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Abstract 
This thesis illustrates catalytic activity, stability and intrinsic kinetics of methane 

steam reforming (MSR) reaction over noble metal catalysts. The main objective 

of this thesis is to evaluate a best performing catalyst based on the maximization 

of H2 production and minimization of CO in the synthesis gas produced from MSR 

reaction. 

The noble metal catalysts tested towards MSR reaction were Rh, Ru and Pt 

supported on different reducible and irreducible oxides. The oxides (CeO2, MgO 

and Al2O3) used in this work were synthesized from their nitrite precursor by 

Simultaneous combustion synthesis (SCS) while Nb2O5 was prepared by heat 

treatment of Niobic acid obtained from Companhia Brasileira de Metalurgia e 

Mineracão (CBMM, Brasil). In all the catalysts the noble metals were deposited on 

the support by wetness impregnation method, except Pt/CeO2 which was 

prepared by one shoot SCS method. All the prepared catalysts were calcined 

under different calcination regimes. The best performing catalysts were 

characterized by different techniques BET, CO chemisorption, porosiometery, 

XRD, XPS, ICP, TEM and SEM analyses. Efforts have been made to correlate the 

catalytic activity with the physical characterization. 

All the catalysts prepared were initially screened by MSR reaction in a tubular 

fixed bed quartz reactor of 4mm ID containing 30mg of catalyst diluted with 

50mg of inert. For catalytic screening and stability test the feed was introduced 

at a weight hourly space velocity of 20 NLh-1g-1cat and steam to carbon ratio 3-

4 depending upon the catalyst. The results obtained from basic screening of the 

catalysts were analyzed in terms of methane conversion, H2 produced in dry 

reformate and CO2 selectivity. Among all the catalysts tested towards MSR only 

two were chosen based on initial screening, Rh/CeO2 and Pt/CeO2, for the further 

test concerning catalyst stability. 

The stability of Rh/CeO2 and Pt/CeO2 catalysts was determined based on daily 

start up and shut down cycle (DSS) with a 6h performance period. The Pt/CeO2 
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catalyst was tested for a total of 150 h in which 100h performance was with DSS 

in N2 environment while 50h of catalyst activity with DSS in reaction 

environment. The Rh/CeO2 catalyst was tested for a total of 25 h catalyst activity 

with DSS in N2 environment. Additionally the Rh/CeO2 catalyst was also tested in 

100h continuous ageing. Both the catalysts showed good results in terms of 

catalyst activity and stability during the time period. As Rh/CeO2 catalyst showed 

good activity during 100h continuous endurance this catalysts was chosen to 

evaluate the intrinsic kinetics of methane steam reforming. 

For the kinetics test firstly the heat and mass transfer limitations were evaluated 

both experimentally and theoretically. The reactor was operated in an integral 

mode and no inert was used in feed for the kinetic experiments. The effect of 

WHSV at constant S/C 3 on the methane conversion and product composition 

was also determined. The partial pressures of the reactants were varied by 

varying the steam-to-carbon ratio of the feed. An attempt was made to fit kinetic 

data obtained using the models available in literature. The kinetic data obtained 

was perfect fit for the model proposed by Berman, and the activation energy of 

Rh/CeO2 was found to be 38.6 kJ/mol. 
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Chapter 1 : Introduction 

1.1 Natural gas 

Natural gas is a fossil fuel formed from exposure of heat and pressure to buried 

layers of plants and animals over thousands of years. Natural gas contains more 

than 80% methane.  

Natural gas is usually burned to generate electricity and the main products of 

combustion are CO2 and water vapours the same compounds human exhale. Coal 

and oil on the other hand have higher carbon ratio and high nitrogen and sulphur 

content which makes coal and oil structure much more complex. Burning of oil 

and coal, due to their structural complexity, releases high level of harmful 

emissions including NOx and SOx. Ash particles also results from oil and coal 

combustion and contribute to air pollution. Natural gas combustion do not 

produce any ash content and very low levels of CO, CO2 and other reactive 

hydrocarbons. Natural gas is a non-renewable energy source. It is the cleanest of 

fossil fuels as evident from the chart below. 

 

Figure 1.1: Comparison of emission from Natural gas, Coal and oil1 
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Despite of all the natural gas advantages, it contains more than 80% methane 

which is the second most important greenhouse gas2. Methane is potentially 

more dangerous than CO2 because of its greater radiative forcing produced per 

molecule. However methane exists in atmosphere in far less concentrations than 

CO2 and is measured in ppb rather than ppm3. Also methane has a only 10 year 

residence time in atmosphere compared with hundreds of years of CO2.  

