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Abstract 

EXPERIMENTAL INVESTIGATION OF METHANE REFORMER WITH A 

CONTINUOUS FLOW REACTOR 

 

Xiao Zhang, Ph.D. 

 

The University of Texas at Arlington, 2016 

 

Supervising Professor: Brian H. Dennis 

  Over the decades, seeking for an alternative energy source has been more and more 

significant because of increasing demand with rapid industry expansion. Liquid 

hydrocarbon from Fischer-Tropsch process is considered as an alternative fuel source 

because the product is considered as subtle for petroleum-derived. Syngas as feedstock for 

F-T process plays a crucial role in liquid hydrocarbon production. Among several 

commercial and experiment technologies, the most common technology for syngas 

production is natural gas reforming. The product from reforming process has proper carbon 

monoxide/hydrogen ratio for direct application in F-T synthesis. Meanwhile, combined 

carbon dioxide into reforming reaction has attracted more and more attention in recent 

studies, which has great potential to help reduce emission of greenhouse gas. However, the 
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main challenge for reforming process is to maintain reaction for a long period running. In 

this study, a lab-scale reactor is designed and evaluated to achieve high efficiency for 2 

types of reforming reaction, steam reforming and dry reforming.    

  For this reactor, methane, the main content of natural gas, was used as reactant gas in 

the reactor for progressive understanding of reforming. The Nickel based catalyst 

supported by SiO2 is preloaded and fixed in the catalyst zone of reactor. The selection and 

preparation for catalyst and support has been discussed in this study. For Steam Methane 

Reforming reaction, experimental work is conducted under Steam/Carbon ratio from 1 to 

4, temperature range from 700 ̊C to 800 ̊C. Methane is fed to the reactor at flow rate 55 

sccm at 1 atm pressure, where experimental conversion data were obtained. The conversion 

rate of methane is calculated as a standard for evaluation of reactor efficiency. As part of 

Fischer-Tropsch process, the quality of gas production is evaluated by H2/CO ratio. The 

catalyst is examined by XRD and EDAX spectrum for carbon formation test. For Dry 

Methane Reforming reaction, experiment is conducted under a temperature range from 

500 ̊ C to 700 ̊ C with molar ratio of CH4/CO2 1. The total flow rate for mixture gas is 65 

sccm. The conversion rates for both methane and carbon dioxide are calculated. The 

product quality is examined by H2/CO ratio. The catalyst stability test is conducted in a 

high carbon intensity with a CO2/CH4 ratio 4 at 700 ̊ C and total flow rate 65 sccm. The 

catalyst is separately characterized in 3 different phases by SEM and XRD technology to 

identify carbon deposition. The results from experiments state that the reactor is able to 
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convert methane to syngas with high efficiency and high tolerance for carbon deposition at 

high temperature environment. COMSOL software is applied for reforming reaction 

process simulation, and the results from simulation support the statement from experiment.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

Table of Contents 

Acknowledgements ............................................................................................................ iii 

Abstract .............................................................................................................................. iv 

List of Illustrations ............................................................................................................. xi 

List of Tables .................................................................................................................... xiv 

Chapter 1 INTRODUCTION ...............................................................................................1 

1.1 BACKGROUND INTRODUCTION ........................................................................................................ 1 

1.2 EMISSION OF GREENHOUSE GAS ...................................................................................................... 3 

1.3 TECHNOLOGIES OF SYNGAS PRODUCTION ....................................................................................... 5 

1.4 CATALYST FOR REFORMING ............................................................................................................. 9 

1.5 RESEARCH OBJECTIVES ................................................................................................................. 10 

1.6 THESIS OUTLINES .......................................................................................................................... 11 

Chapter 2 LITERATURE REVIEW AND METHDOLOGY............................................13 

2.1 FISCHER-TROPSCH SYNTHESIS PROCESS ....................................................................................... 13 

2.2 STEAM REFORMING ....................................................................................................................... 15 

2.3 WATER GAS SHIFT REACTION ....................................................................................................... 17 

2.4 CO2 REFORMING ........................................................................................................................... 18 

2.4.1 CO2-Steam Mixed Reforming ................................................................................................... 18 



viii 

 

2.4.2 Sulfur-Passivated Reforming (SPARG) Process ....................................................................... 19 

2.4.3 CALCOR Process ..................................................................................................................... 21 

2.5 COKE FORMATION ......................................................................................................................... 22 

2.6 CATALYST ...................................................................................................................................... 25 

2.6.1 Catalyst Review ........................................................................................................................ 25 

2.6.2 Effect of Catalyst Support ......................................................................................................... 27 

2.6.3 Catalyst Preparation ................................................................................................................ 28 

2.7 CHARACTERIZATION METHODS FOR CATALYST ............................................................................. 30 

2.7.1 X-Ray Diffraction ..................................................................................................................... 30 

2.7.2 Scanning Electron Microscope ................................................................................................. 32 

2.8 THE GAS CHROMATOGRAPHY SYSTEM .......................................................................................... 34 

2.9 FLOW CONTROL AND MEASUREMENT ........................................................................................... 41 

Chapter 3 STEAM REFORMING EXPERIMENTS (CH4-H2O REFORMING) .............44 

3.1 REACTOR CONCEPT ....................................................................................................................... 44 

3.2 MATERIALS .................................................................................................................................... 46 

3.2.1 Feed Gases ............................................................................................................................... 46 

3.2.2 Catalyst Support ....................................................................................................................... 46 

3.2.3 Catalyst ..................................................................................................................................... 47 

3.3 EXPERIMENTAL SETUP ................................................................................................................... 48 



ix 

 

3.4 EXPERIMENTAL PROCEDURE .......................................................................................................... 51 

3.5 EXPERIMENTAL DATA PROCESS ..................................................................................................... 53 

3.6 EXPERIMENTAL RESULTS ............................................................................................................... 54 

3.6.1 Effect of Temperature ................................................................................................................ 54 

3.6.2 Effect of S/C (Steam/Carbon) Ratio .......................................................................................... 56 

3.7 CATALYST ANALYSIS ..................................................................................................................... 59 

3.8 SUMMARY ..................................................................................................................................... 62 

Chapter 4 DRY REFORMING EXPERIMENTS (CH4-CO2 REFORMING) ..................63 

4.1 INTRODUCTION .............................................................................................................................. 63 

4.2 MATERIALS .................................................................................................................................... 64 

4.3 EXPERIMENTAL SETUP ................................................................................................................... 64 

4.4 EXPERIMENTAL PROCEDURE .......................................................................................................... 66 

4.5 EXPERIMENTAL DATA PROCESS ..................................................................................................... 68 

4.6 EXPERIMENTAL RESULTS ............................................................................................................... 69 

4.6.1 Effect of Temperature ................................................................................................................ 69 

4.6.2 Characterization of Catalyst..................................................................................................... 72 

4.7 CATALYST STABILITY TEST ............................................................................................................ 78 

4.8 COMPARISON OF STEAM REFORMING AND DRY REFORMING ......................................................... 80 

4.9 SUMMARY ..................................................................................................................................... 81 



x 

 

Chapter 5 NUMERICAL ANALYSIS ...............................................................................83 

5.1 MODEL INTRODUCTION ................................................................................................................. 83 

5.2 GOVERNING EQUATION ................................................................................................................. 84 

5.3 KINETICS FOR REFORMING REACTIONS ......................................................................................... 86 

5.4 CONDITIONS FOR SIMULATION MODEL .......................................................................................... 88 

5.5 RESULTS AND DISCUSSION ............................................................................................................. 89 

Chapter 6 CONCLUSION AND FUTURE WORK ..........................................................95 

6.1 CONCLUSIONS ............................................................................................................................... 95 

6.2 RECOMMENDATIONS FOR FUTURE WORK ...................................................................................... 96 

References ..........................................................................................................................98 

Biographical Information ................................................................................................. 110 

 

 

 

 

  



xi 

 

List of Illustrations 

Figure 1.1 Applications of Synthesis Gas ............................................................................2 

Figure 1.2 (a) U.S. Greenhouse Gas Emissions in 2012 (b) U.S. Carbon Dioxide 

Emission (c) U.S. Methane Emission by Source .................................................................4 

Figure 2.1 Overall process scheme for Fischer- Tropsch Process .....................................14 

Figure 2.2: Scheme of industrial-scale steam reforming process ......................................16 

Figure 2.3 Simplified flow chart of CO2-Steam mixed reforming ....................................19 

Figure 2.4 Simplified schematic of SPARG process .........................................................20 

Figure 2.5 Simplified schematic of CALCOR process ......................................................21 

Figure 2.6 Carbon limit diagram. P=25.5 bar ....................................................................23 

Figure 2.7 Reflection of X-Ray .........................................................................................31 

Figure 2.8 Schematic of scanning electron microscope.....................................................33 

Figure 2.9 Sample Chromatogram .....................................................................................35 

Figure 2.10 Operation Process of 10-Port Gas Sampling Valve ........................................37 

(a) Inject Position (Relay G: On); (b) Load Position (Relay G: Off) ................................37 

Figure 2.14 GC Calibration Curves of Carbon Dioxide ....................................................40 

Figure 3.1 Design of Reactor .............................................................................................45 



xii 

 

Figure 3.2 Schematic of Catalyst Preparation....................................................................48 

Figure 3.3 Schematic Diagram of Methane Reformer .......................................................50 

Figure 3.4 Experiment Setup of Methane Reformer ..........................................................51 

Figure 3.5 CH4 conversion as a function of Temperature for SMR ...................................55 

Figure 3.6 H2/CO Ratio as a function of Temperature for SMR ........................................55 

Figure 3.7 CO2 selectivity as a function of Temperature for SMR ....................................56 

Figure 3.8 CH4 Conversion as a function of S/C Ratio .....................................................57 

Figure 3.9 H2/CO Ratio as a function of S/C Ratio ...........................................................58 

Figure 3.10 CO2 selectivity as a function of S/C Ratio .....................................................58 

Figure 3.11 XRD pattern of Ni/SiO2 after reaction ...........................................................60 

Figure 4.1 Schematic Diagram of CH4-CO2 Reforming Experiment ................................66 

Figure 4.2 CH4 conversion as a function of Temperature ..................................................70 

Figure 4.3 CO2 conversion as a function of Temperature ..................................................71 

Figure 4.4 H2/CO ratio as a function of Temperature ........................................................71 

Figure 4.5 XRD pattern of fresh Ni/SiO2 catalyst .............................................................73 

Figure 4.6 XRD pattern of Ni/SiO2 catalyst after reduction ..............................................74 



xiii 

 

Figure 4.7 XRD pattern of Ni/SiO2 catalyst after reaction ................................................74 

Figure 4.8 SEM image of fresh Ni/SiO2 catalyst ...............................................................76 

Figure 4.9 SEM image of Ni/SiO2 catalyst after reduction ...............................................76 

Figure 4.10 SEM image of Ni/SiO2 catalyst after reaction (a) Carbon Pillar (b) Ni catalyst 

covered by Carbon .............................................................................................................77 

Figure 4.11 Conversion Rate for Stability Test ..................................................................79 

Figure 5.1 Mesh for Reactor ..............................................................................................89 

Figure 5.2. ..........................................................................................................................89 

Figure 5.2 Laminar Flow in the Reactor ............................................................................90 

Figure 5.3 CH4 Conversion Rate for Temperature (RSM) .................................................91 

Figure 5.4 H2O:CO Ratio for Temperature (RSM) ............................................................91 

Figure 5.5 CH4 Conversion Rate for S/C Ratio (RSM) .....................................................92 

Figure 5.6 H2O:CO Ratio for S/C Ratio (RSM) ................................................................92 

Figure 5.7 CH4 Conversion Rate for Temperature (Dry) ...................................................93 

Figure 5.8 CH4 Conversion Rate for CO2:CH4 Ratio (Dry) ..............................................94 

  

 



xiv 

 

List of Tables 

Table 1.1 Compositions of Operational Synthesis Gas ....................................................... 1 

Table 1.2 H/C Atomic Ratio of Typical Feedstock ............................................................. 6 

Table 2.1 Metal catalysts with different support for Syngas/H2 ....................................... 25 

Table 2.2 Price of Metal for Catalyst ................................................................................ 27 

Table 2.3 Gas Factor Table................................................................................................ 43 

Table 3.1 Properties of SiO2 .............................................................................................. 47 

 

 

 

 



1 

 

Chapter 1                              

INTRODUCTION 

  In this chapter, I first briefly introduce the background of synthesis gas and emission of 

Carbon Dioxide (CO2). Then, the methane (CH4) reforming technology are reviewed. And, 

a general introduction for catalyst applied in reforming reaction is presented. At the end of 

this chapter, the research objectives and the outline of this dissertation are also listed in this 

chapter.  

