
  

 

 

 

 

 

ABSTRACT 

 

 

 

 

Title of Dissertation: ENHANCED HYDROGEN PRODUCTION 

FROM ACID GAS 

  

 Ahmed M. El-Melih, Doctor of Philosophy, 

2017 

  

Dissertation directed by: Distinguished University Professor Ashwani K. 

Gupta, Department of Mechanical Engineering 

 

Hydrogen sulfide is a colorless, corrosive, toxic and flammable gas that is 

notorious for its nuisance rotten egg odor. Hydrogen sulfide endangers environment, 

human health and industrial equipment. Despite its high heating value, utilization of 

hydrogen sulfide as fuel is strictly prohibited using conventional combustion 

technologies. This malignant gas naturally exists in crude oil and natural gas wells. The 

separated-out hydrogen sulfide from crude oil and gas has other impurities that include: 

carbon dioxide, nitrogen, ammonia, carbonyl sulfide, carbon disulfide as well as 

benzene, toluene and xylene (commonly referred to as BTX). With the increase in 

energy demand, there will be reliance on utilization of sourer feedstock. Consequently, 

hydrogen sulfide stream needs to be efficiently treated. 

On the other hand, hydrogen sulfide is considered a hydrogen rich feedstock. In 

addition, the hydrogen-constituted impurities, such as: methane, ammonia and BTX in 

the separated-out hydrogen sulfide stream from crude oil and gas furtherly enrich the 

hydrogen feedstock of this stream. Hydrogen can be produced from the decomposition 



  

of hydrogen sulfide into its two valuable constituents: hydrogen and sulfur. Thermal 

decomposition of hydrogen sulfide was studied in this work. Experimental examination 

of wide range of several key parameters that affect the amounts of hydrogen produced 

and destructed hydrogen sulfide was conducted. Effect of inlet acid gas composition as 

well as role of different contaminant gases naturally accompanying H2S on the 

chemistry, production of hydrogen and destruction of hydrogen sulfide were studied. 

A chemical reaction mechanism that characterizes hydrogen sulfide thermal 

decomposition as well as decomposition of a mixture of hydrogen sulfide with methane 

over wide range of conditions was developed. The developed mechanism addresses the 

chemical kinetics and possible pathways. The difference in dominant reaction 

pathways between the two cases of presence and absence of impurities facilitated the 

identification of the role played by the contaminants. 

  



  

ENHANCED HYDROGEN PRODUCTION FROM ACID GAS   

 

 

 

by 

 

 

Ahmed M. El-Melih 

 

 

 

 

 

Dissertation submitted to the Faculty of the Graduate School of the  

University of Maryland, College Park, in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

2017 

 

 

 

 

 

 

 

 

 

 

Advisory Committee: 

Professor Ashwani K. Gupta, Chair 

Professor Bao Yang 

Associate Professor Ahmed Al Shoaibi, The Petroleum Institute, Abu Dhabi 

Associate Professor Gary A. Pertmer 

Assistant Professor Dongxia Liu 

Associate Professor Kenneth H. Yu, Dean’s Representative 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Ahmed M. El-Melih 

2017 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ii 

 

Dedication 
To My Parents, Wife and Children. 



 

iii 

 

Acknowledgements 

 

The work presented in this dissertation is the result of my fruitful experience at the 

University of Maryland Combustion Laboratory. I am grateful to Prof. Gupta for 

offering me the opportunity to work at UMCL. As my mentor and advisor, Prof. Gupta 

provided me with continuing support and advice that helped shaping my research. He 

has motivated me to believe in the value of hard work, persistence and dedication to 

achieve excellence. I am also grateful to Prof. Ahmed S. Al Shoaibi for his insightful 

input on my research. . He offered valuable support in sourcing the finances used for 

this research investigation. My sincere appreciation also goes to members of my 

dissertation committee, Prof. Bao Yang, Prof. Kenneth Yu, Prof. Gary Pertmer, Prof. 

Nam Sun Wang and Prof. Dogxia Liu for their efforts, advice and support. 

I thank my family for their unwavering support and encouragement. I am especially 

thankful to my father, Mr. Mahmoud El-Melih, and mother, Mrs. Salwa Er-Rashidy for 

their support, inspiration and all their love and encouraging to pursue my graduate 

degrees. I am also sincerely thankful my beloved wife, Ayatullah Ezz El-Arab, for all 

the support and all what she sacrificed to company me along in this journey. Also my 

son Aser and my daughter Ellaf for all the love and euphoria they filled my life with. 

They all deserve all the credit for my achievements. My gratitude to my family cannot 

be expressed in words.  

I would like to extend my gratitude to the current and former team members of the 

Combustion Engineering laboratory for making the work environment enjoyable, and 

helping inside and outside the lab. I will never forget the sincere friendship and great 

memories I have had with all the Lab members. I would like to extend my thanks to 



 

iv 

 

my friends and all of those who helped me and supported me along the path. I am 

blessed to have you all. No words would be enough to thank you properly. 

Finally, I would like to express my deep gratitude to The Petroleum Institute, Abu 

Dhabi and ADNOC for their financial support of this project. I am also grateful to 

Reaction Design for their support to the numerical part of this research by providing a 

free license of CHEMKIN-PRO software  



 

v 

 

Table of Contents 

 

Dedication ..................................................................................................................... ii 
List of Tables .............................................................................................................. vii 
List of Figures ............................................................................................................ viii 
Chapter 1: Introduction ................................................................................................. 1 

1.1. Hydrogen Sulfide and its Hazards ............................................................ 1 

1.2. Regulations on Sulfur Content in Fuels .................................................... 3 
1.3. Separation of Acid Gases from Crude Oil and Natural Gas ..................... 4 
1.4. Motivations and Objectives .................................................................... 11 
1.5. Research Framework and Organization of the Dissertation ................... 13 

Chapter 2: Literature Review ...................................................................................... 15 

2.1. H2S Treatment, Challenges and Alternatives .......................................... 15 
2.2. Thermal Ddecomposition of Hydrogen Sulfide ...................................... 18 
2.3. Reformation of Hydrogen Sulfide in Presence of Impurities ................. 33 

2.4. Thermal Decomposition of Hydrogen Sulfide with Equilibrium Shift .. 39 

2.5. Catalyst Role in Hydrogen Sulfide Thermal Pyrolysis ........................... 42 
2.6. Summary ................................................................................................. 46 

Chapter 3: Experimental Facility ................................................................................ 48 

3.1. Experimental Setup ................................................................................. 48 
3.1.1. Thermal Reactor (Quartz Tube Reactor) ............................................ 48 

3.1.2. Gas Supply Manifold and Control System ......................................... 50 
3.1.3. Sampling System. ............................................................................... 52 

3.2. Diagnostics:............................................................................................. 53 

3.2.1. Gas Chromatography: ......................................................................... 53 

3.3. Thermal Characterization of the Reactor ................................................ 54 
3.4. Calibration of Experimental Facility ...................................................... 55 
3.5. Experimental Error Analysis................................................................... 57 

3.6. Experimental Difficulties ........................................................................ 57 
Chapter 4: Results and Discussions ............................................................................ 59 

4.1. Production of Hydrogen from Hydrogen Sulfide Pyrolysis and Partial 

Oxidation................................................................................................................. 59 
4.1.1. Hydrogen Production via Pyrolysis of Hydrogen Sulfide .................. 59 

4.1.1.1. Effect of Reactor Temperature and Residence time ....................... 60 
4.1.1.2. Effect of Inlet H2S Concentration ................................................... 63 

4.1.2. Simulation and Validation of Hydrogen Production from Hydrogen 

Sulfide Pyrolysis ................................................................................................. 66 

4.1.2.1. Kinetics simulation ......................................................................... 67 

4.1.2.2. Results and Discussion ................................................................... 67 
4.1.2.3. Summary ......................................................................................... 71 

4.1.3. Hydrogen Production from Hydrogen Sulfide Partial Oxidation ....... 72 
4.1.3.1. Effect of Presence of Oxygen on Hydrogen Sulfide Pyrolysis ....... 72 
4.1.3.2. Effect of Oxygen Composition on Hydrogen Sulfide Pyrolysis ..... 74 

4.1.3.3. Summary ......................................................................................... 76 
4.2. Pyrolysis of Contaminated Hydrogen Sulfide ........................................ 77 

4.2.1. Syngas Recovery from Acid Gas Stream Composed of H2S and CO2 77 



 

vi 

 

4.2.1.1. Effect of Reactor Temperature on Pyrolysis of Acid Gas .............. 77 
4.2.1.2. Effect of CO2 on H2S Pyrolysis ...................................................... 80 

4.2.1.3. Summary ......................................................................................... 85 
4.2.2. Reformation of Hydrogen Sulfide in Presence of Methane ................ 86 

4.2.2.1. Effect of Temperature on Reformation of Hydrogen Sulfide in 

Presence of Methane ....................................................................................... 86 
4.2.2.2. Effect of CH4 Composition on H2S Pyrolysis ................................ 92 

4.2.3. Simulation and Validation of Hydrogen Production from Hydrogen 

Sulfide and Methane Mixture ............................................................................. 96 
4.2.3.1. Summary ....................................................................................... 107 

4.2.4. Reformation of Hydrogen Sulfide to Hydrogen in Presence of Benzene 

 ........................................................................................................... 108 

4.2.4.1. Effect of Reactor Temperature on Reformation of H2S with C6H6 

Present ....................................................................................................... 108 
4.2.4.2. Effect of C6H6 Presence on Reformation of H2S .......................... 112 

4.2.4.3. Effect of C6H6 Composition on H2S Reformation ........................ 115 

4.2.4.4. Summary ....................................................................................... 120 
4.2.5. Reformation of Hydrogen Sulfide to Hydrogen with Xylene Present .... 

 ........................................................................................................... 121 

4.2.5.1. Effect of Reactor Temperature on H2S Reformation with C8H10 . 121 
4.2.5.2. Effect of Xylene Presence on Reformation of H2S ....................... 125 

4.2.5.3. Effect of C8H10 Amounts on H2S Reformation............................. 128 
4.2.5.4. Summary ....................................................................................... 132 

4.2.6. Reformation of Hydrogen Sulfide in Presence of Toluene ............... 133 

4.2.6.1. Effect of Reactor Temperature on Reformation of H2S with C7H8 

Present ....................................................................................................... 134 
4.2.6.2. Effect of C7H8 Composition on H2S Reformation ........................ 138 
4.2.6.3. Summary ....................................................................................... 143 

Chapter 5:  Conclusions and Research Contributions............................................... 145 
5.1. Conclusions ........................................................................................... 145 

5.2. Production of Hydrogen via Hydrogen Sulfide Pyrolysis and Partial 

Oxidation............................................................................................................... 146 
5.3. Syngas Recovery from Acid Gas .......................................................... 147 

5.4. Enhanced Hydrogen Production in Presence of Different Hydrocarbon 

Impurities .............................................................................................................. 147 
5.5. Research Contributions ......................................................................... 149 

Chapter 6:  Recommendations for Future Work ....................................................... 151 

6.1. Production of Hydrogen from Hydrogen Sulfide in Presence of Ammonia

 ............................................................................................................... 151 
6.2. Detailed Radical Reaction Mechanism for Pyrolysis of Hydrogen Sulfide 

Stream ............................................................................................................... 151 
6.3. Production of Hydrogen from Hydrogen Sulfide Filtration Combustion ... 

 ............................................................................................................... 152 

6.4. Production of Syngas from Acid Gas ................................................... 153 
References ................................................................................................................. 154 
 



 

vii 

 

List of Tables 
 

Table 1. Kinetics parameters for thermal Pyrolysis of hydrogen sulfide ................... 19 

Table 2. Detailed radical mechanism of hydrogen sulfide thermal pyrolysis [ Binoist 

et al. [67]]. ................................................................................................................... 30 

Table 3. Error range associated with experimental measurements ............................. 58 

Table 4. Detailed mechanism of H2S pyrolysis with the rate equation: k=A.Tb.exp(-

Ea/(RT)) [cm3.s-1.mol-1]. .............................................................................................. 68 

Table 5. Specification of syngas for Siemens gas plants [111] .................................. 79 

Table 6. Detailed mechanism of H2S pyrolysis in the presence of CH4 with the rate 

equation: k=A.Tb.exp(-Ea/(RT)) [32-34] .................................................................... 98 

 



 

viii 

 

List of Figures 
Figure 1. The Claus Process [12] .................................................................................. 9 

Figure 2. A schematic diagram of the experimental setup .......................................... 49 
Figure 3. Schematic diagram of the sampling probe, dimensions are in millimeter. . 53 
Figure 4. Comparison of experimental and equilibrium data from pyrolysis of 5% 

H2S/95% Ar or N2 ....................................................................................................... 56 
Figure 5. H2S conversion from pyrolysis of 5%H2S/95% N2 at different residence 

times in the reactor at 1273, 1373 and 1473K. ........................................................... 60 
Figure 6. H2 production from pyrolysis of 5%H2S/95% N2 at different residence times 

in the reactor at 1273, 1373 and 1473K. ..................................................................... 61 
Figure 7. Comparison of experimental and equilibrium data from pyrolysis of 5% 

H2S/95% Ar or N2. ...................................................................................................... 62 

Figure 8. H2 production with change in acid gas composition (H2S diluted in N2) at 

1273 K reactor temperature ........................................................................................ 65 

Figure 9. H2 production with change in acid gas composition (H2S diluted in N2) at 

1373K .......................................................................................................................... 65 

Figure 10. H2 production with change in acid gas composition (H2S diluted in N2) at 

1473K reactor temperature ......................................................................................... 65 

Figure 11. H2 production with change in acid gas composition (H2S diluted in N2) at 

1573K reactor temperature. ........................................................................................ 65 
Figure 12. H2S conversion with change in acid gas composition (H2S diluted in N2) 

and reactor temperature ............................................................................................... 66 
Figure 13. Comparison between modeling and experimental data on H2S conversion

..................................................................................................................................... 69 

Figure 14. Comparison between modeling and experimental data on H2 yield.......... 69 

Figure 15. A comparison on the amounts of hydrogen produced from H2S only and 

H2S with O2 ................................................................................................................. 74 

Figure 16. Comparison of H2S conversion of H2S only and H2S with O2 .................. 74 
Figure 17. A comparison on the amounts of hydrogen produced from H2S only and 

H2S with O2 ................................................................................................................. 75 