The natural sources of methane along with the natural sinks are presented in 

methane cycle in Figure 1.2. 

 

 

Figure 1.2: The Methane Cycle3 

The greatest advantage of natural gas is being a source of syngas. Methane has 

the simplest structure among all the hydrocarbons so it produces syngas: a 

mixture of hydrogen and carbon monoxide with minimum amount of other 

byproducts. Hydrogen is the cleanest of all the fuels with high energy content. 

Industrially hydrogen is produced mainly from methane present in natural gas 

The major route for hydrogen production is via catalytic steam reforming route. 
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Table 1.1: Comparison of syngas generation technologies (natural gas feed)9 

Technology Advantages Disadvantages 

CPOX Feed stock desulfurization not 

required 

Very high process operating 

temperature 

Usually requires oxygen plant 

MSR Most extensive industrial 

experience 

Oxygen not required, lowest 

process operating temperature 

Best H2/CO ratio for production 

of liquid fuels 

Highest air emissions 

More costly than POX and 

autothermal reformers 

Recycling of CO and removal of the 

excess hydrogen by means of 

membranes 

ATR Lowest process temperature 

requirement than POX 

Syngas methane content can be 

tailored by adjusting reformer 

outlet temperature 

Limited commercial experience 

Usually requires oxygen plant 

MDR Green house gas CO2 can be 

consumed instead of releasing 

in to atmosphere 

Almost 100% of CO2 conversion 

Formation of coke on catalyst 

Additional heat is required as the 

reaction takes place at 873 K 

1.3 Research scope and thesis layout: 

This thesis presents an experimental and modeling work for H2 production from 

methane. The scope of this thesis is categorized in the three Parts:  
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Figure 2.2: The feed section 

A mixer/evaporator section after the feed section which serves dual purpose, first 

to evaporate the water and secondly to mix the gas stream with the steam 

generated within the system. The mixer/evaporator section operates at 130°C 

and is controlled by a West 6100+ heating system 

 

  

Figure 2.3: Mixer Evaporator Section 

A reactor/oven system following the mixer/evaporator section consists of a 

programmable heating furnace controlled by Lenton heater. The rector consists 

of a 4mm ID quartz tube (in which 30mg of a catalyst diluted with 50mg of inert 

was placed between a quartz wool) inserted in the furnace. Provisions are made 

to bypass the reactor in order to increase the system flexibility. A water trap 

consisting of silica gel and condenser are placed at reactor outlet to condense the 

water in the system before entering an analysis section. 
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2.5.7 Metal Loading (ICP) 

The catalyst metal loading was measured by ICP technique using a Thermo 

Fisher Scientific ICP-MS. 
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Part I: Catalytic Activity 
& Performance 
In first part of the thesis the catalytic activity and performance of different noble 

metal catalysts (Ru, Rh and Pt) was evaluated. Part I consists Chapter 3, 

Chapter 4, Chapter 5 and Chapter 6 dealing with the basic screening of these 

catalysts. 

Chapter 3 deals with the screening of Rh catalyst over MgO, Niobic acid and 

Niobia support. 

Chapter 4 deals with the performance of Perovskites towards MSR reaction 

Chapter 5 deals with the screening of Ru catalyst over MgO, Niobic acid and 

Niobia support. The effect of Niobic acid and niobia support was also determined. 

Chapter 6 finally deals with the comparison of steam reforming and oxidative 

reforming reactions over different noble metals (Rh, Ru, Pt) on CeO2 and Al2O3 

support 
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using aqueous solution of a RhCl3 to obtain a nominal 1.5 wt% of Rh as catalysts. 

All the impregnated samples were further divided into two groups, one group 

was used as catalyst without any further treatment while the other group was 

calcined at 400°C for 3h14. The list of all the synthesized catalysts along with 

preparation conditions are tabulated in Table 3.1. 

Table 3.1: List of prepared catalysts along with preparation conditions 

Catalyst Support Tc, support  Tc,final catalyst  

Rh/MgO MgO 650 400 

Rh/Nb2O5 Nb2O5 - - 

Rh/Nb2O5(500°C) Nb2O5(500°C) 500 - 

Rh/Nb2O5(400°C) Nb2O5 - 400 

Rh/Nb2O5(500-400°C) Nb2O5(500°C) 500 400 

Tc, support = Calcination temperature of support (°C) 

Tc,final catalyst = Calcination temperature after Rh impregnation (°C) 

3.2.2 Catalytic Activity 

The catalytic activity of the catalyst was evaluated in temperature range of 400-

750°C. Details of catalytic activity measurements are presented in Chapter 2 

3.2.3 Catalysts Characterization: 

The catalyst prepared were characterized by CO Chemisorption, XRD, SEM EDX 

and XPS analysis 

3.3 Results and Discussion: 

All of the prepared catalysts were tested towards the MSR reaction with a S/C 

ratio 4. The obtained results are shown in Figure 3.1(A-C). At first a 

comparison of all the catalysts was made in terms of methane conversion, CO2 

selectivity and H2 dry outlet concentration. 

