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Abstract

Project Code : MRG 5380 158

Project Title : Highly active cobalt-based Fischer-Tropsch catalysts prepared from

different solvents

Investigator : Mr. Prasert Reubroycharoen
Department of Chemical Technology, Faculty of Science,

Chulalongkorn University

E-mail Address : Prasert.r@chula.ac.th

Project Period : 2 years

Abstract:

The research is to study the preparation of highly active cobalt-based Fischer-Tropsch
catalysts prepared from different solvents such as alcohols, acids, ammonia, glycerin,
ammonium nitrate solution, and water etc. The standard condition for Fischer-Tropsch
synthesis is at temperature of 240°C, pressure of 1 MPa, catalyst weight of 1 g., syngas flow
rate of 20 mL.min'1, and hexadecane of 20 mL. The results show that activity of the cobalt-
based Fischer-Tropsch catalysts depended on the types of solvent or solution used during
catalyst preparation step. Co-H,O catalyst, prepared by water as solvent, exhibited low
catalytic activity, due to a strong metal support interaction by small Co metal particle. The
strong metal support interaction is hard to reduce resulted in the low activity of catalyst.
Among all cobalt-based Fischer-Tropsch catalysts, Co-NH,NO, (4 mol/L) exhibited the
highest catalytic activity with CO conv. of 79.4, a metallic cobalt particle of 7 nm, and
reduction degree of 96%, implied that the catalyst was easily to be reduced with high

carbonmonoxide adsorption.

Keywords : Fischer-Tropsch synthesis, solvent, ammonium nitrate
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Co-H,0 Water
Co-C,0OH Ethanol
Co-C,OH Butanol
Co-C;OH Amyl alcohol
Co-EG Ethylene glycol
Co-GR Glycerin
Co-Form Formaldehyde
Co-Acetic Acetic acid
Co-Formic Formic acid
Co-7.8HNO, 7.8M Nitric acid
Co-3.8HNO; 3.8M Nitric acid
Co-0.7HNO, 0.7M Nitric acid
Co-0.3HNO; 0.3M Nitric acid
Co-6NH4NO, 6M Ammonium nitrate
Co-4NH/NO4 4M Ammonium nitrate
Co-2NH4NO, 2M Ammonium nitrate
Co-1NH4NO4 1M Ammonium nitrate
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CO conversion (%) Selectivity (%)
Solvent a
Max. Min. CH, Co,
Co-C,0OH 30.9 27.4 6.0 0.8 0.83
Co-C,OH 24.0 21.1 10.0 0.7 0.87
Co-CsOH 21.5 20.0 8.6 0.7 0.84
Co-EG
5.1 4.2 9.3 0.9 -
(Ethylene glycol)
Co-GR 20.5 18.3 8.6 0.6 0.79

(Glycerin)
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Solvent qQ
Max. Min. CH, CO,
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Conc. CO conversion (%) Selectivity (%)

(mol/L) Max. Min. CH, CO, d
7.78 21.3 20.3 22.8 2.1 0.73
3.76 36.9 34.7 13.0 1.7 0.79
0.71 26.5 247 9.7 0.8 0.83
0.29 22.0 20.6 8.5 0.7 0.84

0 (water) 10.2 8.4 19.2 1.3 0.75
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(mol/L) Max. Min. CH; CO, C0304 Co (%)
6 64.6 63.6 4.5 41 0.88 16 11 98
4 79.4 77.9 35 40 0.85 11 7 96
2 66.1 65.7 54 35 085 9 4 64
1 48.2 47.2 7.0 22 084 7 2 47
0 (Water) 8.9 8.4 141 09 0.75 - - 17
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Manuscript (Draft)

HIGHLY ACTIVE COBALT-BASED FISCHER-TROPSCH CATALYSTS PREPARED
FROM DIFFERENT PRECURSOR SOLUTIONS

Abstract

The highly active catalysts for the Fischer-Tropsch synthesis were prepared from cobalt
acetate by using different precursor solutions. The activity of the catalysts was performed in
semi-batch reactor at temperature of 513 K, pressure of 10 bar, 1 g of catalyst, W/F = 10 g of
catalyst h mol™®, CO/H, = 1/2. The catalysts were characterized by using XRD, TPR
(Temperature-Programmed Reduction), FT-IR. The activity of the catalysts was significantly
improved by using NH4;NO;3 solution as a precursor solution. NH4NO; solution gave the
highest catalytic activity on the Fischer-Tropsch synthesis at mild reaction condition.
Whereas, water as a solution exhibited the lowest activity with high methane selectivity.