Figure 18. Comparison of H2S conversion of H2S only and H2S with O2 .................. 76 
Figure 19. Effect of reactor temperature on Syngas production (3% H2S/2% CO2 

diluted in 95% N2) ...................................................................................................... 78 
Figure 20. Effect of acid gas composition on Syngas production at 1475 K. (H2S/CO2 

diluted in 95% N2) ...................................................................................................... 80 
Figure 21. H2S conversion with change in acid gas composition and reactor 

temperatures (H2S or H2S/CO2 diluted in 95% N2) .................................................... 81 
Figure 22. H2 production with change in acid gas composition and reactor 

temperatures (H2S or H2S/CO2 diluted in 95% N2) .................................................... 82 

Figure 23. CO production and CO2 fraction with change in reactor temperatures (3% 

H2S/2% CO2 diluted in 95% N2) ................................................................................. 84 
Figure 24. Effect of reactor temperature on hydrogen production ............................. 88 
Figure 25. Hydrogen produced from hydrogen sulfide with methane and hydrogen 

sulfide only.................................................................................................................. 89 
Figure 26. H2S conversion as a function of temperature for 6.67% H2S/3.33% CH4 in 

90% N2 and 6.67% H2S in 93.3% N2 mixtures ........................................................... 91 

file:///C:/Users/Ahmed%20El-Melih/Downloads/ENHANCED%20HYDROGEN%20PRODUCTION%20FROM%20ACID%20GAS.docx%23_Toc486849526


 

ix 

 

Figure 27. Effect of reactor temperature on Carbon disulfide formation ................... 92 
Figure 28. Carbon deposition on the inner walls of the reactor .................................. 94 

Figure 29. H2 and H2S with change in H2S/CH4 ratio (H2S/CH4 diluted in 90% N2) 94 
Figure 30. H2S conversion as a function of H2S/CH4 ratio at temperature of 1573 K 95 
Figure 31. CS2 mole fraction in the products stream as a function of H2S/CH4 ratio at 

temperature of 1573 K ................................................................................................ 96 
Figure 32. Effect of reactor temperature on the evolutionary behavior of hydrogen 102 

Figure 33. Temporal CH4 consumption at different temperatures 1273-1673K ...... 103 
Figure 34. H2S conversion as a function of temperature and residence time ........... 104 
Figure 35. A comparison on the amounts of hydrogen produced from H2S only and 

H2S in the presence of CH4 ....................................................................................... 106 
Figure 36. Comparison of H2S conversion with H2S only and H2S/CH4 mixture .... 106 

Figure 37. Effect of reactor temperature on hydrogen production ........................... 110 
Figure 38. Effect of reactor temperature on CS2 formation ...................................... 111 
Figure 39. H2 produced from hydrogen sulfide with benzene and H2S only ............ 112 

Figure 40. H2S conversion as a function of temperature for 9.23% H2S/0.77% C6H6 in 

90% N2 and 9.23% H2S in 90.77% N2 mixtures ....................................................... 114 
Figure 41. H2 and H2S with change in H2S/C6H6 ratio (H2S/C6H6 diluted in 90% N2)

................................................................................................................................... 117 

Figure 42. H2S conversion as a function of H2S/C6H6 ratio at temperature of 1473 K

................................................................................................................................... 118 

Figure 43. CS2 mole fraction in the products stream as a function of H2S/C6H6 ratio at 

temperature of 1473 K .............................................................................................. 119 
Figure 44. Effect of reactor temperature on hydrogen production from hydrogen 

sulfide and xylene mixture ........................................................................................ 123 

Figure 45. Effect of reactor temperature on CS2 formation from hydrogen sulfide and 

xylene mixture .......................................................................................................... 124 
Figure 46. Hydrogen produced from hydrogen sulfide with xylene and hydrogen 

sulfide only................................................................................................................ 126 
Figure 47. H2S conversion as a function of temperature for 9.4% H2S/0.6% C8H10 in 

90% N2 and 9.4% H2S in 90.6% N2 mixtures ........................................................... 128 
Figure 48. H2 and H2S with change in H2S/C8H10 ratio (H2S/C8H10 diluted in 90% N2)

................................................................................................................................... 130 

Figure 49. H2S conversion as a function of H2S/C8H10 ratio at temperature of 1473 K

................................................................................................................................... 131 
Figure 50. CS2 mole fraction in the products stream and fraction of C8H10 converted 

to CS2 as a function of H2S/C8H10 ratio at temperature of 1473 K ........................... 131 

Figure 51. H2 produced from H2S with C7H8 and H2S only at different temperatures

................................................................................................................................... 135 
Figure 52. H2S conversion as a function of temperature for 9.33% H2S/0.67% C7H8 in 

90% N2 and 9.33% H2S in 90.67% N2 mixtures ....................................................... 137 
Figure 53. CS2 formed from reaction between H2S and C7H8 at temperature range of 

1273-1573K .............................................................................................................. 138 

Figure 54. H2 and H2S with change in H2S/C7H8 ratio (H2S/C7H8 diluted in 90% N2)

................................................................................................................................... 141 



 

x 

 

Figure 55. CS2 mole fraction in the products stream and fraction of C7H8 converted to 

CS2 as a function of H2S/C7H8 ratio at temperature of 1473 K ................................ 143 
  



 

 

1 

 

Chapter 1: Introduction 

This Chapter introduces hydrogen sulfide, its sources and its hazardous effects 

on both human health and environment.  Then, brief description of current state-of-the-

art technologies in treatment of hydrogen sulfide is provided. Later, objective of this 

research and motivations behind these objectives are addressed. Finally, the approach 

of this research and framework are briefly presented. 

1.1. Hydrogen Sulfide and its Hazards 

Hydrogen sulfide is a colorless, toxic, very corrosive and highly flammable gas 

that is notorious for its nuisance rotten egg odor. Hydrogen sulfide gas occurs both 

naturally as well as artificially in oil and gas refining industry. Hydrogen sulfide is a 

highly perilous gas that has deleterious effects on environment, human health. It also 

causes metals to become brittle which extends its adverse effects to utilized industrial 

equipment. This means special precautions should be taken when appropriately 

choosing or trimming equipment that is expected to encounter H2S. Since utilization of 

sulfur-bearing fuels is forbidden, a hydro-desulfurization process of oil is an essential 

step in oil refining which removes all sulfur content in oil in form of hydrogen sulfide. 

Then, hydrogen sulfide has to be separated-out in an amine extraction process prior to 

utilizing natural gas as fuel. Therefore, petroleum-refining industry is the largest major 

artificial source of hydrogen sulfide. Hydrogen sulfide produced from 

hydrodesulfurization of oil products as well as the portion separated out from natural 

gas needs to treated in a highly efficient process. Practically, hydrogen sulfide stream 

that is separated out has other impurities including: carbon dioxide, nitrogen, ammonia, 
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carbonyl sulfide, carbon disulfide, benzene, toluene, xylene (commonly referred to as 

BTX). Inappropriately, most of these impurities are neither environmental friendly nor 

human health friendly. Consequently, this malevolent stream cannot be vented to 

atmosphere instead, it must be treated. Given the high heating value of hydrogen sulfide 

and some of its impurities, utilization of such stream as fuel is an intuitive option. 

However, combustion of hydrogen sulfide and some of its impurities using 

conventional combustion systems is prohibited because formed products from this 

combustion process includes SOx, which are the primacy antecedents of acidic rain. 

Other formed sulfurous-carbonaceous compounds (e.g., COS and CS2), reach 

stratosphere and generate sulfate aerosol layer which could affect the ozone 

concentration negatively [1, 2]. For this reason, stringent environmental regulations are 

made and enforced on the permissible maxima of sulfurous emissions to be vented out 

to atmosphere from petrochemical plants [1, 3].  Accordingly, after separating out these 

gases in general and hydrogen sulfide in specific, an extremely efficient treatment 

process for sweetening petroleum products is necessary to meet the strict regulations. 

H2S causes numerous hazards to the human health depending on concentrations and 

level of exposure. Low concentrations of H2S can cause burning and tearing of eyes, 

headache, dizziness, dyspnea, and skin and throat irritations. Exposure to higher 

concentrations of H2S can cause asphyxiation, loss of consciousness, and death. Health 

Administration (OSHA) classified the low-hazard H2S exposure of 10 ppm or less [4]. 

The medium-hazard H2S exposure was considered greater than 10 ppm and less than 

30ppm [4]. Higher than 30 ppm was designated as high-risk H2S exposure. They also 

stated that exposure to H2S levels at 100 ppm or higher can endanger human life 
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immediately. On the other hand, BTX is not expected to be acutely toxic by the 

inhalation, oral, or dermal route of exposure. Breathing of vapors at concentrations 

above the recommended exposure standards of the components can cause central 

nervous system effects (e.g. drowsiness and lightheadedness) and, based on data on 

some of the components, inhalation of very high doses of BTX may cause skin and 

respiratory tract irritation. Prolonged and repeated exposure to high concentrations of 

BTX may cause serious health effects, including adverse effects in several organ 

systems, developmental toxicity and cancer [5]. 

1.2. Regulations on Sulfur Content in Fuels 

In an effort to produce cleaner air with sulfur-bearing fuels, limits are placed on 

sulfur content in fuels and more stringent regulations on emission of pollutants from 

the combustion of H2S and BTX are promulgated by various environmental regulatory 

agencies worldwide. The US EPA reduced the maximum allowable sulfur content in 

non-road diesel fuel from average of 3400ppm to 500ppm in 2007 and further to 15ppm 

in 2010. The highway diesel fuel was also reduced from current 500ppm down to 

15ppm (per-gallon average) in June 2012 [6]. More recently, the US EPA announced a 

new regulation that mandates oil and gas refiners to reduce sulfur content in gasoline 

from the current limit of 30ppm down to 10ppm by 2017 [7]. A decade ago, the United 

States gasoline contained 300ppm of sulfur, but earlier regulations required refiners to 

cut the sulfur content by 90 percent, down to the current 30ppm. 

The mobile source air toxics rules were also promulgated by the US EPA in 

2007 to reduce benzene and other aromatics content in gasoline to further reduce 

hazardous air pollutants emitted by motor vehicles [7]. The major air toxics of concern 
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are BTX and other hydrocarbons such as 1, 3-butadiene, formaldehyde, acetaldehyde, 

acrolein and naphthalene. Oil and gas refineries are facing major challenges to meet 

the new fuel sulfur specification along with the required reduction of aromatics content. 

These requirements are expected to be more stringent in the future, therefore putting 

pressure on oil and gas companies to develop deep desulfurization processes and more 

environmentally-friendly technologies.  

1.3. Separation of Acid Gases from Crude Oil and Natural Gas 

1.2.1. Hydrodesulfurization  

Hydrodesulfurization (HDS) is a commercially proven refining process that is 

traditionally used in refineries to reduce the sulfur content in fuels by passing a mixture 

of heated feedstock and hydrogen over catalysts - a Co-Mo or Ni-Mo charged catalytic 

column at high temperature and pressure - to remove sulfur as H2S.  

Typically, Conventional catalytic HDS method for reducing sulfur content involves 

catalytic treatment with hydrogen to convert the various sulfur compounds to H2S and 

sulfur-free organic compounds at relatively high temperature range of 573 to 673 K 

and elevated pressure ranging from 30 to 130 atm.. Refineries desulfurize both distillate 

streams generated during direct distillation of crude oil and streams coming out from 

conversion units. In the HDS reactor, sulfur is reduced liberating H2S which is then 

removed from the flue gas by amine scrubbing. Most HDS operations also remove 

nitrogen compounds and some metal impurities [8]. Refineries meet the ultra-low 

sulfur specifications on fuels that are produced from straight runs streams by 

controlling the hydrogenating conditions and selecting the appropriate catalysts. In 
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refineries, the H2S resulting from the HDS reaction is eventually converted to elemental 

sulfur by a modified version of the Claus process which is described here in a later 

section [9]. 

HDS is an expensive technology that is energy intensive and requires huge 

amounts of high purity hydrogen as reactant [10] [11]. Interest in HDS was initially 

triggered by the availability of hydrogen from catalytic reformers [8]. However, it is 

also widely acknowledged that HDS helps improve the fuel properties, as it favors a 

higher distillate to residual fuel oil ratio, in addition to the sulfur removal from crude 

oils [6, 7, 11]. This makes HDS more attractive in the light of increasing requirements 

for deep sulfur removal. 