The Rh/MgO achieved 93% methane conversion at 650°C with a H2 dry outlet 

concentration and a CO2 selectivity of 78% and 63% respectively. Further 
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increase in the temperature to 700 and 750°C improved the methane conversion 

and the H2 dry outlet concentration for Rh/MgO, however the CO2 selectivity 

decreased to 51%. 

For the Rh/MgO increase in the temperature to 700°C resulted in 98% methane 

conversion with a H2 dry outlet concentration and a CO2 selectivity of 78% and 

51% respectively. Further increase of the temperature to 750°C had a small 

effect on methane conversion as it reached 99%; however the H2 dry outlet 

concentration and the CO2 selectivity remain similar. 

The Rh/Nb2O5 showed an increase in methane conversion with the temperature 

increase till 650°C where it reached a maximum methane conversion of 86% 

with 78% CO2 selectivity and 74% H2 in dry reformate. These values at 650°C 

are lower than that obtained on the Rh/MgO. The increase in temperature, for 

Rh/Nb2O5 catalyst, to 700°C and 750°C resulted in decrease in the methane 

conversion to 81% and 80% respectively. 

When the Rh/Nb2O5 was calcined at 400°C for 3h we obtained the 

Rh/Nb2O5(400°C) catalyst. This calcinations at 400°C improved the catalytic 

activity of Rh/Nb2O5(400°C) as presented in Figure 3.1. On the other hand the 

influence of calcinations on Rh/Nb2O5(400°C) in terms of the methane conversion 

and H2 dry outlet concentration was negligible as the values obtained were more 

or less similar to Rh/Nb2O5. However for CO2 selectivity a slight decrease was 

observed as the Rh/Nb2O5(400°C) achieved 73% and 67% CO2 selectivity at 

700°C and 750°C respectively. 

The support calcinations effect was not visible for the Rh/Nb2O5(500°C) 

regarding the methane conversion as it reached a maximum of 88% at 700°C 

and remained constant at 750°C lower than  Rh/Nb2O5 catalyst. However, for the 

H2 dry outlet concentration the Rh/Nb2O5(500°C) showed 74% at 700°C but at 

750°C the H2 dry outlet concentration increased to 75%. The CO2 selectivity 

remained lower for Rh/Nb2O5(500°C) and could only achieve 72% at 750°C. 

When the Rh/Nb2O5(500°C) was calcined at 400°C for 3h we obtained the 

Rh/Nb2O5(500°C-400°C) catalyst. The catalytic activity in terms of the methane 
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conversion and the H2 dry outlet concentration for Rh/Nb2O5 catalyst reached 

89% methane conversion with 74% H2 in dry outlet concentration at 650°C. The 

temperature increase to 750 °C improved the methane conversion to 93%. 

However, the H2 in dry outlet concentration slightly increased to 75%. 
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Figure 3.1: Methane Conversion (A), CO2 selectivity (B) and H2 dry outlet 
concentration (C) of all the prepared catalysts 

Summarizing, among these five catalysts tested towards MSR reaction only two 

[Rh/MgO, Rh/Nb2O5(500°C-400°C)] reached above 90% methane conversion at 

 

 

 
 

A 

B 

C 
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Table 3.2: Selectivity and molar ratios of the best performing catalysts 

Catalyst T(°C) SCO2/CO H2/CO H2/CH4,reacted 

Rh/MgO 

650 1.74 10.7 3.9 

700 1.05 7.5 3.7 

750 1.02 7.5 3.7 

Rh/Nb2O5 

650 3.5 15 3.3 

700 3.8 17 3.5 

750 2.8 14 3.7 

Rh/Nb2O5(500°C)  

650 2.8 13 3.5 

700 2.3 11 3.3 

750 2.0 9 3.2 

Rh/Nb2O5(400°C) 

650 3.2 15 3.6 

700 2.8 13 3.5 

750 2.1 11 3.5 

Rh/Nb2O5(500°C-400°C) 

650 2.8 12 3.2 

700 2.2 9 2.9 

750 2.6 12 3.2 

 

