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Abstract: Ni/SiO2 catalysts prepared by a sol-gel method have been investigated for 

hydrogen production via steam reforming of ethanol using a continuous flow, fixed bed 

reactor system. Chemical equilibrium calculations were also performed to determine the 

effects of temperature and molar steam to carbon ratio on hydrogen production. The acidity 

of the preparation solution (modified by nitric acid and ammonia) and calcination atmosphere 

(air and N2) were investigated in the preparation of the catalysts. BET surface area and 

porosity, temperature-programmed oxidation (TPO), X-ray diffraction (XRD), transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM) were used to 

characterise the prepared catalysts. The BET surface area was reduced when the solution 

acidity was lowered during the sol-gel preparation process. A pH value less than 2.0 was 

necessary to achieve high metal dispersion in the catalyst. Smaller NiO particles were 

obtained when the catalyst was calcined in N2. Material balances on ethanol steam reforming 

at 600 C using the prepared Ni/SiO2 catalysts were determined, and higher hydrogen 

production with lower coke deposition on the reacted catalysts were also obtained from the 

catalysts calcined in N2 atmosphere. 
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1. Introduction 

Due to the environmental problems derived from utilization of fossil fuels and the 

consideration of energy security, more attention has been paid to the development of new 

energy fuels.1-3 Hydrogen is regarded as one of the promising energy carriers due to its high 

energy mass density, waste-free combustion and the vast variety of raw materials that can be 

used for its production.4 Among the oxygenated hydrocarbons used for hydrogen production, 

ethanol is highly advantageous as it is readily available, safe to transport and handle,5, 6 and 

offers a high maximum theoretical yield of H2 via steam reforming (26.3 wt% of the ethanol 

feed) compared to other renewable feedstocks (e.g. glycerol, acetic acid).  For these reasons it 

has been extensively investigated in the steam reforming process. 7-9 

Catalysts play an important role in hydrogen production from ethanol steam 

reforming by improving the production of hydrogen and the efficiency of the energy 

balance.10, 11 However, catalyst development remains an interesting topic for research due to 

the deactivation of the catalyst during the ethanol steam reforming process. Although some 

studies have revealed that noble metal-based catalysts performed well for ethanol steam 

reforming, 12-14 nickel based catalysts are one of the most attractive catalysts that have been 

investigated because of their effective catalytic activity and relatively low cost. 15-17 

The sol-gel catalyst preparation method has been shown to confer high surface area 

and pore volume as well as high Ni dispersion for nickel-based catalysts. 18-20 In addition, the 

physical and chemical properties of the produced catalyst have been significantly influenced 

by the preparation methods using, for example, different Ni contents, 21 solution acidity, 22 

solution reagent (citric acid etc.), 23 and catalyst calcination atmosphere. 24 Ni/SiO2 catalysts 

have been widely used in hydrogen production. 25 However, studies of the influence of 
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different preparation conditions using sol-gel methods for the preparation of Ni/SiO2 catalysts 

and the influence on ethanol steam reforming are very limited.  

In this paper, Ni/SiO2 catalysts have been prepared under different acidities of the sol-

gel solution, and the catalyst precursor was calcined under different atmospheres (air and N2). 

The physical and chemical properties of the catalysts were analysed and related to their 

performance in relation to hydrogen production from the steam reforming of ethanol. The 

objective of the paper was to provide information concerning the influence of preparation 

conditions of Ni/SiO2 catalysts on hydrogen production from the catalytic steam reforming of 

ethanol. 

 

2. Experimental 

2.1. Preparation of Ni/SiO2 catalyst 

Ni/SiO2 catalysts with a Ni content of 20 wt.% were prepared by a simple sol-gel method 

adapted from the literature. 26 Ni(NO3)2•6H2O (Sigma-Aldrich), anhydrous citric acid (Alfa 

Aesar), deionized water, absolute ethanol (Sigma-Aldrich) and tetraethyl silicate (TEOS) 

(Sigma-Aldrich) were used as raw materials. 0.01mol of Ni(NO3)2•6H2O and 0.02 mol citric 

acid were first dissolved into 200 ml of absolute ethanol and stirred at 60 ºC for 3 h. Then, 7 

ml of deionized water and a given amount of nitric acid (HNO3/TEOS molar ratio of 0.04, 

