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The recycling technology by the catalytic conversion is one of the most promising techniques for the CO2
treatment of coal burning power plant flue gases. The conversion of CO2 to valuable product of CH4 can be
used as a fuel to run the turbine for electricity generation. Through this technique, the amount of coal needed
for the combustion in a gas turbine can be reduced as well as CO2 emissions. Therefore, a series of catalysts
based on cerium oxide doped with copper, nickel and manganese were prepared by impregnation method. From
the characterization analysis, it showed that the prepared catalysts calcined at 400 oC were amorphous in
structure with small particle size in the range below 100 nm. Meanwhile, the catalyst particles were aggregated
and agglomerated with higher surface area of 286.70 m2g−1. By increasing the calcination temperature of
catalysts to 1000 oC, the particle sizes were getting bigger (> 100 nm) and having moderate crystallinity with
lower surface area (67.90 m2g−1). From the catalytic testing among all the prepared catalysts, Mn/Ce-75/Al2O3
calcined at 400 oC was assigned as the most potential catalyst which gave 49.05% and 56.79% CO2 conversion
at reaction temperature of 100 oC and 200 oC, respectively.
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Introduction
According to United Nations Development Report (2007),
Malaysia ranked as the 26th largest greenhouse gases emitters
with the population over 27 million people.1 The major
contributor of greenhouse gases is from power plant since,
the chemical composition of Mnajung Coal Burning Power
Plant (Perak, Malaysia) flue gases contained mainly of carbon
dioxide and water vapour. This showed that removing CO2
gases from that type of plant is very important for maintaining a green environment. Therefore, the recycling technology by the catalytic conversion is one of the most promising
techniques for the CO2 treatment of coal burning power
plant flue gases since the production of CH4 can also be used
as a fuel to run turbine for electricity. By recycling the CO2
via this technique, the amount of coal needed for the combustion in a gas turbine can be reduced as well as CO2
emissions. In order for this method to be effective, the production of catalysts and its behaviour should be investigated
further.
The current technologies that has been investigated by
many researchers for the treatment of carbon dioxide in coal
burning power plant flue gases is Integrated Gasification
Combined Cycle (IGCC) which involved high maintenance
fees which is not cost effective.1 In fact, there is no method
applied to remove CO2 in coal power plant flue gases and
also there is no research done that used catalyst under this
condition. Thus, a new technology that is the catalytic conversion method made from cerium oxide, CeO2 catalyst will
be introduced in this research.
Cerium oxide was usually used as a catalyst in industry for