3.3.1 Rh/MgO Characteristics: 

As Rh/MgO achieved 99% methane conversion, physical characterization of the 

catalyst was performed. Table 3.3 depicts the physical characteristics of the 

catalyst.  
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Figure 3.4: Mg 2p binding energy spectrum 

Figure 3.4 shows a binding energy spectrum of Mg 2p for the Rh/MgO catalyst 

and the surface atomic percentage and binding energy values are presented in 

Table 3.4. Rh/MgO showed only one peak of Mg 2p with a binding energy value 

49.56 eV. These binding energy values are slightly lower than that of bulk Mg 2p 

value of 49.6 eV24. This slightly negative shift of binding energy indicates that the 

Mg is present in Mg2+ state25,26 mainly due to hygroscopic nature of magnesia1  

Table 3.4: XPS analysis of the catalysts 

Catalyst 

Atomic (%) XPS Atomic 

Ratio XPS 

Rh/Support 

Mg 

O Rh Nb or Mg 2p 

Rh/MgO 81.7 0.1 0.1 1 49.56 

Rh/ Nb2O5 53.0 0.4 22.6 0.018  

Ru_n/ Nb2O5(500°C) 52.9 1 21.9 0.046  

 

3.3.2 Effect of Niobic acid and Niobia Support: 

To compare the effect of Niobic acid and niobia support on Rh catalyst, the 

physical characteristics of the two supports are compared in Table 3.3. The 
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Figure 3.6: Nb 3d binding energy spectrum 

The typical XPS spectrum of Nb 3d is shown in Figure 3.6 and binding energy 

values are tabulated in Table 3.5. From Table 3.5 the Rh/Nb2O5 shows the 

3d5/2 binding energy value of 207.23 eV while the Rh/Nb2O5(500°C) showed a 

value of 207.221 eV. The value of Nb 3d5/2 binding energy depicted by the 

catalysts is associated to bulk Nb where 3d5/2 binding energy is observed at 

207.5 eV28,29. The analysis of Nb 3d3/2 binding energy shows the value of 209.96 

eV and 209.93 eV for Rh/Nb2O5 and Rh/Nb2O5(500°C) respectively. The XPS 

results indicate that the surface composition and the state of support is the same 

for both niobic acid and niobia respectively. So the change in catalytic activity 

depends mainly on the metallic dispersion of the catalyst. 

Table 3.5: Binding energies of Niobic acid and niobia support 

Catalyst 
Nb 3d 

3d5/2 % 3d3/2 % 

Rh/ Nb2O5 207.23 60.70 209.96 39.30 

Ru_n/ Nb2O5(500°C) 207.21 60.67 209.93 39.33 
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4.2.2 Catalytic Activity 

The catalytic activity of the catalyst was evaluated in temperature range of 400-

750°C. Details of catalytic activity measurements are presented in Chapter 2 

4.3 Results and Discussion: 

All the prepared catalysts were tested towards the MSR reaction with a S/C ratio 

4. At first a comparison of all the catalysts was made in terms of methane 

conversion as shown in Figure 4.1 

 

Figure 4.1: Methane conversion for all the prepared catalysts 

From Figure 4.1 the observed methane conversion for the perovskites remained 

lower than 1%.Only LaMn0.7Cu0.3O3 could reach a conversion as high as 0.79%. 

All the other catalysts showed conversion below 0.5%. The resulted low 

conversion can be due to the structural changes within the catalyst due to 

reduction of the perovskite before the reaction7. Also for la perovskite the high 

S/C ratio enhances the oxidizing power of the catalyst therefore resulting in 

decrease of catalytic activity5. 

To see the effect of perovskite as support in MSR reaction 1.5% Rh was 

deposited on LaMn0.7Cu0.3O3 by incipient wetness impregnation method and 

calcined at 400°C for 3h. Figure 4.2 shows the MSR activity of 

Rh/LaMn0.7Cu0.3O3 catalyst in terms of methane conversion. The catalytic activity 

improved as the catalyst achieved 72% methane conversion at 750°C. The 
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methane conversion is lower compared to other supported noble metal catalysts 

available in literature.  

 

Figure 4.2: Methane conversion for Rh/LaMn0.7Cu0.3O3 

To observe the effectiveness of MSR reaction on the Rh/LaMn0.7Cu0.3O3 catalyst, 

the H2 dry outlet concentration and CO2 selectivity are shown in Figure 4.3. The 

catalyst could only achieve 65% H2 dry outlet concentration with 45% CO2 

selectivity. 

