas from flue gases by using
several amines as absorbent. Flue gases generally enter the
absorber, while the absorbent chemically reacts with CO2

in the flue gases. Besides, CO2 can be reduced using poly-
mer membrane, a relatively new technology discovered to
remove CO2. Similar to chemical absorption, CO2 gas is
separated from flue gases via thin layer, in which selective
transport occurs and is driven by pressure difference across
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the membrane [4, 5]. However, both technologies incur high
operating cost, whereas the materials and installations must
be compatible with the operation parameters, such as pres-
sure and temperature.

Among the available technologies, methanation reaction
via hydrogenation is the most practical method for CO2

reduction. The efficacy of this approach in converting CO2 to
entirely methane gas at a low cost has been vastly reported.
The said approach can treat a huge amount ofCO2 in less time
and at a lower reaction temperature. The methane produced
from the reaction is clean fuel that may be deployed to power
turbines for electricity generation. Most methane is derived
from fossil fuels, but this contributes to global environmental
problems. As a result, much attention is given to conver-
sion of carbon oxide-rich gases to methane or methanation
[6]. The CO2 methanation reaction is thermodynamically
favourable at low temperatures, but kinetic restrictions neces-
sitate a catalyst to convert fully oxidised carbon to methane.
Considerable efforts have been devoted in researching vari-
ous aspects of CO2 methanation catalysts.

Transition metals catalysts have been thoroughly studied
as active catalysts for CO2 hydrogenation [7], along with
their effects on CO2 activation and reduction steps. Iron,
cobalt, nickel, and copper are among those with high cat-
alytic activity for CO2 methanation. Ceria (Ce) has also been
investigated as single support for efficientNi catalysts inCO2

methanation [8, 9]. However, Ce as a catalyst still receives
minimal reviews in methanation reaction; even Ce provides
unique redox properties, as well as high oxygen storage
capacity and mobility [10]. Previous studies demonstrated
that Ce was rarely used solely [11]. However, combining
other metal oxides by doping or modifying the preparation
procedure could result in Ce catalysts with a high degree of
textural stability [12]. Furthermore, Mg was once added to a
Ni-based catalyst for methanation reaction and appeared to
be one of the elements capable of increasing catalyst activity
[13]. Meanwhile, Ru can assist in improving catalytic con-
version while also providing stability to the catalyst [14].

Recently, researchers have successfully studied the
potential of cerium as catalyst in providing higher CO2

conversion (97.73%) and 91.31% CH4 formation using
Ru/Mn/Ce(5:30:65)/Al2O3 catalyst in flue gases [11], aswell
as 100% CO2 conversion and 80% CH4 formation using
Ru/Mn/Ce (5:35:60)/Al2O3 for CO2 methanation in sim-
ulated natural gas [15]. The trimetallic oxide catalysts are
favourable due to the lower performance of bimetallic oxide
catalyst that requires high operating reaction temperature,
thus limiting the application in large-scale industrial seg-
ments. Rosid et al. [6] found that the trimetallic oxide catalyst
Ru/Mn/Nd (5:20:75)/Al2O3 revealed higher CO2 conversion
at 100%with 400 °C reaction temperature. This was ascribed
to the addition of ruthenium (Ru) as co-dopant that improved
the catalytic activity on CO2 conversion as the presence of

Ru favoured the reduction process and dispersion on the sur-
face of the catalyst.Meanwhile, Zamani et al. used trimetallic
oxide catalyst and reported higher CO2 conversion by vary-
ing a series of Ru content promoted on Cu/Mn and supported
onto Al2O3 [16].

Due to the superior performance of trimetallic oxide cat-
alyst, new mixed oxide catalysts using Ce, Mg, and Ru were
synthesised using the wetness impregnation method. The
combination of these metal oxides is expected to increase
CO2 conversion and to enable highermethane conversion. To
better understand the role of Ru/Mg/Ce catalyst in methana-
tion reaction, the catalyst was designed and optimised using
the statistical design of response surfacemethodology (RSM)
by deploying different dopants, co-dopants, and calcination
temperatures. The parameters of calcination temperature and
Ce-based loading were selected because these two factors
contribute the most significant impact on catalytic perfor-
mance [15]. Meanwhile, Central Composite Design (CCD)
was selected because this design can fit a full quadraticmodel
and has more design points to determine the optimal setting
for each factor [17].