various types of reactions including solid state chemistry,
biotechnology, organic reactions and environmental management. The NO2 and SO2 reduction reactions are also catalyzed by cerium oxide.3,4 Thus, the cerium oxide is effective
material for CO2 methanation in coal burning power plant
since flue gases from that type of plant consists of NO2 and
SO2. The catalysts containing cerium oxide will resist and
stable without deactivated by these gases. In addition, a
highly basic catalyst such as CeO2 is proposed to enhance
carbon dioxide adsorption and chemisorptions on the catalyst surface. It has excellent redox properties owing to the
very fast reduction of Ce4+/Ce3+, which is associated with the
formation of oxygen vacancies at the surface.5
However, the CeO2 is seldom used alone because a high
degree of textural stability of CeO2 catalyst can only be
obtained by doping or modifying the preparation parameters.6 Therefore, CeO2 is often combined with other metal
oxides generally from active transition and noble metals.
The addition of Ni as a second metal in this research is the
best method to promote the formation of methane since
nickel was categorized as active material for methanation of
carbon dioxide due to their high catalytic activity and high
selectivity to methane.7
Therefore, this research is looking at ways to convert
carbon dioxide to higher value added product of CH4 by
using cerium based catalyst which could provide means for
sustainable development. For that reason, it is necessary to
remove the carbon dioxide from the flue gas of coal burning
power plant via chemical conversion technique. This process
is not only creates a green and sustainable environment but
produces the methane gas which can also be used as a fuel to
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run turbine for electricity. In order for this method to be
effective, a suitable catalyst should be prepared that has
higher basicity and higher surface area with small particle
size which is highly dispersed on the catalyst surface. Such
characteristic must be applied to promote the selective CO2
methanation gas process by reduction reaction.
Experimental
Preparation of Catalysts. All the catalysts were prepared
by aqueous incipient wetness impregnation method. 5 g of
Ce(NO3)2·2H2O obtained from MERCK was dissolved in
small amount of distilled water. Mixed catalyst solution was
prepared by mixing an appropriate amount of second metal
which were 2.05 g of Cu, 2.46 g of Mn or 2.66 g of Ni nitrate
salts (Sigma Aldrich) with Ce(NO3)2·2H2O solution according to its ratio listed in Table 1. A homogeneous mixture was
obtained by electromagnetic stirring at room temperature for
30 minutes. Alumina beads with diameter of 3 mm were
used as support material in this study. The support was
immersed into the catalysts solution until the solution was
evenly absorbed on the surface of the support. The coating
process was repeated three times with drying at ambient
temperature for every coating process. It was then aged inside
an oven at 80–90 oC for 24 h followed by calcinations using
a furnace in the air atmosphere at 400 oC for 5 h using a
ramp rate of 10 oC/min to remove all the metal counter ions
and water present in the catalyst.
Characterization. The prepared catalyst undergoes several
characterization techniques to study its chemical and physical
properties. The structure of the catalyst was determined by
X-ray Diffraction (XRD) using Cu Kα radiation (λ = 1.54060
Å). Data was collected over the range of 2θ from 20o to 80o
and analyzed by a PC interfaced to the diffractometer using
software called Diffrac Plus. Field Emission Scanning Electron Microscopy analysis was measured using a Ziess Supra
35VP FESEM with the energy of 15.0 kV couple with EDX
analyzer in order to determine the morphology and elemental
composition of the catalyst. The sample was bombarded
using an electron gun with a tungsten filament under 25 kV
resolution to get the required magnification image. N2
adsorption/desorption isotherm analysis of the catalyst was
obtained using Micromeritics ASAP 2010 volumetric adsorption analyzer at −196 °C. Prior to the measurement, the
calcined catalysts were degassed at 120 °C overnight. The
isotherms were used to determine the following parameters:
surface area [using Brunauer–Emmett–Teller (BET) equation],
total pore volume, total micropore volume, and total mesopore volume. Temperature Programmed Reduction (TPR)
was carried out with pure hydrogen gas inside a Shidmadzu
TGA-50 analyzer. About 30-40 mg of sample was heated
from room temperature to 1000 oC at a heat ramp rate of 3
o
C/min. The hydrogen flow rate for all experiments was 200
mL/min.
Catalytic Activity Measurement. The catalytic CO2 methanation reaction was performed under atmospheric pressure
in a fixed microreactor and analyzed via online FTIR
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Nicolet Avatar 670 DGTS. The 10 g of supported catalyst
was placed in the middle of the glass tube made of Pyrex
glass with diameter 10 mm and length of 520 mm. It was
then secure with glass wool at both ends. The reaction gas
mixture (inlet) consisting of CO2, H2, N2, O2 (10/40/39/11
mL/min) was passed continuously through the catalyst and
was heated in an isothermal tube furnace. The total flow rate
was set to 100 mL/min while, the weight hourly space velocity was kept fixed at 636 mLg−1 h−1. The feed gas flow rate
was adjusted with a mass flow controller and the reaction
temperature was performed from 60 oC up to 300 oC with
the increment temperature rate of 5 oC/min. Off line GC
analysis was done to determine the yield of CH4 gas due to
the low sensitivity of FTIR spectroscopy towards the stretching band of CH4. The Hewlett Packard 6890 Series Gas
Chromatography System with capillary column (Brand: Ultra
1 932530) with 25.0 m × 200 μm × 0.11 µm nominal column
was used in this research. The initial temperature was 40 oC
for 7 minutes and the injection temperature was 150 oC. The
detection temperature for this analysis was 300 oC. The
component present in outlet stream from the column was
detected by Flame Ionization Detector (FID) after the analysis
was completed. Before the analysis, calibration of methane
was carried out using internal standard 99% pure methane
gas. The concentration of methane produced by the catalytic
testing was calculated by referring to the peak area of
samples chromatogram and the standard methane graph.
Results and Discussion
Characterization. In this research, the loading of cerium
was fixed to 75 wt % while, the second metal was 25 wt %.
This content was confirmed by Energy Dispersive X-ray
(EDX) analysis and is summarized in Table 1. The result
was taken before the catalyst was calcined at 400 oC for 5 h.
It can be seen that the ratio obtained from the EDX analysis
was almost an equal value as stated in the catalyst ratio.
Meanwhile, the BET surface area and pore diameter of the
prepared catalyst with different calcination temperature are
also listed in Table 1. All the catalysts calcined at 400 oC
displayed a higher surface area with smaller pore diameter.
However, the physicochemical properties of each catalyst
were slightly different depending on the identity of the
second metal. It clearly showed that by incorporating Cu to
the Ce/Al2O3 (210.42 m2g−1) catalyst, a lower surface area
about 200.82 m2g−1 was obtained. It is possibly due to the
pore blocking by the promoter that had occurred during
impregnation step as suggested by Seo et al.8 Compared
with Cu/Ce-75/Al2O3 catalyst, the catalyst promoted by
nickel showed slightly higher surface area which was 205.15
m2g−1 might be due to the different spreading of active Ni on
Al2O3 support.
Nonetheless, Mn/Ce-75/Al2O3 (a) catalyst calcined at 400
o
C had shown the highest surface area (286.70 m2g−1) among
the three dopants that were used in this research. This result
indicates that the addition of Mn towards cerium catalyst
leads to the production of new active sites and hence
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Table 1. Cerium based catalysts prepared by wetness impregnation method
Catalyst
Ce-100/Al2O3
Cu/Ce-75/Al2O3
Ni/Ce-75/Al2O3
Mn/Ce-65/Al2O3
Mn/Ce-75/Al2O3 (a)
Mn/Ce-75/Al2O3 (b)
Mn/Ce-85/Al2O3

