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Abstract. Reverse Water Gas Shift (RWGS) reaction is one of the main reactions that can be used to
reduce greenhouse gases emissions. Through this reaction CO, is converted to CO to produce beneficial
chemicals such as methanol. In this paper Mo-Al,O3; catalyst was prepared and then promoted with Fe
ions through co-impregnation method to produce Fe-Mo-Al,O; catalyst. XRD tests were taken to
determine the structure of the catalysts. Activity, selectivity and stability of both catalysts were
investigated in a batch reactor and the results indicate that addition of Fe promoter to Mo-Al,O3 catalyst
increased its activity and CO selectivity. Fe-Mo-Al,O3; showed acceptable catalytic stability during RWGS
reaction. As a whole, Fe-Mo-Al,O; can be a suitable candidate for RWGS reaction in CAMERE (carbon
dioxide hydrogenation to form methanol via a reverse-water-gas-shift reaction) process.
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Introduction. The anthropogenic emissions of greenhouse gases (GHGs) are due mainly
to the fossil energy utilization. The major challenges in the 21st century supply clean
fuels and eliminate environmental pollution problems and stabilize GHG emissions due to
energy utilization. The mitigation of emissions of GHGs, particularly CO,, and their
effective utilization present to the world both a difficult challenge and a major opportunity
for sustainable development in energy and environment. CO, is not just a greenhouse
gas, but also an important source of carbon for producing organic chemicals, materials,
carbohydrates, and fuels such as methanol (Melillo et al 1993; Halmann & Stainberg
1999; Park et al 2001; Maroto-Valer et al 2002; Song 2006).

It is important to note that the amounts of CO, emitted as the concentrated CO,-
rich flue gases from electric power plants and effluent gases from industrial
manufacturing plants have become much higher than the amounts of carbon used for
making most chemicals, organic materials and liquid transportation fuels (Song et al
2002).

In recent years, most of the authors (Rozovskii & Lin 1990; Bussche & Froment
1996; Sun et al 1997; Sahibzada et al 1998; Ostrovskii 2002) consider carbon dioxide to
be the direct source of methanol production but the yield of methanol produced from CO,
is lower than CO (Edwards et al 1995). The RWGS can produce CO from CO,; therefore
the yield of methanol production is increased when RWGS reaction is used before
methanol synthesis process. The RWGS reaction is given by equation:

CO,; + H, <=> CO + H,0 Q)
The endothermic reverse water gas shift reaction can be used to produce CO from CO, at
high temperatures over Fe, FeSi, Fe30,4, Fe-Cu, ZnO, Pt, Pt-Ca and Pt-Mg based catalysts
(Roman-Martinez et al 1994; Kaspar et al 1994; Spencer 1995; Park et al 2001; Chen et
al 2004) and this reaction was used at low temperatures over Cu, Cu-ZnO and Pd based
catalysts (Koeppel et al 1992; Pettigrew et al 1994; Spencer 1995).

The commercial catalyst, Fe,0O3/Cr,03, was a logical candidate for the RWGS of the
methanol production process. But, the Fe,03/Cr,0; catalyst was easily reduced into the
iron metal under high reaction temperature for the RWGS reaction (Twigg 1989; Joo et al
1999; Joo & Jung 2003). In this study activity, stability and CO selectivity of both
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catalyst systems (Mo-Al,O; and Fe-Mo-Al,Oz; catalysts) were investigated in RWGS
reaction and better catalyst was proposed to methanol production from CO, by using
RWGS reaction.

Material and Method. This experimental study was conducted in laboratory of Gas
Engineering Department of Petroleum University of Technology in November 2011.

The 30 wt.% Mo/Al,O3; was prepared by one step co-impregnating y-Al,Os; (Merck
Co., 170 m?/g, 99% pure) and with an aqueous solution of M0;0,,4.4H,0 (Merck Co., 99%
pure). The Fe-Mo-Al,O3 catalyst with 15wt.% Fe(NO3),.6H,O (Merck Co., 99% pure) and
15 wt.% Mo was prepared by two step co-impregnation method using the same y-Al,O3
and Mo solutions. In the first step Mo-Al,O; was formed and in the second step Fe ions
were added to Mo-Al,Os slurry. The resulting slurry solution was under stirring for 10
hours and then dried at 50°C for 5 hours. All catalysts were reduced in H, at 873 K and
2.5 MPa for 5 hours before use.