2 Materials andMethods

2.1 Preparation of Catalysts

The catalysts were synthesised using the wet impregnation
method with nitrate and chloride salts from Sigma-Aldrich
as metal precursor, as described in our previous work [6].
First, 5 g of Ce(NO3)3·6H2O was dissolved in 10 mL of dis-
tilled water in a beaker. Next, the solution was mixed with
the promoter salts solutions of Mg(NO3)2·6H2O (8.51 g)
and RuCl3·3H2O (0.55 g) and then stirred continuously for
30 min at room temperature with a magnetic bar until the
solution was homogenised. After that, 10 g of alumina beads
with an average diameter of 4–5mmwas immersed in ametal
salt solution prepared for a certain time before being aged in
an oven at 80–90 °C for 24 h. Then, the catalysts were cal-
cined at 500 °C for 5 hwith a ramp rate of 10 °C/min. Finally,
the samples were labelled as Ru/Mg/Ce (10:30:60)/Al2O3,
indicating the presence of 60 wt.% of Ce, 30 wt.% of Mg,
and 10wt.% of Ru. Similar procedures were applied for other
desired ratios of Ru/Mg/Ce (10:35:55)/Al2O3 andRu/Mg/Ce
(10:25:65)/Al2O3 catalysts with Ce content of 55 wt.% and
65 wt.%, respectively, as well as calcination temperatures of
600 °C and 700 °C, respectively.

2.2 Catalytic Activity Measurement

The performance of the prepared catalysts was evaluated
under atmospheric pressure in a fixed bed micro-reactor cou-
pled with Fourier transform infrared (FTIR) spectroscopy.
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The 10 g of supported catalyst was placed in the centre of a
Pyrex glass tube with a diameter of 10 mm and a length of
520mm. The experiment was continued by simulating power
station flue gases that consisted of CO2, H2, and compressed
air with the ratio of 10:40:50%vol, as well as reaction tem-
perature ranging from room temperature to 300 °C. The gas
flow was passed through the catalyst at varying temperature
reactions, with 1 h of retained time for each reaction tem-
perature. The total flow rate was set to 100 mL/min, with
the gas hourly space velocity (GHSV) remained constant at
510 h−1. The product composition was collected in FTIR
gas cell attached with KBr windows and scanned with FTIR
Thermo Scientific Nicolet iS10, while CH4 formation was
analysed using GC-FID (Hewlett Packard 6890 Series GC
System).

2.3 Catalysts Characterisation

The N2 adsorption/desorption isotherm (NA) analysis of the
catalyst was executed using a Micromeritics ASAP 2010
volumetric adsorption analyser at− 196 °C. Before the mea-
surement, the calcined catalysts were degassed at 120 °C
overnight. The catalyst structure was determined via X-ray
diffraction (XRD) using Cu Kα radiation (λ � 1.54060 Å).
Data were collected over the range of 2θ from 20 to 80°.
X-ray photoelectron spectroscopy (XPS) analysis was per-
formed using Kratos AXIS Ultra DLD with 15.0 kV energy.
The samples were tested at the electron take-off angle normal
to the surface working at 20 eV. The surface morphology of
the catalyst was obtained by using field emission scanning
electron microscopy (FESEM) Zeiss Supra 35VP FESEM
with 15.0 kV energy coupled with a EDX analyser. Energy-
dispersive X-ray (EDX) was also used to determine the
elemental composition on the submicron scale.

2.4 Response Surface Methodology (RSM)

The experimental results were validated by comparing them
to the RSM-predicted outcomes of the optimisation param-
eter. The Design-Expert version 7.1.6 software was used to
generate and evaluate the statistical experimental design for
RSM. The response surfacewas described using an empirical
model based on a second-order polynomial Eq. (1):

Y � β0 + � βi Xi + � βi i Xi2 + � βi j Xi X j (1)

where Y is the response and β0, βi, βii, and βij are coeffi-
cients of the intercept, linear, square, and interaction effects.

Presumably, CO2 conversion would be significantly
affected by two independent factors: calcination temperature
(X1) and Ce-based loading (X2) [11]. The CCD procedure
was conducted to optimise CO2 conversion (%) for two fac-

tors using 22 � 4 factorial points with 13 experiments. The
detailed reaction conditions are presented in Table 1.