Weight loading (wt %)

Calc. Temp
(oC)

Ce

400
400
400
400
400
1000
400

12.63
13.41
12.99
11.34
11.68
15.86
15.04

Cu

Ni

Mn

−

−
−

−
−
−

5.37

−
−
−
−
−

5.42

−
−
−
−

5.43
5.26
2.78
1.86

BET Surface
Area (m2/g)

Average Pore
Diameter (nm)

Cryst. Size
(nm)a

210.42
197.04
205.15
200.82
286.70
67.90
195.43

−
−

11.44
35.56
24.14
29.69
19.24
57.05

7.493

−
6.654

−
−

−

a

Crystallite size calculated by Scherer Equation XRD.

increases its surface area. Lowering the cerium content to 65
wt % over Mn/Ce-65/Al2O3 catalyst, the surface area
became lowered to 200.82 m2g−1. Similar result occurs to the
catalyst with cerium content of 85 wt %. The surface area of
Mn/Ce-85/Al2O3 catalyst only achieved 195.43 m2g−1. From
these results, it showed that 75 wt % of Ce loading was the
best to have higher BET surface area.
Furthermore, the XRD pattern of Ce-100/Al2O3, Cu/Ce75/Al2O3, Ni/Ce-75/Al2O3 and Mn/Ce-75/Al2O3 catalysts
that were calcined at 400 oC (Figure 1) showed very low
degree of crystallinity and high noise to signal ratio. The
peaks assigned to the face centre cubic (fcc) Al2O3 was appeared at 2θ = 33.545, 47.535 and 66.865o. It is noteworthy
that the peaks of cubic CeO2 exhibit obvious reflection at
28.680o and 56.341o. Another two peaks of CeO2 were
observed in the broad shoulder of alumina support at 2θ =
33.545 and 47.535o. No peaks for NiO and CuO crystalline
phases could be detected in the diffractograms of Cu/Ce-75/
Al2O3 (Figure 1(b)) and Ni/Ce-75/Al2O3 (Figure 1(c)) catalysts. This suggested that NiO and CuO have smaller particles
size with highly dispersed on the catalyst surface (Figure 2)
which was under the detection limit of XRD measurements.
Interestingly, the tetragonal MnO2 peaks were found at 2θ
= 29.281, 46.082, 67.556 and 72.384o over Mn/Ce-75/Al2O3