 

Figure 4.3: H2 dry outlet concentration (black line and symbol) and CO2 
selectivity (gray line and symbol) for Rh/LaMn0.7Cu0.3O3 
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Ru_n/Nb2O5 Nb2O5 - - 1.9 114.7 86.1 1.5 

Ru_c_400/Nb2O5 Nb2O5 - 400 0.8 67.9 12.2 10.8 

Ru_n_400/Nb2O5 Nb2O5 - 400 n.d. n.d. n.d. n.d. 

Ru_c/Nb2O5_500 Nb2O5 500 - n.d. n.d. n.d. n.d. 

Ru_n/Nb2O5_500 Nb2O5 500 - 1.5 43.3 < 1% n.d. 

Ru_c_400/Nb2O5_500 Nb2O5 500 400 n.d. n.d. n.d. n.d. 

Ru_n_400/Nb2O5_500 Nb2O5 500 400 n.d. n.d. n.d. n.d. 

 

5.2.3 Catalytic Activity 

The catalytic activity of the catalyst was evaluated in temperature range of 400-

750°C. Details of catalytic activity measurements are presented in Chapter 2 

5.2.4 Catalysts Characterization: 

The catalyst prepared were characterized by BET, CO Chemisorption, XRD, SEM 

EDX and XPS analysis 

5.3 Results and Discussion 

All of the prepared catalysts were tested towards the MSR reaction, with a S/C 

ratio equal to 4, in terms of CH4 conversion, CO2 selectivity, and H2 dry outlet 

concentration, and their performance compared (Figure 5.1). 

At 650 °C the Ru_n/MgO and the Ru_c/MgO catalysts (Figure 5.1a,b) showed 

similar performance by achievingCH4conversion higher than 91%, with CO2 

selectivity and H2 dry outlet concentration above 68% and 70%, respectively. An 

increase of the temperature to 750°C improved the CH4, (99% for Ru_n/MgO 

and 98% for Ru_c/MgO), the H2 dry outlet concentration (78% for Ru_n/MgO 

and 71% for Ru_c/MgO), while the CO2 selectivity slightly decreased(62% for 

Ru_n/MgO and 55% for Ru_c/MgO). 
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The Ru-based catalysts obtained by Ru deposition on thermally untreated Nb2O5 

(Figure 5.1c,d) performed slightly better compared to the MgO-based catalysts 

in the range 650-750 °C. The best performance belongs to the Ru_c/Nb2O5 

catalysts with full CH4conversion, 71% selectivity, and 78% H2 dry outlet 

concentration. 

The calcination treatment at 400 °C for 3h on the Ru-based catalysts on 

thermally untreated Nb2O5 after the IWI process (Figure 5.1e,f) worsened the 

performance of the Ru_c_400/Nb2O5, and in a lesser extent the performance of 

the Ru_n_400/Nb2O5. In particular, the Ru_c_400/Nb2O5, reached 82% as 

maximum CH4conversion at 650 °C, then it decreased at higher temperature. The 

CO2 selectivity and H2 dry concentration were lower compared to the values of 

the previous catalysts. 

The calcination treatment at 500 °C for 3 h only on the Nb2O5 carrier (Figure 

5.1g,h) again affected the performance of both the Ru_n/Nb2O5_500 and the 

Ru_c/Nb2O5_500: none of them was able to reach full CH4conversion. Similarly to 

the Ru_c_400/Nb2O5, the Ru_n/Nb2O5_500 reached 80% as maximum 

CH4conversion, then it decreased at higher temperature. The CO2 selectivity and 

H2 dry concentration were lower compared to the values of the previous 

catalysts. 

The double calcination treatment, at 500 °C on the Nb2O5 carrier, then at 400 °C 

for 3 h after the Ru deposition by IWI (Figure 5.1i,j) greatly affected the 

performance of the Ru_n_400/Nb2O5_500and the Ru_c_400/Nb2O5_500 

catalysts.They reach a maximum of 79% and 60%CH4conversionat 750°C, 

respectively. 

Summarizing, among all of the catalysts prepared, the calcination treatment on 

the support, or on the Ru-impregnated catalysts greatly affected the overall 

performance towards the MSR. Only six catalysts reached full CH4conversion 

between 700 and 750 °C (Ru_c/MgO, Ru_n/MgO, Ru_c/Nb2O5, Ru_n/Nb2O5, 

Ru_n/Nb2O5_500, and Ru_c_400/Nb2O5, respectively), while the other four 

showed less than 80% CH4conversion between 700 and 750°C. 
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Figure 5.1: CH4 conversion (full black symbols), CO2 selectivity (empty black 
symbols), and H2 dry outlet concentration (full gray symbols) for all of the 
catalysts prepared, as reported in Table 1 (a,b:MgO;c,d: Nb2O5, e,f:_400/Nb2O5, 




















































































































































































































