3 Result and Discussion

3.1 Optimisation of Ru/Mg/Ce/Al2O3 Catalyst

Various catalyst compositions were investigated to deter-
mine the most promising catalyst that can improve CO2

methanation performance. The Ce loading was initially
adjusted from 70 wt.% to 55 wt.%, and the CO2 con-
version trend is illustrated in Fig. 1. Based on Fig. 1a,
Ru/Mg/Ce (10:20:70)/Al2O3 catalyst calcined at 400 °C con-
verted approximately 50.74% of CO2, whereas 65 wt.%
Ce catalyst converted around 57.09% at a maximum reac-
tion temperature of 300 °C. As the Ce loading was further
reduced at a similar reaction temperature, theCO2 conversion
increased to 60.61%. However, after that point, the percent-
age of CO2 conversion fell to 48.59%. This was attributed
to the agglomeration on the catalyst surface, as depicted by
Toemen et al. [11]. As a result, the catalyst performance trend
was 55 wt.%<70 wt.%<65 wt.%<60 wt.%. The Ru/Mg/Ce
catalyst calcined at 400 °C was further studied at a calcina-
tion temperature of 600 °C. Figure 1b demonstrates that Ce
loading at 60 wt.% kept performing higher CO2 conversion
with a reading of 79.04% at maximum reaction temperature
of 300 °C. Meanwhile, Ce loading of 70 wt.%, 65 wt%, and
55 wt.% resulted in CO2 conversion of 65.74%, 69.53%, and
67.11%, respectively. Since the Ru/Mg/Ce (10:30:60)/Al2O3

catalyst calcined at 600 °C performed better than other
catalysts, it was then extended to several calcination tem-
peratures. Figure 2 portrays the trend of CO2 conversion as
a function of calcination temperatures over this catalyst.

The catalytic activity of the catalysts was noticeably
affected by calcination temperatures, as shown in Fig. 2.
Overall, the conversion of CO2 to methane was aided by
increasing the calcination temperature. According to Perego
and Villa [18], some processes, including sintering-induced
changes in structure and texture, active phase formation,
loss of chemically linked CO2, and H2O stability of chem-
ical properties, may occur during the calcination process.
These are consistent with our findings, which increased the
performance of the catalysts with calcination temperature
increment from 300 to 600 °C. At the reaction temperature
of 300 °C, the Ru/Mg/Ce (10:30:60)/Al2O3 catalyst calcined
at 600 °C showed immense increase in CO2 conversion that
contributed up to 79.04% of CO2. Nonetheless, at higher cal-
cination temperatures (>600 °C), the conversion percentage
dropped due to particle enlargement, as evidenced in XRD
and N2 adsorption analysis.

Table 2 shows the methane formation over a potential cat-
alyst of Ru/Mg/Ce(10:30:60)/Al2O3 calcined at 600 °C. Two
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Table 1 The coded and uncoded
level of the independent
variables

Run X1: Calcination T (°C) X2: Loading of Ce (wt.%) CO2 Conversion (%)

Actual Predicted

1 − 1 (500) − 1 (55) 45.76 44.53

2 − 1.414 (458.58) 0 (60) 43.87 45.11

3 − 1 (500) 1 (65) 63.30 62.25

4 0 (600) 0 (60) 79.02 78.01

5 1 (700) − 1 (55) 50.48 49.76

6 1 (700) 1 (65) 52.35 51.80

7 0 (600) − 1.414 (52.93) 52.90 53.91

8 0 (600) 0 (60) 79.04 78.01

9 0 (600) 1.414 (67.07) 67.13 67.89

10 0 (600) 0 (60) 78.83 78.01

11 0 (600) 0 (60) 74.78 78.01

12 1.414 (741.42) 0 (60) 40.89 41.42

13 0 (600) 0 (60) 78.40 78.01

Fig. 1 Catalytic performance of
CO2 conversion over
Ru/Mg/Ce/Al2O3 catalysts at
various ratio of Ce based,
calcined at a 400 °C and
b 600 °C for 5 h
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Table 2 Products obtained from CO2 methanation reaction over Ru/Mg/Ce(10:30:60)/Al2O3 catalyst via gas chromatography

Catalyst Reaction temperature (°C) Products (%) Unreacted CO2 (%)

CH4 By-product
CO + H2O

Ru/Mg/Ce(10:30:60)/Al2O3 100 0.00 19.70 80.30

200 37.86 27.76 34.38

300 58.08 20.96 20.96

main products, methane and water, were obtained during the
reaction process. The CO2 was obviously transformed into
CH4 and a by-product, while the fraction of unreacted CO2

was reduced. Meanwhile, the CH4 product increased in tan-
dem with the reaction temperature. At 100 °C, the methane
product was not yet produced. Still, by-products, such as CO
and H2O, were produced, which is in good agreement with
the findings reported by Yaccato et al. [19], in which their
reaction yielded CO at lower temperatures, while CH4 was
formed at higher temperature. At the highest examined tem-
perature of 300 °C, the maximum product of CH4 formed
was 58.08%, which was ascribed to the rapid hydrogenation
of intermediate CO species into CH4 products.