1. Introduction

The Fischer-Tropsch synthesis (FT synthesis) is a promising method to produce clean
fuels for substituting the petroleum fuel, and waxy hydrocarbons from syngas. Various
catalysts were applied to this synthesis. Cobalt-based catalysts are the most promising one for
producing long chain alkanes which are importantly used for the clean fuel production [1-5].
However, the improvement of the activity of such catalysts still need. The activity of Co
catalysts depends on the number of active site on the surface of support after the reduction.
The initial formation of small CoO and Co3O4 crystallites is required for highly dispersion of
Co catalysts, however, such small oxide clusters result in the strong interaction on the support
surface leading to lower the reduction degree of such precursors and higher the reduction
temperature [6]. There are many cobalt compounds used to prepare cobalt catalysts such as
cobalt nitrate, cobalt acetate. Cobalt nitrate gives the intermediate size of CoOx particles
which is easily to be reduced but low dispersion. In contrast, cobalt acetate exhibits the very
small size of CoOx particles leading to a very high dispersion, but in turn these small particles
can be reduced completely only at very high temperature (above 800 K) resulting in very low
activity of Co catalysts [7]. Beside the effect of cobalt sources, the solvent used to dissolve the
cobalt compounds also has an effect on the catalytic activity. The catalyst reduction behaviors
depend on the solution used during the catalyst preparation step. It was reported that using
ethanol as a solution of cobalt nitrate improved the catalytic activity [8]. Also the use of
various organic solvents improved the dispersion [9]. Moreover, the highly active catalyst was
prepared by using dehydrated ethanol as a cobalt nitrate precursor solution. Such catalyst
exhibited two different cobalt particle sizes, small and large particles where the large particle
showed low bulk density with cluster-like structure [10]. Based on the literatures, the solutions
used to prepare catalysts play an important role on the dispersion, reduction behavior, and
activity of the catalysts. However, there is less information of the solution effects on the



catalyst prepared from cobalt acetate. The solution used as a cobalt solution is expected to
improve the reduction behaviors and activity of the catalysts.

In the present study, the solution effects on the reduction behavior and activity of cobalt-
silica supported catalysts prepared from cobalt acetate were investigated.

2. Experimental
2.1 Catalyst preparation

The catalysts were prepared by the incipient-wetness impregnation (IWI) a solution cobalt
(1) acetate precursor dissolved in various solutions on a commercial available silica gel (ID
gel, Fuji Davision, surface area 270 m°g™" and average pore diameter 8.7 nm). After the
impregnation, the catalysts were dried at 393 K for 12 h and calcined at 673 K for 2 h in air.
Then, the calcined catalysts were activated by H, at 673 K for 10 h. After the activation, the
catalysts were passivated by 1% O, diluted in N,. The catalyst nomenclatures were shown in
Table 1. For the example, Co-H,O mean the catalyst prepared by using water as a cobalt
precursor solution.

Table 1 Nomenclature of catalysts.

Catalyst Solution
Co-H,0 Water
Co-C4,OH Butanol
Co-CsOH Amyl alcohol
Co-Acetic Acetic acid
Co-7.8HNO3 7.8M Nitric acid
Co-2NH4NO3 2M Ammonium nitrate

2.2 Catalyst characterization

Temperature-programmed reduction (TPR): a flow-type quartz reactor was used for TPR
experiments. 5% H, diluted in N, was selected as reducing gas. The produced water in the
effluent during the reduction gas was removed by a 3A molecular sieve trap located at the exit
of reactor. The effluent gas was analyzed by a gas chromatography with TCD, where N, was
used as a reference. Calcined catalyst samples, 0.2 g, were initially flushed with He at 323 K
for 30 min, then the reducing gas was introduced into the reactor at flow rate of 50 ml min™
and the temperature was raised at a rate of 7 K min™ until 1073 K.

X-ray Diffraction, XRD: a Rigaku RINT 2400 equipped with CuK, irradiation (40 KV,
200 mA) and a scan rate of 2.0°min™ was used. The XDR of the passivated catalyst samples

are measured and the metallic Co crystallite diameter was calculated by the Scherrer’s
equation.

L = KA/(20)cosé, (1)
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Where L is the crystallite size, K is a constant (K = 0.9 ~ 1.1), A is the wavelength of X-
ray (CuK, = 0.154nm), and A(20) is the width of the peak at half high.