1.1 Background Introduction 

  Synthesis gas (syngas) has been considered as a multi-purpose energy product. It is well 

known as the feedstock for versatile products, including hydrogen, town gas and transport 

fuel. Syngas is a mixture gas, and the main compositions of syngas are mostly hydrogen 

(H2), carbon monoxide (CO), Carbon Dioxide (CO2) and Methane (CH4). The percentage 

of syngas composition is shown in Table 1.1 for instance.  

Table 1.1 Compositions of Operational Synthesis Gas (From Clarke-Energy) 

Substance Composition (%) 

H2 20-40 

CO 35-40 

CO2 25-35 

CH4 0-15 

N2 2-5 

  Syngas is widely applied feedstock which could provide service in turbine as heated gas 

because of heating value, or the utilization of H2 and CO for a fundamental part of the 
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downstream fuel chemistry and production applications. Syngas is an important 

intermediate for the production of synthetic diesel via Fischer-Tropsch process [1]. 

Conversion Syngas by Fischer-Tropsch process produce an alternative liquid fuel that has 

some of the most significant benefits for alternative fuels because: 

 Reduction in carbon emissions by potential for sequestration of waste gas. 

 F-T diesel can be directly use without further engine modification. 

 Natural Gas can be guaranteed as long-term primary supply.  

 

Figure 1.1 Applications of Synthesis Gas 
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  In general, Syngas is a very valuable and versatile product. It can be generally used for 

vast range of different downstream applications. Therefore, the demand of Syngas, with its 

value and versatility, would be predominant.  

1.2 Emission of Greenhouse Gas 

  The composition of greenhouse gas include carbon dioxide (CO2), methane (CH4), 

nitrous oxide (NO2) and fluorinated gases. The distribution of U.S. greenhouse gas 

emission is showed in Fig 1.2. From this figure, over 90% of greenhouse gas emission is 

from CO2 and CH4. And most of CO2 comes from electricity production and transportation, 

which is generated by the combustion of fossil fuel. From Fig 1.2 (c), there are also 29% 

of CH4 emissions from natural gas and petroleum systems, which is the largest source of 

CH4 emission. Because CH4 is often found alongside those fossil fuel and relative 

productions [2].      

  The fossil fuels, which contain high percentages of carbon, are greatly consumed in both 

industry and daily life, including power plant, automobile, heating appliance and so on. 

The CO2 emission in U.S. from fossil fuels consumption is 5072.3 million metric tons in 

2012 [2], which is slightly decreased compared to 2011. But the CO2 emission still 

relatively exceed the natural absorption process, which is only 18.2 percent of U.S. CO2 

emissions in 2012 [2]. The rate of greenhouse gas emission has succeeded absorption rate 
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of earth which leads to continuous increase concentration of greenhouse gas in atmosphere 

[3]. One of major effect caused by these emissions is deterioration of global warming. 

 

  (a)                                        (b) 

 

      (c) 

Figure 1.2 (a) U.S. Greenhouse Gas Emissions in 2012 (b) U.S. Carbon Dioxide Emission by Source    

(c) U.S. Methane Emission by Source 

(Source: United States Environmental protection Agency) 
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  Under the pressure of environment and urgent demand of energy, research for recovery 

and disposal CO2 has been more and more attracted in recent years. It has been noticed that 

the great potential of catalytic CH4-CO2 reforming would be an effective solution for 

consuming two major problematic greenhouse gases to produce syngas. Because compared 

to other conventional fossil fuel, synthetic liquid fuel by Fischer-Tropsch process is a 

promising alternative due to its capability for the control of greenhouse gas effect.  

1.3 Technologies of Syngas Production 

  Synthesis gas is a mixture gas that contains mainly carbon monoxide, hydrogen and 

carbon dioxide, and the composition percentage for each gas could be determined by 

different production processes. Several commercial and experimental technologies are 

applied for syngas production [4]. Syngas could be produced by coal pyrolysis, biomass 

gasification [5], and convert from CO2 and H2O drove by microwave energy [6] or solar 

energy [7]. The steam methane reforming is the most common technology in industry [8] 

and is more suitable for hydrogen, or syngas, production because of more hydrogen 

concentration in production gas compared to another dominant syngas production process, 

coal gasification (pyrolysis). Methane as light hydrocarbon contain much more hydrogen 

than carbon. As shown in Table 1.2, H/C ratio of Methane is the highest among listed 

materials. Therefore, syngas produced from methane has a higher H2/CO than coal [9]. For 
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Fischer-Tropsch diesel production, a H2/CO syngas molar ratio, which is from less than 

one to over two [10], may be required. 

Table 1.2 H/C Atomic Ratio of Typical Feedstock [11] 

Materials H/C 

Coke  0.13 

Charcoal  0.32 

Anthracite  0.38 

Bituminous coal  0.80 

Lignite 0.86 

Peat  1.15 

Heavy and residual oil  1.41 

Wood  1.44 

Crude oil  1.71 

Lignite fuel oil  2.00 

Naphtha (light distillate feedstock)  2.18 

Liquefied petroleum gases (LPG)  2.67 

Liquefied nature gases (LNG)  3.43 

Methane  4.00 

 There are several major reforming processes of syngas production:  

 Steam Reforming 

 Partial Oxidation 

• Thermal Partial Oxidation 

• Catalytic Partial Oxidation  

 Autothermal Reforming 

 Dry Reforming (CO2 Reforming) 
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In general terms, steam methane reforming (SMR) is a thermal process for syngas or 

hydrogen production under an action of catalyst at high temperature. The major 

stoichiometry for steam methane reforming is presented in Equation 1.1.  

CH4 + H2O ↔ CO + 3H2, ΔH = +206 kJ /mol    (1.1) 

The excess steam involved in the SMR reaction lead to water gas shift reaction (Eq. 1.2), 

which helps increase the H2/CO of product gas.  

CO + H2O ↔ CO2 + H2, ΔH = -41 kJ/ mol    (1.2) 

Therefore, the combination reaction for SMR is: 

CH4 + 2H2O ↔ CO2 + 4H2, ΔH = +165 kJ /mol    (1.3) 

As indicated by Eq. 1.1, Eq. 1.2, and Eq. 1.3, the steaming reform process is combined by 

two steps: First, Eq. 1.1 is the reforming reaction which is a strongly endothermic reaction 

occurred at high temperature; second, Eq. 1.2, water gas shift reaction, is preferred at lower 

temperature because this reaction is exothermic [12].  

  Partial oxidation (POX), which is exothermic, is an alternative reforming process to 

produce syngas. The following equation represent partial oxidation reactions: 

CH4 +1/2 O2 ↔ CO + 2H2, ΔH = -36 kJ /mol   (1.4) 

There are three types of POX reaction, thermal partial oxidation (TPOX) with high 

temperature, catalytic partial oxidation (CPOX) under catalyst action to react at lower 

temperature, and received heat from autothermal reforming (ATR), which is an exothermic 

reaction [13]. Partial oxidation (POX) can handle a wide range of feedstock from light 
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hydrocarbon to heavier petroleum fractions. The temperature range for TPOX is typically 

from 1200 ̊C to 1500 ̊C. To activate catalyst, CPOX requires lower temperature around 

900 ̊C. The advantage of TPOX over CPOX is that sulfur compound is suspended in the 

reaction for longer time [12]. Although steam reforming is endothermic reaction required 

more energy than partial oxidation, the cost of device for oxygen supply and 

desulfurization process still obstruct the development of partial oxidation.    

  Autothermal reforming combines the exothermic partial oxidation with endothermic 

steam reforming reactions in one reactor. In this reaction, fuel, steam and air are feeding 

into a reactor with catalyst supporting both partial oxidation and steam reforming. The 

reaction contains 2 parts: one is combustion or partial oxidation area; another is catalytic 

area. The Eq. 1.6 is a possible oxidation reaction in combustion area. The excess methane 

will continually consume the steam in catalytic area based on Eq. 1.1 through 1.3.      

CH4 + 3/2 O2 ↔ CO + 2H2O, ΔH = -519 kJ /mol    (1.5) 

The heat generated by the oxidation reaction is transferred to compensate steam reforming 

reaction, which makes temperature low in the reactor [13]. Therefore, the exothermic 

partial combustion of the fuel can supply heat and steam to methane reforming reactions, 

the reactor system requires less steam and can be compact and simplified without external 

heating source [12]. However, unexpected carbon deposition in reactor is always a serious 

problem causing equipment damage, pressure drop, and poor thermal properties [14]. 
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  Dry reforming (CO2 Reforming) has been broadly mentioned in recent research, since 

its production of syngas could be desirable feedstock for Fischer-Tropsch synthesis [15]. 

In addition, CO2 reforming of CH4 has important reduction in greenhouse effect by 

converting CH4 and CO2 into value syngas. The reaction for Methane reforming with CO2 

is shown by Eq. 1.6.    

CH4 + CO2 ↔ 2CO + 2H2, ΔH = +247 kJ /mol    (1.6) 

The CO2 reforming of Methane is an endothermic reaction, which require more energy 

than convention steam reforming. And coke deposition cause catalyst deactivation is 

another drawback for CO2 reforming. 

  Currently, it is acknowledged that the excellent thermal performance and low cost are 

the major advantages, which make catalytic steam reforming of natural gas widely adopted 

in industry scale syngas production [84]. 

1.4 Catalyst for Reforming 

  There has been extensive amount of active metal, including noble metals and transition 

metals, as reforming catalysts. The Methane Steam Reforming is conducted at 850 ̊ C, and 

excess steam is utilized for high S/C ratio range from 2-5 to protect nickel catalyst away 

from deactivation in industry application [16]. Coke Formation, which leads to catalyst 

deactivation and structure failure, is extremely harmful for SMR reaction. Lower S/C ratio 

(< 1.4) and atmospheric pressure are beneficial for coke formation. The most suitable 
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temperature is at 637 ̊ C for coke formation [17]. The carbon usually forms at the interface 

between active metal and the catalyst support with a temperature range of 500–700 ̊ C. 

The carbon accumulated on the catalyst will make catalyst failure [18]. Noble metals as 

catalyst have great performance in prevention of carbon formation, which has specific 

property to dissolve carbon into these metals [19]. The common noble metal adopted as 

catalyst are Rhodium, Platinum, Palladium, Ruthenium and Iridium. Noble metals catalysts 

are stable for methane reforming [20] compared with conventional nickel catalysts. Rh and 

Ru catalysts totally avoid carbon deposition during reaction, since no carbon is detected. 

Pd catalyst is able to depress carbon deposition under 650 ̊ C, and Ir and Pt catalysts can 

resist carbon deposition under 750 ̊ C [21]. However, high price and low availability of 

noble metals limited extensively application as catalyst in industry reforming process [22]. 

1.5 Research Objectives 

 In this study, a reactor for two types of methane reforming reaction will be designed and 

tested as feedstock provider in Fischer-Tropsch synthesis, which is another study in our 

group. In order to make synthesis gas, which could be used directly in Fischer-Tropsch 

process, the overall project examines a laboratory-scale fixed-bed reactor to tailor the 

syngas desirable for downstream process requirement. This reactor has proven to be 

feasible, archived high natural gas conversion rate and performed excellence in stability 
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test; on the other hand, the device is remained portable. In addition, experiment devices for 

the dry reforming process has also been evaluated. 

  The nickel-based non-precious metal catalyst has been applied because of low cost and 

metal availability. Nickle Catalyst has been characterized by using XRD and SEM 

techniques to analyze material’s properties and performance. And the mechanical and 

chemistry properties of catalyst support is greatly effect on the performance of the catalyst 

in the reaction. Compared to previous research using common Ni/Al2O3, the reformer 

reactor has the potential to help improve reaction effect by using Ni/SiO2 catalyst. 

1.6 Thesis Outlines 

  Chapter 1 briefly introduces background of syngas and Fischer-Tropsch process. The 

CO2 affection for global warming is introduced. And the technology of reforming process 

for syngas production is presented. The significance of syngas product from reforming is 

discussed.  

  Chapter 2 contains literature review and introduction of methodology. The Fischer –

Tropsch process is also briefly introduced. The network of reactions for two major 

reforming methods, CO2 reforming and steam reforming, are presented. The catalyst 

selection for reforming process is reviewed based on previous study. The effect of catalytic 

support is discussed. The catalyst preparation method is discussed, and the process is 

presented. The technologies of catalyst characterization are also introduced. Gas 
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Chromatography technique is presented with calibration figures for the single gas 

component.   