Figure 1. XRD diffractograms of (a) Ce-100/Al2O3 (b) Cu/Ce-75/
Al2O3 (c) Ni/Ce-75/Al2O3 (d) Mn/Ce-75/Al2O3 catalysts calcined
at 400 oC.

Figure 2. EDX Mapping profile over Ni/Ce-75/Al2O3 and Cu/Ce75/Al2O3 catalysts calcined at 400 oC for 5 h.

catalyst (Figure 1(d)) even calcined at 400 oC. The intensity
of these peaks became increased and intensed especially at
2θ = 29.281 after cerium loading decreased to 65% (Figure
3(a)). It is because Mn content is higher over Mn/Ce-65/
Al2O3 catalyst as obtained in EDX analysis in Table 1.

Figure 3. XRD diffractograms of a) Mn/Ce-65/Al2O3, b) Mn/Ce75/Al2O3 (a), c) Mn/Ce-75/Al2O3 (b) and d) Mn/Ce-85/Al2O3
catalysts.
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However, the broad peak was observed at similar location
over catalyst with Mn loading of 85 wt % because of the
overlapping of MnO2 with CeO2 peaks. When approaching
towards the higher calcination temperature of 1000 °C, the
Mn/Ce-75/Al2O3 catalyst turns to be in high crystallinity
(Figure 3(c)). As expected, the tetragonal MnO2 species that
was observed at calcination temperature of 400 oC had
transformed to tetragonal Mn3O4. The two peaks regarding
this species was found at 2θ = 37.129o (I100) and 58.164o
(I50).
Similar peaks of cubic Al2O3 and CeO2 compounds become
more apparent and profound at their respective location.
This phenomenon automatically decreases its surface area
around 75% after the catalyst was calcined at 1000 oC as
shown in Table 1. A drastic decrease in surface area on
increasing the calcination temperature was obviously due to
the particle enlargement from sintering that occurred during
calcination process. However, the average particles size of
the catalyst is not more than 60 nm and it still categorized as
nano particles size. This was proven by FWHM data in
Table 1.
The TPR profiles of Mn/Ce/Al2O3 catalysts are shown in
Figure 4. The reduction of each Ce and Mn oxides species to
its lower oxidation number are observed. The lower reduction temperature shoulder peak of the Mn/Ce-75/Al2O3 (a)
catalysts calcined at 400 oC was located at 270 oC related to
the reduction of MnO2 to Mn2O3. The broader TPR peaks
from 400 oC to 500 oC is then can be assigned to the overlapping peaks between the reduction of Mn2O3 to Mn3O4
and CeO2 to Ce2O3. The last reduction step which converted
Mn3O4 to MnO, occurred at 850 oC.
By increasing the calcination temperature to 1000 oC, the
first and second reduction peaks of Mn/Ce-75/Al2O3 (b)
were shifted to a higher reduction temperature. The intensity
for first reduction peak (300-450 oC) becomes smaller while,
higher for second reduction peak (690 oC). These results
indicate that the primary Mn species occurred over Mn/Ce75/Al2O3 catalyst calcined at 1000 oC was initially Mn3+. It
was in align with the results obtained by Lee et al.9 who