Reverse water gas shift reaction was carried out in a batch reactor. A
thermocouple connected to a PID temperature controller was used for adjusting the
temperature of the reaction. The reaction was performed under the H,/CO, at a total
pressure of 1 MPa. The amounts of both catalyst systems used in the reaction were 5 g
each. Activity tests of both catalyst systems were taken in the temperature range of 573-
973 K. All products were analyzed by gas chromatography (Young Lin) equipped with 30
m Q and MS columns and an HID detector. CO, H,, CO,, and CH, were detected by GC
and their respective mole fractions were calculated with a third order calibration function.
Initial stability and activity tests were repeated 5 times with both catalysts and the
results lead to an estimated accuracy of = 3% in our measurements.

The structures of the prepared catalysts were determined from their X-ray
diffraction (XRD) patterns with a PW1840 X-ray powder diffractometer using Cu tube
anode operated at 40 kV and 30 mA with step size 0.02 from 5° to 90°.

Results and Discussion. The XRD patterns only indicated the specific Al,O; peaks. Mo
with impregnation method affected only slightly the textural properties of y-Al,Os. The
same result is also seen in the literature (Luna & Iriarte 2008; Wang et al 2009). The
lines corresponding to Fe are not observed either, probably because it is found in very
low proportion.

According to the results shown in Figure 1, the CO, conversions for Fe-Mo-Al,O3 is
close to equilibrium conversions, at low temperature the difference in activity of the
catalysts becomes more apparent. Fe-Mo-Al,O; catalyst reached the equilibrium
conditions at temperatures above 673 K after 5 min of reaction time but Mo-Al,O;
catalyst did not reach the equilibrium conditions during this reaction time.

Figure 2 shows the catalytic activity as function of time for both catalyst systems
at 873 K. Reactions were performed in H,/CO, stream with 1:1 ratio and 1 MPa pressure.
For both catalysts CO, conversion to CO increased with reaction time until 5 minutes of
reaction and after that no significant change in the CO content of the reactor was
observed. Soon after the reaction started both catalysts had nearly the same conversions
and as reaction proceeded further the difference between their conversions becomes
more significant. Also the results show that, the methane conversion of Mo-Al,O3 is 30.9
times larger than Fe-Mo-Al,O; after 60 minutes of reaction time, this difference can be
originated from division of CO selectivity over each catalyst. On the other hand, methane
was formed during RWGS reaction as the by-product and its formation for Mo-Al,Os; was
greater than Fe-Mo-Al,Os; throughout reaction time, so this verifies division of CO
conversion of Mo-Al,O3 from its equilibrium condition.

According to the Figures 1 and 2, Fe-Mo-Al,O3 catalyst reached the equilibrium
conditions after 5 minutes of reaction at a temperature of 873 K whereas for the same
conditions, CO production for Mo-Al,O; catalyst reached 76% but after 15 minutes of
reaction reaches 86% of equilibrium conversion and remained constant after that.
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Figure 1. Conversion of CO, to CO versus temperature after 15 min of reaction time
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Figure 2. Conversion of CO, versus time at temperature of 873 K for both catalyst systems.
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To better understand the -catalytic behaviour of both catalysts, the CO and CH,
productions were analyzed after 15 minutes of reaction time versus reaction
temperature. Both catalysts had similar trends variations of conversion for CO and CH,
production but Mo-Al,O; had higher CH,4; production and lower CO production at each
temperature. As an example this trend for Fe-Mo-Al,O5 is shown in Figure 3.

45 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

40 —A— CO

—m—— Methane
35

30

25

20

% Conversion

15

10

600 700 800 900 1000
Temperature (K)

Figure 3. Methane and CO conversions versus time for Fe-Mo-Al,O; at 873 K.

