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Abstract. Reverse Water Gas Shift (RWGS) reaction is one of the reactions in which COzis transformed
to other useful chemicals. The RWGS reaction was studied using nano y-Al203 catalyst and it’s promoted
form catalyst (Fe-V205-A1203). The reaction was carried out with 10 bar total pressure and temperature 573-
973 K in a batch reactor. Both catalysts were activated with hydrogen at 20 bars of total pressure and 873 K
temperature in a batch reactor. The structure of Fe-V20s species on the samples was determined by X-ray
diffraction (XRD) and also X-ray fluorescence (XRF). In this paper the effect of Fe-V20s on the activity and
stability of nano y-Al203 based catalyst in the reverse water gas shift reaction was investigated. The results
indicate that the promoted Fe-V20s- y-Al203 exhibits a better catalytic activity that reaches to equilibrium
conversion almost in 100 seconds at 773 K. However, it deactivated more than nano alumina.
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1. Introduction

Carbon dioxide is one of the most important greenhouse gases that caused global warming. Carbon
dioxide reduction is very important and urgent when global warming problems are becoming more and more
serious. The increase of carbon dioxide concentration will seriously affect the equilibrium condition of
weather and of the environment on earth. Consumption of greenhouse gases to produce useful chemicals
could be a suitable solution to this problem [1-3].

The conversion of CO, to chemical resources has been studied by several methods; such conversion
would reduce the greenhouse effects [4—6]. Considerably, the catalytic hydrogenation of CO, to form
methanol is one of the efficient processes to treat a large quantity of CO,, minimizing the hydrogen loss
contrasted with that of hydrocarbon production. Carbon dioxide hydrogenation to form methanol via a
reverse water gas shift reaction convert CO, into methanol. In this process, carbon dioxide and hydrogen
were converted to CO and H,O by the RWGS Reaction, and then the mixture gas of CO/CO,/H, was fed into
the methanol reactor after removing the water. The higher conversion of CO, to CO in the RWGS reaction
causes the larger yield of methanol in the process [7]. The RWGS reaction is given by the following equation,

CO, + H, <=> CO + H,0 A H=+41.3 kJ/mole (1)

For conventional industrial applications two types of RWGS catalysts are used. Fe-based high-
temperature-shift (HTS) catalysts typically operate around 350-550 C. Because these catalysts are less
susceptible to poisons, it is preferable to convert the bulk of the CO, at higher temperatures for many
commercial applications. A more active Cu-based catalyst is typically used as a low-temperature shift (LTS)
catalyst at 200350 C [8-10].
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In literature, RWGS were carried out in low temperature (below 350 C) over Pd, Pt, Au, Ag, Cu, Cu-
ZnO, Pt-K and Pt-Na based catalysts [11-15] and it was carried out in HTS over Fe, Fe304, ZnO, MgO and
ZnFe,04 catalysts[16-18]. Fe-based HTS catalysts are far too inactive and pose serious volume and weight
restraints. Cu-based LTS catalysts are very active at lower temperatures, but they become unstable at higher
temperatures and their pyrophoric nature makes them undesirable for safe and efficient operation [9, 10].

The endothermic reverse water gas shift reaction can be used to produce CO from CO, at high
temperatures over Fe, FeSi, Fe;04, Fe-Cu, ZnO, Pt, Pt-Ca and Pt-Mg based catalysts [7, 19-22] and this
reaction was used at low temperatures over Cu, Cu-ZnO and Pd based catalysts [16, 23, 24]. Moreover fuel
cells operate efficiently on H,, but there are still some serious problems related to hydrogen accessibility and
acceptability. Consequently, in order to promote fuel cells’ commercialization, research must be aimed to the
development of fuel cells able to operate with fuels other than hydrogen, such as commercial (e.g. natural
gas, LPG, gasoline and diesel) or green fuels [25]. Biomass gasification produces gas mixtures of bio-fuels,
that consist of H, (20-25%), CO (25-30%) and CO, (10-15%) [26]. Therefore, via RWGS reaction, it is
possible to adapt the CO/H, ratio by converting the passive CO, to fuel CO and decreasing at the same
time, the H, content in the gas mixture[27]. Herein, we report the activity and the characterization of y-
Al,O; nano particles and Fe-V,0s5 supported y-Al,O; nano particles as catalysts for the RWGS reaction.

2. Experimental

2.1. Catalyst Preparation

Nano y-Al,Oj; particles were purchased from East Nano Material Co. Inc. and used as a base catalyst for
RWGS reaction. Fe-V,0s supported on nano particles (Fe-V,0s/y-Al,0;) was prepared using a two-step co-
impregnation method. Specifically, 0.05 mole of vanadium pentoxide (Sigma Aldrich) was dissolved in 0.3
M sodium hydroxide (Kanto Chemical Co. Inc) solution. Then, 0.01 mole of hydrogen peroxide (Merck) was
added to this solvent to complete oxidation to the V" state. The Na;VO, was formed and the solution was
filtered. Then the solution was acidified slowly with 6émolar nitric acid down to PH equal to 6. These
reactions are summarized in the following equilibrium.