0.12 or 0.20) or given amount of ammonia solution (NH3OH/TEOS molar ratio of 0.04 or 

0.20) were added into the solution. The pH value of the solution was recorded. The molar 

ratio of the TEOS/HNO3 or TEOS/NH4OH was selected according to reported work, 27, 28 and 

the isoelectric point of silica (pH value of 2.0). 8.7 ml of TEOS were then added to the 

solution.  After drying at 80 ºC in a water bath, the precursor was calcined at 450 ºC in an air 

or N2 atmosphere for 3 h. The prepared catalysts were assigned as Ni/SiO2-1 to Ni/SiO2-8, 
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respectively, with the preparation conditions reported in Table 1 (A-agent; B-agent/TEOS 

molar ratio; C-calcination atmosphere). All the catalysts used in this paper were crushed and 

sieved to granules with a size between 0.08 and 0.20 mm.  

 

2.2. Characterization of catalysts 

The BET (Brunauer, Emmett and Teller) surface area and the porosity of the prepared 

catalysts were determined using a NONA 2200e Surface Area and Pore Size Analyzer. 

Samples were initially degassed under vacuum for 3h before surface analysis. The system 

operates by measuring the quantity of nitrogen adsorbed onto or desorbed from a solid 

sample at different equilibrium vapour pressures. 

The temperature-programmed oxidation (TPO) of the reacted catalysts was carried out 

using a Stanton-Redcroft thermogravimetric analyser (TGA and DTG) to determine the 

properties of the coked carbons deposited on the reacted catalysts. About 20 mg of the 

reacted catalyst was heated in air at 15 °C min-1 to a final temperature of 800 °C, with a dwell 

time of 10 minutes with air flow around 50 ml min-1.  

Ni/SiO2-1, Ni/SiO2-4, Ni/SiO2-5 and Ni/SiO2-8 catalysts, i.e. representatives of the 

low/high pH and the Air/N2 calcination atmosphere used in the preparation method, were 

analysed by X-ray diffraction (XRD). The analysis was carried out with a Philips PW 1050 

Goniometer using a PW 1730 with a CuKg radiation X-ray tube. The sample was ground to 

less than 75 µm size and loaded into the 20 mm aperture of an aluminium sample holder. 

A high resolution scanning electron microscope (SEM, LEO 1530) was used to 

characterise and examine the fresh catalysts and the characteristics of the carbon deposited on 

the coked catalysts. Transmission electron microscopy (TEM) (FEI Tecnai TF20 FEG) 

coupled with an energy dispersive X-ray spectroscope (EDXS) was used to determine the 
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fresh and reacted catalysts. For the TEM analysis, the samples were ground, dispersed with 

methanol, and then deposited on a Cu grid covered with a perforated carbon membrane. 

 

2.3. Ethanol steam reforming with the Ni/SiO2 catalysts 

The prepared Ni/SiO2 catalysts were investigated for hydrogen production via steam 

reforming of ethanol using a bench scale fixed bed reaction system. A schematic diagram of 

the reaction system and experimental process have been presented in our previous work. 29  

During the experiment, a mixture of ethanol and deionized water was introduced into 

a pre-heated reactor section (190 °C) with a total flow rate of 3.44 g h-1, and was catalytically 

reformed in a second reactor section, where 0.8 g of the prepared Ni/SiO2 catalyst (not pre-

reduced) was placed. N2 was used as a carrier gas during the experiments with a flow rate of 

80 ml min-1. It should be noted that the catalyst would be expected to be initially auto-

reduced during the reforming process, and as shown later, that the consumption of ethanol for 

catalyst reduction was negligible in this work. Chemical equilibrium of the ethanol/water/N2 

system was predicted at different molar steam to carbon ratios (S/C) up to 4, and for a range 

of temperatures up to 700 °C, using the code Chemical Equilibrium and Applications (CEA) 

30 which relies on minimisation of Gibbs energy. As shown in Figure 1, and in agreement 

with Le Chatelier’s principle, for a given temperature, hydrogen yield in wt.% of the ethanol 

feed increased significantly with the rise in S/C ratio from 0 to 3; however, only a slight 

incremental increase was obtained at a S/C of 4. We have shown in a previous study that as 