1.2.2. Amine Extraction Process 

Separation of hydrogen sulfide gas from crude natural gas commonly takes 

place through the so-called “Amine extraction” process [2, 3, 12, 13]. This process 

involves the removal of acidic gases, mainly H2S and CO2 from crude natural gas and 

it is the main process in gas sweetening operations. In this process, The sour gas is up 

flowing through a tower, which contains an aqueous solution of alkaline-based organic 

compounds (alkanolamines) that consist of at least one hydroxyl and amino groups to 

produce sweetened gas stream (acid gas-free stream). This solution of alkanolamines 

is used to absorb hydrogen sulfide from crude natural gas [14]. This solution has an 

affinity for sulfur. Each of these two groups has its own role in the process, wherein 

the hydroxyl group reduces pressure of the vapor in the aqueous solution in order to 

increase the water solubility. On the other hand, the amino group provides the required 

alkaline medium in this aqueous solution in order to increase the tendency of the acidic 



 

 

6 

 

gases absorption. The most common, which have been widely used commercially, are 

monoethanolamine (MEA), diethanolamine (DEA), and methyldiethanolamine 

(MDEA) [12]. Amines, which contain two hydrogen atoms attached to the nitrogen 

atom, are called primary amines such as (MEA), while amines that contain only one 

hydrogen atom attached to the nitrogen atom are called secondary amines such as 

(DEA), and the amines that contain no hydrogen atoms are called tertiary amines such 

as (MDEA) [13]. There are two principle amine solutions used, monoethanolamine 

(MEA) and diethanolamine (DEA). Either of these compounds, in liquid form, will 

absorb sulfur compounds from natural gas as it passes through. The effluent gas is 

virtually free of sulfur compounds, and thus loses its sour gas status. The amine solution 

used can be regenerated (that is, the absorbed sulfur is removed), allowing it to be 

reused to treat more sour gas. During the separation of H2S and CO2, small 

concentrations of methane, organic sulfides and BTX often accompany the separated 

gas. In addition to hydrogen sulfide and carbon dioxide, acid gas can contain nitrogen 

existing as part of ammonia in the aqueous solution, which is converted into nitrogen 

and water. Separation process starts with the ionization of H2S and CO2, alkanolamine 

protonation, and formation of sulfur and bicarbonate salts. Formed salts are cracked 

thermally to regenerate the alkanolamines and decouple both H2S and CO2. The 

following set of reactions describes the amine extraction process of both hydrogen 

sulfide and carbon dioxide from crude natural gas stream [15]: 

𝐻2𝑂 ⇌  𝐻
+  +  𝑂𝐻−  (Ionization of water) 

𝐻2𝑆 ⇌  𝐻+  +  𝐻𝑆–  (Ionization of dissolved H2S) 
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𝐶𝑂2  + 𝐻2𝑂 ⇌  𝐻𝐶𝑂3
–  + 𝐻+  (Hydrolysis & ionization of 

dissolved CO2) 

𝑅𝑁𝐻2  +  𝐻
+  ⇌  𝑅𝑁𝐻3

+  (Protonation of alkanolamine) 

𝑅𝑁𝐻3
+  +  𝐻𝑆–  ⟶ (𝑅𝑁𝐻3)𝐻𝑆  (Formation of alkanolammonium 

sulfide salt) 

𝑅𝑁𝐻3
+  +  𝐻𝐶𝑂3

–  ⟶  (𝑅𝑁𝐻3)𝐻𝐶𝑂3  (Formation of alkanolammonium 

bicarbonate salt) 

(𝑅𝑁𝐻3)𝐻𝑆 
ℎ𝑒𝑎𝑡
→   𝑅𝑁𝐻2 ↓ + 𝐻2𝑆 ↑  

(Thermal cracking of 

alkanolammonium sulfide salt to 

regenerate alkanolamine and 

release H2S gas) 

(𝑅𝑁𝐻3)𝐻𝐶𝑂3  
ℎ𝑒𝑎𝑡 
→   𝑅𝑁𝐻2 ↓  + 𝐻2𝑂 +  𝐶𝑂2 ↑  

(Thermal cracking of 

alkanolammonium carbonate salt 

to regenerate alkanolamine and 

release CO2 gas) 

 

1.3. Treatment of acid gas (Claus Process) 

Limits on sulfur content in fuels and an effort to produce cleaner air with sulfur 

bearing fuels, more stringent regulations on emission of pollutants from the combustion 

of hydrogen sulfide are set by various environmental regulatory agencies worldwide. 

Hydrogen sulfide is present in most natural gas wells, and as light and sweet feedstock 

is becoming increasingly scarce, there is a shift towards utilization of heavier and 

sourer feedstock with higher content of hydrogen sulfide to meet the increasing demand 
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on energy. Most often, in addition to H2S, this feedstock contains various contaminants, 

such as carbon dioxide, nitrogen, ammonia, organic sulfides and higher aromatic 

hydrocarbons, such as BTX. Combustion of any crude natural gas containing the 

aforementioned contaminants results in the formation of highly toxic compounds (such 

as, SO2, H2SO4, CO, COS and CS2 amongst other compounds). Therefore, it is a 

necessity to separate out and treat hydrogen sulfide and other contaminants from crude 

natural gas.  

The collected acid gas even in small amount must be treated to hinder its 

harmful effects on human health and environment. The currently most widely 

employed technology is the well-known Claus process [12, 16] that is used for the 

sulfur recovery while treating hydrogen sulfide. Different sulfur recover processes are 

in commercial operation as well such as: Selectox, Stretford process, Unisulf process 

[17]. Also novel chemical looping approach has been developed for sulfur recovery. 

The selection of the acid gas treating process depends on many design consideration 

that includes: operating pressure, temperature, space velocity, sulfur recovery levels, 

types, types and concentrations of impurities, amount of hydrogen sulfide content in 

the stream, required quality of sulfur recovered and regulations on emission of sulfur 

to be met. Among all sulfur recovery processes, modern modified Claus process is the 

most mature and reliable technology with highest efficiency of 97-98%. 

Practically, Claus process is divided into two stages of a thermal stage followed 

by multiple catalytic stages as shown on Figure 1. The catalytic stages can be several 

due to high level of sulfur capture efficiency required from the gases. 
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Figure 1. The Claus Process [12] 

1.3.1. Thermal stage of Claus Process 

In Claus process, reaction between H2S and O2 occurs under fuel-rich 

conditions (at equivalence ratio of Φ =3) where partial oxidation of H2S to form sulfur 

oxides. The products from this step are: sulfur dioxide, water and unreacted hydrogen 

sulfide. Additionally, some of the sulfur dioxide produced here reacts with remaining 

hydrogen sulfide inside the furnace to produce elemental sulfur and steam according to 

reaction (2) shown above. The products from the furnace flow into a waste heat boiler 

to condense the sulfur. The acid gas/air mixture is passed into a furnace operating at 

temperatures from 1027-1477 °C; where the reactions are allowed sufficient time to 

reach equilibrium. However, these reactions occur in two stages as described below in 

equations 1 and 2.  

3𝐻2𝑆 + 1.5𝑂2 ⇌ 𝐻2𝑂 + 𝑆𝑂2 + 2𝐻2𝑆, ∆𝐻𝑟  =  −518 𝐾𝐽/𝑚𝑜𝑙   (1) 

2𝐻2𝑆 + 𝑆𝑂2 ⇌ 1.5 𝑆2 + 𝐻2𝑂, ∆𝐻𝑟  =  47𝑘𝐽/𝑚𝑜𝑙      (2) 
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The efficiency of Claus reactor wherein both the energy and sulfur recovery 

occurs can vary significantly depending on the acid gas composition, rector design 

configuration and operational conditions. Acid gas composition varies significantly 

depending on the natural gas well, and greater variation could even occur as the world 

is shifting towards utilization of heavier and sourer feedstock with higher content of 

acid gas and other contaminants due to depletion of light and sweet feedstock. As a 

result, there is significant demand for improved energy and sulfur recovery efficiency 

in both new and existing gas processing plants and refineries, while reducing health 

and environmental burden. This will help maintain cleaner air with sulfur bearing fuels 

and also meet the strict regulations that are promulgated by various environmental 

regulatory agencies worldwide on the discharge of acid gas and hazardous by-products 

of its combustion. 

1.3.2. Catalytic stage of Claus process 

The reactions in the catalytic stages are the same as that in the thermal stage but 

with reactions occurring at a lower temperature.  The remaining H2S from the Claus 

furnace reacts with the SO2 at lower temperatures (about 470-620 °C) over an alumina- 

or titanium dioxide-based catalyst to form additional sulfur. In the catalytic stage, 

mostly S8 is produced, which is an exothermic reaction whereas in the thermal stage S2 

is the major product [18, 19]. Other allotropes of sulfur may also be present in smaller 

quantities. About 60-70% of elemental sulfur, on the average, is produced from reaction 

2 [18]. Reaction 2 is exothermic and a cooling stage is needed following these steps in 

order to condense the sulfur produced. The condensed phase is then separated from the 

gas stream by draining it into a container. 
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The basic Claus process has a sulfur recovery efficiency of about 94% to 98% 

(Sulfotech). However, many improvements have been developed and the modified 

Claus process achieves 99+% of H2S conversion efficiency. 

1.4. Motivations and Objectives 

With the malignant effects hydrogen sulfide has on both human health and 

environment, separation of hydrogen sulfide from sulfur bearing fuels, crude oil and 

crude natural gas followed by a highly efficient treatment process is crucial to thwart 

its adverse effect. 

The current increase in energy demand around the world with the shrinking 

reserves of fossil fuels, exploitation of sourer feedstock (higher content of hydrogen 

sulfide) will be an option to meet the increase in demand. 

The current utilized technology is Claus process, which relies mainly on the 

combustion of hydrogen sulfide, does not allow for presence of other contaminants 

such as carbon dioxide, BTEX and hydrocarbons higher than C3. These contaminants 

affect the process adversely; it deteriorates the quality of sulfur, lead to formation of 

undesired sulfurous compounds in addition to affecting the efficiency of the process 

itself or require more catalytic stages which imposes immense cost. 

Acid gas does not contain hydrogen sulfide only, carbon dioxide, nitrogen, 

BTEX, C1 – C4 hydrocarbons and ammonia often exists in acid gas. Although some of 

these gases are not hazardous, their existence in the inlet stream affect H2S 

decomposition process significantly. 

During the process of reforming hydrogen sulfide contaminated by other gases 

that naturally accompanying hydrogen sulfide, other sulfurous compounds forms that 
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are also hazardous to human health and environment, consequently terminating sulfur 

derived species demands understanding the conditions under which these compounds 

are formed and the optimum conditions under which such compounds can be 

minimized or better eliminated. 

The very strict regulations made on the maximum allowable sulfur emissions 

requires an extensive cleanup process of the tail gases, so that if the regulations became 

more stringent the feasibility of Claus process cannot be sustained by sulfur recovery 

only. 

All of the abovementioned motivations have molded the objectives of our 

research. The major objective of this research is to understand the chemistry of thermal 

pyrolysis of sole hydrogen sulfide. Based on this understanding a comparison between 

thermal decomposition of hydrogen sulfide and pyrolysis of hydrogen sulfide with 

presence of various contaminants including: BTX, ammonia, methane, nitrogen under 

different reaction conditions can reveal the role played by each contaminant. The role 

of other key parameters that will be determined, this includes: 

• Effect of temperature 

• Effect of inlet gas stream composition 

• Effect of presence of other contaminant gases in different amounts 

A hybrid approach of experimental and numerical will be followed with main 

stream of research of experimental approach to identify and quantify the products of 

the pyrolysis reaction in both cases of pure hydrogen sulfide or contaminated hydrogen 

sulfide. 
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Developing a reaction mechanism that characterize the pyrolysis of hydrogen 

sulfide that assists in identification of the most dominant chemical kinetics pathway by 

numerically modelling the experimental data obtained is another objective. 

1.5. Research Framework and Organization of the Dissertation 

Framework of research presented in this study comprises various approaches to 

achieve the targeted objectives. 

The first approach was experimental and it aimed to investigate experimentally 

the role of several key operating conditions, i.e., reactor temperature and inlet gas 

composition, on amounts of hydrogen produced and destruction of hydrogen sulfide by 

measuring the stable end products of hydrogen sulfide thermal decomposition reaction. 

The second approach was to investigate the role of different contaminant gases 

that are naturally accompanying hydrogen sulfide on chemistry of the reaction, 

production of hydrogen, treating hydrogen sulfide and formation of other sulfurous 

species during the reaction. This is also done experimentally wherein different 

concentrations of different gases has been injected individually along with hydrogen 

sulfide and the formed species from these reactions have been identified and their 

concentrations have been measured. 

The final approach was numerical with objective to develop a detailed reaction 

mechanism that has aptitude to characterize the pyrolysis of hydrogen sulfide under 

wide range of operating conditions. Reactions between hydrogen sulfide and other 

contaminant gases have also been included to represent the reformation of hydrogen 

sulfide in the presence of other contaminants. The developed mechanism has been also 
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used to understand the chemistry of H2S and identify the dominant chemical kinetics 

pathways and reactions in H2S decomposition.  

The organization of the succeeding chapters will be as follows: 

Chapter 2: a review of previous work carried out on thermal decomposition of 

hydrogen sulfide. The presented literature review presented in this chapter can be 

categorized into 3 main streams: Experimental kinetic studies of non-catalytic thermal 

decomposition of hydrogen sulfide stream, Modeling of kinetics of hydrogen sulfides 

thermal pyrolysis, Developing a catalyst for the reaction. 

Chapter 3: experimental facility design and diagnostics to be used for achieving 

goals of this study. 

Chapter 4: results and discussion. Results on experimental investigation of 

effect of temperature, inlet composition, presence of impurities have been presented. 

Chapter 5: conclusions from the research conducted throughout this study and 

contribution from this work in the literature are addressed. 

Chapter 6: Recommendations for future work on the field of production of 

hydrogen from hydrogen sulfide are made to improve the understanding of the 

chemistry of sulfur.  
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Chapter 2: Literature Review 
 

In this section, an overview of the available literature related to the research 

topic of this dissertation is presented. Available literature lies within the scope of our 

research has been categorized into four sections. The first section highlights practical 

problems of sulfur recovery in industry followed by discussions on alternative ways 

with focus on hydrogen and sulfur recovery. The second section summarizes previous 

efforts by investigators on non-catalytic thermal decomposition of hydrogen sulfide 

These investigations include both contributions of investigators in the development of 

detailed/reduced reaction mechanisms for hydrogen sulfide combustion and pyrolysis 

as well as experimental characterization of the reaction process. The third section 

covers investigations on reaction of hydrogen sulfide with contaminants naturally 

accompanying hydrogen sulfide with highlights on the chemistry of pyrolysis of these 

contaminants. The forth section discusses the techniques employed in shifting 

equilibrium limit on hydrogen sulfide pyrolysis. The fifth section provides insight on 

catalysts developed for accelerating the cracking reaction of hydrogen sulfide and 

evaluating the performance of these catalysts. It is also vital to emphasize that this 

chapter sheds light only on the available previous work that has been found, from our 

point of view, related to the research presented in this dissertation.  

2.1. H2S Treatment, Challenges and Alternatives 

As previously introduced, hydrogen sulfide is a toxic gas not only to human 

health but its adverse effects extend to environmental health and equipment 

functionality. It can be inferred that the sulfur constituent in hydrogen sulfide is the 
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source of all the problems accompanying this gas. For this reason, the intuitive option 

to mitigate the impact of hydrogen sulfide is to extract its sulfur constituent. Many 

technologies have been utilized to recover sulfur from hydrogen sulfide. These 

technologies include: Amoco direct oxidation, LO-CAT, Selectox, Stretford, Unisulf 

and Claus. All of these technologies have their advantages and limitations [17]. 

Sometimes, they are used in complementary setting. Among these processes, Claus 

process is the most mature technology in the field of sulfur recovery. Details on Claus 

process have been discussed earlier. These technologies aim to extract sulfur 

constituent from hydrogen sulfide so that the effluent products are more environmental 

friendly. Meanwhile, recovery of sulfur as an important mineral that is in demand in 

many industrial applications include sulfuric acid production, fertilizers, fungicide and 

pesticide, food preservation and pharmaceuticals industries. With the growing 

awareness of environmental health and enforcement of stringent environmental 

regulations, the current exploited processes for sulfur recovery may lose its economic 

feasibility in case its operation cost and tail gas clean up exceeds the value of sulfur 

recovered under the new regulations [20, 7]. In addition, the unavoidable production of 

hydrogen sulfide from gas plants, refineries and other plants that must be properly 

treated is increasing with the increase in energy demand. This brings the attention to 

the other valuable constituent in hydrogen sulfide that have the potential to foster the 

economic feasibility of the treatment process. 