  Chapter 3 shows the steam methane reforming reactor with nickel catalyst. The concept 

of reactor design, material, the experimental setup and procedure are described. Meanwhile, 

the experiment has been investigated by the effect of essential parameters, and the quality 

of syngas production is evaluated. The characterization of Ni/SiO2 is also discussed. 

  Chapter 4 demonstrates the process of CO2 reforming of CH4. The investigation on the 

effects of temperature for production quality is conducted. The Ni catalyst has been 

characterized by XRD and SEM to compare the different properties in 3 phase, and analysis 

carbon deposition on the surface. Catalyst duration test for CO2 reforming of CH4 is 

achieved. 

  Chapter 5 discuss the simulation process for both Steam Reforming and Dry Reforming. 

The governing equations and kinetic equations for reactions has been presented. The results 

from simulation has been compared with experiment, and varies parameters are involved 

in the simulation to predict the reactions for implement. The results for combination of 

steam reforming and dry reforming has been investigated based on simulation results.    

  Chapter 6 concludes results for this reactor in 2 kinds of reforming process. The 

recommendations for future work are summarized. 
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Chapter 2                              

LITERATURE REVIEW AND METHDOLOGY 

  Reforming technologies are broadly applied in industry to produce variety chemicals for 

downstream processes. In this study, the reforming processes is limited to a specific 

application, as feedstock provider for Fischer-Tropsch synthesis. For this purpose, two kind 

of reforming system are setup for desired syngas ratio. 

 First, the steam methane reformer produces syngas with a high H2/CO ratio. Second, the 

syngas with a low H2/CO ratio is produced from CO2 reforming with CH4. 

2.1 Fischer-Tropsch Synthesis Process 

  In 1920s, two German scientists, Franz Fischer and Hans Tropsch, discovered a method 

to convert syngas into liquid fuel at Kaiser Wilhelm Institute for Coal Research (presently 

Max Planck Institute for Coal Research) [23]. They performed the reactions over iron 

catalysts at 400-450 °C and atmospheric pressure to result in a product of liquid fuel. The 

overall reactions of the Fischer-Tropsch synthesis are listed below based on different 

products of alkanes, alkenes and alcohols: 

n CO + (2n+1) H2 → CnH2n+2 + n H2O    (2.1) 

n CO + 2n H2 → CnH2n + nH2O    (2.2)     

n CO + 2n H2 → CnH2n+2O + (n-1) H2O    (2.3)  

where n is an integer.    
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Therefore, the component of F-T process is a complex mixture of hydrocarbon and 

oxygenated products. Since the water is main product from F-T process, the water gas shift 

reaction (WGS) is also activated under certain conditions. 

CO + H2O ↔ CO2 + H2, ΔH = -41 kJ/ mol      (2.4)  

The common metal catalyst for F-T process are cobalt, iron, ruthenium and nickel. Among 

them, cobalt and iron are commonly used in industry-scale F-T process at a temperature 

from 200 ̊C to 300 ̊C with a pressure from 10 to 60 bar [24]. Synthetic fuels produced by 

the F-T process has gained more interest as high quality transportation fuels, which are 

absence of sulfur, nitrogen and aromatics [25]. 

 

Figure 2.1 Overall process scheme for Fischer- Tropsch Process (taken from [26]) 
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    Figure 2.1 shows a Fischer-Tropsch Design flow diagram. In this figure, area 100 part 

is synthesis gas preparation. From Choi et al. [26] ‘s analysis, the syngas preparation plays 

a major part in capital cost of F-T process. Hence, to build up an efficient and feasible way 

for syngas production is our research aim.   

2.2 Steam Reforming 

  Steam reforming process has been broadly used since the 1930s for production of 

hydrogen or syngas [27]. Methane as a main part of the natural gas, which is naturally 

stored, is in abundant quantities and cheaper than steam production [28]. Therefore, steam 

methane reforming is widespread in commercial chemical production. Steam Methane 

Reforming (SMR) is consist of two major reactions, the endothermic reforming reaction 

and the weakly exothermic WGS. Desulfurized and pretreated methane from natural gas 

must be provided to avoid catalyst poisoning. 

With methane and superheated steam fed into reactor, the following equations describe 

collection of possible reactions under steam-reforming conditions: 

• Major Reactions  

CH4 + H2O ↔ CO + 3H2 (SMR) 

CO + H2O ↔ CO2 + H2 (WGS) 

• Undesired Reactions including Boudouard reaction, Methane Cracking and Coke 

Gasification 
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2CO ↔ CO2 + C, ΔH = -172 kJ /mol    (2.5) 

CH4 ↔ C + 2H2, ΔH = +75 kJ /mol    (2.6) 

C + H2O ↔ CO + H2, ΔH = +131 kJ /mol    (2.7) 

The Eq. 2.5 and Eq. 2.6 are very unfavorable because of coke formation, which is harmful 

for reformer. Therefore, the SMR has to be performed at high temperature and moderate 

steam-to-carbon ratio (500-900°C and 2.5-3) in order to avoid coke and yield desired 

hydrocarbon [29]. 

 

Figure 2.2: Scheme of industrial-scale steam reforming process (taken from [30]) 

An industry steam methane reforming scheme for hydrogen manufacturing is presented in 

Figure 2.2. The preheated hydrocarbon feed gas is desulfurized by passing through hydro 

treater and desulfurizer before flowing into the catalyst reformer. Typically, the reformer 
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maintains at 760 °C and the steam to hydrocarbon ratio is three [30]. For hydrogen 

production, the WGS reactors enhance conversion rate to maximize hydrogen production. 

Then the hydrogen is purified by purification process for downstream applications. 

Majority of the hydrogen (37%) is as feedstock for ammonia plant with nitrogen [30], but 

compare to other energy sources, hydrogen, as fuel cell supply, is a promising alternative 

to fossil fuels due to its clean and non-polluting nature without restriction of location [31]. 

2.3 Water Gas Shift Reaction 

  Water Gas Shift (WGS) is an important reaction alongside steam reforming process. 

CO + H2O ↔ CO2 + H2  

The WGS reaction convert CO into H2 for increasing concentration of H2 in product 

Because WGS reaction is slightly exothermic, the conversion rate is depressed by 

increasing temperature. Metal catalyst is also required due to lower reaction rate at a low 

temperature [32]. This process is reversible, so it is commonly used to tailor ratio of H2/CO 

for syngas product. Both forward and reverse reactions will occur at temperature range 

from 400 °C to 1200 °C [33]. However, the equilibrium constant of reverse WGS reaction 

is less than 0.1 at high temperature in the results from previous study [33]. The pressure 

has no effect for WGS reaction’s equilibrium, since the volume remain same before and 

after the reaction. 
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2.4 CO2 Reforming 

  The trend of CO2 reforming investigation is more and more attractive with increasing 

environmental issue caused by greenhouse gas and urgent demand of searching alternative 

fuel. For CO2 reforming, there is no steam involved in the reaction, so this reaction is also 

known as dry reforming. The chemical equation of the dry reforming is shown in equation 

below. 

CH4 + CO2 ↔ 2CO + 2H2 (Dry Reforming) 

The H2/CO ratio value of syngas as product of this reaction is 1 from equation, so this 

syngas production is considered suitable as raw feedstock for the F-T synthesis. However, 

there are 2 disadvantages for the CO2 reforming. First, compare to cheap raw materials, 

CH4 and CO2, the cost of amount energy consumption cannot be neglected due to 

endothermic property of CO2 reforming. Another one is coke deposition at high 

temperature with high carbon concentration, which leads to catalyst deactivation and 

slugging inside the reactor.  

2.4.1 CO2-Steam Mixed Reforming 

 From above steam reforming and water gas shift reactions, CO2 is contained in the syngas. 

Therefore, it can be added into reactor as a complement to adjust the H2/CO ratio for syngas 

suitable for downstream process. The simplified flow chart is presented in Fig. 2.3. 
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Figure 2.3 Simplified flow chart of CO2-Steam mixed reforming 

The O/C and H/C ratio in the feed gas may affect the tendency to carbon deposition [34]. 

The lower H2O/CH4 and H2/CO ratios is set, the higher coke formation potential [35]. 

Therefore, in dry reforming, the rich carbon environment leads to a faster carbon formation 

than steam reforming. By combining CO2 and Steam together, the coke deposition is 

controlled. 

  The process of CO2-steam mixed reforming has 4 major parts. After pretreatment for 

feed gas, the steam and CO2 are mixed in the reformer at high temperatures. Then, after 

passing through WGS reactor, a cleanup unit is applied to remove CO2 from product. The 

pressure swing adsorption technology is usually adopted in CO2 removal for commercial 

reforming plant. 

2.4.2 Sulfur-Passivated Reforming (SPARG) Process 

  The sulfur-passivated reforming was designed to produce low H2/CO ratio syngas by 

replacing part of steam with CO2. The first commercialized SPARG plant was built in 

Texas in 1987 to obtain lower H2/CO ratio. The previous study showed that the rate of the 

carbon formation was more sensitive to sulfur than the reforming rate [36]. Therefore, a 
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sulfur-passivated catalyst, by partially poisoning catalyst with sulfur, is used to decrease 

the possibility of carbon growth. And the partial poisoned catalyst remains capability to 

archive high conversion rate. Fig. 2.4 shows a flow chart of SPARG process. The feed gas, 

steam and CO2 are mixed in the reactor. The different concentration of CO2 and steam 

allows the syngas composition have a low H2/CO. 

 

 

Figure 2.4 Simplified schematic of SPARG process (taken from [37]) 
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2.4.3 CALCOR Process 

  The CALCOR process aims to produce high purity CO or CO-rich syngas. The 

CALCOR is operated at a low pressure and a high temperature conditions, which is similar 

to the dry reforming reaction. The schematic of CALCOR economy process is summarized 

in Fig. 2.5 from previous work [38]. The feed gas and excess CO2 is preheated and 

desulfurized for catalyst protection and H2 reduction before flowing into reactor. In the 

reactor, the feed is reformed to mixture syngas. Then the CO in the mixture is purified by 

2 membrane stages. And the rest of mixture are recycled for CO2 recover and combustion 

fuel for reformer heating process. 

 

Figure 2.5 Simplified schematic of CALCOR process (taken from [38]) 
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2.5 Coke Formation 

  Coke formation is a major problem in steam reformers lead to catalyst deactivation. The 

metal surface of catalyst is covered by carbon deposition, and the reactants cannot contact 

active catalyst sites leading to deactivation. Meanwhile, coke formation in the reform 

reactor increase the pressure and block the gas flow. Two main reactions, Methane cracking 

reaction and Boudouard reaction, are contributed to coke formation during the reforming 

process.    

Methane Cracking CH4 ↔ C + 2H2, ΔH = +75 kJ /mol  

Boudouard Reaction 2CO ↔ CO2 + C, ΔH = -172 kJ /mol     

Methane cracking occurs at high temperature and high pressure, when the Boudouard 

reaction happen at lower temperature [39]. The feed ratio of S/C is also significant factor 

for coke formation tendency, because that high coke formation rate is paralleled with low 

H2O/CH4 ratios [35].  
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Figure 2.6 Carbon limit diagram. P=25.5 bar (taken from [40]) 
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  The diagram limit for carbon limit with different S/C and CO2/CH4 ratios is defined in 

Figure 2.6 [40]. The figure thermodynamically predicated carbon using different molar 

ratio of CO2/CH4 and S/C at conditions of 25.5 bar. The mixing ratio to the left limit curve 

has thermodynamic potential for the carbon formation, while those on the right side of the 

curve does not. The H2/CO ratio is indicated by different combinations of S/C and CO2/CH4 

ratios at the reformer outlet. This carbon limit diagram is for Nickel catalyst. For point C 

and D, using noble metals and sulfur passivated catalyst is possible to decrease coke 

formation even in the coke zone for Ni catalyst [40]. Consequently, there are several ways 

inhibit carbon formation. Combining steam and CO2 is a possible method to reduce the risk 

of the coke formation, since steam could increase the H/C ratio. But the H2/CO ratio will 

also increase with the addition of water, which cannot be directly applied for Fischer-

Tropsch synthesis. Coupling with partial oxidation is an alternative method to increase O/C 

ratio. And noble metal catalyst is also very helpful for limiting carbon formation. However, 

the high cost for both of them is not welcome for commercial application. Therefore, the 

research aim for the future is to establish reforming reaction at conditions in the coke zone, 

in which locate left to the carbon limit cure, with depressed carbon formation.   
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2.6 Catalyst 

2.6.1 Catalyst Review 

  The catalyst for Steam Methane Reforming, Dry Reforming, and Partial Oxidation 

Reforming has been extensively reported in literatures. The performance of various 

transition and noble metal catalysts involving Rh, Ru, Pt, Pd, and Ni are studied with 

different supports. Table 2.1 presents the various catalyst has been investigated over 

different support. 