S/C approaches 6, the energy balance of ethanol steam reforming at atmospheric pressure 

equals that of thermal water splitting, 31 negating the benefits of using ethanol as a source of 

hydrogen. This is caused by the energy burden of raising excess steam. It then becomes 

inefficient to carry out ethanol steam reforming at a S/C larger than 4 at atmospheric pressure.  
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Figure 1 also shows that the equilibrium hydrogen yield was maximized at the reforming 

temperature of 600 °C with the S/C of 4. For temperatures above 600 °C, reverse water gas 

shift was favoured, thus reducing the overall H2 yield. Based on these chemical equilibrium 

calculations, the S/C ratio of 4 and reforming temperature of 600 °C were used to evaluate 

experimentally the performance of the catalysts in this work. 

Condensable products were collected by using an air cooled condenser and a dry ice 

cooled condenser. The non-condensed gases, derived from around 1.5 hour reaction time, 

were collected with a TedlarTM gas sample bag and analyzed for their components 

concentration by gas chromatography (GC). The conditions of GC and the gas analysis 

process have been described in our previous report. 29 Gas yield, calculated from the mass of 

gaseous products divided by the mass of the injected sample, and liquid yield, determined 

from the mass of condensed products divided by the mass of the injected sample, are 

presented in this work. Experiments were repeated to ensure the reliability of the results. 

 

3. Results and discussion 

 

3.1. Characterization of the Ni/SiO2 catalysts 

3.1.1. XRD analysis  

Crystal phases in the prepared Ni/SiO2 catalysts were identified using XRD analysis. As 

shown in Figure 2, an amorphous peak at around 23 °, assigned to SiO2, was obtained for all 

the catalysts. Only a crystalline NiO phase was observed for the catalysts calcined in air, 

while a crystalline Ni phase was observed in the catalyst calcined in N2 (Figure 2). Similar 

XRD patterns for Ni/SiO2 catalyst calcined in air have been reported in other work. 32, 33 The 

Ni crystal phase was also found in the catalyst calcined in N2. 24  
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3.1.2. Surface analysis  

Surface properties of the prepared Ni/SiO2 catalysts are shown in Table 1. BET surface area 

was reduced from 829 to 605 m2 g-1 for the catalyst calcined in air when the solution acidity 

was reduced, corresponding to an increase of pH value from 1 to 2; however, there was no 

obvious relationship between the solution acidity and the BJH pore volume. Small changes 

were observed for the BET surface area for the catalysts calcined in N2; however, the lowest 

BET surface area (545 m2 g-1) was obtained for the Ni/SiO2-8 catalyst which was prepared 

under the most basic sol-gel solution (Table 1). Results of BJH pore diameter indicate that 

about 3.8 nm pore diameter was obtained for all the prepared catalysts except those produced 

under a NH4OH/TEOS molar ratio of 0.2.  

The pore size distribution (Figure 3 and Figure 4) shows that the Ni/SiO2-4 and 

Ni/SiO2-8 catalysts prepared with the lowest acidity had a smaller fraction of pores at ~3.8 

nm, compared with catalysts prepared under other acidities. The N2 absorption/desorption 

isotherms of the selected catalysts are shown in Figure 3, which suggest that the catalysts 

show a combination of type I and IV (IUPAC classification) indicating a meso-porous 

structure in the catalysts. 34  Compared with catalysts calcined in N2, the Ni/SiO2-1 and 

Ni/SiO2-4 prepared in air showed higher N2 absorption when the P/P0 ratio was higher than 

0.5. It is suggested that the catalysts prepared in air had more meso-pores compared with the 

catalysts prepared in N2. In terms of the pH of the preparation solution, a lower pH value 

seemed to produce a catalyst with more meso- and larger pores. For example, the Ni/SiO2-1 

catalyst (pH=1.0) exhibited much higher N2 absorption when the P/P0 ratio was higher than 

0.5, compared with the Ni/SiO2-4 catalyst (pH=2.08) (Figure 3). Therefore, from Table 1 and 

Figure 3, it is suggested that total surface area and pore volume are slightly changed, when 

the pH value of the catalyst preparation solution was lower than 2.0. However, both pore size 
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and surface area are significantly reduced resulting from the reduction of pore size, when the 

pH value of catalyst preparation solution was above 2.0.   