Based on the results obtained, as long as the CH, formation is low a rapid change in
conversion of CO, to CO is observed and as CH, formation for each catalysts increases,
the change in CO production decreases. In other words when the CO concentration
reaches a definite amount which is different for each catalyst, Methane production starts
to proceed according to the following reaction:

CO + 3H,—>CH, + 3H,0 2)
For both catalysts after 5 minutes of reaction, the slope of CO production curve decreases
and at the same time methane production increases. At this time CO, conversions to CO
for Mo-Al,O3 and Fe-Mo-Al,O3 catalysts reach 76% and 99% of the equilibrium condition,
respectively. This difference could be due to selectivity of each catalyst. Selectivity is
defined as follows:
moles of produced CO x 100 ©))

moles of used CO,

CO selectivity for Fe-Mo-Al,O3 after 1 minute and 60 minutes of reaction time were 100%
and 99%, respectively, and for Mo-Al,O3; they were 99% and 74%, respectively. By
comparing both catalyst systems in the presence of H,, CO, and CO, it is found that Fe-
Mo-Al,O3 has higher reaction progress for RWGS (equation 1) than Methanation reaction
(equation 2).

Table 1 shows CO, conversion for fresh and used catalysts after 10 hours of
reaction time. Mo-Al,Oz did not show any sign of deactivation during reaction time and
Fe-Mo-Al,Os; showed a negligible sign of deactivation. Both catalysts maintained good
stability in 10 hours of reaction time but Fe-Mo-Al,O; had a better activity for CO
production. According to Table 1, used Mo-Al,O3; had lower CO selectivity than its fresh

CO selectivity=
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type, but Fe-Mo-Al,Os; showed the reverse behaviour. Pettigrew et al (1994) in their study
on Pd-Ce0,-A1,0; catalyst for RWGS found out that used type of this catalyst had better
CO selectivity than its fresh form. The same results for Fe-Mo-Al,O; catalyst were
observed in this study.

Table 1
CO activity and selectivity for fresh and used catalysts at 873 K after 15 minutes of reaction time

Catalysts Type % CO, conversion to CO % CO selectivity
Mo-Al,03 Fresh 34.2 97
Used 34.2 93
Fe-Mo-Al;O3 Fresh 38.1 98
Used 37.5 99

Figure 4 illustrates the CO production rate versus time at 873 K for both catalyst
systems. As it can be seen, the trend for CO formation of both catalyst systems is the
same. However, the initial rate is 70% higher for Fe-Mo-Al,O3; catalyst system. After 20
minutes of reaction time no CO was formed for both catalyst systems.
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Figure 4. Methane and CO conversions versus time for both catalyst systems at 873 K.

In a similar study (Joo & Jung 2003) in temperature range of 673 K to 973 K, it was
shown that addition of ZnO to Al,Oz support will increase the activity of the catalyst but
increases its deactivation rate. The deactivation is caused by conversion of zinc oxide
molecules to zinc ions. As a result it is anticipated that depositing metal ions on alumina
support with co- impregnation method will prevent the deactivation of the catalyst. Using
impregnation method instead of precipitation method in catalyst preparation can enhance
CO selectivity in RWGS (Yan et al 2000). Also addition of metals such as Fe, K and Pd
supported on Al, Si and Ce can change CO selectivity in RWGS reaction (Pettigrew et al
1994; Yan et al 2000; Perez -Alonso et al 2008).
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Conclusions. Fe-Mo-Al,Oz catalyst reached the equilibrium conditions at temperatures
above 673 K after 5 min of reaction time but Mo-Al,O; catalyst did not reach the
equilibrium conditions during this reaction time. Soon after the reaction proceeded, both
catalysts had nearly the same conversions and the difference between their conversions
becomes more significant. CO production for Mo-Al,O; catalyst reaches 86% of
equilibrium conversion and remains constant as the time passes. Since the initial
conditions of reaction for both catalysts were the same, the difference in CO formation
can be attributed to CO selectivity and activity of the catalyst. Fe-Mo-Al,O; catalyst had
good stability during the reaction and its CO selectivity improved as the reaction
proceeded. In conclusion Fe-Mo-Al,O3 has better activity, CO selectivity and good stability
in RWGS reaction and it is an appropriate candidate for converting CO, to CO and using
the produced CO in Methanol synthesis process.
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