 Table 2.1 Metal catalysts with different support for Syngas/H2  

Catalyst Metal Support Reaction Ref. 

Pt Al2O3 SRM [41][55] 

Pt ZrO2 SRM [41][54][55] 

Pt ZrO2-CeO2 SRM [41] 

Rh Al2O3 Dry/SRM [42-45][47] 

Rh ZrO2 Dry/SRM [42-43] 

Rh SiO2 Dry [42][45][47] 

Rh MgO Dry [45-47] 

Ir MgO Dry [46] 

Ir CeO2 SRM/POX [56] 

Ir Al2O3 Dry [57] 

Ni MgAl2O4 SRM [40][48] 

Ni Al2O3 Dry [49-50][53][63] 

Ni MgO-SiO2 Dry [51] 
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Ni MgO Dry [52] 

Ni SiO2 Dry [62-63] 

Pd ZnO SR of Methanol [58-59] 

Pd γ-Al2O3 SR of Ethanol [60] 

Pd CeO2 SRM [61] 

Ru Al2O3 SR of ethanol [64][66] 

Ru MgO SRM [65] 

Ru TiO2 Dry [66] 

(SRM: Steam Methane Reforming, SR: Steam Reforming, Dry: CO2 Reforming for Methane, POX: Partial 

Oxidation Reforming) 

  In general, the catalytic activity of metal catalysts is following the order: Ru> Rh> Ir> 

Pd> Pt> Ni. Thus, these noble metals as catalyst in the processes of methane reforming has 

been considered individually for their characteristics. From previous researches, the 

performance of Pt and Rh are exclusively outstanding for the methane reforming. There 

are several advantages that are benefit to the methane reforming. The features of noble 

metals are: high activity, which enable reforming process run at lower temperature with 

high conversion rate; good thermal stability, the noble metal catalyst can remain their 

activity at high temperature; good selectivity, the conversion rate for desired product is 

high; high resistance for coke deposition, this character prevent the possibility of coke 

deposition and protect catalyst from deactivation. The application of noble metals as 

catalyst for methane reforming attract much attention because of their excellent properties. 
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However, the high cost of noble catalyst is the main reason why these high effective 

catalysts cannot be widespread applied in industry scale reformer. Table 2.2 shows the 

price of metal for catalyst. 

  From this table, compared to Ni, the price of noble metal is from hundreds time to 

thousand times higher. Therefore, with higher loadings, Ni has a comparable performance 

for noble metals such as Pt and Rh, to obtain same quality product. Because of low price, 

Ni is considered the major catalyst to convert methane into syngas for laboratory scale or 

industry scale.  

Table 2.2 Price of Metal for Catalyst (Source: infomine.com) 

Metal Price(USD/Oz) 

Rh 1230.00 

Pt 1209.50 

Pd 773.50 

Ir 540.00 

Ru 58.00 

Ni 0.4325 

 

2.6.2 Effect of Catalyst Support 

  The catalyst contains two major parts, active catalytic metal and catalytic support. The 

duty of the catalytic support is served as a substrate to maintain the active metal stable and 

high activity under conditions for reforming process. The catalytic support plays a crucial 

role in the catalytic process. From Table 2.1, different supports with same active metal lead 



28 

 

to various reaction efficient [47]. The reactions of steam methane reforming and CO2 

reforming with methane, which are commonly applied in syngas production, are highly 

endothermic at temperatures from 700 and 1000°C [67]. Thus, the catalytic support for 

these reactions must have capability to maintain thermal stability at the high temperature. 

In this case, the oxides, such as Al2O3 and SiO2, are good options to be used as catalytic 

support because of their high melting points. Table 2.3 presents the melting points for 

catalytic support recently studied in reforming reaction [68]. The different oxides such as 

Al2O3, TiO2, SiO2, MgO, are commonly used as catalyst supports, which allows larger 

surface area because of porosity.  

2.6.3 Catalyst Preparation 

There are two major catalyst preparation technologies applied for industrial catalyst: 

Precipitation and Impregnation. Precipitation is a process for formation of solid catalyst 

from liquid solution [69]. The metal salts are dissolved into precipitating reagent using a 

stirred reactor. And then the filtration, drying, and calcination steps can make catalyst clean 

to use. The precipitation method can produce catalyst in large amount with uniform 

property. Another technology for industrial catalyst is impregnation. The solution 

containing metal salts is dispersed over a high surface area. After removing other solvents 

by drying, the catalyst is placed in the furnace for calcination to transfer to an active phase. 

The impregnation process is simpler than precipitation, and the catalyst produced by 
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impregnation is clearly divided into 2 phase: active phase and support phase. The final 

activation step for catalyst is the reduction of active metal oxide. The reduction of catalyst 

is to reach an optimization situation under the limitation of duration period and high 

activity [70]. 

  In our study, the impregnation method is adopted for convenient. 4.94 g of 

Ni(NO3)2·6H2O is dissolved in 10.0 mL of DI H2O, and shake the solution until completely 

dissolved. Then fill a syringe with the Ni(NO3)2·6H2O solution, and slowly sprinkle this 

solution onto 10 g of SiO2 (or Al2O3) pellets in a separate beaker. Rotate and occasionally 

shake the beaker so as to agitate the SiO2 (or Al2O3) mixture. All of the liquid solution 

should be absorbed by the silica, if there is any excess present, shake the silica until all the 

solution is absorbed. Later pour the SiO2 (or Al2O3) on the watch glass in a manner so all 

the SiO2 (or Al2O3) pellets separate evenly and are exposed to air. The Ni impregnated 

silica is now green in color. Let the sample air dry overnight after. Preheated the furnace 

at 300 ̊ C and then the resulting brown pellets are calcined in air by placing the entire 

sample in a muffle furnace at 300 ̊ C for 3 h the oven was turned off and allowed to cool 

to room temperature with the sample in it. Catalyst is taken out from the furnace at room 

temperature. After preparation, the catalyst is loaded in the fix-bed reactor for upcoming 

experiment. The catalyst is reduced by H2 flow at 550 ̊ C for 4 h.  
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2.7 Characterization Methods for Catalyst 

  Characterization is one of the most important methods to understand the material 

property of catalyst. By identifying the material property of catalyst, the performance of 

catalyst, such as activity and level of coke formation, can be analyzed and compared during 

the reforming process.     

2.7.1 X-Ray Diffraction 

  X-Ray diffraction (XRD) is a non-destructive technique used to characterize crystal 

structures at the atomic or molecules level and obtain material compositions by analyzed 

diffraction patterns. Crystal, as diffraction grating, leads to interference effect of light 

because of coherent scattering. Then, the intensity of scattering incident X-Ray will be 

enhanced or decreased. In a particular direction, the constructive interference will produce 

the maximum intensity X-Ray beam, also so know as diffraction X-Ray. This reflection 

has an angle θ with the surface of crystal. The figure for this reflection is illustrated in Fig. 

2.7. When the reflection condition is satisfied, Bragg’s law can be applied to calculate the 

distance between the diffraction planes or incident angle θ. 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆    (2.8) 

Where d is the distance between diffraction planes, θ is the X-Ray incident angle, n is an 

integer, and λ is the wavelength of X-Ray beam. The densities of crystal particles (atoms, 

ions and molecule) will play a crucial factor on the intensity of reflected X-rays. Since each 
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crystal structure has individual molecular structural, the XRD pattern is unique for crystal 

to be identified. 

 

 Figure 2.7 Reflection of X-Ray (Source: Wikipedia-XRD) 

  The XRD pattern is obtained by hitting crystal surface with collimated monochromatic 

X-Ray beam. The X-Ray source and detector are controlled by computer for automatic 

rotation based on a pre-setup angle range. This range can be determined either by quick 

scanning of XRD device or anticipation of material composition. The test sample is grinded 

into fine homogeneous powder and uniformly pressed into plate. This random distribution 

of crystal will help clearly identify the reflection. 
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2.7.2 Scanning Electron Microscope 

  Scanning electron microscope (SEM) is a precision device used to produces high 

solution images of catalyst surface in micrometer/nanometer scale. SEM use a very narrow 

electron beam to scan the catalyst sample and the electron interact with sample for 

secondary electro emission. Secondary electron can produce a magnified topography image 

of sample surface by scanning sample point by point. The electron beam is generated and 

accelerated from an electron gun to an energy in the range 0.1-30 keV (100-30,000 electron 

volts) [71]. A small electron spot, whose diameter is less than 10 nm, is focused on the 

surface of specimen to generate signals for image formation. The schematic of SEM is 

shown in Fig. 2.8. To avoid sharp intensity of current on the surface, samples must be 

electrically conductive; non-conductive samples are often coated with an ultrathin coating 

of metal. The vacuum environment is preferred by SEM system to protect electron gun 

from oxidation and collect more electrons, but technology have been developed that allow 

imaging biological samples [72].  
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Figure 2.8 Schematic of scanning electron microscope (taken from [73]) 

  Scanning electron microscope manufactured based on the interaction between the 

electron and the substance. When a high-energy incident electron beam hit surface of the 

material, the stimulated region will generate secondary electrons, Auger electrons, 

characteristic X-rays, continuous spectrum X-rays, backscattered electron, transmission 

electron, as well as electromagnetic radiation in the visible, ultraviolet and infrared light 
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region. In general, using interaction between electrons and specimen, the physical and 

chemical property of sample, including morphology, composition, crystal structure and 

internal electric or magnetic fields, will be obtained. SEM, according to the different 

mechanism from collected signals, can select research target by using different detector. 

As for the secondary electrons, the SEM can generate high quality pictures of a sample 

surface in nanometer scale. Backscattered electron collection is the beam electrons 

reflected from the sample by elastic or non-elastic scattering. The yield of backscattered 

electron increases with rise of a sample atomic number, so backscattered electron can not 

only be used to analyze the morphology, but be used to analyze the ingredients of the 

sample. Various elements have their own characteristic X-ray wavelength, and the 

characteristic wavelength depend on the characteristic energy ΔE released during the 

energy level transition. The collection characteristic X-rays is used to investigate the 

composition of elements in the sample based on characteristic energy. 

2.8 The Gas Chromatography System 

  Chromatography is a very important analytical technique used to identify and 

characterize different components in a mixture. The method separates a small gas sample 

to measure the respective concentrations for each component by different detectors. The 

sample gas is injected through injection port into the Gas Chromatography (GC) system, 

and Helium gas as the carrier gas, also known as mobile phase, takes sample into the 
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column, which contains stationary phase. The sample gas is separated in the column, 

because the adsorption time for each component to get through stationary phase is different. 

After separation, the component is sent to a detector by carrier gas to determine 

concentration for each component. For this study, thermal conductivity detector (TCD) is 

applied to identify gas component for mixture sample. Since thermal conductivity of the 

carrier gas (helium) flow is higher than effluent flow from column, the detector will send 

a signal when capture a temperature rise caused by thermal conductivity drop. The output 

signal of detector is processed to computer to generate a chromatogram for analysis. The 

figure 2.9 shows a chromatogram for instance.                                            

      

Figure 2.9 Sample Chromatogram (x-time, y-height) 
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The different peaks represent each constituent, the time related to the specific peak is 

retention time, and the area of peak has a proportional relation with amount of component. 

For fixed column conditions, the retention time for specific constituent is repeatable. 

  SRI model 8610C gas chromatography system is used for product gas composition 

analysis. This GC system equips a sampling system in heated valve oven, two columns in 

the heated column oven and a thermal conductivity detector (TCD). The sampling valve 

contains a 10-port gas sampling valve and a 1mL sample loop. The valve, sample loop and 

two columns are arranged in a specific order to separate the product gas, including 

hydrogen, methane, carbon dioxide and carbon monoxide. The operation process of the 

sampling valve is presented in Figure 2.10. The ten-port sampling valve samples connected 

with a 1mL sample loop is switch between Load position and Inject position to separate 

product gas. In the Load position, the product gas flow through the sample loop and carrier 

gas flow through molecular sieve and silica gel in order. When the valve is switched to the 

Injection, the sequence of column is reversed with same flow direction. The gas in sample 

loop is taken to silica gel first by carrier gas, where can capture carbon dioxide and other 

heavier hydro carbon at 40 ̊C. And then rest of sample gas is sent into the molecular sieve 

column for component separation. The hydrogen, methane and carbon monoxide flew 

through the sieve into the TCD to determine the product gas composition. Because of long 
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retention time for CO2 in the silica gel column at 40 ̊C, rising oven temperature helps 

promote rapid elution for silica gel column.    