3.1.3. TEM analysis  

Transmission electron microscope analysis was carried out on the fresh calcined catalysts, 

and the results are shown in Figure 4. Smaller particle sizes were obtained for the catalysts 

prepared in N2 compared to those prepared in air. In addition, similar particle dispersion was 

obtained for the catalysts calcined under air and nitrogen atmosphere, respectively, except 

those prepared at a NH4OH/TEOS molar ratio of 0.20. Unexpectedly large particles were 

observed for the Ni/SiO2-4 and Ni/SiO2-8 catalysts (Figure 4). It should be noted that 

precipitation occurred when the ammonia solution (NH4OH/TEOS molar ratio of 0.20) was 

added to the solution during the sol-gel preparation process; and this was observed before 

adding the TEOS to the solution. The large particles in the Ni/SiO2-4 and Ni/SiO2-8 catalysts 

were determined to be SiO2 through EDXS analysis. The observation of large SiO2 particles 

with the Ni/SiO2-4 and Ni/SiO2-8 catalysts is also consistent with the surface analysis, where 

these two catalysts exhibited obvious lower porosity compared to the other catalysts. It can be 

suggested that condensation was dominant (Reaction (2) and (3)) during the preparation of 

Ni/SiO2-4 and Ni/SiO2-8 catalysts where the co-precipitated solution was more basic, 24 

resulting in the production of large SiO2 particles. Therefore, in this work, a pH value of the 

preparation solution of less than 2.0 is suggested in order to obtain a high NiO dispersion. 

Si岫OC態H泰岻替 髪  ねH態O 蝦  Si岫OH岻替 髪 ねC態H泰OH                                                                      (1) 

Si岫OH岻替 髪 Si岫OH岻替  蝦 岩 Si 伐 O 伐 Si 岩  髪ねH態O                                                                   (2) 

Si岫OH岻替 髪  Si岫OC態H泰岻替 蝦 岩 Si 伐 O 伐 Si 岩  髪 ねC態H泰OH                                                      (3) 

 

3.2. Ethanol steam reforming using the Ni/SiO2 catalyst 
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3.2.1. Mass balance and hydrogen production 

As seen previously in Figure 1, hydrogen yield, expressed as weight percent of ethanol feed 

is expected, from equilibrium calculations, to increase with the increase of temperature to 

600 °C as well as with S/C, and then declines slightly above 600 C due to reverse water gas 

shift.  

The experimental hydrogen production and mass balance during ethanol steam 

reforming with the eight prepared Ni/SiO2 catalysts at 600 C and S/C of 4 are shown in 

Table 2. Results in Table 2 reveal notable differences between the catalysts calcined in air 

and in N2. Measured gas yields were higher for the catalysts calcined in N2, with a yield 

around 64 wt.% of the total feed (ethanol+water), compared to a gas yield around 57 wt.% for 

the catalysts calcined in air. Measured liquid products show a slight difference. Measured 

carbon deposits on the catalyst calculated from the weight loss profiles under TPO were 

about 0.15 wt.% of feed. Overall the products balance closure was significantly better for the 

N2 than for the air- calcined catalysts (2.5 wt.% vs. 6.4 wt.%). It is estimated that the balance 

closure value (sum of the measured product yields as a difference to 100 wt.%) was caused 

by carbon rich deposits (e.g tars) forming on the reactor which could not subsequently be 

recovered, as well as by experimental errors. It is likely that the larger this value, the more 

significant were the un-measured carbon rich deposits.  

Finally, the measured H2 yield expressed in percent of the equilibrium value of 23.2 

wt.% of EtOH was higher for the N2 than for the air calcined catalysts, averaging 71 wt.% vs. 

67 wt.%.  These values also indicated the reactor conditions were some distance from 

equilibrium, which allowed for better comparison between catalyst’s activities. A calculation 

was performed to assess whether initial auto-reduction of the catalysts calcined in air as per 

reaction (5), which would have used the ethanol feed without net H2 production, could have 
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accounted for the measured difference in H2 yields between the air-calcined and the N2-

calcined catalysts.  

