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ABSTRACT 

Alumina supported cobalt catalysts were prepared, characterized and applied in ethanol steam reforming for hydrogen 
production. The support and the supported catalysts were prepared, respectively, by the solvothermal and precipitation, 
impregnation and deposition-precipitation methods. The cobalt was added by impregnation and deposition-precipitation 
in the Al2O3 supports using a Co(NO3)2·6H2O solution. The solids were characterized, Temperature-Programmed Re-
duction with H2 (RTP-H2), X-Ray Diffraction (DRX), BET Nitrogen Adsorption and Temperature Programmed Oxida-
tion (TPO). The results indicated that the preparation method and the treatment conditions of samples were appropriate 
for obtaining the wanted compounds. Co3O4 phase was verified for all catalysts through analyses of DRX and RTP-H2 
results. Catalytic tests were performed by varying the temperature from 450˚C to 600˚C, with water: ethanol molar ratio 
of 3:1. The ethanol conversion was superior of 99%, with greater hydrogen yield at 600˚C. The lower carbon deposition 
was observed in catalysts prepared with solvothermal/deposition-precipitation methods at 450˚C. 
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1. Introduction 

H2 will have an important role in the future world economy 
scenario as a clean, renewable, and efficient fuel. The 
ethanol steam reforming has been rising as a promising 
alternative route in H2 production, which can be pro-
duced via biomass fermentation [1]. Moreover, such 
process seems to be promising for CO2 emission control, 
once the CO2 generated in the reforming process is con- 
sumed by the biomass, closing a cycle, thus, not contribut- 
ing to the greenhouse effect [2]. H2 may be applied in 
fuel cells, a device that uses H2 and O2 to generate elec-
tricity and has water vapor as the only reaction product 
[3]. The development of industrial catalytic processes, 
demands research and development of new catalysts that 
are more active, and, especially more selective and stable 
[4].The overall ethanol steam reforming reaction (1) 
yields 6 moles of hydrogen per mole of ethanol.  

2 5 2 2 2C H OH 3H O 2CO 6H          (1) 

ΔH˚f(25˚C) = +171 kJ/mol, ΔG˚f(25˚C) = +65 kJ/mol 
The main problem encountered in the steam reforming 

process is in the catalysts deactivation by carbon deposi-
tion. Thermodynamic studies indicate the need of work-
ing with high water/ethanol ratio [5], which is an unfa-
vorable condition for carbon formation. Another alterna-  

tive may be the use of promoters for catalyst, which ap-
pear to be efficient for reduction of carbon formation in 
hydrocarbons steam reforming [6]. Therefore, research 
on catalysts that rapidly transform CO into CO2 (2), the 
so-called “Shift” reaction (or water gas shift reac-
tion-WGS), and also must be selective for the overall  
ethanol steam reforming reaction (1) with H2 production 
[7] has been intensified in order to efficiently meet the 
constant challenges and the determination of appropriate 
conditions for the reaction [8]. 

2 2CO H O CO H2             (2) 

ΔH˚f(25˚C) = −41 kJ/mol, ΔG˚f(25˚C) = −28 kJ/mol 
Among the catalysts that present activity for the etha-

nol steam reforming reaction, those based on cobalt stand 
out for their high hydrogen production [9]. By analyzing 
some studies on cobalt catalysts supported on alumina, 
silica, magnesia, and carbon, it can be verified that the 
Co/Al catalyst presented the best results and hydrogen 
selectivity of approximately 67% [10]. Thus, attention 
has been focused on the development of active and stable 
catalysts that are selective to ethanol steam reforming 
reactions. So far, the main problems to be faced are metal 
sintering and carbon formation. 

Therefore, the objective of this paper was to study the  
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influence of the preparation methods of catalysts on ac-
tivity and yield in order to produce hydrogen, as well as 
to evaluate coke deposition on these catalysts to contri- 
bute to the development of catalysts for the ethanol steam 
reforming reaction 

2. Experimental Procedure 

2.1. The Support Prepared with the  
Solvothermal Method 

Was obtained with 1-butanol aqueous solutions and iso- 
propoxyaluminum. Then, the solution was transferred to 
a 50 mL autoclave. The mixture was subjected to 210˚C 
in an oven with heating ramp of 10˚C/min for 5 hours. 
After cooling to room temperature, the solution was 
vacuum filtered with successive washings with acetone. 
The solid was dried at 60˚C for 24 hours and, then, left at 
room temperature for 24 hours for solvent removal. The 
sample was calcined at a temperature of 600˚C at a 
heating rate of 10˚C/min under a synthetic air flow rate 
of 80 mL/min until the desired temperature was reached, 
remaining at it for 2 hours and at a ramp of 10˚C/min. 