3.2 Optimisation of Ru/Mg/Ce/Al2O3 Catalyst by RSM

The RSMwas applied over Ru/Mg/Ce/Al2O3 catalyst to val-
idate the optimisation value derived from the experimental
data. In order to determine the optimum reaction param-
eters toward CO2 conversion (Y ), two factors were taken
into consideration—catalyst calcination temperature (X1)
and loading of Ce (X2). The following quadratic equation
(Eq. 2) depicts the relationship between these two indepen-
dent variables and the dependent response is as follows:

(2)

Y � 78.01− 1.31 ∗ X1 + 4.94 ∗ X2− 3.92

∗ X1 ∗ X2− 17.37 ∗ X2
1− 8.56 ∗ X2

2
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Fig. 2 Effect of calcination temperatures over Ru/Mg/Ce
(10:30:60)/Al2O3 catalyst

The actual and predicted values of CO2 conversion
obtained from the design model are presented in Table 1.
Figure 3a demonstrates the plotted graphical regression for
the comparison of these values. The point distributions were
relatively close to the linear line, implying good agreement
between the predicted and actual values in the specific range
of experiments. Meanwhile, Table 3 shows the analysis of
variance (ANOVA) that was used to validate the model and
the results obtained from the model. According to Kousha
et al., the significance of each coefficient was determined
by F value and p value from the designated model [20, 21].
These values were used to decipher the pattern and the inter-
actions of the test variables. The F value from the design
model was 183.56, with a low p value of<0.0001, indicating
that the model was significant with only 0.01% chance that
the model value occurred due to noise. The p value should
be less than 0.05 to indicate the significance of the model
terms. Thus, the design model for CO2 conversion study was
indeed significant.

The design displayed lack of fit (modelling error) value
of 0.69, implying the lack of fit was not statistically sig-
nificant in comparison with pure error (experimental error).
The acquired R2 value indicated that the regression model
explained 99.24% of the experimental results, with~0.76%
of the total variance remaining unaccounted by this model
and that the model fitted the experimental data. Meanwhile,
the adjusted R2 value was 0.9870 and the predicted R2 value
was 0.9739. The R2 value agreed with both the adjusted and
predicted R2 values. The results demonstrated a strong cor-
relation between observed and predicted values.

Adequate precision (known as signal-to-noise ratio) was
31.699 [22]. A ratio greater than 4 is necessary to obtain an
adequate signal. Thus, a ratio of 31.699 signified high reli-
ability of the experimental data, whereby the model could
be used to navigate the design space. High reliability toward
the experimental data was determined by lower values of
coefficient of variation, CV (2.74%), and standard devia-
tion, SD (1.70). The low predicted residual sum of squares

(PRESS) at 69.71 showed that the model had good fit with
each point in the model [20]. Overall, significant F value,
insignificant p value, high R2 value, adequate high precision,
and low PRESS indicated that the model had high adequacy
and validity in predicting CO2 conversion.

The three-dimensional (3D) response surface and two-
dimensional (2D) contour plot generated by the software
illustrated the interaction between the two variables with
the response toward CO2 conversion. The response surface
(see Fig. 3b) displayed an elliptical model graph, indicat-
ing that the interaction between the variables was valid for
CO2 conversion. Notably, CO2 conversion increased as the
calcination temperature of the catalyst increased, particularly
when it began at 500 °C as the calcination temperature. How-
ever, as the calcination temperature reached beyond 650 °C,
the CO2 conversion slightly decreased. The highest CO2

conversion was noted at 600 °C of catalyst calcination tem-
perature. Therefore, the optimal calcination temperature for
CO2 conversion was between 550 and 650 °C. The plot
obtained agreed with the experimental data, whereby CO2

conversion was the highest when the catalyst was calcined at
600 °C. It could be explained that the high-temperature cata-
lyst agglomerated and formed larger particles, thus reducing
the surface area of the catalyst.

Based on the second factor—the catalyst ratio—the con-
tour plot showed higher CO2 conversion as the catalyst ratio
rose. However, at above 58 wt.% of catalyst ratio, a cir-
cular contour was observed, indicating that the interaction
with the catalyst ratio resulted in nearly similar CO2 conver-
sion. According to the results, the catalyst with 60 wt.% ratio
yielded the highest CO2 conversion. Reasonably, the contour
plot obtained is in agreement with the experimental data.