In case of the oxide catalyst samples, the average CosO, particle sizes were calculated
using the half-width at half-height of the most intense peak (Co3O4 311) of the diffraction
pattern by the Scherrer’s equation. The metallic Co crystallite diameter could be estimated
from the Co30, particle size by the equation below [11].

d,(Co®) =0.75d(C0,0,) (2)

FT-IR measurement, the FT-IR spectra were recorded on a Nicolet Nexus 470 FTIR
spectrometer with a diffuse reflectance attachment and a MCT detector. The catalysts sample
of 15 mg was grounded and placed in an infrared cell with Zinc Selenide (ZnSe) windows.
The catalysts were pre-treatment by reduced at 673 K and 5 bar using H, at 50 ml min™ for 1 h.
After pre-treatment, the CO adsorption was performed at room temperature by flowing a
CO/He (a ratio of 1/1) at 20 ml min™ for 1 h. Then, CO gas and physically adsorbed CO on the
catalysts were removed by flowing He at 20 ml min™ for 2 h. After 2 h, the IR spectra of CO
adsorbed on the catalysts were recorded by collecting 32 scans at 2 cm™ resolutions.

2.3 Catalytic activity test

The activity of the catalysts on FT synthesis was measured in a flow-type semi-batch
reactor with an inner volume of 80 ml. A cooling trap was set between the reactor exit and the
pressure regulator to collect the water and liquid hydrocarbons. The passivated catalyst (1 g,
20-40 mesh) was grounded in 20 ml of liquid medium, n-hexadecane, and loaded in the
reactor. The passivated catalyst was activated by syngas at 513 K for 1 h before reaction and
then the temperature was cooled down to 473 K and kept for 20 min. After that, the syngas
was pressurized to 10 bar and the temperature was increased to reaction temperature. The
effluent gas from the reactor was cooled at a cooling trap, and then was introduced and
analyzed by two online gas chromatography equipped with TCD using an activated charcoal
column for CO, CO,, and CH,4 and FID using a Porapak Q column for light hydrocarbon. The
liquid hydrocarbon products collected in the liquid medium and the cooling trap were
combined and analyzed by gas chromatography equipped with FID using a SE-30 column.
Argon was used as an internal standard with a concentration of 3% in the feed gas. The CO
conversion and product yields were calculated as follows:

Qin feed —Qin effluent

CO conversion =| -Ar Ar %100 (3)
CO.
——in feed
Ar

100xC,(C —mmol)

Selectivity (C —mmol) =
Y ( ) > C,(C—mmol)

(4)
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The chain growth probability was calculated by the method of Anderson [1]. The standard
reaction conditions were P (total) = 10 bar, T =513 K, CO/H, = 1/2, W/F (CO + H,) =10gh
mol™, weight of catalyst = 1 g, metal percentage = 10 %wt, reaction time of 4 h.

Draft Ge
A
Pressure regulator
% E) Draft
1 Mass flow 0 |
Pressure{ regulator controller Moﬂtor ”
ifi Inlet Outlet
et Flgw meter
Thermocouple

Cold trap
Cylinder

Autoclave

Figure 1. Reaction apparatus for Fischer-Tropsch synthesis.

3. Results and discussion

The FT performance of various catalysts prepared from different solutions was shown in
Table 2. The catalyst prepared from water solution (Co-H,0) gave the lowest conversion and
high methane selectivity. This could be explained by the formation of small oxide clusters and
difficulty to be reduced when using cobalt acetate as a cobalt source. Cobalt acetate had a
strong interaction with the silica support when water was used as a solution [12]. Such strong
interaction led to small oxide clusters and high dispersion but suppressed the reduction process
resulting in the low catalytic activity [7]. The catalysts prepared from other solutions exhibited
higher conversion than that prepared from water solution, especially Co-2NH4;NO3;. Co-
2NH4NO3 showed the highest conversion with low methane selectivity as the high reduction
degree and small particle size.
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Table 2 FT performance of various Co/SiO, catalysts prepared from different solutions.