Efforts to produce both hydrogen and sulfur from hydrogen sulfide have been 

made in recent years through a diverse variety of technologies. These involve thermal, 
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thermochemical, electrochemical [21, 22], photochemical [23, 24, 25, 26] and 

plasmochemical methods [27, 28, 29, 30, 31]. 

The only drawback of the alternative of cracking of H2S is the high energy 

requirement for this reaction and the relatively lower conversion of hydrogen sulfide 

compared to the modified Claus process. However, the most direct process of obtaining 

hydrogen and sulfur from hydrogen sulfide is thermal decomposition, catalytically or 

non-catalytically. The challenge faced in this method is that the reaction is highly 

endothermic and is equilibrium limited even at high temperatures which can be 

translated to high thermal energy input requirements. Since thermal energy is one of 

the main products of Claus process, hybrid operation of Claus process has been 

suggested where sulfur being recovered and thermal energy is supplied to dissociation 

of hydrogen sulfide stream. Hence, interest in thermal decomposition of hydrogen 

sulfide has grown and many scientists directed their research to thermal dissociation of 

hydrogen sulfide. Another area of research that was open is the catalytic thermal 

dissociation of hydrogen sulfide with the aim to reduce the energy requirement for this 

reaction.   

In addition, many techniques have been employed to shift equilibrium limit on 

decomposition of H2S using several methods such as preferential removal of products 

of reaction by membranes or adding some different material that react with one of the 

products then the equilibrium shifts towards more consumption of H2S 

Another method to overcome the high endothermicity and equilibrium 

limitation was two-step processes such as the sulfurizing of a transition metal or a lower 



 

 

18 

 

sulfide to liberate the hydrogen and then calcining the higher sulfide to decompose into 

sulfur and the original metal or sulfide have been proposed [20]. 

2.2. Thermal Ddecomposition of Hydrogen Sulfide 

To produce the sulfur oxide required for the Claus reaction to occur, partial 

oxidation of hydrogen sulfide under rich conditions occurs in the thermal stage of Claus 

process. For this reason, interest in studying chemistry of sulfur in flames has grown. 

Combustion of hydrogen sulfide has been examined experimentally [32, 33, 34, 35, 36, 

37, 38] as well as numerically [39, 19]. Moreover, many researchers focused early on 

studying the major features of hydrogen sulfide flame such as: flammability limits [40], 

ignition delay [41], chemical equilibrium [42], and flame speed [43]. 

Interest in hydrogen sulfide pyrolysis has been focused on later as part of the 

reactions occurring in Claus process. Then, it has been focused on as a separate area of 

research with objective of hydrogen production. The literature available on thermal 

decomposition of hydrogen sulfide can be categorized as follows: 

1. Experimental kinetic studies of non-catalytic reaction. 

2. Modeling of kinetics of hydrogen sulfides thermal pyrolysis 

Studies on the non-catalytic thermal decomposition of H2S (reaction 3) and the 

reverse reaction between hydrogen and sulfur have been reported by a number of 

researchers in the open literature. These studies have extensively examined the kinetics 

of this equilibrium system from both the forward and reverse reaction directions, over 

a wide range of temperatures. 

𝐻2𝑆 ⇌  𝐻2  +
1

2
𝑆2        (3) 
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Recent studies have also cited interest in the kinetics of these processes at higher 

temperatures, as it relates to thermal cracking of H2S [44, 45, 46]. Despite this type of 

information in the open literature, the reported studies, so far, have not provide a unified 

picture of the overall kinetics within this system, often yielding conflicting results even 

as to the form of the rate expressions, see Table 1.  

Table 1. Kinetics parameters for thermal Pyrolysis of hydrogen sulfide 

Rate equation Activation 

Energy 

(forward 

reaction) 

[kJ/mol] 

Catalyst Temperature 

range 

[K] 

Ref. no. 

𝑟 = 𝑘1𝑝𝐻2𝑆 − 𝑘2𝑝𝐻2𝑝𝑆2

1
2  196 None 873-1133 [47] 

𝑟 = 𝑘1[𝐻2𝑆] − 𝑘2[𝐻2][𝑆]
1
2 217 None 1061-1201 [20] 

𝑟 = 𝑘1𝑝𝐻2𝑆𝑝𝑆2

1
2 − 𝑘2𝑝𝐻2𝑝𝑆2  188 None 1123-1423 [46] 

𝑟 = 𝑘1𝑝𝐻2𝑆 241 None 1030-1070 [48] 

𝑟 = 𝑘1[𝐻2𝑆] − 𝑘2[𝐻2][𝑆]
1
2 286 None 1350-1600 [49] 

𝑟 = 𝑘1[𝐻2𝑆][𝑆]
1
2 − 𝑘2[𝐻2][𝑆2] 131.3 None 875-1563 [50] 

𝑟 = 𝑘[𝐻2𝑆]
2 75.7 Alumina 933-1073 [51] 

𝑟 = 𝑘[𝐻2𝑆]
2 90.0 Alumina 933-1073 [52] 

𝑟 = 𝑘[𝐻2𝑆]
2 49.8 Alumina 773-873 [53] 
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Darwent and Roberts [54] a second order dependency on H2S for the rate of 

decomposition reaction, whereas both Raymont [44] and, more recently, Adesina et al. 

[48] have suggested first-order kinetics. In a study of non-catalytic H2S decomposition, 

Kaloidas and Papayannakos [47] provided a reversible kinetic treatment of the system. 

These authors, however, implicitly relied on the available kinetic models within the 

literature. For their model they used a first-order kinetics for the H2S decomposition 

reaction and, −
𝑑[𝐻2]

𝑑𝑡
=  𝑘[𝐻2][𝑆2]

1

2 , for the rate expression of the reverse H2/S2 

reaction first proposed by Aynsley et al. [55] at lower temperatures, containing terms 

first order in H2 but half-order in S2. The reverse reaction involving H2 and S2 was 

extensively studied by Dowling et al. [50] over the temperature range from 600 to 1300 

°C. They reported an experimental rate expression for this reaction different from that 

used by Kaloidas and Papayannakos [47]. The form of the rate expression given by 

these authors was, −
𝑑[𝐻2]

𝑑𝑡
=  𝑘[𝐻2][𝑆2], that contain terms that are first order for both 

H2 and S2. As part of this study a reversible kinetic treatment of the system was also 

performed that included the assumption of strict first order kinetics for H2S 

decomposition and pseudo-first order behavior for the H2/S2 reaction for the conditions 

examined.  

The high-temperature decomposition of H2S has been studied (Randall and 

Bichowsky [56], Raymont [44], Fukuda et al. [57], Chivers et al. [58]).  Direct 

investigation of the reaction between hydrogen and sulfur is only reported in the 

literature at lower temperatures. In light of the apparent lack of agreement on the 

kinetics of this system evident from the literature, a reevaluation of the kinetic data for 

the H2/S2 reaction reported in the study by Dowling et al. was undertaken. However, 
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Dowling et. al. [50] extended this study to Claus Process conditions (high temperature 

range of 602-1290 °C and residence time between 0.03-1.5s) and reported first-order 

dependence on both hydrogen and sulfur for the reversible homogenous gas-phase 

kinetics of H2S decomposition to hydrogen and sulfur. They also examined the re-

association of hydrogen and sulfur and showed the feasibility of using a rapid thermal 

quenching technique to minimize the reverse reaction of H2S decomposition (reaction 

3). 

Most of these studies were carried out at temperatures ranging up to about 1200 

K. At 1200 K and 100 kPa, less than 20% of H2S is dissociated at equilibrium. Lower 

pressures and higher temperatures increase the degree of dissociation. 

Hawbolt et al. [46] studied pyrolysis of H2S in the temperature range of 1123-

1423 K under Claus condition, and determined a pyrolysis rate expression for H2S. 

They reported that H2S dissociation is minimal at temperatures below 1273 K. This 

substantiates the need for high temperatures in the Claus thermal reactors.  

Thermal decomposition of Hydrogen Sulfide was studied by Kaloidas and 

Papayannakos [47] in a non-isothermal flow reactor at pressures of 131-303 kPa and 

temperatures of 873-1133K at specific flow rates of 3.4-36.0 mol/m2s. The reactor was 

a fused-alumina tube of internal diameter 6 mm and length 403 mm. The temperature 

distribution inside the reactor along its length was measured by a traveling 

thermocouple. The flow rates used satisfied the plug flow requirements. Filling the 

reactor with crushed alumina pieces (same material as reactor) having 15-fold larger 

surface area than the reactor wall did not affect the conversion, indicating that the 

reactor material did not act as catalyst. The variables studied were temperature, 
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pressure and (space) velocity. Based on that, an empirical rate equation describing the 

overall reaction as the difference between the rates of the forward reaction and the 

reverse reaction was fitted to the conversion data. Activation energies of 196 and 105 

kJ/mol were obtained for the forward and reverse reactions, respectively. 

Adesina et al. [48] used a quartz tube plug flow reactor at temperatures to 

address the kinetic aspects the thermal pyrolysis of hydrogen sulfide over a temperature 

range of  1030 to 1070 K. at such temperature hydrogen production is not significant. 

Also reaching equilibrium limit, at these relatively lower temperatures, takes longer 

residence time which mean that he might acquire kinetic data but cannot reach 

equilibrium. The hydrogen sulfide stream was diluted with argon over a wide range of 

concentrations (20-100% H2S). The quartz tube reactor was housed inside an electrical 

furnace equipped with a temperature controller. Blank experiments with a 

telescopically arranged thermocouple showed the axial temperature variation and the 

temperature difference between the average temperature and the set temperature over 

the reactor length was relatively small, of the order of few degrees. They reported that 

hydrogen yield also increased monotonically with hydrogen sulfide feed concentration 

at all temperatures and the reaction is first order in hydrogen sulfide partial pressure. 

Experiments showed that the activation energy for H2 production of 200 kJ/mol is lower 

than that for the global decomposition reaction of about 241 kJ/mol.  

Since decomposition reaction are favored at high temperature and low 

pressures, Bandermann and Harder [52] carried out the decomposition reaction in a 

quartz reactor with alumina as catalyst over temperature range of 1090-1230K and 13-

51 kPa pressures. Equilibrium conversions were obtained at all conditions in less than 
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20ms. The amount of catalyst was 2.25g and the flow rate range was 0.03-0.10Nm3/h. 

To hinder recombination, the reaction products were quickly cooled down to 700 K 

after leaving the reactor. The sulfur was removed by condensation in a heat exchanger 

followed by an electro-filter. A pressure swing adsorption system was designed to 

separate the gas containing 25-30% hydrogen and 75-70%hydrogen sulfide. A 

commercial plant was proposed combining the low-pressure decomposition, sulfur 

condensation and pressure swing adsorption to operate the hydrogen product and 

recycle the un-reacted H2S. 

Harvey et al. [49] studied thermal dissociation of hydrogen sulfide at 

temperatures from 1350 to 1600 K and pressures from 15 to 30 kPa in an alumina 

reactor. They decided this range of temperature since the dissociation rates at 

temperatures which are attractive for an industrial process are not well-characterized. 

Since alumina has catalytic effect on thermal dissociation of hydrogen sulfide, they 

used different reactors of alumina with different surface area to volume ratio. Then they 

extrapolated the effect of the area to zero area, which corresponds to the homogeneous 

gaseous phase reaction regardless of the effect of the catalyst. This approach enabled 

them to present a global reaction rate expression that includes surface and gas phase 

contribution. They found that the surface reaction is the dominant contributor with 

activation energy for the forward surface reaction of 194 kJ/mol.  

Tetsuo et al. [59] measured rate of formation of S2 during the pyrolysis of H2S in shock 

waves by UV absorption technique in the temperature range of 2380-3000 K. at all the 

temperature measured, the S2 absorption during the reaction could be represented 

(𝑆2)𝑡 = (𝑆2)∞ {1 − exp(−𝑘𝑡)} 
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Where 𝑘 = 109.2 exp (−
72 𝑘𝑐𝑎𝑙

𝑅𝑇
) 𝑠−1 

However, they could not identify exactly which reaction is the dominant reaction in S2 

formation. However, they deduced that the straightforward reaction of 𝑆2 ⇌   2 𝑆 is not 

the main dominant reaction. The mechanism of the formation of S2 was proposed and 

the value of the second order rate constant , 𝑘1, for the primary reaction, 𝐻2𝑆 +𝑀 ⟶

𝑆𝐻 + 𝐻 +𝑀, was estimated as follows:  

𝑘1 = 10
13.1 exp (−92

𝑘𝑐𝑎𝑙

𝑅𝑇
)  𝑙 𝑚𝑜𝑙−1𝑠−1 

The effects of the addition of NO and O2 on the rate of S2 formation were also 

investigated. They found that NO acts as radicals scavenger. On the other hand, O2 

promotes the formation of S2. 

Bowman and Dodge [60] studied thermal decomposition of H2S behind incident 

shock waves in H2S−Ar mixtures over the temperature range 2700–3800°K for total 

concentrations in the range 2×10−6  to 7×10−6  mole/cc. They monitored H2S 

concentration using an ultraviolet absorption spectroscopic technique, and the S-atom 

concentration was inferred from measurements of the absolute intensity of emission 

from electronically-excited S2. Detailed information on the decomposition mechanism 

was obtained by comparing measured H2S and S-atom concentration profiles with 

results from a computer simulation of the reaction. During the decomposition reaction, 

measured concentration profiles could be modelled adequately using a six-reaction 

mechanism. For the conditions investigated, they could infer that the primary 

decomposition step was shown to be 𝐻2𝑆 + 𝑀 ⇌ 𝑆𝐻 + 𝐻 +𝑀  and this reaction is 
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second-order with a rate coefficient, for argon as a collision partner, given by 𝐾1
𝐴𝑟 =

1014.3 𝑒𝑥𝑝(−310 𝑘𝐽/𝑅𝑇) 𝑐𝑐/𝑚𝑜𝑙𝑒 · 𝑠𝑒𝑐. 