The ideal circumstances were determined by defining
goals for each parameter, such as catalyst calcination tem-
perature of 550–650 °C and ratio of catalyst of 55–65 wt.%.
With the suggested parameters of calcination temperature
at 593 °C and a ratio at 61 wt.%, the CO2 conversion was
anticipated to be less than 0.3% of the experimental value of
78.82%, as shown in Table 4. An additional experiment was
carried out under specified ideal conditions, and the results
revealed that CO2 conversion was 78%, nearly identical to
the proposed solution. Therefore, the regression model is in
line with the experimental findings, thus validating the out-
comes of response surface optimisation.

3.3 Characterisation

3.3.1 Nitrogen Adsorption Analysis

Table 5 presents the textural properties of commercial
γ -Al2O3 and Ru/Mg/Ce/Al2O3 catalysts prepared with dif-
ferent ratios and calcination temperatures. Based on the table,
commercial γ -Al2O3 exhibited the highest surface area of
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Fig. 3 a Relationship between actual and predicted values of the quadratic model, b 3-D response surface contour plot for CO2 conversion

Table 3 ANOVA results of the
response surface quadratic
model for CO2 conversion

Source Freedom degree Sum of squares Mean square F value p value

Model 5 2650.04 530.01 183.56 <0.0001a

X1 1 13.64 13.64 4.72 0.0663

X2 1 195.37 195.37 67.66 <0.0001

X1X2 1 61.39 61.39 21.26 0.0025

X1
2 1 2099.69 2099.69 727.21 <0.001

X2
2 1 509.22 509.22 176.37 <0.001

Residual 7 20.21 2.89

Lack of fit 3 6.87 2.29 0.69 0.6054b

Pure error 4 13.34 3.33

Total 12 2670.25

Std deviation � 1.70, mean � 62.06, CV (%) � 2.74, PRESS � 69.71, R2 � 0.9998, R2 (adj) � 0.9996, R2

(pred) � 0.9992, adequate precision � 31.70, a significant; b not significant

Table 4 Constraints of each
factor for the maximum CO2
conversion

Name Goal Lower limit Upper limit Optimal condition

X1 Calcination temperature, °C In range 550 650 593

X2 Ratio of catalyst, wt.% In range 55 65 61

Y CO2 conversion, % Maximise 90 100 78.82

Fig. 4 a Pore size distributions
of and b N2
adsorption/desorption isotherms
over
Ru/Mg/Ce(10:30:60)/Al2O3
catalyst calcined at 500 °C,
600 °C and 700 °C for 5 h
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249 m2/g with an average pore diameter of 6.5 nm. However,
a reduction in surface area was observed when the Ru/Mg/Ce
catalyst was coated on the catalyst surface, attributable to
the partially collapsed pore structure after its contact with

the catalyst. When the calcination temperature of Ru/Mg/Ce
(10:30:60)/Al2O3 catalyst was increased, the BET surface
area decreased from 189 to 131 m2/g. This was due to the
tendency of the particles to agglomerate at higher calcination
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Table 5 Physical properties of Ru/Mg/Ce/Al2O3 catalyst at various ratios and calcination temperatures

Catalysts Calc. Temp (°C) BET surface area (m2/g) Average pore diameter (nm) Average pore volume (nm)

Ru/Mg/Ce(10:35:55)/Al2O3
Ru/Mg/Ce(10:30:60)/Al2O3

600
500

155
189

9.84
7.91

0.43
0.42

Ru/Mg/Ce(10:30:60)/Al2O3 600 147 10.43 0.44

Ru/Mg/Ce(10:30:60)/Al2O3
Ru/Mg/Ce(10:25:65)/Al2O3

700
600

131
151

11.81
10.07

0.43
0.43

γ -Al2O3 (commercial) – 249 6.5 0.40

temperature and the formation of larger particles [23, 24].
As the calcination temperature increased to 600 °C, the pore
diameter of 500 °C-calcined catalyst shifted slightly to the
right (see Fig. 4a). This shift indicated that the pore diame-
ter of the catalyst expanded with the increment of calcination
temperature. By rising the calcination temperature to 700 °C,
the BET surface area was further decreased to 131 m2/g. The
lower BET surface area of the catalyst sample represented
larger pore size in mesopores [25]. Therefore, the pore size
obtained was greater with higher calcination temperature.