Figure 4. TPR profiles of Mn/Ce/Al2O3 at different loading and
different calcination temperatures.
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Figure 5. FESEM micrographs of fresh (a) Ce-100/Al2O3, (b) Cu/
Ce-75/Al2O3 (c) Ni/Ce-75/Al2O3, (d) Mn/Ce-75/Al2O3 calcined at
400 oC for 5 h with magnification 25000X.

found that the reduction peak of MnO2 to Mn2O3 was not
observed at all in their Mn/TiO2 catalysts calcined above 600
o
C. The higher reduction peak of Mn3O4 to MnO was then
observed at temperature above 900 oC. As reported by Peña
et al.,10 the higher reduction temperatures were required for the catalysts that were calcined at higher temperatures.
It was due to the stronger metal-support interactions which
could not easily be reduced.
Furthermore, the reduction profile of Mn/Ce/Al2O3 catalyst
calcined at 400 oC change significantly as the cerium loading
decreases to 65 wt %. It can be seen that the intensity of the
first reduction peak at 270 oC over Mn/Ce-65/Al2O3 catalyst
was higher indicating that the larger amount of Mn4+ species
was reduced. It is because the Mn content over this catalyst
is higher compared to the other catalysts as proven in EDX
(Table 1) and XRD analysis (Figure 3(a)). Meanwhile, the
Mn/Ce-85/Al2O3 catalyst gives only two reduction peaks
with maximum at 300 oC.
FESEM images of the Ce-100/Al2O3, Cu/Ce-75/Al2O3,
Ni/Ce-75/Al2O3, Mn/Ce-75/Al2O3 catalysts calcined at 400
o
C are shown in Figure 5. It clearly shows that the catalyst
particles over prepared catalysts were aggregated and
agglomerated each other on the surface of the catalyst to
form rough surface morphology. However, it can be seen
that the catalyst having smaller particle size with many pores
formed which plays an important role to exhibit the higher
catalytic activity. The pores of the catalyst will provide the
space for the access of active metal components to attract
CO2 and H2 molecules on the catalyst surface. These results
are consistent with the results of FWHM from XRD analysis
which revealed the nano particle sizes for each catalyst.
Thus, a very broad peak denoting an amorphous state was
observed in the diffratogram calcined at 400 oC caused by
the very small nanocrystallites size.
The morphology of Mn/Ce-75/Al2O3 catalyst has changed
significantly after decreasing and increasing the Ce loading
(Figure 6). It showed that the agglomerated particles became
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Table 2. The methane product detected via GC over alumina supported cerium oxide based catalysts calcined at 400 oC for 5 h
Methane
Production (%)

Catalyst
Ce (100)/Al2O3
Cu/Ce-75/Al2O3
Ni/Ce-75/Al2O3
Mn/Ce-75/Al2O3

100 oC

200 oC

300 oC

−
−

−
−

0.06
0.22

1.48
8.12

0.92
2.78
5.19
27.35

TOFa
(10−2 S−1)

Sb
(%)

0.10
0.17
0.42
1.04

12.45
21.04
17.68
39.39

a

Turnover frequency (TOF) value at reaction temperature of 300 oC.
Selectivity at reaction temperature of 300 oC

b

Figure 6. FESEM micrographs of fresh (a) Mn/Ce-65/Al2O3, (b)
Mn/Ce-75/Al2O3 (c) Mn/Ce-85/Al2O3 catalysts calcined at 400 oC
and (d) Mn/Ce-75/Al2O3 calcined at 1000 oC for 5 h with magnification 25000X.