  The data system of GC and PeakSimple software is used for control the process and data 

acquisition. The working temperature of GC and status of sampling valve is programmed 

by PeakSimple software. The sample gas is obtained every half hour, which allow all 

components of product gas to be completely separated and recognized by detector. 

 

(a) 

  

(b) 

Figure 2.10 Operation Process of 10-Port Gas Sampling Valve 

(a) Inject Position (Relay G: On); (b) Load Position (Relay G: Off) 
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  The calibration of GC system is a very important step for calculating gas composition 

by providing a standard. Standard gas, including pure gas and mixture gas, is used to 

calibrate GC. Because the main product for this research includes hydrogen, methane, 

carbon dioxide and carbon monoxide, calibration points for each pure gas are recorded by 

generating single gas chromatogram with difference volumes. And mixture gas, whose 

composition is known, flow through GC to verify calibration results. The formulas, which 

relates the mass and area, and curves of calibration for single gas are shown in figures from 

2.11 to 2.14. 
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Figure 2.11 GC Calibration Curves of Hydrogen 

Figure 2.12 GC Calibration Curves of Carbon Monoxide
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Figure 2.13 GC Calibration Curves of Hydrogen 

 

Figure 2.14 GC Calibration Curves of Carbon Dioxide 
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2.9 Flow Control and Measurement 

  The measure and control of gas flow is essential for experiment results. The product gas 

from chemical reaction is highly related to the amount of reactant. There are three devices 

applied in this research, including NE-500 micro pump, KI 60410-R3 flow meter and 

Omega FMA 5400 series mass flow controller. 

  The NE-500 syringe micro pump is used to push water into the steam generator, and 

then send steam into the reactor mixing with methane for the steam reforming. The pump 

is programmable and connected to computer with RS-232 communication port, which 

could offer precise and continuous water flow as reactant. A BD syringe (30ml with ID 

21.59mm) was fixed on the micro pump with flow range from 15.4 μL/Hr to 1120 mL/Hr. 

The tip of syringe is connected to steam generator using Teflon and steel tube. 

  KI 60410-R3 flow meter and Omega FMA 5400 series mass flow controller is applied 

to monitor and control the gas flow rate. The vertical installed KI60410-R3 flow meter is 

a conventional flowmeter with a glass tube, which contains a black glass float with 1/8 inch 

diameter. An adjustable valve provides gas (air) flow range from 21.7 to 905 CCM. 

Compared to conventional flow meter, the Omega FMA 5400 series features a built-in 

electromagnetic valve for maintaining a continuous flow rate without affection from 

parameter variations. And a digit display is more precise and convenient for viewing and 
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recording. Meanwhile, this device also provides a wide flow range from 10 SCCM to 1000 

SLM. 

  For both of two types flow meter, the direct reading from device is based on a reference 

gas (Nitrogen). Therefore, the calibration conversions from reference gas is required. The 

K factor is adopted in calibration conversion, which is derived from gas density and 

coefficient of specific heat. The relationship is shown in equation 2.9. 

 

1
gas

p

K
d C


    (2.9) 

Where, d = gas density (gram/liter) 

      Cp = coefficient of specific heat (Cal/gram) 

The relative K factor is used to converse mass flow rate of the reference gas to actual gas. 

a a

r r

Q K
K

Q K
       (2.10) 

Where, Qa = mass flow rate of an actual gas (SCCM) 

      Qr = mass flow rate of a reference gas (SCCM) 

      Ka = K factor of an actual gas 

      Kr = K factor of a reference gas 
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Table 2.3 Gas Factor Table 

 

Actual Gas 

K Factor 

relative to N2 

Cp         

(Cal/g) 

Density 

(g/L) 

Air 1.0000 0.240 1.293 

Nitrogen N2 1.0000 0.2485 1.25 

Carbon Dioxide CO2 0.7382 0.2016 1.964 

Methane CH4 0.7175 0.5328 0.715 
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Chapter 3                                    

STEAM REFORMING EXPERIMENTS                 

(CH4-H2O REFORMING) 

  Steam reforming technology is most broadly applied in industry to produce syngas. In 

this study, this technology is applied as a feasible method to supply feedstock syngas for 

Fischer-Tropsch synthesis. The experiment system for steam reforming is mainly 

combined with two parts, reactor and steam generator. This chapter will discuss the concept 

of reactor design, material, the experimental setup and procedure. In the last part of this 

chapter, the experimental results will be described. 

3.1 Reactor Concept 

  The fixed bed reactor is used in this research, because this type of reactor is able to 

supply a continusous and reliable flow. And the simple structure of reactor can be easily 

setup in laboratory with low cost. A stainless steel tube is chosen as the reactor with inner 

diameter 1/8 inch because of high temperature. The design of the reactor is presented in 

Figure 3.1. The single reactor is horizontaly placed in the experimental system to make the 

catalyst dispersed constantly in the desired location. The reactor contains 1.5 inch SiO2 

pellets (or Steel Wool), 10 inch Ni catalyst, and another 2.5 inch SiO2 pellets (or Steel 

Wool). Two SiO2 (or Steel Wool) zones keep catalyst fixed at a precise length.  
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  The reactor is cleaned using water and acetone before catalyst loading. First, the 

thermocouple is connected to outlet of the reactor with a T-shape conector, and tip of 

thermal couple is approximately in the middle of catalyst bed. Some SiO2 pellets (or Steel 

Wool) are loaded and pushed to bottom of the reactor. The amount of catalyst particles is 

measured and filled into reactor, and then gently knock and shake the reactor tube to pack 

the constantly catalyst at the exact volume. Another SiO2 pellets (or Steel Wool) are filled 

in the inlet of reactor to fix catalyst.  

 

Figure 3.1 Design of Reactor 
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3.2 Materials 

3.2.1 Feed Gases 

  The natural gas is the most common feedstock in the syngas production. Therefore, as 

the major part of natural gas, methane is the main feedstock in this research combined with 

steam for reforming experiment. The hydrogen is used for preliminary test to reduce 

catalyst. The helium is inert carrier gas in the gas chromatography system. Because the 

catalyst is very sensitive for carbon deposition and poison. The gas involved in this study 

has a high-purity grade. 

3.2.2  Catalyst Support 

  As discussed in Chapter 2.6.2, the catalyst support plays an important role in maintain 

activity of catalyst. The SiO2 is mainly used as support in this study to enhance the catalytic 

activity because of physical and chemical properties. The high melting point and 

mechanical strength of SiO2 can avoid catalyst deactivation form phase transition or crystal 

transformation at a high reaction temperature. The properties of commercial SiO2 is listed 

in Table 3.1. 
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Table 3.1 Properties of SiO2 

Material SiO2 

Size and Shape 3 mm Pellets 

Surface Area, m^2/g 274 

Crush Strength, lbs 9.1 

Packing Density, lbs/W 25.2 

Total Pore Volume, Hg, cc/g 1.12 

Median Pore Diameter, Angstroms 114 

3.2.3 Catalyst 

  For reforming reaction, various transition and noble metals are used as main component 

of catalyst. In chapter 2.6.1, it mentioned that noble metals are more effective and stable 

as catalyst in the reforming process compared to non-precious metals. However, the high 

price of precious metals is the major drawback for using in industry scale reforming. Ni 

with low cost and wide availability, which is able to substitute noble metals as catalyst, has 

been extensively studied [73]. In this experimental study, Ni is applied as the catalyst for 

reforming reaction. The Ni catalyst is produced by an impregnation method, and the 

schematic of the impregnation process is presented in Figure 3.2. The solution of Ni salt is 

uniformly dispersed over support particles. After drying and calcination, the fresh catalyst 

is ready to load into the reactor. The catalyst produced by this method can avoid carbon 

deposition while reduced active sites for carbon formation [36]. 
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Figure 3.2 Schematic of Catalyst Preparation 

3.3 Experimental Setup 

  Figure 3.3 shows the schematic diagram of experimental system applied in the reforming 

process. The two gas cylinders contains high purity hydrogen for catalyst reduction and 

methane as feedstock. The gas flow rate and pressure is controlled by a high pressure 

regulator on the gas cylinder. A flow meter (KI instrument Model 60410-R3) was installed 

to regulate the flow rates of the inlet gas, hydrogen and methane. The flow is pre-calibrated 

by manufacture with standard gas and converse calibration to feed gas by user for this 

experiment. A check valve is placed between gas cylinder and flow meter to prevent back 

flow from reactor caused by pressure drop during reaction. The water is pushed into steam 

generator by a NE-500 syringe micro pump, the flow rate is programmed from PC 

termination. The liquid water is evaporated in the steam generator, and high temperature 

steam is fed into reactor mixed with feed gas. The steam generator, reactor and connection 
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tube are insulated to keep the high temperature, which retain water in gas phase during 

reforming reaction. 

  The feed gas containing methane and pre-heated water steam flow into tube reactor 

horizontally. The feed gas is heated up to designated temperature and flow through catalyst 

bed in the tube reactor. After exiting from outlet of reactor, the product gas flow through a 

conventional flask condenser with water bed to remove excess steam for sample collection. 

The product gas is collected into a customized sample bag made by FlexFoil from SKC 

Inc., which could help trap H2 inside for as long as three days. Then, a small amount is 

extracted by using microliter syringe and sent to a gas chromatography (GC) system for 

analysis.   

  The reactor was designed and setup for this methane steam reforming experiment. The 

concept of reactor is to product feedstock for Fischer-Tropsch synthesis process in a lab 

scale. Therefore, a simple and reliable type of reactor, the fixed-bed reactor, is chosen for 

experiment. The reactor is made of stainless steel tube with a 1/4-inch OD (outer diameter) 

and a 1/8-inch ID (inner diameter). The capacity of the reactor is able to keep up to 5g 

catalyst inside and has ability to support reaction at the high temperature. 

  The ceramic heating coil wire is uniformly wrapped on the reactor and steam generator 

to maintain temperature constant in the reactor and keep water steam away from 

condensing. The reactor temperature is controlled and maintained by an Omega PID 

(proportional-integral-derivative) controller system. The system has three parts: the 
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temperature controller, the relay and the thermal couple. This temperature control system 

can precisely regulate the reactor temperature through a PID control strategy. The heating 

rate is governed by this system to avoid any sharp temperature rising, which may destruct 

the catalyst. A variac transformer is used as power supply for ceramic heating wire. This 

device is also connected with temperature control system to control power output. The 

Figure 3.4 is a picture for setting up of the methane reforming experiment. 

 

 

Figure 3.3 Schematic Diagram of Methane Reformer 

1. H2 Tank 2. CH4 Tank 3. Safety Valve 4. Flow Meter 5. Programmable Syringe Pump 6. Steam 

Evaporator 7. Ceramic Insulator 8. SiO2 9. Catalyst Bed 10. Reactor 11. Temperature Controller 

 12. Thermal Couple 13. Ceramic Heating Wire 14. Collector 15. Sample Gas Bag 
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Figure 3.4 Experiment Setup of Methane Reformer 

3.4 Experimental Procedure 

  The feed gas including methane and steam is fed into reactor from two different lines. 

For each gas line, the flow rate is controlled and monitored. The reforming reaction is 

carried out at atmosphere pressure in stainless steel tube reactor. A type-K thermal couple 

from PID control system is insert from outlet of reactor to monitor the temperature at the 

catalyst bed. 

  After catalyst loading, the first step before experiment is to reduce the catalyst for 

activation under hydrogen flow. The catalyst bed is heat up to 550 ̊ C for 4 hours with a 

50 sccm hydrogen flow. The residual reducing gas is flushed out by a methane flow to 

provide a steady state before experiment conduct. Before start pumping water into the 
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steam generator, the line temperature is preheated to a temperature above 200 ̊ C to remove 

potential condensed water in the reactor. Then the mixture gas of H2O and CH4 at a specific 

ratio is reacted in the reactor at a designated temperature. The reactor temperature is 

controlled by a PID controller and raised slowly, that the heating rate is around 10 ̊C/min, 

from room temperature to reacting temperature for 2 hours. Then the experiment 

temperature is maintained for 4-6 hours for sampling. The effluent gas from the reactor is 

sent into the condenser to clean product gas for sampling. The expectation of product gas 

includes methane, hydrogen, carbon monoxide and carbon dioxide. Because of extremely 

toxic CO, the collection step is limited in the experimental hood with ventilation system. 