2.2. The Support Prepared with the  
Precipitation Method 

In a 0.6M solution of aluminum nitrate was added poly-
ethylene glycol. Ammonium carbonate, 0.6 M, was slowly 
added to the solution under stirring at 70˚C. The pH of the 
mixture increased to 7. The mixture was aged at 70˚C for 6 
h. The solution was vacuum filtered in order to separate 
the precipitation from the solution with successive wash-
ings with warm distilled water. The solid was dried at 
room temperature for 24 h. Next, it was kept in an oven at 
80˚C for 6 h. The sample was first calcined in nitrogen at 
330˚C at a heating rate of 3˚C/min under a flow rate of 80 
mL/min for 3 h, and, then, it was calcined in synthetic air 
at 550˚C at a heating rate of 3˚C/min under a flow rate of 
80 mL/min for 2 h and heating rate of 10˚C/min. 

2.3. Impregnation and Deposition-Precipitation 

The Co/Al catalyst was prepared by support impregna- 
tion from a cobalt nitrate aqueous solution in route 
evaporator at 80˚C and under stirring. Subsequently, the 
solid was dried at 60˚C for 24 hours and calcined at 
600˚C for 2 hours under synthetic air flow rate of 80 
mL/min and heating ramp of 10˚C/min. Another method 
used in the catalyst preparation was the deposition-pre- 
cipitation method from aqueous solutions of 1:3 
Co(NO3)2‧6H2O: urea in route evaporator at 80˚C under 
stirring. The precursor was dried in an oven at low tem-
perature, 60˚C, for 24 h to remove excess solvent. Then, 
it was calcined at 600˚C for 2 hours under synthetic air 
flow rate of 80 mL/min a heating ramp of 10˚C/min. 

3. Characterization of Materials 
The following characterization techniques were used: X- 
Ray Diffraction (DRX), BET Specific Area, Tempera- 
ture-Programmed Reduction with H2 (RTP-H2), Tem-
perature Programmed Oxidation (TPO) and Energy-Dis- 
persive X-Ray Spectroscopy (EDX), which allowed the 
qualification and quantification of the physical and che- 
mical properties of catalysts. 

Catalysts were characterized by: X-Ray Diffraction 
(DRX) in a Rigaku Multiflex diffractometer with CuKα  
radiation, 10˚ to 80˚ (2θ) scanning range; measurements 
of Temperature-Programmed Reduction (RTP) in a Mi-
cromeritcs Chemissorb with 30 mL/min flow rate of 5% 
H2/N2 mixture and ramp of 10˚C/min up to 1000˚C; BET 
specific area measurements performed by physical ab-
sorption of nitrogen in a Quantachrome  NOVA 1200 P; 
Temperature Programmed Oxidation (TPO) to quantify 
carbon formation in the catalyst. An SDT 2960 SI-
MULTANEOUS DSC-TGA TA-INSTRUMENTS was 
used in oxidizing environment and heating rate of 
10˚C/min up to 1000˚C. 

4. Catalytic Trials 

Trials were performed with feeding of a liquid mixture of 
water and ethanol, at a molar 3:1 water: ethanol ratio, 
and nitrogen was used as carrier gas, once feeding rate is 
considered too low. The gas flow rate was controlled by 
a mass flow controller (MKS Instruments, model 247 
with 4 channels), and the liquid flow rate was obtained 
with the help of a metering pump. The catalytic trials 
were performed by varying the temperature from 450˚C 
and 600˚C.  

The reactions were performed in a quartz reactor during 
steam reforming. The reactor was set as follows: quartz 
wool was placed in the center of the reactor, and 150 mg 
of each catalyst sample was placed on the wool. The reac- 
tion trials were performed at pressures close to the ambient 
one. The reaction products were analyzed through gas 
chromatography in a Varian 3800 chromatograph, after 
water separation through condensation. Gas adsorption 
was performed after condensation on a molecular sieve 
filter in order to remove the remaining moisture. 

5. Results and Discussion 

In this study, the catalysts were named as: Al S, Co/Al S 
- I, Co/Al S - DP, Al P, Co/Al P - I, Co/Al P - DP. 

5.1. Characterization of Materials 

5.1.1. Specific Surface Area (B. E. T) 
The results of the analysis performed to determine the 
specific areas are presented in Table 1. They show that 
the γ-alumina support prepared through the precipitation 
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Table 1. The BET surface area. 