Solvent CcO é:onv. Selectivity (%) o Aégeg)ge Reduction
(%) 0 «  degree (%)
CH4 COZ Co (nm)

Co-H.0 10.2 19.2 1.3 0.75 - 17
Co-C,OH 24.0 10.0 0.7 0.86 9.8 38
Co-CsOH 21.5 8.6 0.7 0.84 9.0 56
Co-Acetic 49.3 5.3 1.6 0.85 6.8 28

Co-7.8HNO; 21.3 22.8 2.1 0.73 6.8 98
Co-2NH4NO; 66.1 5.4 3.5 0.85 6.0 64

Reaction condition: T = 513 K, P = 10 bar, W/F = 10 g h mol™, W =1 g, CO/H, = 1/2, t = 4 h.
*calculated by d(Co®)=0.75d(Co,0,) [11]
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Figure 2 TPR profiles of Co based catalysts prepared from different solutions.

The TPR profiles of the catalysts prepared from different solution were shown in Fig. 2.
The Co-H,0 exhibited two small peaks at 588 K and 1073 K. The low intensity of the first
peak, also the high intensity of the second peak indicated that this catalyst was difficult to be
reduced. The high temperature of the second peak at 1073 K was due to a strong interaction of
metallic cobalt on silica surface which could not be reduced at 673 K (reduction temperature)
and lead to the low catalytic activity [7].

The Co-7.8M HNO3 also exhibited 2 peaks but the intensity was much higher. The high
intensity of the first peak was also observed at 588 K. The high intensity of the second peak
was appeared at much lower temperature, 715 K indicating that the catalyst was easily to be
reduced. These two peaks were the conversion of Co® to Co®* followed by Co?* to Co, which
have been identified as the two-reduction steps of Co30,4 [12].

C0304 + H, > 3C00 + H,0

CoO + Hy — Co° + H,0

The reduction processes of the other catalysts also were improved as the higher intensity
of the first peak.
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Figure 3 IR spectra of CO adsorbed on the reduced catalyst after 2 h of purging.

The IR spectra of the adsorbed CO on the catalysts prepared from different solutions are
shown in Fig. 3. It is clear that the CO absorption on the Co metal of the catalysts depended on
the type of solutions. The bands above 2000 cm™ were assigned to the linear CO geometry,
and that below 2000 cm™ was assigned to the bridged CO geometry adsorbed on the Co metal
[13-17].

For Co-H,0, The three peaks at 2060, 2038, and 1936 cm™ were mainly observed. The
peak at 2038 cm™ was assigned to the CO adsorbed on the Co metal in linear geometry. The
peak at 2060 cm™ was assigned to the surface carbonyl species, Co(CO)y, : X > 1, where CO
absorbed on the corner sites of the Co metal. The peak at 1936 cm™ was assigned to the
bridged CO on the Co metal. The absorbance of these peaks was very low, indicating that the
low CO absorbed, as the reducibility was very low.

For Co-7.8 HNO3, the main three peaks at 2056, 2035, and 1936 cm™ were assigned to the
surface carbonyl species, linear geometry, and bridged type of CO on the Co metal,
respectively. Comparing to Co-H,O, the intensity of all these peaks was much higher,
implying that the more CO absorbed on the Co metal. This should be attributed to the larger
metal particle size and higher reducibility of the catalysts which were in accordance with the
results of XRD and reduction degree.

Moreover, the peak intensity of other solutions was higher than that of water. This
showed the improvement on the activity of the catalysts when using other solutions, here,
instead of water.

Table 3 FT performance of Co catalyst prepared from different nitric acid concentration.
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XRD Average

HIZIr;)()gI(/:E)nc. CO conv. (%) Selectivity (%) Co® (nm) (iec:ggtz%
CH, CO, & g
7.78 21.3 22.8 21 073 75 5 98
3.76 36.9 13.0 1.7 079 6.8 4 81
0.71 26.5 9.7 08 083 15 - 29
0.29 22.0 8.5 0.7 084 - - 18
0 (water) 10.2 19.2 1.3 0.75 - - 17

Reaction condition: T =513 K, P = 10 bar, W/F =10 ghmol*, W=1g, CO/H, = 1/2,t =4
h.

fcalculated by d(Co°) =0.75d(Co,0,) [11]

bcalculated by Scherrer’s Equation

The conversion and selectivity of catalysts prepared from different acid solvents were
shown in Table 3 and Fig. 4. Conversion significantly improved by using HNO3 as a solution.
The concentration of 3.76 mol/L exhibited the highest activity, here. Too high or low
concentration was not favorable the catalytic activity. Few amount of nitric acid (at low
concentration) decreased methane selectivity but the methane selectivity gradually increased
with the high loading of nitric acid. The particle size also depended on the concentration of
HNO;. At low concentration, the particle size could not be detected by XRD indicating the
particle size is very small. The particle size increased with the increasing concentration of
HNOs. The reduction degree increased from 17% to 98% when the HNO;3; concentration
increased from OM to 7.78M, indicating that the reduction degree could be improved by
increasing the concentration of HNOs.