And the rest of product gas is also need to be processed to exhaust system. Gas 

Chromatograph (GC) is used for analyzing product composition by measuring area peaks 

for each single component. The SRI Model 8610C Gas Chromatograph system is 

controlled by Peak Simple software to identify peak area value, generate chromatogram, 

and process data. The experiment data is evaluated by calculation for methane conversion 

rate from reactant gas composition and product gas composition. When the experiment is 

finish, the water line is shut off first to avoid water accumulation in the reactor. Then the 

methane flow is maintained until the temperature decreases to a low level.   
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3.5 Experimental Data Process 

  The steam methane reforming process is mainly consisted for three reversible 

reactions. 

CH4 + H2O ↔ CO + 3H2     (3.1) 

CO + H2O ↔ CO2 + H2      (3.2) 

CH4 + 2H2O ↔ CO2 + 4H2    (3.3) 

The Equation 3.3 is combined from main reaction (Eq.3.1) and water gas shift reaction 

(Eq.3.2). The calculations for conversion rate of reactant gas and yield of product gas are 

presented in Equation 3.4 to 3.7. 

Methane conversion: 
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Hydrogen yield: 
2

2 ( )

4 ( ) 4 ( )

[ ]
100%

3 ([ ] [ ] )

out

H

in out

H
Y

CH CH
 

 
   (3.5) 

Carbon monoxide yield: 
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Carbon dioxide selectivity: 
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Where X, S, and Y are conversion, selectivity and yield, respectively.  
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3.6 Experimental Results 

  The performance of experiment is mainly effected by two major parameters, temperature 

and Steam/Carbon (S/C) Ratio. In this experiment, the temperature range is set from 700 ̊C 

to 800 ̊C. And the S/C ratio is set from 1 to 4. 

3.6.1 Effect of Temperature 

  Since the Methane Steam Reforming reaction is highly endothermic, increasing the 

temperature is favored to reaction rate. In these runs, the pressure in the reactor is set at 1 

atm. Figure 3.5 shows the effect of temperature on reaction performance, the 

Steam/Methane ratio for reactant gas is 3 and the residence time is 8.78 s. As illustrated, 

CH4 conversion rate rises with the increase of temperature. The highest conversions rate 

97.6% is obtained at the temperature of 800 ̊C. Meanwhile, temperature is also a significant 

factor for product gas composition. Figure 3.6 indicates that H2/CO ratio of product gas 

decreased alongside increasing reaction temperature. From this figure, the H2/CO ratio is 

higher than the theoretic value for steam reforming reaction and lower than combine 

reaction, which indicates that water gas shift reaction is involved in the experiment during 

the process. Because the WGS reaction is exothermic process, this process is depressed at 

higher temperature. Less CO is involved in reaction to product CO2 with steam. From 

figure 3.7, CO2 selectivity drops as the effect of the WGS reaction has been weakened at 



55 

 

high temperatures. Therefore, H2/CO ratio decreased at higher temperatures, at which the 

WGS reaction is restricted during the methane reforming process. 

 

Figure 3.5 CH4 conversion as a function of Temperature for SMR 

 

Figure 3.6 H2/CO Ratio as a function of Temperature for SMR 
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Figure 3.7 CO2 selectivity as a function of Temperature for SMR 

3.6.2 Effect of S/C (Steam/Carbon) Ratio 

  Steam to Carbon (S/C) ratio or Steam Methane ratio is another major parameter to effect 

steam reforming. From the steam reforming reaction and combined reaction with WGS, 

the theoretic S/C ratio is 1 and 2. The higher S/C ratio is usually applied to prevent carbon 

deposition by oxidizing carbon in Equation 3.8. 

2 2C H O CO H      (3.8) 

   The S/C ratio has attracted a lot of attention, and numbers of studies about the effect of 

S/C ratio in steam reforming reaction have been performed. [74][75][76] Based on 

stoichiometric ratio of reaction and previous research result, the S/C ratio is set from 1 to 

4 for this experiment. Figure 3.8 shows the effect of S/C ratio on the reactor performance, 
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the residence time in the reactor is 8.78s and the temperature is set at 800 ̊C. Although the 

methane conversion rate maintains at a high level from S/C ratio from 1 to 4, the conversion 

rate at S/C ratio 3 is higher than others. Figure 3.9 shows the effect of S/C ratio on the 

H2/CO ratio at 800 ̊C, which would be the optimized operating temperature for the Steam 

Methane Reforming reaction in reactors. It states that H2/CO Ratio increased with rising 

S/C Ratio. As mentioned in the last section, the WGS reaction did not contribute to the 

products. The excess amount of steam is adopted by WGS, therefore the H2 composition 

of product gas is increased. Also from Figure 3.10, the CO2 is sharply increase to 19.74% 

at S/C ratio 4, which also prove the WGS process effect the product gas for steam reforming. 

The purpose for this study is to supply feedstock for F-T process. Therefore, a specific 

H2/CO ratio is required with proper S/C ratio selection. 

 

Figure 3.8 CH4 Conversion as a function of S/C Ratio 
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Figure 3.9 H2/CO Ratio as a function of S/C Ratio 

 

Figure 3.10 CO2 selectivity as a function of S/C Ratio 
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3.7 Catalyst Analysis 

  Carbon deposition is the major problem in the process of methane steam reforming. The 

coke covers the active site of catalyst to cause deactivation and the coke particle accumulate 

inside reactor to block reactor tube. To protect the reactor, the catalyst is renewed every 2 

weeks for up to 80 hours. For further improvement for the research, the catalyst after 

reaction is examined by XRD and EDAX spectrum to characterize carbon formation. The 

Figure 3.11 shows the XRD pattern of Ni/SiO2 Catalyst after reforming reaction. The 

diffraction peak around 20 ̊ represents carbon component appeared in the catalyst. From 

spectrum results in Figure 3.11, the weight of carbon component is over 15% for the 

catalyst. Therefore, although the Ni/SiO2 Catalyst is able to maintain activity for long 

period running, the formation of carbon eventually cause deactivation. The operation 

conditions for the experiment system should be optimized to maximize the catalyst 

working life.  
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Figure 3.11 XRD pattern of Ni/SiO2 after reaction 
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Figure 3.11 EDAX Spectrum Results of Ni/SiO2 after reaction 
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3.8 Summary 

  In this chapter, the experiment system for steam methane reforming has been discussed. 

This study states the mechanism of methane reforming for syngas production and 

application in the Fischer-Tropsch Process. A reformer reactor was built to be analyzed the 

performance and product gas composition. The catalytic performance of Ni is also 

characterized. As catalyst support, SiO2 helped form active catalyst site and secure under 

experiment conditions. Using the fixed-bed continuous reactor at high temperature, Ni 

exhibits excellent performance in the Steam Methane Reforming with S/C ratio 3, since 

the CH4 conversion reached above 90%. Although carbon deposition was detected from 

XRD and spectrum analysis, reaction process was able to last for over 60h running with 

different S/C Ratios. The results of temperature and S/C Ratio characterizations also 

demonstrated that this type of methane reformer would be promising and practical for the 

production of syngas. The modification for reactor and future work will be discussed in the 

last chapter. 
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Chapter 4                                                       

DRY REFORMING EXPERIMENTS                     

(CH4-CO2 REFORMING) 

  In this chapter, the experiment system is built up based on CH4-CO2 reforming reaction. 

Compared to the conventional steam reforming experiment system, the design is simplified 

by removing the steam generator and water pump. This chapter will present the 

experimental setup and procedure, especially focusing on modifications from previous 

study. Meanwhile, the effect of temperature is also involved to evaluate the reactor 

performance. This experiment also includes characterization of Ni/SiO2 catalyst for CO2 

reforming, and a durability test for catalyst is discussed. 

4.1 Introduction 

  The product gas from CO2 reforming has a lower H2/CO ratio than steam reforming, 

which is another promising method to product feedstock for the F-T process. Moreover, 

the consumption of two major greenhouse gases during reaction show great potential for 

enviroment protection. However, the concentration of carbon element is higher than steam 

reforming which leads to rapid carbon formation. The Ni catalyst suffers deactivation from 

carbon deposition, which also plugs the reactor to cause reaction failure. Therefore, besides 

the conversion rate for feed gas and composition of product gas, how to protect the catalyst 

from carbon deposition is also an important study area for this research. This chapter 
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includes three major parts. First, the effect of temperature is discussed to evaluate process 

effiency. The reactor for dry reforming is a fixed bed type reactor the same as steam 

reforming reaction because of its reliable performance and low cost. The temperature range 

is set from 500 ̊ C to 700 ̊ C. Second, the catalyst is chacterized to analyze carbon 

deposition in the reaction. Third, a 24 hour non-stop test is conducted to prove catalyst 

duralbility in a high temperature, high carbon enviroment.        

4.2 Materials 

  The Feed gas for this experiment contains methane and carbon dioxide with high purity. 

And high purity grade hydrogen and helium are applied as service gas for catalyst reduction 

and inert carrier gas of the GC system, respectively. All other experiment information for 

catalyst, properties of support and catalyst preparation is mentioned in Section 3.2.2 and 

3.2.3 from Chapter 3. The Ni/SiO2 is used for the dry reforming reaction, and the catalytic 

performance is investigated. 

4.3 Experimental Setup 

  The setup of CO2 reforming experiment platform is similar to previous steam reforming 

experiment. The design of the reactor from steam reforming is adopted. Then, the reactor 

is cleaned by water and acetone before being reinstalled in the new system. And the 

dimension and setting of the reactor has been discussed in Chapter 3. 
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  The schematic diagram of the experimental system for CO2 reforming is shown in 

Ffigure 4.1. The three gas cylinders (hydrogen, carbon dioxide and methane) are connected 

directly into the reactor for different purposes. For each gas line, the check valves are 

installed to ensure no back flow. The Omega FMA 5400 gas mass flow controller is 

adopted to measure the flow rate for each gas. Compared to traditional flow meter, the 

electronic flow controller can maintain more constant flow and more precise flow rate. The 

flow rate is easily read from a LCD display. The reading from display is calibrated standard 

in SCCM or SLM for nitrogen. For methane and carbon dioxide, conversing calibration 

from standard gas is needed. 

  The two kinds of feed gas directly mixed at the inlet of reactor. After exiting from outlet 

of the reactor, the product gas is send to sampling loop in the GC system. A sampling 

controlled by a computer takes a certain amount product gas to make the result reproducible. 

The heating system and PID control group is remained same setup in the steam reforming 

experiment.  
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Figure 4.1 Schematic Diagram of CH4-CO2 Reforming Experiment 

1. H2 Cylinder 2. CH4 Cylinder 3. CO2 Cylinder 4. He Cylinder 5. Check Valve 6. Mass Flow Controller  

7. SiO2 8. Catalyst Bed 9. Ceramic Insulator 10. Ceramic Heating Wire 11. Thermal Couple           

12. PID Controller System 13. GC System 14. Laptop 

 

 

4.4 Experimental Procedure 

  After the experiment system setup, the leakage examination is conducted to prevent 

harzardous gas escaping from gas line and ensure exhaust into the ventilation system for 

laboratoary safety. 
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  The single tunnel, fixed-bed reactor is used for catalytic test at atomsphere pressure. The 

amount of Ni/SiO2 catalyst loaded in the reactor is 2.6g with 10% weight percentage of Ni. 

The molar ratio of CH4:CO2 for the mixture gas is 1:1, and total flow rate is 65 sccm. The 

reactor is wrapped with ceramic heating coil and covered ceramic insulation to keep 

temperature constant. The heating system is controlled by a PID controller to keep a stable 

heating rate, and a Type-K thermal couple is insert to monitor the temperature at catalyst 

bed.  

  The catalyst is reduced before the experiment to change metal oxides to activate metal 

form. The active sites of catalyst are created and enhanced through this thermal treatment 

process [77]. The heating process was controlled by a PID controller in a stepping process. 

The catalyst bed was preheated to 200 ̊ C with a H2 flow at 50 sccm and holding the 

temperature for 30 min. Then the temperature is increased to 550 ̊ C with a constant 

heating rate 10 ̊C/min under H2 flow at 50 sccm for 4 hours.   

  The product gas from reactor is sent into the GC system (SRI Model 8610C) for 

composition analysis at room temperature. Gas Chromatograph (GC) is equipped a thermal 

conductivity detector to identify gas composition by measuring peak area from Peal Simple 

software.  

   The catalyst characterization was performed at the UTA Characterization Center for 

Materials & Biology using scanning electron microscopy (SEM) and X-ray diffractometer 
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(XRD). Bruker D8 Advance X-ray diffractometer was used for catalyst composition 

investigation. The sample of catalyst is grinded into fine powder, and the powder is 

compacted in a shallow well of a sample holder. The sample plate is fixed at XRD analysis 

platform. The 2-Theta range is chosen from 10 ̊ to 80 ̊ at a rate of 6 ̊ /min. The Hitachi S-

5000H cold Field Emission SEM instrument is employed to observe the microstructure of 

catalyst and record digit image. 