Additionally, the pore volume of all the catalysts ranged
at 0.42–0.44 nm. There was no significant change in BET
surface area, pore diameter, and pore volume when the cat-
alyst composition was changed. The BET surface area of
the catalyst containing 55 wt.% Ce was 155 m2/g, while the
surface area slightly decreased with a reading of 151 m2/g
over 65 wt.%. As shown by the N2 adsorption/desorption
isotherms of Ru/Mg/Ce/Al2O3 catalyst (see Fig. 4b), all the
prepared catalysts exhibited Type H3 hysteresis loop, thus
confirming Type IV isotherms with a typically mesoporous
structure and capillary condensation with non-uniform slit
shape pore. The Ru/Mg/Ce (10:30:60)/Al2O3 catalyst pos-
sessed a substantial capacity of mesoporous structure regard-
less of the calcination temperature. As the calcination tem-
perature increased, the hysteresis loop obtained was slightly
narrower, thus explaining that the degree of mesoporosity
of the catalyst was higher at lower calcination temperature.
Therefore, it could providemore inner surface area and active
sites to the catalyst.

3.3.2 X-ray Diffraction (XRD) Analysis

Figure 5 shows the XRD patterns of Ru/Mg/Ce/Al2O3 cata-
lyst with varying ratios and calcination temperatures. Over-
all, all the catalysts were classified as polycrystalline phases,
with the emergence of speciesAl2O3,CeO2,Mg(Al2O4), and
RuO2. The XRD patterns seemed identical, albeit different
calcination temperatures and Ce-based loadings, indicating
that the metal species were well dispersed across alumina
surface. However, Mg(Al2O4) species formed at lower calci-
nation temperature as a result of solid-state reaction between

Fig. 5 XRD diffractograms for a Ru/Mg/Ce (10:35:55)/Al2O3 calcined
at 600 °C, Ru/Mg/Ce (10:30:60)/Al2O3 catalyst calcined at b 500 °C,
c 600 °C and d 700 °C and e Ru/Mg/Ce (10:25:65)/Al2O3 calcined at
600 °C for 5 h

MgOand alumina support during the heating process resulted
in aluminate species.

Next, Al2O3 over Ru/Mg/Ce(10:30:60)/Al2O3 catalyst
was present in cubic phase at 2θ of 67.263 (522), 37.044
(311), and 45.817o (400) at calcination temperature of 500 °C
(see Fig. 5b). The 2θ of tetragonal RuO2 was noted at 28.028
(110), 35.094 (101), and 54.413° (211). A difference was
observed in Fig. 5b when compared to Fig. 5c and d. In
Fig. 5b, the one peak that should represent the face-centred
cubic CeO2 at 2θ � 56° was absent. This was ascribed to the
poor crystallinity of the catalyst, which recorded high noise-
to-signal ratio. From these findings, the CeO2 species were
only found at 2θ � 28.580° (I100), 47.288° (I52), and 33.366°
(I30).

123



7030 Arabian Journal for Science and Engineering (2022) 47:7023–7033

Table 6 EDX analysis of
Ru/Mg/Ce/Al2O3 at different
ratios and calcination
temperatures

Catalysts Calc. Temp (°C) Weight ratio (%)

Al O Ce Mg Ru

Ru/Mg/Ce(10:35:55)/Al2O3 600 26.23 40.46 18.71 4.75 9.85

Ru/Mg/Ce(10:30:60)/Al2O3 500 27.01 33.95 23.64 3.93 11.47

Ru/Mg/Ce(10:30:60)/Al2O3 600 27.29 30.58 25.11 4.44 12.58

TheMg(Al2O4) specieswas noted at 2θ � 37.044° (I100),
66.288° (I57), and 45.187° (I49). In addition, a peak denot-
ing the Mg(Al2O4) species at 2θ � 45° overlapped with
the Al2O3 peak, resulting in the formation of a broad peak.
During the heating process, a solid-state reaction occurred
betweenMgOand alumina support to form aluminate species
at low calcination temperatures below 800 °C (R). As the cat-
alyst was calcined at 600 °C (see Fig. 5c), the existing species
were the same as those found in the 500 °C catalyst. How-
ever, one peak of CeO2 species that cannot be detected at
500 °C calcination temperature can be easily distinguished
from the catalyst calcined at 600 °C (2θ � 56°). The increase
in calcination temperature had promoted the particle sizes to
grow, thus increasing the intensity of the catalyst [26].