Woiki and Roth [61] also studied thermal decomposition of 5-100 ppm H2S 

diluted in Ar behind reflected shock waves at temperatures 1887 𝐾 ≤  𝑇 ≤  2891 𝐾 

and pressures around 1.3 bar by applying atomic resonance absorption spectroscopy 

(ARAS) for time-resolved concentration measurements of H and S atoms. Both the S 

and H concentration profiles showed almost linear increases at early reaction times with 

the S atoms exceeding the H atoms by a factor of 10-20.  

Therefore, reaction 𝐻2𝑆 +  𝑀 ⇌  𝐻2  +  𝑆 +  𝑀  (with rate coefficient 𝑘1 ), 

was regarded as the initial step in the H2S decomposition contrary to public belief that 

𝐻2𝑆 +  𝑀 ⇌  𝐻 +  𝑆𝐻 +  𝑀 is the dominant initiation reaction. The rate coefficient 

𝑘1  was determined from the slope of the early S concentration profiles to be 𝑘1 =

1.9×1014 𝑒𝑥𝑝(−32860 𝐾/𝑇) cm3 mol-1 s-1. The subsequent reaction between H2S and 

S atoms, 𝐻2𝑆 +  𝑆 ⇌  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (with rate coefficient 𝑘2), was investigated in two 

different manners: first by evaluating the quasi-stationary S concentrations observed at 

longer reaction times in pyrolysis experiments of 100 ppm H2S and second by 

monitoring the decay of photolytically generated S atoms in laser flash photolysis-

shock wave experiments with 30 ppm CS2 and 50-150 ppm H2S. Both groups of 

experiments covered the temperature range 1340 𝐾 ≤  𝑇 ≤  2120 𝐾 and result in a 

rate coefficient 𝑘2 = 5.7×10
14 𝑒𝑥𝑝(−7600 𝐾/𝑇)  cm3 mol-1 s-1. H concentration 

profiles measured during H2S/Ar pyrolysis were analyzed using a simplified reaction 

mechanism, which was able to predict the experimental findings. In that case it was 
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necessary to introduce a reaction channel 𝐻2𝑆 + 𝑆 ⇌ 𝐻𝑆2 + 𝐻, forming the reaction 

products HS2 and H, with an efficiency of 35-57% of the overall reaction. 

Olschewski [62] studied thermal decomposition of H2S in shock waves by 

monitoring UV absorption signals in the range 210-330 nm. Following the decay of 

H2S at 215 nm, experiments with 200-5000 ppm of H2S in Ar could be analyzed. First-

order rate constants of 𝑘/[𝐴𝑟] = 4.0×1014 𝑒𝑥𝑝(−33000 𝐾/𝑇)  cm3 mol-1 s-1 were 

obtained between 1800 and 3300 K. As these results complement observations on the 

formation of S atoms by Woiki and Roth [61] the thermal dissociation of H2S is proven 

to proceed by the following spin-forbidden elimination reaction: 𝐻2𝑆 +  𝑀 ⇌  𝐻2  +

 𝑆(3𝑃)  +  𝑀  with a rate constant k1 which is given by k1 = k/2, i.e., 𝑘1/[𝐴𝑟] =

2.0×1014 𝑒𝑥𝑝(−33000 𝐾/𝑇) cm3 mol-1 s-1 between 1800 and 3300 K. The measured 

rate constants are analyzed in terms of unimolecular rate theory, and a threshold energy 

of EO = 295 kJ mol-1 is derived which agrees with the endothermicity of the above 

reaction. 

Karan and coworkers [63] obtained new kinetic data for the hydrogen sulfide 

decomposition reaction from quartz tubular reactors over a temperature range of 800-

1250°C are reported. They deduced that the global hydrogen sulfide thermal 

decomposition reaction has a first-order dependency on H2S concentrations at these 

temperatures. The regression of their experimental data gave an overall hydrogen 

sulfide decomposition reaction rate constant as 𝑘 [
𝑚3

𝑘𝑚𝑜𝑙.𝑠
]  =  1.68 ± 0.86 ×

1011 𝑒𝑥𝑝 [(28,940 ± 840 )/𝑇 ]. Moreover, the main finding of this work was the 

reconciliation of kinetic data between higher temperature (1500-3100°C) shock tube 

studies (Olschewski et al., [62]; Woiki and Roth [61]) and kinetic data from the lower 
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temperature flow reactor studies represented by their work. A single rate constant for 

H2S decomposition reaction, 𝑘 [
𝑚3

𝑘𝑚𝑜𝑙.𝑠
] = (1.12 ± 0.11)×1011 𝑒𝑥𝑝 [(28,360 ±

200 /𝑇 )] was found to represent satisfactorily the three sets of data over a wide 

temperature range of 800-3,100°C. 

Faraji et al. [64] investigated thermal noncatalytic decomposition of H2S in the 

temperature range 1000–1200°C, admixed with nitrogen or helium at a total pressure 

of one atm. It has been found that, contrary to earlier literature claims, the inhibiting 

effect of the back reaction, the reverse reaction between H2 and Si (i = 1–8) molecules 

to regenerate H2S, can be overcome by the use of readily attainable, sufficiently high 

gas flow rates. In agreement with thermodynamic predictions, the reaction has been 

shown to be temperature and H2S pressure dependent; the experimental conversion was 

found to increase with rising temperature and declining H2S pressure. At 1200 °C and 

one atm. H2S pressure, the measured conversion was 35.6% corresponding to 97.5% of 

the thermodynamic limit when a steady gas flow of 50 mL/min and residence time of 

48 seconds were maintained. The highest experimental conversion, 65.8%, was 

obtained at the highest temperature, 1200 °C, and lowest pressure, 0.050 atm., 

employed. For optimum conversions under the present experimental conditions, it was 

necessary to use a quartz reactor packed with quartz chips. Apparently, at 1200 °C the 

chips have no catalytic effect but serve as heat transfer agents. 

Since thermal decomposition of hydrogen sulfide is known to be endothermic 

with high energy intensive requirement, Slimane at al. [65] investigated numerically 

partial combustion of hydrogen sulfide under super-adiabatic conditions and ultra high 

equivalence ratio for hydrogen production. The have examined different acid gas 
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compositions and oxidizers (20% H2S, 80% N2)/air, (20% H2S, 80% N2)/O2, 100% 

H2S/air, 100% H2S/O2, (25% H2S, 75% N2)/air, and (25% H2S, 75% N2)/O2. The focus 

of the study was to optimize the hydrogen yield under all examined conditions. The 

results revealed that high H2 and low SO2 yield were achieved under ultra-fuel-rich 

conditions (equivalence ratios above 6). Using oxygen as an oxidizer shifts the 

favorable conditions of high H2 yield to higher equivalence ratios above 12. This is 

similar to reactions happening in Claus process except that the equivalence ratio is 

higher. The ultra-rich mixture utilizes the heat released in the exothermic reaction to 

decompose the unburnt hydrogen sulfide. 

In addition to experimental examination, chemical reaction mechanisms were 

developed and validated numerical simulations were conducted. 

Sendt et al. [66] constructed detailed chemical reaction mechanism to describe 

reactions in the H2–S2–H2S system based on the close resemblance of H2-O2 system. 

Their mechanism comprises 21 reactions among the species H2S, S2, H2, HSSH, HSS, 

SH, S, and H. Rate constants for few reactions were taken from experimental values 

available in literature, but the kinetics of most of the reactions have been studied 

theoretically using a combination of transition state theory for bimolecular reactions, 

master equation calculations for unimolecular decompositions, and QRRK methods for 

chemically activated reactions. The mechanism has been validated against a diverse 

collection of published data for H2S pyrolysis in batch or in flow reactors, for 

temperatures ranging from 873 to 1423 K, pressures from 0.04 to 3 bars, and H2S mole 

fractions from 0.02 to 1. The predictions of the mechanism are sensitive only to the 

rates of the processes responsible for S–S bond formation as in the following reactions 
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𝐻𝑆𝑆 +  𝐻 ⇌  2𝑆𝐻       (4) 

𝐻𝑆𝑆𝐻 (+ 𝑀)  ⇌  2𝑆𝐻 (+𝑀)     (5) 

𝐻𝑆𝑆𝐻 +  𝐻 ⇌  𝐻2𝑆 +  𝑆𝐻     (6) 

Slight adjustment of these rates was made for the data to be modeled accurately. Data 

for the reverse, hydrogen sulfurization reaction (H2 + S2) are also modeled very 

accurately. This comprehensive chemical kinetic mechanism for the H/S system was 

the first step for construction of accurate models for H2S oxidation in combustion and 

related systems. 

Bionist et al [67] studied the kinetics of Hydrogen sulfide pyrolysis in the 

temperature range of 800-1100 °C. They acquired kinetic data on the thermal 

dissociation of hydrogen sulfide diluted in argon 95% by volume in the absence of 

elemental sulfur as well as in the presence of elemental sulfur to take into account the 

auto acceleration of hydrogen sulfide pyrolysis that has been observed experimentally. 

The type of the reactor used in their investigation was a continuous perfectly mixed 

quartz reactor to avoid any catalytic effect on the decomposition of the hydrogen sulfide 

stream. This type of reactor was proposed by David and Matras [68]. The investigators 

noted that the pyrolysis of hydrogen sulfide to produce hydrogen and sulfur is subjected 

to equilibrium limitation and this equilibrium limit can be reached in a few seconds 

above 1000 °C (42% at 1000°C for a dilute 5% H2S stream, according to Binoist and 

co-workers [67]). They, like most other studies, targeted the range of residence times 

from 0.4 to 1.6 seconds. They also conducted experiments at lower temperatures of 600 

and 700 °C. These experiments showed no decomposition of hydrogen sulfide which 

indicated that there was no pyrolysis of hydrogen sulfide taking place at temperatures 
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up to 800 °C for residence times of 1.5 second. Experiments carried out in the presence 

of added elemental sulfur showed that the conversion rate accelerates and the 

equilibrium limit is achieved at temperatures lower than 1000 °C in few seconds. 

Table 2. Detailed radical mechanism of hydrogen sulfide thermal pyrolysis [ Binoist 

et al. [67]]. 

 

A complementary study was conducted to investigate if the alumina has an 

effect on the reaction as compared to the quartz. The experiments for both materials 
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were carried out at temperatures of 1100°C and 1200°C. The results of this study 

conclude that the conversion in alumina reactor is always higher than that in quartz 

system. This consistently higher conversion of hydrogen sulfide in alumina reactor 

ensures that the alumina walls have catalytic effects on the H2S pyrolysis and is 

unsuitable for the study of the homogeneous reaction of H2S pyrolysis. They used a 

detailed reaction mechanism to carry out numerical simulations and compared the 

numerical results with experimental data. The detailed radical mechanism is shown in  

Manenti et al. [69] proposed detailed kinetic mechanism for pyrolysis and 

oxidation of sulfur compounds that accounted for the presence of light hydrocarbons, 

ammonia and other species that are often present in acid gases. This mechanism was 

successfully validated against data available in the literature and industrial data 

acquired from different Claus plants. The detailed kinetic model for sulfur recovery 

units they proposed was on the principles of hierarchy, generality, and modularity as 

for the previous kinetic models already developed for pyrolysis and combustion of 

hydrocarbons and biomasses (Ranzi et al. [70]). The sulfur subset derives. from the 

work of Glarborg’s group (Rasmussen et al. [71]), which is adapted to the typical 

operating conditions of sulfur recovery units, was focused on improving the agreement 

with experimental/industrial data. It should be noted that the kinetic scheme differs 

from that of other literature schemes since its kinetic parameters accounts for the 

presence of light hydrocarbons, ammonia, and other species usually present in the 

feedstock of industrial sulfur recovery units. They have applied the revised kinetic 

model to several industrial cases with good agreement with respect to the industrial 

data. The experimental data that they have considered for the pyrolysis model 
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validation was acquired from Binoist et al. [67]. The trends of their results show that 

the model is in a good agreement with the experimental data when no sulfur is fed to 

the system. On the other hand, when the sulfur was fed the data are systematically 

underestimated. Therefore, the model can only be used when no sulfur is fed to the 

system. For this reason, a coupled sensitivity and local reaction fluxes analysis was 

performed and led to the identification of a few reactions whose parameters can be 

adjusted in order to get better data fitting. These minor adjustments are possible if 

considering the range of uncertainty about the kinetic parameters. The kinetic model 

prevision is improved by 10-20%, depending on the operating temperature.  In order to 

simulate COS formation, they [69] considered Karan’s data [72]and reactor 

configuration. They found a better agreement between data and their model using 

revised kinetic parameters at temperatures higher than 1000°C. Such temperatures 

would be of less interest for the Claus process, but for the pyrolysis, this must be taken 

into account. 

Cong et al. [73] examined numerically production of H2 via the thermolysis of 

H2S for direct hydrogen and sulfur production as well as oxidation of H2S. They 

proposed a detailed reaction mechanism that captures the chemistry involved in its high 

temperature decomposition. The simulation results obtained using the proposed 

mechanism is compared with a wide range of experimental data from different types of 

reactors that include plug flow and stirred reactors, premixed laminar flames, and shock 

tubes, and a satisfactory agreement between them is found. Significant improvements 

in model predictions are obtained with the proposed mechanism when compared to 

previously published mechanism. After its validation, the mechanism was then used to 
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investigate the major reactions involved in hydrogen production. They also 

investigated production of H2 via partial oxidation of H2S under adiabatic conditions 

using their validated mechanism. 

2.3. Reformation of Hydrogen Sulfide in Presence of Impurities 

Most of the previously mentioned research have examined the thermal 

decomposition reaction of hydrogen sulfide stream. Practically, hydrogen sulfide 

separated out from crude oil and gas wells has many contaminants such as: carbon 

dioxide, nitrogen, ammonia, methane, carbonyl sulfide, carbon disulfide, benzene, 

toluene, xylene (commonly referred to as BTX). Each of these impurities affects the 

thermal decomposition reaction differently. Hydrogen-constituted impurities, such as 

ammonia and hydrocarbons, in hydrogen sulfide stream enrich its hydrogen feedstock 

and are expected to enhance hydrogen production from hydrogen sulfide pyrolysis. 