C2H5OH + 6 NiO u 6 Ni + 2CO2 + 3H2O                                                                              (5) 

For 0.8 g of catalyst with 20 wt.% Ni loading, 2.726 mmol of NiO would have required 

reduction, representing an ethanol consumption of 1.7 wt.% of the ethanol feed over 1.5 h of 

experiment. Correcting the H2 yield in wt.% of ethanol feed when the latter was diminished 

by 1.7 wt.% only increased the H2 yield by 1 wt.%, whereas the average gap between H2 

yields by air-calcined (uncorrected for autoreduction) and N2-calcined catalysts was of 4 

wt.%.  This indicated that the benefits in H2 yield of performing catalyst calcination in a 

nitrogen atmosphere rather than air on the H2 yield were genuine. Clearly significant 

additional benefits were shown in the improved balance closure, lower coking on the catalyst, 

and higher gas yield to the detriment of the liquid yield, which includes unconverted ethanol 

and water.  

When examining more closely which of the N2-calcined catalysts performed the most 

effectively, catalyst Ni/SiO2-7 provided the highest H2 yield and purity due to a combination 

of lower carbon-products selectivity to methane and to CO (Table 3). Methane and CO by-

product represent a penalty in H2 yield and purity due to lack of conversion by steam methane 

reforming and by water gas shift respectively, therefore low selectivity in both CH4 and CO is 

desirable. Table 3 shows the selectivity to the carbon and hydrogen containing products for 

all the catalysts, compared to the calculated equilibrium values. These show that selectivity to 

CH4 in all the experiments was significantly higher and selectivity to CO2 lower than the 

equilibrium value for both calcination atmospheres (11 % for air-calcined catalysts, 12 % 

for N2-calcined catalysts, compared to 2 % at equilibrium), consistent with a kinetically 

favoured exothermic methanation to the detriment of the endothermic steam methane 

reforming.  
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The more effective performance of the catalysts for hydrogen production prepared 

under N2 calcination is ascribed to the higher Ni metal dispersion in the catalyst. From XRD 

analysis (Figure 2), Ni diffraction peaks are barely observed for the catalysts calcined under 

N2, indicating fine Ni particles are presented. In contrast, sharp diffraction could be clearly 

observed for the catalysts calcined under air atmosphere, indicating the presence of large NiO 

particles. Additionally, a particle size of around 20 nm can be clearly observed from TEM 

analysis for the Ni/SiO2 (1-3) catalysts calcined under air, while much smaller particles of 

around 4 nm could be found for the Ni/SiO2 (5-7) catalysts calcined in N2. 

Although calcination atmosphere has shown significant influence on hydrogen 

production from ethanol steam reforming, little changes in gas yield could be observed for 

the catalysts prepared under different acidities (Table 2). This phenomenon might be due to 

the similarities of surface properties and chemical properties of the catalysts (similar level of 

surface area and metal particle size) prepared at different acidity conditions calcined under 

the same atmosphere (Table 1). In addition, although some large particles could be observed 

for the Ni/SiO2-4 and Ni/SiO2-8 catalysts, the majority of small metal particles, similar to 

other catalysts, could also be observed from the TEM analysis (Figure 4), for the catalysts 

calcined under N2 and air, respectively. 

 

3.2.2. Coke formation on the reacted catalysts 

Coke deposition is one of the major challenges for catalyst development during ethanol steam 

reforming. In this section, the reacted catalysts were characterised by TPO experiments and 

SEM and TEM analysis for discussion of coke formation. TPO-TGA and TPO-DTG results 

are shown in Figure 5. The increasing mass peak in the TPO-TGA thermogram is assigned to 

oxidation of Ni particles which were reduced from the NiO phases by the reducing gases such 
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as ethanol, its reaction intermediates, H2 and CO during ethanol steam reforming. Previous 

work 31  showed how ethanol alone and an ethanol/ bio-oil mixture could successfully 

autoreduce NiO catalysts at 600 °C and a S/C of 3.3. From Figure 5, one oxidation peak in 

the TPO-DTG analysis was obtained due to combustion of deposited carbons, which were 

assigned to filamentous carbons. In addition, the filamentous carbons were confirmed from 

the SEM and TEM results (Figure 6).  

Coke deposition after ethanol steam reforming for each reacted catalyst is presented in 

Table 2. It is noted that the possible overlapping between Ni and coke oxidation was 

neglected during the TPO experiment. The amount of coke deposition was obtained from the 

TPO analysis; calculated as the mass difference between the sample weight (after water 

evaporation) and the mass of residue divided by the sample weight (after water evaporation). 