densely packed on the catalyst surface until there is no
sphere shape observed. However, after the catalyst was subjected to higher calcination temperature of 1000 °C, the
larger agglomerated particles in irregular size was observed.
This result is in line with the XRD analysis which revealed
the sharp and intense peaks denoting to the high crystallinity
phase thus, decreasing its surface area. Based on the
characterization results, it is expected that Mn/Ce-75/Al2O3
catalysts calcined at 400 oC would show a high catalytic
activity in the CO2 methanation reaction.
Catalytic Performance.
Effect of Promoter: The performance of the alumina
supported cerium based catalysts calcined at 400 oC for 5 h
were tested in a fixed bed microreactor coupled with FTIR.
The CO2 conversion of the ceria based catalysts is shown in
Figure 7 and methane production in Table 2. It can be seen
that the initial activity of Ce/Al2O3 catalyst gives only 1.44%
at reaction temperature of 100 oC and increased to 7.39%
conversion of CO2 at higher reaction temperature of 300 oC.
As expected, Ni/Ce-75/Al2O3 catalyst was considerably
more active than Cu/Ce-75/Al2O3 and managed to convert
around 35.24%, 43.09% and 45.94% at reaction temperature

Figure 7. Catalytic performance of CO2 methanation reaction over
various alumina supported cerium oxide based catalysts.

of 100 oC, 200 oC and 300 oC, respectively. The catalyst
yielded 5.19% of methane at maximum reaction temperature.
On the contrary, the CO2 conversion of Cu/Ce-75/Al2O3
catalyst only gave 10.23% conversion with methane production of 2.15% at reaction temperature of 300 oC. Although,
Kosmambetova et al.11 suggest that the interaction between
copper oxide and cerium oxide may enhance the redox properties of both components, but it was not enough to give
higher catalytic activity compared to Ni/Ce-75/Al2O3 catalyst.
Besides, the surface area and particles size of Cu/Ce catalyst
obtained is lower and bigger than Ni/Ce-75/Al2O3 catalyst as
stated in Table 1.
The catalytic performance is further improved when
manganese was added into Ce/Al2O3 catalyst to form Mn/
Ce-75/Al2O3 catalyst and managed to convert CO2 around
49.05% at 100 oC and 56.79% at 200 oC. The catalyst gave
maximum CO2 conversion of 69.44% at maximum reaction
temperature of 300 oC with 27.35% of methane. The other
42.09% of CO2 conversion was probably formed the intermediate product of CO. Meanwhile, the Mn/Ce-75/Al2O3
catalyst exhibited highest increase in turn over frequency
(TOF) as indicated in Table 2.
These show that the Mn is more compatible and active to
be added to the cerium based catalyst compared to Ni and
Cu. It will greatly improve the surface Ce4+ reducibility,
gives smaller particles size with larger surface area as suggested by Ocampo et al.12 and Zhang et al.13 The highly
dispersed or spreading of Mn crystallites on the catalyst
surface will cause the catalyst to have higher surface area as
can be seen in Table 1. Overall, the conversion of CO2
towards all the prepared catalysts increased apparently with
the increasing of reaction temperature.
Effect of Calcination Temperatures: This parameter was
studied in order to find out the effect of calcination temperature on alumina supported catalyst towards CO2 conversion.
The prepared catalysts were aged first in an oven for 24 h
before calcined at 300 oC, 400 oC, 500 oC, 700 oC and 1000
o
C. Figure 8 indicates the trend plot of catalytic activity over
Mn/Ce-75/Al2O3 catalyst at various calcination temperatures.
It clearly shows that the best calcination temperature over
Mn/Ce-75/Al2O3 catalyst is at 400 oC with 49.05% CO2
conversion at reaction temperature of 100 oC. The catalytic
activity of this catalyst was then started to decline to 33.87%
when calcination temperature was increased to 500 oC. As
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Figure 8. Catalytic performance of CO2 conversion from methanation reaction over Mn/Ce-75/Al2O3 catalyst calcined for 5 h at
different calcination temperatures.