Samples (m2/gcat) 

Al S 337.7 

Co/Al S - I 278.3 

Co/Al S-DP 207.9 

Al P 271.2 

Co/Al P - I 200.9 

Co/Al P - DP 182.6 

 
method presents smaller surface area when com- pared to 
the one prepared through the solvothermal method. The 
analysis of the results for surface area shows that, once 
the oxides were impregnated on the support, a decrease 
in the catalyst surface area occurred. This decrease is due 
to the Co introduction method, such as for the sample 
with Co/Al S - I in relation to Co/Al S - DP, which 
causes a decrease in area of approximately 45%; it is also 
due to alumina pore coating by cobalt ox- ide and to the 
small specific area of these cobalt oxides, which leads to 
a decrease in the surface area of the catalyst/support set.  

5.1.2. X-Ray Diffraction (DRX) 
Figures 1 and 2 show the analysis results of X-ray dif- 
fraction obtained for the samples whose supports were 
prepared with the solvothermal and precipitation me- 
thods. Identification of crystalline phases was performed 
by comparison to data from literature and from JCPDS 
(2001). The diffraction peaks at 2θ = 37.01˚, 46.91˚ and 
67.97˚ might be attributed to gamma-alumina, and the 
ones at 2θ = 25˚, 31˚, 37˚ and 61˚ to the presence of Co3O4.  

5.1.3. Temperature-Programmed Reduction 
In Figures 3-6, the peaks formed below 400˚C, corres- 
pond to the direct reduction of the Co3O4 phase to Co0, 
while the peaks formed in the temperature range from 
500˚C to 700˚C, might be attributed to the reduction of 
highly disperse Co3O4. Some authors suggest that these 
peaks are results of reduction in two steps, from rela- 
tively large particles of Co3O4 to Co0, via CoO. As for 
the peaks formed above 700˚C, they correspond to the 
reduction of a mixed phase, CoO-Al2O3 (non-stoichi- 
ometric aluminate) [11]. It can be observed that the im- 
pregnated samples present a higher number of peaks, 
which indicates a higher distribution of phases and inter- 
actions with the support with little homogeneity, which 
differs from the behavior observed on the samples pre- 
pared via the deposition-precipitation method. 

5.1.4. Reactions on Co/Al Catalyst 
The results of reaction with the catalyst prepared in this 
study are presented in Figures 7-10. The influence of 
operating parameters on product formation in relation to 
converted ethanol (yield) was analyzed.  

In Figure 7, the catalyst Co/Al S - I, at 450˚C was 
more stable, but still shows activity to ethylene formation, 
which is evidence of the competition between the ethanol 
dehydration reaction on acid alumina sites and the etha- 
nol steam reforming reaction on metallic sites [12]. This 
catalyst presents higher CO2 yield at lower reaction tem-
perature. After 3 hours of reaction at 450˚C, a drop in H2 
is observed. During this period, there was an increase 
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Figure 1. X-ray diffractograms. (a) γ-Al2O3 S, (b) Co/Al S-I, 
(c) Co/Al S-DP. 
 

10 20 30 40 50 60 70 80 90

In
te

si
da

d
e 

(u
.a

)
 

d

c

b

b

2(graus)

a

Al
2
O

3

Co
3
O

4

 

Figure 2. X-ray diffractograms. (a) γ-Al2O3 P, (b) Co/Al P-I, 
(c) Co/Al P-DP. 
 

 

Figure 3. RTP Co/Al S-I 
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Figure 4. RTP Co/Al S-DP. 
 

 

Figure 5. RTP Co/Al P-I. 
 

 

Figure 6. RTP Co/Al P-DP. 
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Figure 7. Yield in mol of gas products/mol of converted 
ethanol as a function of ethanol steam reforming reaction 
time. Catalyst Co/Al S-I, T = 450˚C and 600˚C. Ethanol: 
water ratio = 3:1. 
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Figure 8. Yield in mol of gas products/mol of converted 
ethanol as a function of ethanol steam reforming reaction 
time. Catalyst Co/Al S-DP, T = 450˚C and 600˚C. Ethanol: 
water ratio = 3:1. 
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Figure 9. Yield in mol of gas products/mol of converted 
ethanol as a function of ethanol steam reforming reaction 
time. Catalyst Co/Al P-I, T = 450˚C and 600˚C. Ethanol: 
water ratio = 3:1. 
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Figure 10. Yield in mol of gas products/mol of converted 
ethanol as a function of ethanol steam reforming reaction 
time. Catalyst Co/Al P-DP, T = 450˚C and 600˚C. Ethanol: 
water ratio = 3:1. 
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in the yield of ethylene, which is a product of the dehy-
dration reaction. There was not methane formation at 
450˚C nor at 600˚C. This catalyst promotes the combi- 
nation of the steam reforming reaction and the gas-water 
displacement reaction (Reaction 2), which is shown by 
the higher production of H2 and CO2 at 450˚C [13].  