Low coke deposition was found on the Ni/SiO2 catalysts, however, the reaction time used in 

this work of 1.5 h was short in relation to industrial scale processes. Longer reaction times, 

catalyst deactivation studies and catalyst recycling studies are recommended for future work 

to determine the effectiveness of the catalysts in relation to coking characteristics. From 

Figure 5 and Table 2, more carbon deposition was observed on the reacted catalyst calcined 

in air. It is suggested that smaller Ni particle size benefits the prohibition of coke formation 

on the surface of the catalyst. Kong et al. 35 investigated toluene reforming by various nickel 

catalysts, and reported that a larger amount of coke deposition was obtained for the catalyst 

(Ni/ZrO2 and Ni/SiO2) with large Ni particle size (23.6, and 26.8 nm, respectively) compared 

with the Ni/Al2O3 and Ni/MgO catalysts with Ni particle sizes less than 10 nm. Small Ni 

particle size was also reported to prohibit coke formation on a Ni-based catalyst during steam 

methane reforming. 36 

 

Conclusions 
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The results show that the catalyst prepared using the sol-gel method has high surface area 

(>700 m2 g-1) and narrow pore size distribution (pore diameter is around 3.8 nm), except for 

the catalyst prepared at a TEOS/NH3OH ratio of 1:0.20. When the catalysts (Ni/SiO2-4 and 

Ni/SiO2-8 catalysts) were prepared with the lowest solution acidity, large SiO2 particles and 

the lowest porosity were obtained. However, the solution acidity showed little influence on 

the gas yield and hydrogen concentration. 

Ni and NiO crystal phases were identified by XRD analysis in the catalyst calcined in 

N2, however, only one NiO phase was identified in the catalyst calcined in air. Catalysts 

prepared in N2 showed a higher Ni dispersion and resulted in higher gas yield with higher 

hydrogen production during ethanol steam reforming, compared with those calcined in air. 

The coke formation on the catalyst increased with the increase of basicity of the preparation 

solution for the Ni/SiO2 catalyst. 
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Table 1 Surface properties of investigated catalysts prepared at different conditions 

Catalyst Conditionsa 

A-B-C 

pHb BET 

(m2 g-1) 

BJH pore Volume 

(cm3 g-1) 

BJH pore 

diameter (nm) 

Ni/SiO2-1 HNO3-0.20-Air 1.00 829 0.665 3.8 

Ni/SiO2-2 HNO3-0.04-Air 1.10 737 0.698 3.8 

Ni/SiO2-3 NH4OH-0.04-Air 1.50 707 0.640 3.8 

Ni/SiO2-4 NH4OH-0.20-Air 2.08 605 0.575 3.2-5.0 

Ni/SiO2-5 HNO3-0.20-N2 1.00 810 0.581 3.8 

Ni/SiO2-6 HNO3-0.04-N2 1.10 807 0.590 3.8 

Ni/SiO2-7 NH4OH-0.04-N2 1.50 797 0.619 3.8 

Ni/SiO2-8 NH4OH-0.20-N2 2.08 545 0.309 3.8-5.0 

a A-agent; B-agent/TEOS molar ratio; C-calcination atmosphere 

b pH value was determined after addition of agent (HNO3 or NH4OH)
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Table 2 Mass balance and gas compositions for ethanol steam reforming with the prepared 
catalysts, carrier gas is included in the gas composition. Equilibrium H2 yield was 23.2 wt% 
of etOH. 

 

Reducing atmosphere                   Air          N2  

Catalyst  Ni/SiO2-x. x=1-8 1 2 3 4  5 6 7 8  

Mass balance (wt.% of feed) 

  

 

    

 

   Measured gas yield 57.5 56.7 58.9 58.2  65.3 66.4 62.2 63.0  

   Measured liquid yield 35.9 35.5 36.1 34.8  32.3 31.3 35.4 33.6  

   Calculated balance closure 6.5 7.6 4.8 6.8  2.3 2.2 2.2 3.3  

Coke formation (wt.%) 1.8 2.9 3.8 4.0  1.5 1.6 2.8 2.3  

Hydrogen Yield  

(% Eq. value) 66.5 66.6 68.4 66.7 

 