4.5 Experimental Data Process 

  The target reaction for CO2 reforming process is shown in Eq. 4.1. 

CH4 + CO2 ↔ 2CO + 2H2    (4.1)  

The calculations for conversion rate of reactant gas and yield rate of product gas from this 

reaction are listed below. The concentration for each gas component form GC is adopted 

in calculations. 
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4

4 ( ) 4 ( )

4 ( )

[ ] [ ]
100%

[ ]

in out

CH

in

CH CH
X

CH


    (4.2) 

Carbon dioxide conversion: 
2

2 ( ) 2 ( )

2 ( )

[ ] [ ]
100%

[ ]

in out

CO

in

CO CO
X

CO


   (4.3) 

Hydrogen yield: 
2

2 ( )

4 ( ) 4 ( )

[ ]
100%

2 ([ ] [ ] )

out

H

in out

H
Y

CH CH
 

 
   (4.4) 
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Where X and Y are conversion and yield, respectively.  
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4.6 Experimental Results 

4.6.1 Effect of Temperature 

  The temperature range was set from 500 ̊C to 700 ̊C for the dry reforming experiment. 

Because the dry reforming is an endothermic reaction, as the rising temperature, the 

conversion rate also increases. From figure 4.2, the effect of temperature on CH4 

conversion rate is illustrated to evaluate the performance of experiment. The highest 

conversions rate 90.0 % is located at the temperature of 700 ̊C, which is the highest setting 

temperature. While the temperature increase, the conversion rate of CO2 also rises from 

39.1% to 61.5%. The conversion rate of CO2 versus temperature is presented in Figure 4.3. 

The rising temperature leads to conversion rate increase by 28.6% for CH4 and 57.3% for 

CO2. Consequently, since the main reaction is an endothermic process, high temperature 

has great benefit for increasing reaction efficiency. H2/CO ratio is also influenced by 

changing temperature. The H2/CO ratio is close to 1 according to stoichiometric number 

for product from dry reforming reaction. Figure 4.4shows that H2/CO ratio of product gas 

increase with reaction temperature rising, and the ratio is slightly larger than 1. A possible 

reason for this phenomenon is that methane cracking reaction (Eq.4.7) occurs with the main 

reaction.  

CH4 + CO2 ↔ 2CO + 2H2, ΔH = +247 kJ /mol   (4.6)    

CH4 ↔ C + 2H2, ΔH = +75 kJ /mol    (4.7) 
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    From above equations, the dry reforming reaction and methane cracking reaction are 

both highly endothermic reactions. Therefore, the environment with high temperature can 

stimulate the conversion from these two equations. The H2/CO ratio of product could be 

adjusted by post-process step to fulfill the F-T synthesis requirement.   

 

Figure 4.2 CH4 conversion as a function of Temperature 
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Figure 4.3 CO2 conversion as a function of Temperature 

 

Figure 4.4 H2/CO ratio as a function of Temperature 
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4.6.2 Characterization of Catalyst 

  In this study, the Ni/SiO2 is characterized by two methods, XRD and SEM, to analysis 

carbon formation during the experiment. Because carbon deposition on the surface is main 

reason to cause Ni catalyst deactivation, a lot of study dedicate to resist carbon formation 

[78-80]. The CO2 reforming has a more sever carbon formation than conventional steam 

reforming due to rich carbon element from reactant gases. 

  The XRD patterns for fresh Ni catalyst sample (Fig.4.5), Ni catalyst sample after 

reduction (Fig.4.6) and Ni catalyst sample after reaction (Fig.4.7) are listed below for 

comparison. In the XRD pattern of fresh Ni catalyst, the Ni is in two types of existence, 

metal site and metal oxide site. The presence of Ni oxide is detected from two peaks, which 

are strong peak at 2θ=37.1̊ and weaker one at 2θ=62.9̊. Therefore, reduction of catalyst is 

necessarily conducted to transfer metal oxide to active metal. After reduction, the Ni oxide 

peak is no longer visible from XRD patterns, as shown in Figure 4.6. The catalyst is 

conducted under H2 flow at 550 ̊C for 4 hours. Compared to fresh catalyst in Figure 4.5, 

only catalyst and catalyst support are observed from XRD pattern, and the intensity of Ni 

catalyst increases from transformation of NiO. In the Figure 4.7, the high intensity 

diffraction peak is detected at 2θ=26.4̊ for the catalyst sample. The peak indicates the 

carbon presence in the catalyst. Although the catalyst was still active after 60~80 hours’ 
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experiment, the accumulation of carbon deposition on the catalyst will cause catalyst 

deactivation gradually for long term running in the fixed bed reactor.          

 

Figure 4.5 XRD pattern of fresh Ni/SiO2 catalyst 
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Figure 4.6 XRD pattern of Ni/SiO2 catalyst after reduction 

 

Figure 4.7 XRD pattern of Ni/SiO2 catalyst after reaction 
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  The catalyst was examined by SEM to investigate the morphology in the three different 

phases in the Figure 4.8~4.10. It is observed that the Ni is deposited on the catalyst by 

impregnation method in Figure 4.8. The Ni covers most of surface on the catalyst, but there 

are still some uncovered area and other substance on the surface. Compared to fresh 

catalyst, the micrograph of catalyst (Figure 4.9) after reduction shows a clean and uniform 

active site. Carbon deposition is confirmed at catalyst after reaction from Figure 4.10. In 

Figure 4.10 (a), a single filamentous pillar is illustrated in the picture, which is an evidence 

for graphitic carbon existence. [49] And in Figure 4.10 (b), the surface of active catalyst is 

covered by a large amount of such pillar. Therefore, the observed phenomenon from SEM 

image indicates that carbon deposition on the catalyst damage the activation site of catalyst 

and eventually lead to deactivation in dry reforming reaction.  
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Figure 4.8 SEM image of fresh Ni/SiO2 catalyst 

 

Figure 4.9 SEM image of Ni/SiO2 catalyst after reduction 
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(a) 

 

(b) 

Figure 4.10 SEM image of Ni/SiO2 catalyst after reaction (a) Carbon Pillar  

(b) Ni catalyst covered by Carbon 
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4.7 Catalyst Stability Test 

  Based on the experiment setup of CO2 reforming, a long term test for Ni/SiO2 was 

performed to testify stability. The Ni/SiO2 was prepared using impregnation method. The 

experiment was conducted at 700 ̊ C with total flow rate 65 sccm. The 2.70-gram Ni/SiO2 

(Ni 10% wt.) was loaded in the reactor. The experiment was operated in a high carbon 

intensity with a CO2/CH4 ratio 4 for carbon resistant ability test of catalyst. At this CO2/CH4 

ratio, beside methane cracking (Eq. 4.8) and Boudouard reaction (Eq. 4.9), the carbon is 

also produced from Equation 4.10. 

CH4 ↔ C + 2H2    (4.8) 

2CO ↔ CO2 + C   (4.9) 

CO2 + 2H2 ↔ C + 2H2O    (4.10) 

The catalytic performance is described in terms of the CH4 conversion and the CO2 

Conversion, as shown in Figure 4.7. In Figure 4.7, the conversion rate of methane reached 

at over 99% for long time, in contrast to decrease conversion rate of carbon dioxide. 

Compared to results at CO2/CH4 ratio 1, the conversion rate of methane increases as long 

as carbon dioxide decrease. The reason for decrease conversion for CO2 is not only because 

of catalyst deactivation, but the excess amount of CO2 in the reaction cause reverse water 

gas shift reaction in the reactor. Since the major product from RWGS is CO and H2O, the 

steam from RWGS and carbon is reacted to generate syngas through coke gasification 



79 

 

reaction. Because ΔH in SMR is less than dry reforming, the conversion of CO2 is 

depressed. For the catalyst, even if the conversion rate for CO2 is zero, the product gas 

sample contains hydrogen and carbon monoxide after 24-hour running. However, the 

H2/CO ratio is less than 1 because of side reaction of RWGS. The conversion rate of 

methane keeps at a high level for a long term in this experiment. It is indicated that the 

catalyst is able to support CO2 Reforming for a long term running, and the ratio of CO2/CH4 

need to be choose wisely to avoid side reaction and keep high conversion for reactant gas.   

 

Figure 4.11 Conversion Rate for Stability Test 
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4.8 Comparison of Steam Reforming and Dry Reforming 

  Steam Methane Reforming and Dry Reforming are two promising methods for syngas 

production. Based on previous research and this study, there are several advantages and 

disadvantages for each reforming method. 

  First, compared to the Dry Reforming, the experiment for SMR requires an extra device 

for steam generation from liquid water. Although extra device increases the risk of leakage 

and maintenance cost, the steam in the reactor not only acts as reactant gas but effectively 

reduces the carbon formation during reforming reaction. The excess steam is involved in 

coke gasification reaction (Eq. 4.11) to help transfer carbon on the catalyst surface to 

syngas. In contrast, the dry reforming has high carbon concentration, which easily lead to 

carbon formation in the reactor. From the XRD patterns for each reforming process, the 

intense of C from dry reforming is higher than steam reforming after long period running 

(60~80 hours). And the active part of catalyst, Ni, has a stronger intense from steam 

reforming reaction.            

C + H2O ↔ CO + H2, ΔH = +131 kJ /mol    (4.11) 

  Second, the most attractive point for dry reforming is that, two major greenhouse gases 

are using as feedstock to produce syngas. Based on high conversion rate in this study, this 

feature offers an alternative method to reduce emission of greenhouse gas. Even if the dry 
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reforming reaction required more enthalpy than steam reforming reaction, which requires 

more heat for reaction, the conversion rate for methane is higher at same temperature. 

  Moreover, the syngas product has different H2/CO ratio from each reaction process. The 

product ratio for steam reforming reaction is close to 3, compared 1 from dry reforming. 

For liquid fuel production by Fischer-Tropsch process, the desirable H2/CO ratio is around 

2~3 based on stoichiometric number of F-T process. Therefore, the product syngas of steam 

reforming is more suitable for directly application in F-T process. However, combined 

product from 2 reforming method can control H2/CO ratio from 1 to 3, which may meet 

further requirement for research of synthesis fuel production.     

4.9 Summary 

  The CO2 reforming system is investigated in this chapter. The experiment system is 

modified from SMR experiment. The results from this experiment shows that temperature 

is a crucial parameter on the performance of reaction because dry reforming is a strong 

endothermic process. The reaction temperature can affect both reactant gas conversion rate 

and composition of product gas. The product gas has a lower H2/CO than SMR reaction, 

which is close to 1. The higher temperature leads to higher conversion rate, the highest 

conversion rate for CH4 and CO2 are 90.0% and 61.5% at 700 ̊ C. 

  The carbon deposition is also discussed in this chapter. The carbon formation is from 

following two reactions: CH4 ↔ C + 2H2 and 2CO ↔ CO2 + C. The catalyst in three phases 
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(fresh, reduced, after reaction) has been examined by XRD and SEM method. The XRD 

patterns reveals the effect of reduction process to transform from metal oxide to active 

metal and increase the intensity of active metal, which are benefit for catalyst performance. 

The carbon diffraction peak is detected in the catalyst sample after reaction. And from SEM 

image, the filamentous carbon is observed existing on the surface of catalyst from CO2 

reforming of CH4. The carbon deposition on the catalyst might be the main reason for 

catalyst deactivation. Although Ni/SiO2 could maintain activity for long period, as long as 

more filamentous carbon formed on the catalyst, the deactivation is inevitable. 

    The catalyst is placed in a rich carbon element environment for stability test. The 

Ni/SiO2 is able to support syngas production for a long term even in a high carbon intensity 

condition. Through this experiment, it is revealed that the high reactant gas ratio of 

CO2/CH4 is not favored by CO2 reforming of CH4 because of a series of side reactions. 
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Chapter 5                             

NUMERICAL ANALYSIS 

  In this chapter, two models are built by COMSOL to discuss the performance for 

experiment setup. The kinetic rate of reactions and governing equations are presented. 

Furthermore, the results from numerical analysis will be discussed.  

5.1 Model Introduction 

  The numerical models for 2 different reforming method are established and validated by 

using COMSOL. To compare the results of numerical analysis with experimental data, a 2-

D model for a tubular reactor is developed with several assumptions. The reaction flow is 

assumed at steady state, and pressure of reactor is set at 1 bar. For the COMOSOL, the 

module, Laminar Flow, is applied to simulate reaction flow in tubular reactor. The 

dimension of reactor and catalyst bed is same as experiment. 