Investigations on reaction between hydrogen sulfide and hydrocarbons have 

been known for more than 80 years. Traditionally, these investigations started with 

reaction between hydrogen sulfide and methane. However, studies on reaction between 

hydrogen sulfide and methane were not envisioned for hydrogen production. One of 

the earliest studies on reaction between hydrogen sulfide and methane was by 

Waterman and Van Vlodrop [74] who conducted experiments in a tubular quartz 

reactor over a temperature range of 1080-1280 °C at residence time of 0.4-0.7 second 

to primarily produce carbon disulfide via the following reaction: 

𝐶𝐻4  +  2 𝐻2𝑆 ⇌  𝐶𝑆2  +  4 𝐻2      (7) 

Erekson [75] used hydrogen sulfide in a chemical cycle with methane to 

produce gasoline via the following reactions: 
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𝐶𝐻4  +  2 𝐻2𝑆 ⇌  𝐶𝑆2  +  4 𝐻2      (7) 

𝐶𝑆2  +  3 𝐻2  ⇌  [−𝐶𝐻2−] +  2 𝐻2𝑆      (8) 

Although hydrogen sulfide and methane was the initial step to produce the 

reactants of the second step, which can be considered the main step for production of 

gasoline, neither destruction of hydrogen sulfide nor hydrogen production was the 

focus of their study. Hydrogen and hydrogen sulfide were only the intermediate 

products. 

The interest in exploitation of this reaction for enhanced production of hydrogen from 

reformation of hydrogen sulfide in the presence of methane has grown in recent times. 

Thermodynamics assessment of hydrogen production via thermal dissociation of a 

mixture of hydrogen sulfide and methane using equilibrium calculations, conducted by 

Huang and T-Raissi [76, 77], identified conditions to eliminate carbon deposits. 

Another thermodynamic study supported by experimental work was done by 

Megalofonous and Pappayanakos [78]. They studied production of hydrogen from 

hydrogen sulfide and methane mixture over relatively low temperatures of 713-860 °C. 

This temperature range was not high enough for significant hydrogen production from 

homogeneous reaction, so they used molybdenum disulfide to accelerate the reaction 

and reach equilibrium composition of products at such relatively low temperature 

range. 

Karan and Behie [79] examined the pyrolysis of hydrogens sulfide in presence of 

methane in order to improve the understanding of the kinetics of CS2 formation.  They 

used a high temperature quartz flow reactor with pressures of 101-150 kPa in 

temperature range of 800- 1250 °C and residence time of 90-1400 ms. They also studied 
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the kinetics of sulfur and methane under the same conditions. They found that the 

reaction between sulfur and methane is very rapid to form CS2 and H2S. They also 

found that H2S decomposition is the rate limiting step for CS2 formation. However, the 

conversion of H2S increased in the presence of methane, they inferred that consumption 

of H2S proceeds at a characteristic rate independent of any reaction of H2S with 

methane.  They observed higher rates of formation of CS2 in the reaction with sulfur 

rather than reaction with hydrogen sulfide. They also observed higher consumption of 

hydrogen sulfide and consequently higher production of hydrogen because of 

consuming sulfur to form CS2 which shifts equilibrium towards more consumption of 

H2S. 

Towler and lynn [80] studied the thermochemistry and reaction kinetics of mixtures of 

H2S and CO2. When hydrogen sulfide is heated above 600° C in the presence of carbon 

dioxide, the conversion of H2S to elemental sulfur is greater than when hydrogen 

sulfide is heated alone. Formation of elemental sulfur is favored by high temperature, 

low pressure, and low water content in the gas. The rate-limiting step is the thermal 

dissociation of H2S. The hydrogen then equilibrates rapidly with CO2, forming CO and 

H2O via the water-gas-shift reaction. The equilibrium of H2S dissociation is therefore 

shifted to favor the formation of elemental sulfur. The main byproduct is COS, which 

is formed by a reaction between CO2 and H2S that is analogous to the water-gas-shift 

reaction. A quench rate of 1000°C/s or greater is sufficient to prevent loss of elemental 

sulfur by back-reaction or reaction to COS during cooling. Formation of small amounts 

of SO2 and CS2 is thermodynamically feasible but has not been observed. A process 

based on this chemistry has significant advantages over the Claus process in that it need 
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not produce any tail gas, it allows recovery of the chemical (or fuel) value of the 

hydrogen from the H2S, and it requires much less stringent process control. 

Karan et al. [72, 81, 82] studied the homogeneous gas phase COS reactions 

experimentally and numerically to find the key reaction to form this compound. They 

conducted three sets of experiments in tubular reactor over a temperature range of 800-

1200°C at pressure of 120-160 kPa. The three sets of experiments were conducted with 

three different diluted mixture (98% dilution): CO2/sulfur, CO2/H2S and CO/H2S. The 

corresponding gas residence time ranged from 0.5 to 2.0 s. Experimental results showed 

no formation of COS in detectable concentration from CO2/sulfur mixture. Also, 

negligible amount of COS was formed from reactions of CO2 with H2S, contrary to 

popular belief. They found that hydrogen sulfide decomposition into hydrogen and 

sulfur plays a critical role in the formation of CO and COS where hydrogen produced 

from H2S decomposition reacts with CO2 to form CO. At higher temperatures, the 

pyrolysis of H2S becomes relevant: the production of S2 leads to COS (reaction 9).  

𝐶𝑂 +
1

2
𝑆2  ⇌ 𝐶𝑂𝑆        (9) 

Otherwise, at low temperatures (<900°C) according to the molecular reaction 

between CO and H2S (reaction 10): 

𝐶𝑂 + 𝐻2𝑆 ⇌  𝐶𝑂𝑆 + 𝐻2       (10) 

 They also described these reactions by the simple rate expression: 𝑟𝐻2𝑆 =

𝑘1𝐶𝐻2𝑆𝐶𝑀, where 𝐶𝑀 is the molar concentration of the collisional molecule (N2)  and 

the rate constant 𝑘1 = (1.68 ± 0.86)×10
11𝑒𝑥𝑝 [−

2,8940±840 𝐾

𝑇
]𝑚3/[𝑘𝑚𝑜𝑙. 𝑠]). 

Further, the reaction of CO with H2S was found to be rapid and equilibrium COS 

conversions were attained in less than 700 ms at temperatures greater than 1000°C. The 
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COS forming reaction between CO and H2S could be represented by the rate expression 

𝑟𝐶𝑂𝑆 = 𝑘3 𝐶𝐶𝑂𝐶𝐻2𝑆
0.5 , where the rate constant 𝑘3 = 1.59 ± 0.86]×

105 𝑒𝑥𝑝 [
−13340±930 𝐾

𝑇
] [(

𝑚3

𝑘𝑚𝑜𝑙
)
0.5

/𝑠] . In a (CO2+H2S) mixture, the. Finally, the rate 

of CO formation could be described by the following rate expression: 𝑟𝐶𝑂 =

 𝑘4𝐶𝐶𝑂_2 𝐶𝐻2
0.5, where 𝑘4 = (3.95 ± 0.35)×10

10 𝑒𝑥𝑝 [
31220±180 𝐾

𝑇
] [
(
𝑚3

𝑘𝑚𝑜𝑙
)
0.5

𝑠
]. 

Steam reformation of hydrogen sulfide has also been studied by AuYeung and 

Yokochi [83]. Steam reformation of hydrogen sulfide is highly endothermic since it 

has a positive Gibbs free energy change. The steam reformation of hydrogen sulfide 

was investigated under favorable circumstances (excessive dilution with steam and 

inert carrier) over a variety of catalytic (using molybdenum disulfide) as well as non-

catalytic settings in a quartz tube. Successful results were obtained by pretreating a 

molybdenum wire with H2S at high temperature. They determined apparent Arrhenius 

parameters for both thermal splitting and steam reformation of hydrogen sulfide.  

Another study on steam reformation of hydrogen sulfide mixed with methane 

with an objective of hydrogen production has been done by Sadooghi and Rauch [84]. 

They studied experimentally and numerically the steam reformation of a mixture of 

methane and different amounts of hydrogen sulfide in the feed stream. They developed 

a two dimensional pseudo heterogeneous model to simulate methane steam reforming 

reactions in a packed bed tubular reactor based on mole and energy balance equations 

for the catalyst and the fluid phases. Negative effects of sulfur on reforming process 

has been highlighted. A parametric study was done including effects of different steam 

to carbon ratios, space velocities, temperatures and different amount of sulfur on 
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methane conversion and temperature distribution within the reactor. The results were 

verified against the experimental results.  

Dokiya et al. [85] studied a two-step decomposition of hydrogen sulfide with 

carbon monoxide following the reactions shown below: 

𝐶𝑂 + 𝐻2𝑆
𝑐𝑎.  200°𝐶
→      𝐻2 + 𝐶𝑂𝑆     (11) 

𝐶𝑂𝑆
830°𝐶
→    𝐶𝑂 +

1

𝑥
 𝑆𝑥       (12) 

They could produce an equilibrium amount of hydrogen via the first reaction 

(ca. 40%, 200°C, 1 atm. CO/H2S=2.2) with a cobalt sulfide or nickel sulfide catalyst. 

They could also recover an almost equilibrium amount of carbon monoxide and 

elemental sulfur from carbonyl sulfide non-catalytic decomposition at 830°C under 1 

atm. with a sufficient reaction time. Carbon dioxide was formed as a by-product in the 

second reaction, however, its yield was only 5% of the carbon monoxide produced. 

Also, the recombination of carbon monoxide with elemental sulfur recovered cannot 

be neglected. Thus, rapid separation of sulfur from carbon monoxide is required. From 

these results, they inferred the potential of this two-step thermochemical cycle that can 

produce more hydrogen that that produced by direct decomposition of hydrogen 

sulfide.  

The combustion of acid gas, specifically in presence of carbonaceous 

impurities, is expected to generate some unwanted by-products such as COS, CS2, SO2 

and other sulfurous compounds. COS and other undesired compounds are produced in 

the reactor due to the interaction of hydrocarbons and sulfur compounds. They are 

unwanted compounds because they limit sulfur recovery and poison certain catalysts.  
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2.4. Thermal Decomposition of Hydrogen Sulfide with Equilibrium 

Shift 

Other researchers investigated shifting the equilibrium limit on the conversion 

of hydrogen sulfide by removal of one of the products either hydrogen or sulfur. 

Different method were utilized for removal of one of the products such as: condensation 

of sulfur and using membranes for removing hydrogen.  

Fukuda et al. [57] studied the decomposition of hydrogen sulfide on 

molybdenum disulfide and tungsten disulfide catalyst at 500 - 800°C in a closed 

circulating system. They found that molybdenum disulfide decomposes hydrogen 

sulfide effectively into hydrogen and sulfur over the whole range of temperature. They 

also were able to shift the equilibrium limit by continuous removal of sulfur and 

intermittent separation of hydrogen from the reaction gas mixture at 800°C to achieve 

conversion of hydrogen sulfide that exceeds 95%. 

Sugioka and Aomura [86] studied the catalytic decomposition of hydrogen sulfide over 

molybdenum disulfide in a closed circulation system at 500°C similar to Fukuda [57]. 

The catalytic activity of MoS2 was remarkably enhanced by reduction with hydrogen 

but was not considerably increasing the evacuation temperature. A possible mechanism 

was proposed for the catalytic decomposition of hydrogen sulfide over MoS2 where the 

coordinative unsaturation site of MoS2 surface formed by reduction with hydrogen acts 

as the active site. 

Although it was easier to remove sulfur rather than hydrogen, researcher also worked 

on removal of hydrogen produced from hydrogens sulfide decomposition using 

membranes. 
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Kameyama et al. [87] investigated the possibilities of using microporous 

ceramic membranes in a reactor for production of hydrogen from hydrogen sulfide. A 

microporous vycor-type glass tubing membrane of a mean pore diameter of 45𝐴̇  and 

new microporous alumina tubing membrane of diameter 1020 𝐴̇ could be used up to 

800°C and at higher temperatures, respectively, a membrane for separating hydrogen 

and hydrogen sulfide. The micro porous alumina tubing membrane has a 30-fold higher 

permeability than the microporous vycor glass tubing membrane. When these 

membranes were applied to the direct decomposition of hydrogen sulfide, the yield of 

hydrogen increased by about two times the equilibrium yield calculated for the process 

without hydrogen removal.  

Edlund and Pledger [88, 89, 90] investigated the application of platinum-based 

hydrogen-permeable composite-metal membrane for removal of hydrogen during 

environmentally clean thermolysis of hydrogen sulfide. Vanadium was used as the base 

metal since it does not suffer from hydrogen embrittlement and has good permeability 

for hydrogen. platinum was used on the feed side to protect the vanadium from attack 

of hydrogen sulfide since the platinum layer resists irreversible chemical attack by H2S 

at 700°C and partial pressures of up to 115 psi. Therefore, the membrane contains a 

platinum coating layer on the feed side of the membrane. Removal of hydrogen during 

thermolysis of hydrogen sulfide resulted in higher conversions than can normally be 

obtained due to achieved equilibrium shift. The detailed procedure of preparing the 

composite membrane has been discussed. This membrane has been used in a 

laboratory-scale membrane reactor to drive the decomposition of H2S to greater than 

99.4% of complete conversion for production of hydrogen and sulfur. Experimental 
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results with respect to performance and the determination of the rate-limiting step for 

the thermolysis of hydrogen sulfide in the membrane reactor were reported and 

discussed. The thermal decomposition of H2S within the membrane reactor was 

accurately described by a simple model that considers the initial composition of the 

feed gas, the equilibrium expression for H2S decomposition and the hydrogen flux for 

the membrane. 

Another method that has been exploited to shift the equilibrium towards higher 

conversion of hydrogen sulfide by continuous removal of one of the products was 

thermal diffusion. The sulfur formed condenses o the cold surface of the column and 

hydrogen moves preferentially to the top of the column. Nishizawa et al. [91] used 

thermal diffusion column have a length of 1m and an external diameter of 0.012m silica 

pipe for hot wall and surrounded by a pyrex glass tube of internal diameter 0.024m and 

a pyrex glass jacket of internal diameter 0.032m . The hot wall temperature was taken 

as the mean of temperatures measured at five different positions by means of 

thermocouples. The cold wall was supplied with tap water with inlet and outlet 

temperatures in the ranges 288-293K and 293-298K, respectively. Three columns 

having differences in the spacing between the hot and cold surfaces, total volume and 

the mode of heating were tested. It was found that a mixture of 35-40% hydrogen in 

hydrogen sulfide separated to 88-92% hydrogen at the top of the column in 30 min. It 

was also shown that there was no decomposition of H2S at this temperature in the 

absence of catalyst. The hot surface was coated with catalysts and the performance of 

the thermal diffusion columns for the decomposition of H2S was investigated at 773K. 