70.7 71.6 72.0 69.2 

 

Gas Composition  

(Vol.%) 

    

 

    

 

CO 4.2 4.3 4.8 4.5  5.3 5.4 4.5 5.4  

H2 24.3 24.6 26.3 25.6  25.1 25.0 23.9 26.3  

N2 63.8 63.4 60.8 61.7  61.3 61.4 64.2 59.7  

CO2 6.3 6.2 6.6 6.7  6.5 6.5 6.0 6.8  

CH4 1.4 1.5 1.6 1.5  1.8 1.9 1.4 1.8  

H2 purity in gas  

(N2 free, Vol.%) 

67.1 67.2 66.9 66.8  64.9 64.4 66.8 65.3  
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Table 3 Experimental selectivity (%) to gas products and calculated equilibrium selectivity 

 

Reducing atmosphere Air N2 Calc. 

Catalyst  Ni/SiO2-x. x=1-8 1 2 3 4  5 6 7 8  Equil. 

C-productsa        

Sel CO 35.3 35.8 36.9 35.4  39.0 39.1 37.8 38.6  25.6 

Sel CO2 52.9 51.7 50.8 52.8  47.8 47.1 50.4 48.6  72.1 

SelC CH4 11.8 12.5 12.3 11.8  13.2 13.8 11.8 12.9  2.3 

H-productsb  

SelH CH4 10.3 10.9 10.8 10.5  12.5 13.2 10.5 12.0  1.7 

Sel H2 89.7 89.1 89.2 89.5  87.5 86.8 89.5 88.0  98.2 
a  e.g. Sel CO = 100× Vol.% CO /Vol.%( CO+CO2+CH4));  

b Sel H2 = 100×Vol.% H2/Vol.%(H2+2CH4); SelH CH4 = 100×2×vol% CH4/ vol%(H2+2CH4)) 
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FIGURE CAPTIONS 

Figure 1 H2 yield weight percent of ethanol feed from the EtOH/H2O/N2 equilibrium 
system at various reforming temperatures and steam/carbon ratios (equilibrium 
study). Other experimental conditions: preheating temperature-190 °C, carrier gas 
(N2) flow rate-80 ml min-1; total raw material (ethanol and water) flow: 3.44 g h-1 

 

Figure 2 XRD analysis for selected prepared catalysts; (a) Ni/SiO2-4, (b) Ni/SiO2-8, (c) 
Ni/SiO2-1, (d) Ni/SiO2-5 

 

Figure 3 N2 adsorption/desorption isotherms of the selected fresh catalysts 

 

Figure 4 TEM analysis of the prepared fresh catalysts 
 

Figure 5 TGA-TPO and DTG-TPO results of the selected reacted catalyst 

 

Figure 6 SEM and TEM results of reacted Ni/SiO2 catalyst; (a) (b) typical SEM results, (c) 
(d) typical TEM results 
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Figure 1 H2 yield weight percent of ethanol feed from the EtOH/H2O/N2 equilibrium system 
at various reforming temperatures and steam/carbon ratios (equilibrium study). Other 

experimental conditions: preheating temperature-190 °C, carrier gas (N2) flow rate-80 ml 
min-1; total raw material (ethanol and water) flow: 3.44 g h-1 
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Figure 2 XRD analysis for selected prepared catalysts; (a) Ni/SiO2-4, (b) Ni/SiO2-8, (c) 
Ni/SiO2-1, (d) Ni/SiO2-5 
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Figure 3 N2 adsorption/desorption isotherms of the selected fresh catalysts 
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Fresh Ni/SiO2-(1-3)                            Fresh Ni/SiO2-(1-3) 

 

Fresh Ni/SiO2-4                                     Fresh Ni/SiO2-8 

 

Fresh Ni/SiO2-(5-7)                            Fresh Ni/SiO2-(5-7) 

Figure 4 TEM analysis of the prepared fresh catalysts 
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Figure 5 TGA-TPO and DTG-TPO results of the selected reacted catalyst 

 
  



26 
 

  

                                      (a)                                                                     (b) 

  

   (c)                                                                   (d) 

Figure 6 SEM and TEM results of reacted Ni/SiO2 catalyst; (a) (b) typical SEM results, (c) (d) 
typical TEM results 

 
 

 