A similar pattern was attained for the catalyst calcined at
700 °C (see Fig. 5d). The overlapping of two individual peaks
of CeO2 and RuO2 species obtained previously at 600 °C
of calcination temperature resulted in high and broad peak
at 2θ around 28. Meanwhile, the other CeO2, RuO2, and
Mg(Al2O4) species were positioned at their particular 2θ .
These species, as expected, were in stable phases and were
firmly positioned at almost the same location, even though
the Ce loading of the catalyst differed. This occurred due to
the presence of the same metal Ce on the alumina.

3.3.3 X-ray Photoelectron Spectroscopy (XPS) Analysis

Figure 6 shows the wide scan spectra for each element in
Ru/Mg/Ce/Al2O3 catalyst samples: Al 2p, O 1 s, Ce 3d,
and Mg 2p. The obtained spectra were nearly identical and
remained unchanged, indicating that the calcination temper-
ature and the composition factors did not affect the oxidation
state of the species present. The existence of the oxidation
state of the elements was confirmed based on their respective
binding energies (Eb). However, due to an overlapping C 1 s
peak at 284.50 eV, the Ru 3d peak could not be observed in
this study.

From the spectra of Al 2p, the Ru/Mg/Ce
(10:30:60)/Al2O3 catalyst calcined at 500 °C (Al 2p
(a)) displayed the existence of Al in different environ-
ments when compared to Ru/Mg/Ce (10:30:60)/Al2O3 and
Ru/Mg/Ce(10:35:55)/Al2O3 catalysts calcined at 600 °C.
Three deconvolution peaks were observed at 73–76 eV. The
contributions at Eb of 73.42 eV and 74.65 eV were due to

Al3+ in Al2O3 and Mg(Al2O4), respectively. Meanwhile,
the peak at 76.28 eV was due to the formation of Al3+ in
Al(OH)3. When Al atom was on the outermost surface,
alumina interacted with the atmosphere and absorbed water
[27]. However, from Al 2p (b) and (c), Al was represented
in two deconvolution peaks at a binding energy of 73–74 eV,
indicating Al3+ in Al2O3 and Mg(Al2O4). The peak due to
Al(OH)3 could not be detected, probably due to calcination
at 600 °C. Due to the higher concentration of Al3+ species
in Al2O3, the mass concentration for the peaks attributed to
Al3+ in Al2O3 was higher (average: 10–25%) than the peak
attributable to Al3+ in Mg(Al2O4) (average: 4%).

Multiple peaks were noted for O 1 s species due to the
overlapping of distinct chemical oxygen species surround-
ing the metal oxide of the catalyst. The deconvolution peaks
at binding energy of 530–532 eV were identified as oxy-
gen from oxides in the form of O2− ions [27]. This was
attributed to metal oxides of CeO2, MgO, RuO2, and Al2O3

species. Specifically, the literature depicts that the binding
energy over three peaks of O 1 s as lattice oxygen (Olat)
(529.4–530.8 eV), surface-adsorbed oxygen such as O2

2− or
O− (Oads) (531.2 − 531.8 eV), and surface-adsorbed molec-
ular water (Osurf) (above 533.0 eV) [28–32].

Furthermore, Ce4+ (CeO2) was detected in the catalyst
based on the binding energy determined from Ce 3d spectra.
According to Truffault et al., the Ce 3d spectra region con-
tained three pairs of doublets as (x, y), (x’, y’), and (x”, y”)
with x and y from 3d3/2 and 3d5/2 [29]. The 3d3/2 peaks for
(a) can be found at binding energy of 900.87 eV, 907.47 eV,
and 915.48 eV, while (b) can be found at Eb � 900.94 eV,
907.51 eV, and 915.41 eV, whereas (c) can be observed at
Eb � 902.72 eV, 907. 74 eV, and 915.63 eV. The peaks rep-
resented cerium in its oxidised form, which belonged to the
Ce4+ oxidation state fromCeO2 with respect to the final states
of Ce 3d94f 0 O 2p6, Ce 3d94f 1 O 2p5, and Ce 3d94f 2 O 2p4

[28, 33]. Furthermore, the Ce peak near 916 eV indicated the
presence of Ce4+ species [34]. For Ce4+ species, the mass
concentration was around 15–20%.