The condensation of sulfur on the cold surface and the preferential transport of 
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hydrogen up the column caused the decomposition reaction to continue beyond 

equilibrium value. 

Our research team has reported on reactor conditions under which COS, SO2, 

CS2 and other sulfur compounds are produced in context of Claus reactor process [92, 

93, 94, 95, 19]. Most importantly, we have revealed the increased potential of H2 

production from acid gases containing benzene, toluene and xylene (BTX) [96, 97, 98, 

99]. These are common aromatic impurities often found in acid gases. It is important 

to examine the reactor conditions under which hydrogen production can be maximized 

while minimize the formation of unwanted sulfurous compounds. 

2.5. Catalyst Role in Hydrogen Sulfide Thermal Pyrolysis 

Due to the high endothermic nature of the reaction and high temperature 

required to decompose hydrogen sulfide to produce hydrogen and sulfur, efforts have 

been made to develop catalysts to reduce the thermal energy required for decomposing 

the hydrogen sulfide so that lower temperatures are required for the pyrolysis. 

Binoist et al. [67] showed that alumina has a catalytic effect on the H2S 

pyrolysis reaction compared to quartz which has no or minimal catalytic effect. 

Experiments showed that conversion in alumina reactor is consistently higher than that 

in quartz reactor which substantiate the catalytic effect of the alumina walls on the 

thermal pyrolysis of hydrogen sulfide. 

The thermal cracking of hydrogen sulfide has also been studied catalytically 

using molybdenum disulfide (MoS2) as a catalyst. The catalytic activity of MoS2 

decreased with time, stabilizing at 65% of the initial value [57]. Fakuda et al. [57]found 

that the catalytic effect of molybdenum disulfide on the thermal splitting of hydrogen 
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sulfide to hydrogen and elemental sulfur is effective over the temperature range of 773-

1073 K.  They also investigated the catalytic effect of tungsten disulfide, WS2. 

However, it has been found that the catalytic activity of Molybdenum disulfide is 

higher than tungsten disulfide [57]. 

Yumura and Furimsky [100] tested manganese nodule as a potential adsorbent 

for H2S removal. In the first stage the H2S was removed via its reaction with the 

adsorbent, after the complete sulfurization, the adsorbent had catalytic effects on H2S 

decomposition. In the temperature range of 600°C to 800°C the amount of H2S which 

reacted with one gram of the nodule per unit time was temperature independent whereas 

H2S showed a fivefold increase in the decomposition. The rate of H2S reaction with the 

adsorbent was of first order while H2S decomposition was of a half order. 

They also tried the addition of 10 wt% of CaO to the manganese nodule and 

results showed that it had little effect on slope of H2S adsorbed/g of nodule versus time 

and H2S decomposed/g of nodule versus time correlations but increased the sulfur 

capacity of the adsorbent by about 30%.  

Bishara et al. [53, 101] studied the decomposition of hydrogen sulfide into 

hydrogen and sulfur using concentrated solar radiation. The effect of temperature and 

residence time on hydrogen yield was studied using alumina, nickel-molybdenum 

sulfide, and cobalt-molybdenum sulfide as catalysts. It was found that hydrogen yield 

of 13-14% can be obtained in a very short residence time (0.3s) and at temperatures 

less than 800°C. The decomposition mechanism followed a second-order irreversible 

rate equation. 
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In analogy to Molybdenum disulfide and tungsten disulfide, Chivers et al. [102, 

58] investigated the effect of different metal sulfides on hydrogen evolution from 

hydrogen sulfide stream. They studied the sulfides of Vanadium, Iron, Copper, Chrome 

and Zinc over a temperature range of 673-1073 K. The results of different metal 

sulfides were compared to Molybdenum disulfide. It was found that catalysts 

containing Fe7S8 could achieve higher conversion. It was revealed that for the series 

Cr2S3, MoS2 and WS2, MoS2 is the most active catalyst at temperature higher than 873 

K but for lower temperature Cr2S3 and WS2 produced higher yield of hydrogen. They 

also suggested a two-stage process to represent the hydrogen sulfide decomposition in 

the presence of metal sulfide as a catalyst, as follows: (reactions 13-15) 

𝑀𝑥 𝑆𝑦 + 𝑧𝐻2𝑆 ⇌ 𝑀𝑥 𝑆𝑦+𝑧 + 𝑧𝐻2                             (13) 

𝑀𝑥 𝑆𝑦+𝑧 ⇌ 𝑀𝑥  𝑆𝑦 + 𝑧𝑆
0                                           (14) 

𝐻2𝑆 ⇌ 𝐻2 + 𝑆
0                                                        (15) 

In the first stage, the lowest metal sulfide 𝑀𝑥𝑆𝑦 interacts with hydrogen sulfide, 

forming higher metal sulfide 𝑀𝑥𝑆𝑦+𝑧  and hydrogen. The lower metal sulfide is 

regenerated from the higher metal sulfide by forming elemental sulfur. 

Other sulfides have also been reported in the literature that includes nickel 

sulfide and cobalt sulfide [20]. 

It has been shown that metal oxides have catalytic effect as well. Metal oxides 

participate in the thermal pyrolysis of hydrogen sulfide through a two-stage process, as 

proposed by Al-Shamma et al [51]. 

The first stage is the formation of metal sulfide from the reaction of hydrogen 

sulfide and metal oxide. In the second stage the metal sulfide film on the surface of the 
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metal oxide plays the role of a catalyst through the two-stage process proposed by 

Chivers et al. [102, 58]. The metal sulfide reacts with the hydrogen sulfide stream 

forming higher metal sulfide. The lower metal sulfide is regenerated from the higher 

sulfide by forming elemental sulfur. 

Kiuchi et al. [103] proposed another two-step thermochemical cycle shown 

below following the same pattern of transition metal sulfides discussed earlier and 

experimental studies were made on the cycle. 

𝑁𝑖3𝑆2 + 𝐻2𝑆 ⇌  3 𝑁𝑖𝑆 + 𝐻2  (16) 

3 𝑁𝑖𝑆 ⇌  𝑁𝑖3𝑆2 +
1

2
𝑆2  (17) 

𝐻2𝑆 ⇌ 𝐻2 +
1

2
 𝑆2  (18) 

 In the case where Ni3S2 alone was used without inert additions, nickel sulfide 

sintered or partly fused due to the melting point depression resulting from the thermal 

decomposition of formed NiS. They suggested preventing such sintering by mixing the 

nickel sulfide powders with A12O3 or MoS2. The cyclic reactions were thereby shown 

to provide a stationary high decomposition rate of H2S. This research showed that the 

use of lower sulfides such as Ni3S2, may be regarded as rather promising based on the 

thermodynamic investigation of the respective reactions composing the cycle [103]. 

The comparison between the sulfurization reactions of NiS to NiS2 and of Ni3S2 to NiS 

further showed that the latter was superior to the former with respect to the kinetics and 

thermodynamical properties of the reaction [103]. 

Al-Shamma et al. [51, 104] studied the V2O5/alumina in the reaction of H2S 

decomposition over temperature range of 773-873 K and explained the reaction in the 

two-stage process as given before. 
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The thermal pyrolysis of hydrogen sulfide in the presence of V2O5/alumina is 

as follows [reactions 19-21]: 

5𝐻2𝑆 + 𝑉2𝑂5 ⇌ 𝑉2𝑆3 + 5𝐻2𝑂 + 2𝑆
0                      (19) 

𝑉2𝑆3 + 5𝐻2𝑆 ⇌ 2𝑉𝑆4 + 5𝐻2                                      (20) 

2𝑉𝑆4 ⇌ 𝑉2𝑆3 + 5𝑆
0                                                        (21) 

Note that iron oxide, is known to be easily sulfidized to iron sulfide that exhibits 

catalytic activity in the thermal pyrolysis of hydrogen sulfide. Reshetenko et al. [105] 

investigated the catalytic effect of metal oxides. They studied the effect of Fe2O3 and 

V2O5 over the temperature range 773-1073 K. They measured the kinetic parameters 

of   catalytic hydrogen sulfide cracking in the presence of catalysts Fe2O3 and V2O5. 

2.6. Summary 

A literature review conducted on the non-catalytic thermal decomposition of 

hydrogen sulfide gas to hydrogen fuel. Most studies have focused on the kinetics of 

thermal decomposition of hydrogen sulfide into hydrogen and sulfur and reported 

various kinetic parameters. These studies have shown that thermal pyrolysis of 

hydrogen sulfide is equilibrium limited, thus high reactor temperatures (above 1300 

°C) are required for the feasibility of hydrogen production. A review of the available 

literature revealed that kinetic parameters varies significantly and thus do not provide 

a unified description of the reaction kinetics of hydrogen production from hydrogen 

sulfide despite the wide available information. A few attempts have also been made to 

develop a detailed reaction mechanism for hydrogen sulfide pyrolysis under low and 

high temperature conditions. However, these mechanisms require more rigorous 

validations and optimizations under high temperature conditions (>1373K) and such 
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experimental data are very scarce in the open literature. It is recommended that the 

well-studied mechanisms of hydrogen sulfide oxidation be combined with a detailed 

pyrolysis mechanism. Such a combined mechanism will favor prediction of pyrolysis 

and oxidation reactions which are favorable during acid gas (H2S and CO2) pyrolysis 

to produce hydrogen and elemental sulfur. This will allow further feasibility studies to 

determine the optimum reactor conditions to achieve hydrogen production and clean 

sulfur recovery from hydrogen sulfide. 

Practically, hydrogen sulfide stream has many impurities including 

hydrocarbons and ammonia, these hydrogen constituted species enrich the hydrogen 

feedstock in hydrogen sulfide. However, most studies on pyrolysis of hydrogen sulfide 

have focused on thermal decomposition of hydrogen sulfide only. Production of 

hydrogen from a stream of hydrogen sulfide having these impurities has not been the 

primary focus of these studies. The high temperature required for the thermal pyrolysis 

of hydrogen sulfide possibly acts as inhibiting factor to make this process economical. 

Therefore, production of hydrogen via partial oxidation of hydrogen sulfide under 

ultra-fuel rich conditions is a step towards making this process auto-thermal. 
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Chapter 3: Experimental Facility 

In this Chapter, we discuss details of the experimental facility, diagnostics and 

procedures that have been used throughout the course of this study.  

3.1. Experimental Setup 

The experimental facility was designed to facilitate the understanding of the 

detailed chemistry of hydrogen sulfide pyrolysis in a laboratory-scale reactor. The 

geometry and configuration of the experimental setup was designed to provide defined 

and well controlled experimental conditions. The experimental set-up will also favor 

the examination of wide range of residence time, temperature, wide range of hydrogen 

sulfide concentrations and other input operational conditions that are suitable for the 

understanding of the detailed process chemistry and sulfur conversion while ensuring 

safe operation in the laboratory vicinity. It also offers the flexibility to examine the 

effect of catalysts, acid gas impurities, such as methane, ammonia and carbon dioxide 

benzene, toluene, xylene. Detailed description of the experimental setup is given below. 

A schematic diagram of the experimental setup is shown in Figure 2. The experimental 

setup consisted of four sections: gas supply manifold, thermal reactor, sampling and 

quenching and gas analysis. 

3.1.1. Thermal Reactor (Quartz Tube Reactor) 

The main component of the experimental facility was basically a quartz tube 

reactor section. Quartz was chosen as the reactor material for two reasons. First, quartz 

has superior thermal stability at high elevated temperature up to 1700 K. Second, 

quartz, unlike other materials that can withstand high temperatures such as alumina, 

has been shown not to have any catalytic effect on H2S decomposition [48, 67] and 
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hydrocarbons decomposition and consequently no effect on the decomposition of H2S 

alone or decomposition of a mixture of H2S with impurities [79]. In addition, protracted 

use of quartz reactor revealed no noticeable effects on its inner surface from the 

pyrolysis of acid gas, divulging that quartz has no catalytic effect on acid gas pyrolysis.  

 

Figure 2. A schematic diagram of the experimental setup 

Different quartz tubes with different diameter has been used at the beginning of 

this research. Then, an optimization on this important parameter in reactor design has 

been made. The size of the reactor has been affected by three factors: 1) Length of the 

heated cavity inside the furnace housing the reactor. 2) Range of flow rates that can be 

supplied to the reactor so that the desired range of residence time can be provided. 3) 

Ratio between the diameter and length is high enough to preheat the gases quickly at 

relatively low flow rates. A reactor of 0.006m diameter has been selected that provides 

0.36m total length having 0.3m length heated reaction zone. The quartz reactor has 

been accommodated inside an electrically heated-temperature controlled horizontal 



 

 

50 

 

tubular furnace. The furnace had a temperature controller that kept a defined and 

uniform temperature throughout the furnace cavity with operating temperatures of up 

to 1773K.  The high temperature range of the furnace will be useful in the experiments 

with quartz tube where non-catalytic reaction is examined. Lower operating 

temperature range can be utilized in examining catalytic pyrolysis of hydrogen sulfide. 

3.1.2. Gas Supply Manifold and Control System 

Thermal flow controllers connected to gas cylinders of high purity gases to 

supply the required flow rate of H2S, CH4 and N2 controlled the metered gases supplied 

to the reactor. Based on the size of the reactor, the flow rates of each gas as well as total 

flow rate of the gases were calculated to have the residence time range of interest. 

Controlling the flow rate of each gas provided control on the desired inlet composition 

into the reactor, while controlling the total flow rate of the gases provided control on 

residence time of the gases inside the reactor. The effect of heating of the gases from 

room temperature to furnace temperature on the flow velocity has been taken into 

consideration. The targeted range or residence time was determined based on the data 

in the literature that provided the residence time required to reach the steady state at 

relatively high temperature. The purpose of the variation of residence time was to study 

the evolutionary behavior of hydrogen as well as consumption of hydrogen sulfide and 

other reactants that can be used in the validation of the developed numerical models as 

well. 