12H,0) (-12H,0)
PH=2-3 60H" PH=6 240H PH=12-14 2)
5(V205.3H20) A [V10028]6_ > 10[VO4]3
brown ppt. 6H" orange 24H" colorless
(+12H,0)  solution (+12H,0) solution

In the first step, decavanadate anion was deposited on the nano y-Al,O; powder. Specifically for every 1
gram of complex, 4 grams of nano (10-20 nm) y-Al,O; was added to the decavanadate solution. The solution
was stirred for 20 hours. After this time all decavanadate anion was chemisorbed evenly on the surface of
nano powders. The deposition process is shown below:

[V10025]" + ALO; — V002" : ALOs (pale orange) (3)

0.01 mole of Fe(NO3),.9H,0 (Merck) was dissolved in sufficient distilled water. Then the ferric complex
was added drop wise to the chemisorbed decavanadate/nano y-Al,O; slurry, while the solution was stirred.
Stirring was continued for 15 hours. The following reaction took place on the surface of nano y-Al,Os:

V]()Ozg()_ : ALLO3 + Fe(NO3)2 (aq) — Fe, V]()Ozg(’_ : ALO; (yellow) 4)

In the second step, slurry solution was filtered and washed with distilled water to remove the ionic co-

products, and then was dried at air condition. The catalyst was reduced partially in a batch reactor at 873 K
and 25 bars for 5 hours.

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

2.2. Reaction apparatus and procedures
The activities of the catalysts were studied for the RWGS reaction at the temperature range of 573-973 K

at 10 bars pressure with the H,/CO, ratio of 1 in the reactant gas. RWGS activity experiments were
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conducted in a batch reactor at 10 bar pressure. K-type thermocouples were installed in the reactor for the
measurement of reaction temperature. Catalyst (5 g) was placed in the reactor. The catalyst was reduced
using H; at 873 K for 5 hours prior to the experiment. Gas mixture containing 50% CO,, 50% H, was fed to
the reactor. A condenser was used to dry the product stream before GC analysis. The gaseous effluent was
analyzed using a GC (Young Lin) equipped with MS and Q columns and a HID detector.

3. Results and Discussions

Fig.1 shows the structure of the prepared nano supported catalyst which is taken from the XRD patterns.
The patterns showed the slightly change in Al,O; peaks, and V,0s with impregnation method affected only
slightly the textural properties of y-Al,0;. The same result is also seen in the work of Wang et al [28]. The
lines corresponding to Fe are not observed either, probably because it is found in very low proportion. The
XRF results indicated the presence of Fe, V, and Al ions in the prepared Fe-V,0s/y-Al,0; nanocatalyst.
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Fig. 1: X-ray diffraction of Fe-V,0s/y-Al,0O; catalyst.
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The catalyst activity based on CO, conversion for y-Al,O; and promoted y-Al,O; catalysts are shown in
Fig. 2. Addition of promoter enhanced the catalyst activity. The RWGS reaction with promoted catalyst
reaches to the equilibrium conversion in 100 seconds.
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Fig. 2: Catalytic Activity based on CO, Conversion of two catalytic systems vs. time
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Fig.3 shows that as temperature increases the CO, conversion of both catalyst systems reaches to the
equilibrium conversion. However, the CO, conversion of promoted nano catalyst is closer to the equilibrium
conversion. The difference between activity of y-Al,0; and promoted catalyst is more sensed at the lower
temperature.
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Fig. 3: The CO, conversion of both catalytic systems vs. temperature.

Fig. 4 shows the rate of CO, consumption vs. time. The rate of CO, conversion decreases during the
reaction time. It could be due to the feed deficiency in reaction medium. When the promoted nano catalyst
used, 80% of equilibrium condition occurs in 45 seconds of reaction time, while for nano y-Al,O; catalyst, it
started with a lower initial rate and the rate of CO, consumption decreased with a smaller slope. Both
catalysts were tested for their activity. After 15 hours of operation they were deactivated slightly. The results
of CO, conversion for fresh and aged catalysts at 873 K temperature and 45 seconds are reported in Tablel.
CO; conversion was much higher when the catalysts were fresh. Since the condition for feed compositions
and reaction temperature are the same for both catalyst systems, the difference between the CO, conversions
is due to the deactivation of the catalyst. As seen in Tablel the promoted nano catalyst deactivated more than
the y-ALO; catalyst.
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Fig. 4: The rate of consumption of CO, of two catalyst systems vs. time.

Table 1: CO, conversion for fresh and aged catalysts

Catalyst Conversion of Fresh Catalyst | Conversion of Aged Catalyst
v-AlLO4 15.8% 15%
Fe-V,0s supported on y-Al,O; 24.6% 21.7%

4. Conclusions

The promoted nano y-Al,O; catalyst (Fe-V,0s5/y-Al,O3) showed a better catalytic activity than nano -
AL Os catalyst for the reverse water gas shift reaction at the same operating conditions. The difference
between activity of y-Al,O; and promoted catalyst is more at the lower temperature and at high temperature
they have almost similar behaviour. It has also reached to the equilibrium conversion sooner than nano y-
AlLOs catalyst. Promoted nano catalyst reaches 80% of equilibrium condition in 45 seconds of reaction time
and has higher initial rate of CO, consumption than y-Al,O;. However, it deactivated more than nano
alumina. Promoted catalyst reaches to equilibrium conversion almost in 100 seconds at 773 K.

The promoted nano y-Al,O; catalyst (Fe-V,0s5/y-Al,O3) showed a better catalytic activity than nano y-
AL Os catalyst for the reverse water gas shift reaction at the same operating conditions. The difference
between activity of y-Al,O; and promoted catalyst is more sensed at the lower temperature and at high
temperature they have almost similar behaviour. It has also reached to the equilibrium conversion sooner
than nano y-Al,O; catalyst. Promoted nano catalyst reaches 80% of equilibrium condition in 45 seconds of
reaction time and has higher initial rate of CO, consumption than y-Al,O;. However, it deactivated more than
nano alumina. Promoted catalyst reaches to equilibrium conversion almost in 100 seconds at 773 K.
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