The existence of Mg species was detected from the XPS
technique. The Mg 2p spectrum could be deconvoluted into
twopairs of components. The broad peak found at the binding
energy of 49 eVwas ascribed toMg(Al2O4) species, based on
XPSNIST database. Meanwhile, the binding energy ofMgO
species was found at 50 eV [35]. Except for MgO species,
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Fig. 6 The wide scan, Al 2p, O 1 s, Ce 3d and Mg 2p of XPS
spectra for a Ru/Mg/Ce (10:30:60)/Al2O3 (500 °C), b Ru/Mg/Ce
(10:30:60)/Al2O3 (600 °C) and cRu/Mg/Ce (10:35:55)/Al2O3 (600 °C)

these findings are in good agreement with the XRD results
displayed in Fig. 5, which revealed the species of Al2O3,
CeO2, and Mg(Al2O4) from the prepared catalyst. This was
attributed to Mg(Al2O4) species that possessed greater mass
concentration (0.76%) than MgO species (0.54%). There-
fore, only Mg(Al2O4) was observed in the XRD analysis.

3.3.4 FESEM-EDX Analysis

Generally, all the prepared catalysts showed rough surface
morphology with irregular size and undefined shape. The
images in Fig. 7a and b were resulted using different ratios.
Figure 7a shows that the particles were not adequately
dispersed and appeared densely packed on the catalyst sur-
face, when compared to those in Fig. 7b. When Ce loading
was increased by 5 wt.% (see Fig. 7b), the morphology
of the catalyst was altered to aggregation and agglomer-
ation. This morphology increased the catalytic activity of
Ru/Mg/Ce (10:35:55)/Al2O3 catalyst (67.11%) to 79.04%
over Ru/Mg/Ce (10:30:60)/Al2O3 catalyst. The uneven sur-
face contributed to the high catalytic activity due to its easy
access for the adsorbed molecules to react on the surface
[36–38].

The result corroborated with XRD analysis, which
showed that the crystallinity increased the agglomeration
of Ru/Mg/Ce (10:30:60)/Al2O3 catalyst calcined at 600 °C
(see Fig. 5). As a result of the effect of calcination temper-
ature, the catalyst calcined at 500 °C (see Fig. 7c) showed
a slightly different morphology when compared to the cat-
alyst calcined at 600 °C (see Fig. 7b). The surface of the
catalyst was unevenly distributed, with smaller particles dis-
persed between it and certain agglomerated particles. The
smaller particles supported the XRD diffractograms, where
Ru/Mg/Ce (10:30:60)/Al2O3 catalyst calcined at 500 °C was
highly amorphous.

Table 6 displays the composition of elements for
Ru/Mg/Ce/Al2O3 catalysts at different ratios and calcination
temperatures. The elemental analysis showed the presence
of Al, O, Ce, Mg, and Ru elements based on their respec-
tive weight ratio. Since alumina was used as support in this
study, the weight percentage of Al was the second highest
after O. From the EDX analysis, the composition of Mg was
lower than Ru even though the catalyst was prepared with
high composition of Mg rather than Ru. This phenomenon
could be due to the smaller atomic size of alkaline earth
metal Mg when compared to the atomic size of noble metal
Ru. Therefore, it was presumed that the bigger atomic size
of Ru covered the smaller atomic size of Mg on the surface,
hence lowering the detection via EDX analysis.
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Fig. 7 FESEM micrographs of fresh a Ru/Mg/Ce (10:35:55)/Al2O3 (600 °C), b Ru/Mg/Ce (10:30:60)/Al2O3 (600 °C), c Ru/Mg/Ce
(10:30:60)/Al2O3 (500 °C) catalysts with magnification; 10000X and scale bar; 1 μm

4 Conclusion

In this study, the promising catalyst was Ru/Mg/Ce/Al2O3

catalyst with ideal catalytic preparation conditions of 60wt%
of Ce loading at 600 °C calcination temperature for catalytic
methanation reaction. This catalyst had converted 79.04% of
CO2 while forming 58.08%ofCH4. The experimental results
were validated using CCD, which revealed that the best con-
dition was 61 wt% of Ce loading at calcination temperature
of 593 °C. The predicted value for CO2 conversion given by
this method was 78.82%, which was closer to the experimen-
tal results (79.04%). The characterisation technique using
XRD revealed that Ru/Mg/Ce (10:30:60)/Al2O3 catalyst cal-
cined at 600 °C was in an amorphous state with the presence
of CeO2, Mg(Al2O4), and RuO2 species as active species
and this outcome was further supported through XPS analy-
sis. Besides, the XPS analysis verified the presence of MgO
species on the surface of the catalyst. The FESEM micro-
graph of Ru/Mg/Ce (10:30:60)/Al2O3 catalyst showed the
aggregation and the agglomeration of smaller and larger par-
ticles that formed with a surface area of 147 m2/g.
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