o
o
1

—4— CO conv.
-3 CH4
—A—CO02

30

20 |

10

Conversion or selectivity (%

A,
Y | |

0 1 2 3 4 5 6 7 8

Concentration (mol/L)

Figure 4. FT performance of Co catalyst prepared from nitric acid at various concentration.
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Figure 5. TPR profiles of Co based catalysts prepared from different HNO3 concentration.

The TPR profiles of the catalysts prepared from different nitric acid concentration were
shown in Fig. 5. Itis clear that the reduction process depended on the concentration of HNOs.
The intensity of the first peak, conversion of Co®* to Co**, increased with the increasing HNO3
concentration. Furthermore, the temperature of the second peak shifted to lower temperature
implying that the easier the reduction process was.
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Figure 6. X-ray diffraction spectra of oxide state of catalysts prepared from different HNO3
concentration. e: SiO, x: C0304
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Figure 7. X-ray diffraction spectra of passivated state of catalysts prepared from different
HNO; concentration. e: SiO,, x: Co

Figure 6 and 7 showed the XRD patterns of oxide and passivated state of catalysts
prepared from different HNO3; concentration, respectively. The XDR results showed the
particle size of cobalt increased with the increasing concentration of HNOs. In case of Co-
water, no peak of both cobalt oxide and metal cobalt were observed, indicating the fine particle
size.

Table 4 FT performance of Co catalyst prepared from different concentration of NH;NOs.

NH;NO3 CO conv. (%) Selectivity (%) XIE:E())OAE\r/;r]?ge Reduction
conc. (mol/L) ' CHa co, 7 T degree (%)
6 64.6 4.5 4.1 088 12.8 11 98
4 79.4 35 4.0 0.85 8.3 7 96
2 66.1 54 35 0.85 6.0 5 64
1 48.2 7.0 2.2 084 45 - 47
0 (Water) 8.9 14.1 0.9 0.75 17

Reaction condition: T =513 K, P =10 bar, W/F=10gh moI T W=1g,COM,=1/2,t=4
h.

fcalculated by d(Co°)=0.75d(Co,0,) [11]
bcalculated by Scherrer’s Equation
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The conversion gradually increased when the concentration of NH;NOj3 increased and
reached the maximum at 79.4% conversion where NH4;NO3; concentration was 4 M. Then it
slightly decreased when the NH4NO3 concentration was 6M, as shown in Table 4 and Fig. 9.
This could be explained by the results of XRD and reduction degree. The metallic particle
sizes increased with the increased NH;NOg3, and also the reduction degree. In fact, the larger
the metallic particle size lowered the active surface of catalyst. The reduction degree was not
changed much when the concentration increased from 4 M to 6 M, but the metallic particle size
increased from 7 nm to 11 nm. The smaller particle size with the high reduction degree might
exhibit the higher catalytic activity than the larger particle size at the similar reduction degree.
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Figure 9. Effect of NH4NO3 concentration on the FT performances of Co catalysts.

x11



The TPR profiles of the catalyst prepared from different NH;NO3 concentration were
shown in Fig. 10. The Co-6M-NH4NOj3 exhibited 2 peaks at 573 K and 638 K. The first peak
has been identified as a conversion of Co30,4 to CoO. The second peak has been identified as a
following step conversion of CoO to Co. The intensity of the former gradually increased, and
the later tended to shift lower temperature when increasing the concentration, making the
catalysts easier to be reduced. These could be concluded that using NH;NOj3 as a solution
improved the reducibility of catalysts.

Reduction degree (a.u.)

oM

300 400 500 600 700 800 900 1000 1100
Temperature (K)

Figure 10. TPR profiles of Co based catalysts prepared from different NH;NO3 concentration.
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Figure 11. X-ray diffraction spectra of oxide state of catalysts prepared from different
NH4NO3 concentration. e: SiO,, x: C0o304
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Figure 12. X-ray diffraction spectra of passivated state of catalysts prepared from different
NH4NO3 concentration. e: SiO,, x: Co
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Figure 1 IR spectra of CO adsorbed on the reduced catalyst after 2 h of purging.