Figure 9. Catalytic performance of CO2 conversion from methanation reaction over Mn/Ce-75/Al2O3 catalyst calcined at 400 oC
for 5 h with various cerium loading.

the calcination temperature was further increased to 700 oC,
the CO2 conversion of Mn/Ce-75/Al2O3 catalyst was further
decreased to 28.59%. Upon the extreme calcination temperature at 1000 oC, the conversion of CO2 gave only 22.70%
which decreased more than 50% conversion compared to the
catalyst calcined at 400 oC.
Deactivation of these catalysts could be due to the sintering effect that occurred during calcination process. The structural changes of Mn/Ce-75/Al2O3 catalyst can obviously be
observed in XRD analysis in Figures 3(b) and 3(c). The
transition from amorphous state (400 oC) to crystalline state
(1000 oC) explained the increasing of particles size of the
catalyst which is increased around 65%. It is in a good
agreement with Oh et al.14 and Ocampo et al.12 who said that
the growth in crystallite size and the morphology on the
surface of catalysts have strong relationship with the calcination temperatures thus decreasing the surface area consequently produces less active catalyst hence lowered the
catalytic activity.12 Therefore, the larger particles of that
catalyst can also be observed in FESEM analysis (Figure
6(d)).
Therefore, 400 oC was the optimum calcination temperature over Mn/Ce-75/Al2O3 catalyst. In other words, the
conversion of CO2 for the catalyst with different calcination
temperatures is in the increasing order as follows : 400 oC >
300 oC > 500 oC > 700 oC > 1000 oC. Then, the catalysts
were further tested with different cerium loading.
Effect of Cerium Loading: The effect of cerium loading
was conducted in order to investigate the optimum loading
towards the performance of CO2 conversion. Figure 9 shows
the detail trend plot of amount cerium loading towards CO2
conversion of Mn/Ce/Al2O3 catalyst calcined at 400 oC. The
cerium loading used were 65 wt %, 70 wt %, 75 wt %, 80
wt % and 85 wt %. It is clear that the loading of cerium had
significant influence on the CO2 conversion.
The performance of the Mn/Ce-75/Al2O3 (a) catalyst
calcined at 400 oC was already discussed above. It can
convert CO2 around 49.05% at reaction temperature of 100
o
C. Lowered the content of cerium to 70 and 65 wt % could
also decreased the performance of the catalyst. However,
when the loading was increased slightly to 80 wt % (Mn/Ce80/Al2O3), the CO2 conversion was reduced to 34.46%. As

the CeO2 content was increased to 85 wt %, the CO2
conversion was severely dropped to 25.88%. The decreasing
activity of this catalyst is possibly due to the coverage effect
of CeO2 on the catalyst surface as shown in FESEM analysis
in Figure 6(c) which will cause the formation of agglomerate
hence decreasing the available active sites.15,16 The blocking
on the catalyst pores structure could also be occurred when
highest amount of cerium was used thus decreased the pore
volume and size as had been explained by Perkas et al.17 in
their Ni-Zr-Ce catalyst. From this observation, it can be
concluded that the cerium loading of 75 wt % for Mn/Ce/
Al2O3 catalyst would be the optimum value and follows the
trend of activity in the order of 75 wt % > 80 wt % > 70
wt % > 85 wt % > 65 wt %.
From Figure 9, it can be summarized that the activity and
selectivity of the catalyst depend strongly on their surface
composition and structure.18 An appropriate amount of Mn
and Ce would improve the catalyst activity. The Mn/Ce/
Al2O3 catalyst with the ratio of 25:75 which gave the best
catalytic performance was further studied on their effect of
pre-treatment.
Effect of Reduction Pretreatment of Supported Cerium
Catalysts: The effect of reduction pretreatment over Mn/Ce75/Al2O3 catalyst is reported in Figure 10. Prior to the start
of testing, all the prepared catalysts were underwent air
pretreatment at 100 oC for 30 minutes. The reason to preheat
the catalyst is to activate the catalyst as well as to remove the

Figure 10. Catalytic performances of CO2 conversion from methanation reaction over Mn/Ce-75/Al2O3(a) catalyst preheat at 100
o
C and 300 oC with or without H2 gas for 30 mins before reaction.