2 2CO H O CO H   2            (2) 

ΔH˚f(25˚C) = −41 kJ/mol, ΔG˚f(25˚C) = −28 kJ/mol 
In Figure 8, we can observe that, in the beginning of 

the reaction with the catalyst Co/Al S-DP at 450˚C, there 
is a drop in CO yield, which remains stable throughout 
the rest of the remaining experiment time. At 600˚C, 
catalyst Co/Al S-DP, presents higher CO yield and a de-
crease in CO2 yield, which suggests the occurrence of the 
shift reverse reaction (Reaction 2) [14]. Catalyst pro-
moted the steam reforming reaction along with the 
gas-water displacement reaction (Reaction 2) at 450ºC, 
which is evidenced by the higher CO2 yield in compari-
son to CO. 

3 2 2 2 2CH CH OH H CCH H O       (3) 

ΔH˚f(25˚C)= 277.69 kJ/mol, ΔG˚f(25˚C) = −174.78 kJ/mol 
In Figure 9, the catalyst Co/Al P-I presents better H2 

yield at 600ºC than at 450˚C. It can also be observed that 
at 450˚C and 600˚C, the yield of CO2 was better than that 
of CO, which favors the shift reaction (Reaction 2). 

In Figure 10, we can observe that the catalyst Co/Al 

P-DP presents higher ethylene and CO2 yield at 450˚C 
than at 600˚C. During the first 3 hours of reaction at 
450˚C, there was a drop in H2 yield and an increase in the 
yield of ethylene, which is a product of the ethanol de-
hydration reaction on acid sites of alumina surface (Re-
action 3) [15]. The formation of methane in low concen-
trations at 450˚C and 600˚C can also be seen. This cata-
lyst promoted the steam reforming reaction along with 
the gas-water displacement reaction (Reaction 2) at 
450ºC, which is evidenced by the higher CO2 yield in 
comparison to CO. 

3 2 2 2 2CH CH OH H CCH H O       (3) 

ΔH˚f(25˚C)= 277.69 kJ/mol, ΔG˚f(25˚C) = −174.78 kJ/mol 

5.1.5. Liquid Products Formed in the Ethanol  
Reforming Reactions 

During the ethanol steam reforming reaction procedure, 
the formation of liquid products was observed, and they 
were condensed during the reaction and collected at the 
end for analysis and identification of the formed products. 
This residue presented unreacted ethanol, water and ac-
etaldehyde.  

Hydrogen was the main gaseous effluent obtained 
when analyzing the products yield as a function of time 
and at all temperatures and on all tested catalysts. Only 
traces of acetaldehyde were identified among liquid  

Table 2. Amount of formed carbon in mass. 

Reaction 
Temperature 

(˚C) 
Catalyst 

Coke Deposition 
(mg/h) 

450 Co/Al S-I 0.030 

600 Co/Al S-I 0.027 

450 Co/Al S-DP 0.017 

600 Co/Al S-DP 0.065 

450 Co/Al P-I 0.064 

600 Co/Al P-I 0.060 

450 Co/Al P-DP 0.024 

600 Co/Al P-DP 0.061 

 
products, which suggests low occurrence of ethanol de-
hydrogenation due to the high H2 yield presented by 
catalysts [16]. 

5.1.6. Analysis of Carbon Formation during  
Reactions 

In Table 2, we can verify that all catalysts present low 
carbon formation during the ethanol steam reaction, and 
the catalyst Co/Al S - DP, at 450˚C, stands out, once it 
presents the lowest coke level at the end of the reaction. 
It can also be observed that catalysts used at 450˚C and 
prepared by deposition-precipitation systematically pre- 
sent lower amounts of deposited carbon. 

6. Conclusion 

Evaluation of the obtained results for catalysts prepared 
using the two preparation methods used in this study al-
lows the conclusion that catalysts prepared by the depo-
sition-precipitation method at 450˚C presented greater H2 
and CO2 yield when compared to CO yield. Analysis of 
carbon formation showed that it was lower for the cata-
lyst Co/Al S - DP at T = 450˚C. 
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