The transmission IR spectra of the adsorbed CO on the catalysts prepared from different
solutions are shown in Fig. 1. It is clear that the CO absorption on the Co metal of the catalysts
depended on the type of solutions. The bands above 2000 cm™ were assigned to the linear CO
geometry, and that below 2000 cm™ was assigned to the bridged CO geometry adsorbed on the
Co metal.

For Co-H,0, The three peaks at 2060, 2038, and 1936 cm™ were mainly observed. The
peak at 2038 cm™ was assigned to the CO adsorbed on the Co metal in linear geometry. The
peak at 2060 cm™ was assigned to the surface carbonyl species, Co(CO)y : X>1, where CO
absorbed on the corner sites of the Co metal. The peak at 1936 cm™ was assigned to the
bridged CO on the Co metal. The absorbance of these peaks was very low, indicating that the
low CO absorbed, as the reducibility was very low.

For Co-7.8M HNO3, the main three peaks at 2056, 2035, and 1936 cm™ were assigned to
the surface carbonyl species, linear geometry, and bridged type of CO on the Co metal,
respectively. Comparing to Co-H,O, the intensity of all these peaks was much higher,
implying that the more CO absorbed on the Co metal. This should be attributed to the larger
metal particle size and higher reducibility of the catalysts which were in accordance with the
results of XRD and reduction degree as shown in Table 1.

Moreover, the peak intensity of other solutions was higher than that of water. This
showed the improvement on the activity of the catalysts when using other solutions, here,
instead of water.
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Figure 2. IR spectra of CO adsorbed on the reduced catalyst with different HNO3
concentrations after 2 h of purging.

Figure 2 shows the transmission IR spectra of the adsorbed CO on the catalysts prepared
from different HNO3 concentration. The three main peaks of catalyst prepared from 7.8M
HNO; solution were observed at 2056, 2038, and 1936 cm™, according to the surface carbonyl
species, linear geometry, and bridged type of CO on the Co metal, respectively. It is clear that
the intensity of these peaks gradually increased with the increasing HNO3 concentration. The
catalyst prepared from 3.76M showed the highest intensity of surface carbonyl species and
linear geometry, and high intensity of bridged-type CO, resulting in the highest catalytic
activity. Although, the catalysts prepared from 7.8M showed somewhat higher intensity of the
bridged type, as it was considered to be more active that linear geometry. This is in an
agreement on the results of reactivity test, where HNOj3 at concentration of 3.76M exhibited
the highest conversion.
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Figure 3. IR spectra of CO adsorbed on the reduced catalyst prepared from different NH4;NO3
concentration after 2 h of purging.

The transmission IR spectra of the adsorbed CO on the catalysts prepared from different
solutions are shown in Fig. 3. The main three peaks at 2065, 2038, and 1936 cm™ were
assigned to the surface carbonyl species, linear geometry, and bridged type of CO on the Co
metal, respectively. The new peak was observed at 2017 cm™ might be assigned to the
somewhat different linear geometry of CO absorbed on the Co metal. The intensity of the CO
absorbed on the Co metal increased with the increasing NH4;NO3 concentration. The catalyst
prepared from 4M exhibited high intensity, resulting in high activity of catalyst as point out
before that 4M was the best concentration to obtain high conversion.

4. Conclusion

The catalytic activity on FT synthesis depended on the types of solution. Water, as a
solution, exhibited the small particle size which was difficult to be reduced and inactive in FT
synthesis. Beside water, the other solutions exhibited the improvement on the catalytic activity
and reduction process. Among all solutions, NH4;NO3 gave the highest catalytic activity as the
small particle size and high reduction degree. Moreover, using NH4NO; at different
concentration affected the catalytic activity and reduction process. The optimum conversion
was obtained by using NH4NO3 of 4 mol/L as a precursor solution, whereas too high or too low
concentration was not favorable. The activity of the catalysts was significantly improved by
using different solution during the catalyst preparation. The absorption of CO on the Co metal
depended on the type of precursor solutions. The surface carbonyl species, linear geometry,
and bridged type of CO on the Co metal were the main absorption of CO on the Co metal. The
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low intensity of absorbed CO on the catalyst prepared from water solution resulted in the low
activity. Whereas, the high activity of catalysts prepared from NH;NO; solution could be
explained by the high intensity of absorbed CO on the catalysts. The intensity of absorbed CO
significantly increased with the increasing NH;NOj3 concentration.
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