Hydrogenation of CO2 over Cerium Oxide Based Catalysts

moisture in the catalyst. In this research, Mn/Ce-75/Al2O3
catalyst also underwent pretreatment in the presence of H2
gas (40 mL/min) at temperature of 100 oC or 300 oC for half
an hour which was under reduction condition. As such, the
entire active sites on the surface of the catalyst will be
reduced to lower oxidation number or to metallic state
consequently increased its catalytic activity.
The Mn/Ce-75/Al2O3 (a) catalyst that was pretreated with
or without flow of H2 gas at 100 oC gave almost similar
results which around 49.05% and 40.54% at reaction temperature of 100 oC. However, the performance of catalyst
increased to 56.65% at similar reaction temperature after
pretreat at 300 oC for 30 minutes with H2 gas. This result
shows that the reduction pretreatment will caused the
reorganization of the surface structure as claimed by Kim et
al.19 in their Ni catalyst. They found that the C-O bond was
weakened by the active oxygen on NiO, preferentially reacts
with H2 and surface carbon intermediate facilitated by NiO
was easily hydrogenated to produce methane. The similar
result was reported by Tada et al.20 who had investigated the
effect of reduction pretreatment on the activity of CO methanation over Ru/Al2O3 catalyst. The 13.5% of CO methanation was achieved from their results at reduction pretreatment temperature of 300 oC and decreased to 6.0% as the
temperature was raised to 600 oC.
Reproducibility Testing: The reproducibility activity
towards Mn/Ce-75/Al2O3 catalyst calcined at 400 oC was
conducted by using the same catalyst several times. The
trend plot of reproducibility testing over this catalyst is
shown in Figure 11. For the first testing, the catalyst was
preheated at 300 oC for 30 mins in the presence of H2. After
that, no pretreatment was conducted for the next testing.
It can be seen that the conversion of CO2 over this catalyst
for the first test was 70.28% at reaction temperature of 200
o
C. However, the conversion was decreased to 44.27% after
second testing using the similar catalyst. Interestingly, this
catalyst begins to increase its CO2 conversion gradually for
third testing until achieved maximum conversion of 97.92%
at 300 oC. Approximately 100% conversion of CO2 was
obtained over Mn/Ce-75/Al2O3 catalyst for fourth testing
onwards. Therefore, it can be concluded that the catalyst was
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Figure 12. Robustness testing at reaction temperature of 100 oC
over Mn/Ce-75/Al2O3 catalyst calcined at 400 oC for 5 h.

not deactivate even after the sixth testing and can be used for
robustness testing.
Robustness Testing: The robustness testing towards catalytic activity of Mn/Ce-75/Al2O3 (a) was performed on stream
continuously for 8 h at reaction temperature of 100 °C.
Figure 12 shows the percentage of CO2 conversion as a
function of reaction time over Mn/Ce-75/Al2O3 (a).
For the first hour reaction time, the catalyst can convert
CO2 around 96% and maintained above 90% until five hour
on stream. The catalyst is then started to deactivate until it
reached 7.58% at the end of the test. Therefore, it can be
concluded that this catalyst is stable on stream for only 5 h.
Conclusion
Overall performance from the catalytic activity studies did
not yield any catalyst that gives 100% conversion of CO2 at
lower reaction temperature. However, Mn/Ce-75/Al2O3
catalyst was assigned as the most potential catalyst for the
CO2 conversion since it gave higher BET surface area with
smaller aggregated particle sizes compared to the cerium
catalyst promoted by Ni and Cu. This catalyst was prepared
using wetness impregnation technique, aging at 85 oC and
followed by calcination at 400 oC for 5 h. It can convert CO2
around 49.05% at 100 oC, 56.79% at 200 oC and maximum
CO2 conversion of 69.44% with 27.35% of methane at
reaction temperature of 300 oC. This catalyst can be recycled
without deactivation.
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