  The main purpose for the simulation, is to compare the product compositions with 

experiment’s result. Matching previous results of experiment help experiment design 

validation. Meanwhile, using simulation for reforming process can be implement for 

experiment to examine various parameters on product composition and help modification 

and improvement of the reactor design to archive higher conversion rate. The study can 

also investigate the effect of combination for steam and dry reforming.    
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5.2 Governing Equation 

  By using Laminar Flow module in COMSOL, the gas flow in the reactor is assumed as 

incompressible, steady and laminar. The Naiver-Stokes equations, including continuity, 

momentum and species transport, are applied to solve velocity field in the reactor.   

Continuity Equation 

( ) 0u    (5.1) 

Momentum Equation 

2
( ) [ ( ( ) ) ( ) ]

3

Tu u pI u u u I F             (5.2) 

Where, u is the velocity field (m/s) 

       is the gas density (kg/m3) 

      p is the pressure (Pa) 

       is the molecular viscosity (N·s/m2) 

      F is the body force per volume (N/m3) 

  Species transport Equation is applied to solve concentration distribution in the reactor 

for reforming process. The equation is given below. 

( )i i ij u R       (5.3) 

Where, ij  is the diffusional flux of species i (kg/m2·s) 
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      i  is the mass fraction of species i 

      iR is the rate of production of species i (kg/m3·s) 

The ij , diffusional flux of species i, can be expressed in equation (5.4) by Maxwell-

Stefan model. 

( )m m Tn
i i i i i i

n

M T
j D D D

M T
  

 
       (5.4) 

Where, m

iD  is the binary diffusivity coefficient (m2/s) 

       1( )i
n

i i

M
M

   , iM  is the molar mass of species i (kg/mol)  

       T

iD  is the thermal diffusivity coefficient (m2/s)  

       T  is the reactor temperature (K) 

The binary diffusivity coefficient can be estimated from empirical equation by Chapman-

Enskog theory in equation (5.5). [85]  

3

2

1 1 1
0.0018583 ( )AB

A B AB AB

D T
M M p

 


  (5.5) 

Where, AB  is collision diameter ( A


), and can be calculated by 
1

( )
2

AB A B     

       AB  is the collision integral (K) 



86 

 

5.3 Kinetics for Reforming Reactions 

  The kinetic rate model developed by Xu and Froment [86] is applied for steam reforming 

simulation in the reactor. The reforming simulation conations three major reactions, 

including steam methane reforming reaction, water gas shift reaction, and global reaction. 

And the reaction rates for these reactions are listed in the equation (5.6) - (5.8).    

CH4 + H2O ↔ CO + 3H2  (Steam Reforming Reaction) reaction 1   

CO + H2O ↔ CO2 + H2   (Water Gas Shift Reaction) reaction 2   

CH4 + 2H2O ↔ CO2 + 4H2  (Global Reaction) reaction 3   

4 2 2

2

3

11
1 2.5 2

( / )

( )

CH H O CO H

H

p p p p Kk
r

p DEN


  (5.6) 

2 2 2

2

22
2 2

( / )

( )

CO H O CO H

H

p p p p Kk
r

p DEN


  (5.7) 

4 2 2 2

2

2 4

33
3 3.5 2

( / )

( )

CH H O CO H

H

p p p p Kk
r

p DEN


  (5.8) 

Where, 2 2

4 4 2 2

2

1
H O H O

CH CH CO CO H H

H

K p
DEN K p K p K p

p
      

        1r , 2r , 3r  are rate of reaction 1, 2 and 3 (kmol /(kg cat·h))  

       jp  is partial pressure of component j (bar) 

      1K , 3K  are equilibrium constants of reaction 1 and 3 (bar2) 

      2K  is equilibrium constants of reaction 2 
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      1k , 3k  are rate coefficient of reaction 1 and 3 (kmol·bar1/2/(kg cat·h)) 

      2k  is rate coefficient of reaction 2 (kmol/(kg cat·h·bar)) 

     
4CHK , COK , 

2HK  are adsorption constant for CH4, CO and H2 (bar-1) 

     
2H OK  is adsorption constant of H2O 

The rate coefficient could be calculated by Arrhenius equation (Equation 5.9), and the 

adsorption constant could be calculated by Van’t Hoff equation (Equation 5.10). The 

preexponential factors A(ki) and A(Kj), activation energy Ei, and enthalpy change ΔHj are 

listed in Table 5.1. 

( )exp( )i
i i

E
k A k

RT
    (5.9) 

( )exp( )i
i i

H
K A K

RT


   (5.10) 

Where, R is gas constant (kJ/kmol) 

Table 5.1 Constant for Arrhenius and Van’t Hoff equation [86] 

Activation Energy E1 E2 E3  
kJ/mol 240.1 67.13 243.9  

Preexponential factors  A(k1) A(k2) A(k3)  

A(ki)  4.225*1015 1.955*106 1.020*1015  
Enthalpy Change ΔHCO ΔHH2 ΔHCH4 ΔHH2O 

kJ/mol -70.65 -82.90 -38.28 88.68 

Preexponential factors  A(KCO) A(KH2) A(KCH4) A(KH2O) 

A(Kj)  8.23*10-5 6.12*10-9 6.65*10-4 1.77*105 

  For dry steaming model, the kinetics are applied in the model developed by Richardson 

and Paripatyadar [87]. This model has two major reactions, Dry Reforming Reaction and 
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Reverse Water-Gas Shift Reaction. The equations of reaction rate are listed from equation 

(5.11) to (5.12).    

CH4 + CO2 ↔ 2CO + 2H2 (Dry Reforming Reaction) 

H2 + CO2 ↔ CO + H2O (Reverse Water-Gas Shift Reaction) 

4 4 2 2

4 4 2 2

1 1 2

( )
[ ]
(1 )

CH CH CO CO

CH CH CO CO

K p K p
r k

K p K p


 
  (5.11) 

22 2 COr k p    (5.12) 

Where, 1 1290 exp[ 102065 / ( )]k R T     (mol g cat-1 s -1) [88] 

       5

2 1.856 10 exp[ 73105 / ( )]k R T      (mol Pa-1 g cat-1 s -1) [88] 

       
4

32.63 10 exp[40684 / ( )]CHK R T     (Pa-1) [88] 

       
2

32.64 10 exp[37641/ ( )]COK R T     (Pa-1) [88] 

5.4 Conditions for Simulation Model 

  To simplify simulation model, several assumptions are defined and summarized below. 

1. The reactor is in a steady-state condition; 

2. The gas is treated as ideal gas; 

3. The gas flow is laminar; 

4. The gravity affection is neglected; 
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5. The velocity and temperature are uniform in the reactor. 

The boundary conditions at the reactor wall is assume that the velocity equals to zero, and 

the outlet pressure is set to 1 bar. For the species transport equation, the initial concentration 

of feedstock is set based on experiment data.   

5.5 Results and Discussion 

  The Model is created in COMSOL, and to simplify the simulation process, the model 

has been set as a stationary process. The complete mesh for the model consists of 12468 

domain elements and 1390 boundary elements. The Figure 5.1 shows a segment mesh for 

the reactor.   

 

Figure 5.1 Mesh for Reactor 

 

   The fluid field in the reactor has been set as laminar flow and solved by laminar flow 

module in COMSOL. The fluid properties and initial values are chosen based on practical 
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experiment. The boundary conditions are set as no slip at the wall. For inlet, the average 

velocity is calculated from reactant gas flow rate and reactor section area. For outlet part, 

the suppress backflow has been applied. The flow field in the reactor is displayed in 

Figure 5.2.  

 

Figure 5.2 Laminar Flow in the Reactor 

  For steam reforming, as shown in Figure 5.3 and 5.4, the conversion rate of CH4 

increases and the H2:CO ratio decrease with rising temperature. Because the simulation 

process has been simplified, the result has some difference with experiments. However, the 

results for both simulation and experiment state that the SMR process is boosted at a high 

temperature to reach a higher methane conversion rate and an appropriate product 

composition. Meanwhile, from simulation results, the effect of Steam/Carbon ratio is 

similar as experiments’ results. From S/C ratio 1 to 4, the methane conversion rate is kept 

above 90%. However, the product H2:CO ratio increases at high temperature, because the 

excess steam triggered the WGS reaction and increase H2 production. Since our goal is to 
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produce syn-gas for F-T process, the higher ratio is not desirable. Therefore, the simulation 

results support our conclusion from Chapter 3.    

 

Figure 5.3 CH4 Conversion Rate for Temperature (RSM) 

 

Figure 5.4 H2O:CO Ratio for Temperature (RSM) 
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Figure 5.5 CH4 Conversion Rate for S/C Ratio (RSM) 

 

Figure 5.6 H2O:CO Ratio for S/C Ratio (RSM) 

  For Dry reforming model, the main reaction has 2 parts, the dry reforming reaction and 

reverse WGS. In this model, the rate coefficient of the RWGS is quite low, so the reaction 

rate of the RWGS is much lower than the main reaction. Therefore, the product from the 

RWGS can be neglected, and the product composition (H2: CO ratio) is majorly from the 
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main reaction, which is close to theoretical value, 1. As we discussed in Chapter 4, the dry 

reforming is an endothermic reaction. The higher temperature helps increase reaction 

efficiency. In Figure 5.7, the tendency of conversion rate is same as experiments. In the 

simulation process, we also test the different reactant ratios (CO2:CH4 ratio) to verify the 

experiments’ result. The Figure 5.8 illustrates the CH4 conversion rate versus CO2:CH4 

ratio. From ratio 1 to 4, the conversion rate greatly drops because of excess CO2 involved 

in the RWGS reaction. Moreover, the excess carbon element easily generates carbon, 

which could block the reactor and cover the activity surface of catalyst. Hence, from the 

simulation results, it shows that our experiments’ setup is suitable for syn-gas production 

through Dry Reforming Reaction. 

 

Figure 5.7 CH4 Conversion Rate for Temperature (Dry) 
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Figure 5.8 CH4 Conversion Rate for CO2:CH4 Ratio (Dry) 
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Chapter 6                             

CONCLUSION AND FUTURE WORK 

6.1 Conclusions 

  In this study, the major concern is to build a device, which supplies feedstock (syngas) 

for the Fischer-Tropsch synthesis process. Based on this purpose, two types of experiment 

are set up for the steam methane reforming and the CO2 methane reforming. The 

experiments are investigated over Ni/SiO2 catalyst in temperature range from 700 ̊ C to 

800 ̊ C for SMR, and from 550 ̊ C to 700 ̊ C for dry reforming. High temperature is 

favored by reforming process because of endothermic property of reaction. The high 

conversation rate and proper composition of product gas are achieved at high temperatures. 

For SMR reaction, steam/methane (steam/carbon, S/C) ratio is another important parameter 

for reaction performance. The high S/C ratio is usually adopted in SMR to prevent carbon 

formation. However, if the S/C ratio is over high, the excess water steam reacts with CO 

through the water gas shift reaction (WGS). This method is normal for hydrogen production, 

but, for this study, the composition of product gas need to meet the requirement for F-T 

process. Therefore, the WGS reaction must be limited during the SMR reaction. The S/C 

ratio is optimized for this purpose at 3. For dry reforming, the ratio of CO2/CH4 is keep 

close 1 to depress unexpected side reactions. The Ni catalyst is able to active the two types 

reforming at high temperature for long time. After characterization by XRD and SEM 
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method, the carbon deposition has been found on the Ni catalyst at high temperature 

reaction condition which increases potential possibility for deactivation.      

6.2 Recommendations for Future Work 

  The following recommendations for future work are summarized below: 

1) Design a reactor with multi tunnels or dual tunnels that will greatly increase the 

efficiency of reaction. And combine dry reforming with steam reforming in the reactor. 

Because the H2/CO ratio of product gas is high in the SMR and the H2/CO ratio for dry 

reforming is lower. By combine these two reactions, the H2/CO ratio could be adjusted 

by control the mixture ratio of reactant gas to meet downstream requirement without 

post –process step. 

2) The effect of pressure in the reactor should be investigated. A lot of research reveals 

that pressure in the reactor has great effect on product yield and conversion of reactant 

gas [81~83]. Therefore, the influence of pressure could be involved in the future. 

3) The catalyst with secondary active component could be applied in reforming reaction. 

The noble metal, added to Ni catalyst as secondary active component, could help 

improve catalyst stability and property of carbon resistant. And utilization of small 

amount of noble metal as additive will not greatly increase the cost for reforming. 
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4) The cost of energy should be estimated in the future. Because the reforming occurs at 

temperature over 700 ̊ C or higher. The cost and energy consumption for equipment 

maintenance at such a high temperature is tremendous. If the energy cost for reaction 

system exceed the value of product gas, the system will not be adopted in industry no 

matter how efficiency can be reached.             
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