In case that the impurity injected with hydrogen sulfide is normally liquid at 

room temperature such as benzene, toluene and xylene, thermal flow controllers were 

still used to supply the gaseous phase reactants while different setup was used to meter 
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liquid reactants, vaporize them and mix them with other gaseous phase reactants prior 

to injection into the reactor. A liquid handling pump was used to supply the liquid 

impurity into a heated vaporizer which can operate up to 493 K prior to mixing with 

metered flow of hydrogen sulfide and nitrogen stream that provided controlled and 

desired mixture composition at entrance to the reactor. Liquid and gaseous flow rates 

of BTX were calculated based on their density. The targeted residence time was still 

achieved by controlling the total flow rate of all species. The calculated total flow rate 

to achieve the targeted residence time was then divided between the reacting species 

constituting the inlet stream according to the desired composition. Therefore, the flow 

rate of each component determine the composition of the inlet stream and the total flow 

rate of the reacting components determined the residence time of the reactants inside 

the reactor. First, nitrogen was injected into the reactor to ensure no residual gas was 

present.  Hydrogen sulfide flow was allowed to mix with the nitrogen flow prior to 

mixing with BTX vapors before their entrance in to the reactor.  

It can be noticed that controlling the flow is crucial in our study to accurately 

supply the required flow rate and not only the residence time of the reactants inside the 

reactor but also the composition of the reacting stream. That is why different flow 

controllers with different ranges of flow delivery rates should be used accordingly to 

minimize error. The thermal flow controllers can deliver flows with the least possible 

error of ±1%.  

In almost all experimental runs throughout this research, the main reactants 

stream was diluted in nitrogen. Nitrogen was chosen as diluent since it is inert to 

thermal decomposition reaction. The dilution was kept as high as 90% or higher. This 
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high dilution was meant to serve two purposes. First, the relatively high thermal 

capacity of nitrogen helps in keeping the temperature of the gases inside the reactor 

constant from the possible damping by the endothermicity nature of the decomposition 

reaction. This assures maintaining near isothermal operation of the reactor. The other 

purpose is related to the safe operation of the facility. Since the reactants stream has 

one of its components or more being either toxic, corrosive or flammable, diluting this 

reactants with inert diluent without affecting the reaction helps in reducing the amounts 

of reactants utilized during the experiment. This reduction in the amounts of reactants 

utilized contributes in safer operation of the facility by limiting sulfurous compounds 

consumed/formed in the reactor as well as the remaining non-decomposed reactants. 

3.1.3. Sampling System. 

Gaseous products at exit of the reactor were collected for analysis using an air-

cooled quartz sonic-throat sampling probe with a fine tip (0.2 mm inner diameter) 

that was positioned at longitudinal centerline axis of the reactor. The fine tip allows 

gas sampling with negligible disturbance to the flow. The sampling probe quenched 

the reaction to prevent any occurrence of reverse reactions between the high 

temperature products by rapid decrease in temperature. Accelerating the sampled 

stream significantly along the fine tip passage of the probe causes rapid expansion 

(decrease in pressure) of the flow that is accompanied by rapid decrease in 
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temperature. The air flow induced by the fume 

hood inside which the entire facility is 

accommodated helps in cooling the collected 

sample significantly faster. Liquid and solid 

sulfur was observed in the sampling probe 

indicating lowering the temperature significantly 

to quench the reaction. A peristaltic pump was 

used for suction of the quenched sampled 

products stream from outlet of the reactor and 

injected it into a condenser. The purpose of the 

condenser is to condense any remaining sulfur 

vapors as well as any condensable vapors to 

ensure that only gaseous products were flowing. 

The pump was able to provide flow rates in the 

range of 0.3 up to 6 liter/min.  

 

3.2. Diagnostics: 

3.2.1. Gas Chromatography: 

The analysis of the gas products stream was conducted using a gas 

chromatograph (GC). After the condenser and removing any condensable gases to 

ensure proper functionality of the GC, sampled gases were injected online into the GC. 

Three different detectors were used in two different GCs; one was Agilent 3000 micro-

GC which had four channels equipped with thermal conductivity detectors (TCD). The 

Figure 3. Schematic diagram of 

the sampling probe, dimensions 

are in millimeter. 
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other GC was Agilent model 7890A GC system equipped with two different detectors: 

flame ionization detector (FID) and flame photometric detector (FPD). Thermal 

conductivity detector (TCD) was used to measure composition of H2, N2, CO, CO2 and 

CH4. Flame photometric detector (FPD) provided the composition of stable sulfurous 

compounds (e.g. H2S, CS2, SO2, COS). A flame ionization detector (FID) indicated 

presence of any hydrocarbon vapors to provide the concentration of gaseous 

hydrocarbons (e.g. CH4, C6H6, C8H10...). 

3.3. Thermal Characterization of the Reactor 

In order to achieve well-defined conditions, it is desirable that the temperature 

be isothermal. Since perfect isothermality is not practically possible, operating the 

reactor as close as possible to isothermal condition is necessary. Maintaining the 

isothermal operation of the reactor drops one differential equation (energy equation) 

from consideration in the analysis of the obtained experimental results. The first step 

to achieve this isothermal condition, a rapid heat up of the gaseous reactants to the 

desired set point temperature. Calculations for temperature profiles of fluids under 

laminar flow in a straight tube have been dealt with by kays and Crawford [106]. The 

solution of these calculations gives a useful insight regarding the expected gas 

temperature along the length of the reactor. For a situation such as the experimental 

facility used in this study where the reactor being paced in a temperature-controlled 

electric furnace representing thermal reservoir, the assumption of constant wall 

temperature is reasonable and at least represent the worst case scenario which 

corresponds to longer path for heating up the gaseous reactants. The equation for 

laminar flow provides the axial distribution of mass-averaged temperature (mixing cup 
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temperature) along the length of the reactor as a function of non-dimensional length 

normalized by the diameter of the tube. The solution was obtained with consideration 

of thermal entrance effects. However, it was assumed that the velocity profile is fully 

developed. For typical experimental conditions where relatively long residence time is 

allowed for gases that corresponds to low flow velocity and in the case of the highest 

set point temperature of furnace of 1773K (𝑇𝑖𝑛𝑙𝑒𝑡 = 300𝐾 𝑎𝑛𝑑 𝑑𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 0.06𝑚) the 

gases will reach the set point temperature within 4K difference at distance of 0.05 m 

downstream of the inlet to the tube. These predictions show that gases heated up rapidly 

in the reactor. This temperature distribution has been validated experimentally by 

measuring the temperature along the reactor length while flowing nitrogen. The 

measured temperature values were always within this tolerance, which validate the 

predictions made using this equation. It also provided a tool to predict the temperature 

distribution inside the reactor as well as estimate the beginning of the reaction to 

calculate the residence time. 

3.4. Calibration of Experimental Facility 

Pyrolysis of H2S and N2 mixtures was examined using a mixture of 5% 

H2S/95% N2 injected into the reactor. The residence time in the reactor was kept 

constant at 1.5s while the temperature of the reactor was changed incrementally from 

1273 – 1473 K. Gas composition at the exit of the reactor were quantified during all 

the experiments. The input and reactor operational conditions were chosen to facilitate 

comparison with experimental data from the literature. The chosen residence time of 

1.5s also meant that comparison with equilibrium simulation was feasible. The 

conversion of H2S at different temperatures resulted in different amounts of hydrogen 
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production. Figure 4 shows a comparison of hydrogen production from the pyrolysis 

of 5% H2S/95% N2 mixture. The results are also compared to the data reported by 

Binoist et al. [67]. Since the residence time was high enough for the reaction products 

to reach equilibrium, a comparison is also made with equilibrium simulations. The 

equilibrium simulations were conducted using the chemical Equilibrium code from 

NASA Glenn research center [107]. 

 

Figure 4. Comparison of experimental and equilibrium data from pyrolysis of 5% 

H2S/95% Ar or N2 

Our data showed a satisfactory agreement with the data reported by Binoist et 

al. [67], between 1273 and 1373 K. However, they did not examine temperatures above 

1373K, but our data compares well with the equilibrium predictions at these higher 

temperatures (above 1375 K). The equilibrium prediction matched well with the 

experimental data, except for temperatures below 1273 K. The production of hydrogen 

was undepreciated at lower temperatures, signifying that the residence time of 1.5s was 

not sufficient for the reactions to reach equilibrium values. Overproduction of H2 above 
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equilibrium value at 1323 K and 1473 K could be due to complex chemistry that is 

precluded in the equilibrium calculation.  

3.5.  Experimental Error Analysis 

Sources of errors associated with experimental measurements divides into two 

categories: systematic error in all measuring and controlling apparatuses, and the 

random error presented in our experimental measurements. 

Sources of systematic error in this research were as follows: 

• Thermocouple 

• Gas Chromatograph (TCD and FPD) 

• Flow Controllers 

Table 3 shows the error in all apparatuses used in this research. It can be seen that, error 

ranges are very minimal so that they all lie within the experimental data points symbol 

represented in figures. 

For random error, average time required for each experiment to be performed was 6 

hours or more. Therefore, it was not possible to repeat each experiment enough number 

of times so that we could calculate the mean and standard deviation for each 

experiment. Consequently, random error assessment has been achieved via data 

repeatability check. All experiments performed in this research have been repeated 

three times or more and the average value was presented. Maximum standard deviation 

was observed to be less than 0.5%. 

3.6. Experimental Difficulties 

During the experimental runs, experimental issues used to appear that can either 

force us stop the experimental run and restart it all over again or impose significant 
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delay in the experimental run time. This problem arise from the formation of solid 

sulfur or formation of carbon deposits in different places in the sampling line that leads 

to clogging the line. Sulfur deposits as well as carbon deposits from hydrocarbon 

impurities introduced to the reactor were forming in the sampling probe and sampling 

line. Sulfur and carbon tiny particles were able to pass through the sampling line and 

reach the filters at the inlet of the GC. Accumulation of these particles on these filters 

caused clogging and prevent the sample flow from entering the GC for analysis. 

Subsequently, several preventive and corrective precautions were being taken in order 

to lessen the chances of problems caused by sulfur and carbon deposits. 

Table 3. Error range associated with experimental measurements 

Device Measured quantity Error 

Thermocouple Temperature +2.8 K at T=1600 K 

TCD CO, H2, C2H2, C2H4, 

C2H6, C3H8 

< ±0.1 % at 

concentration of 100 ppm 

FPD H2S, SO2, COS, CS2 < ±0.1 % at 

concentration of 1 ppm 

Flow controllers CH4, CO2, N2 

Flow rates 

< ±1 % 𝑜𝑓 𝑓𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒  

Flow controllers H2S, NH3 Flow rates ±(0.8% 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑑𝑖𝑛𝑔

+ 0.2% 𝑜𝑓 𝑓𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒)  
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Chapter 4: Results and Discussions 

Experimental investigations discussed in this chapter are divided into two major 

sections. The first section is dedicated to hydrogen production from pyrolysis and 

partial oxidation of hydrogen sulfide alone. The second section represents production 

of hydrogen via pyrolysis of contaminated hydrogen sulfide with one impurity of the 

impurities naturally existing in hydrogen sulfide stream separated from natural gas such 

as: carbon dioxide, methane, benzene, and xylene. 

4.1.  Production of Hydrogen from Hydrogen Sulfide Pyrolysis 

and Partial Oxidation 

Investigation of hydrogen production from a stream of hydrogen sulfide only 

has been conducted under different temperatures and inlet compositions. This will help 

us to understand more information on effect of each parameter. Studying the pyrolysis 

of hydrogen sulfide alone will also help the understanding the effect of presence of 

different contaminants. On the other hand, pyrolysis of hydrogen sulfide has high 

energy demand. An exploration of the potential of production of hydrogen via partial 

oxidation of hydrogen sulfide is also provided.  

4.1.1. Hydrogen Production via Pyrolysis of Hydrogen Sulfide  

Investigation on thermal decomposition of hydrogen sulfide has been 

conducted in near isothermal reactor. The effect of different reactor operational 

parameters including reactor temperature and inlet partial pressure has been examined. 

The results on the effect of reactor operational parameters on the pyrolysis of H2S 

diluted with nitrogen gas were examined and are presented here. The specific 
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parameters examined were temperature, residence time and inlet hydrogen sulfide 

concentration. Role of temperature and residence times are presented first, and 

subsequently, results on the effect of H2S inlet concentration in the H2S/N2 mixture on 

pyrolysis process are presented. The objective was to examine the pyrolysis of high 

concentrations of H2S and the effect of reactor temperature on the conversion process. 

4.1.1.1. Effect of Reactor Temperature and Residence time 

Pyrolysis of H2S and N2 mixtures was examined using a mixture of 5% 

H2S/95% N2 injected into the reactor. The effect of residence time and temperature of 

the reactor was examined. Figures 5-6 show the conversion of H2S and amounts of H2 

produced at different residence times of the gas in the reactor at three different 

temperatures of 1273, 1373 and 1473K. 

 

Figure 5. H2S conversion from pyrolysis of 5%H2S/95% N2 at different residence 

times in the reactor at 1273, 1373 and 1473K. 
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Figure 6. H2 production from pyrolysis of 5%H2S/95% N2 at different residence times 

in the reactor at 1273, 1373 and 1473K. 

The results show that the time required to reach the equilibrium state of H2S 

and H2 produced is much shorter at higher temperatures. At reactor temperatures of 

1373 K and 1473 K, a residence time of 0.8s is required to reach the asymptotic state, 

while much higher residence time of up to 1.4s was required at 1273 K. The conversion 

of H2S at higher reactor temperatures examined was between 58-69%, while at lower 

temperature of the reactor only up to 40% H2S conversion was achieved.  

Subsequently, a broader temperature range of the reactor (1273 – 1473 K) was 

examined and at a constant residence time of 2s in the reactor. Figure 7 shows the gas 

speciation at the exit of reactor at different temperatures and constant residence time of 

2s. The results show that a residence time of 2s was enough for conversion to reach the 

asymptotic equilibrium values. Therefore, a comparison with equilibrium simulations 

data was feasible that also served to quantify the performance of the experimental 

facility, see Figure 7. Our results showed good agreement with the equilibrium data as 

well as the experimental results reported in the literature. The amounts of H2S 
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conversion within the examined temperature range of 1273-1473 K were between 43-

68% (Figure 5). The rate of H2S conversion significantly increased at higher 

temperatures (above 1423 K) as observed from the dramatic change in slope of the 

graph shown in Figure 7.  

The equilibrium prediction matched well with the experimental data, except for 

temperatures below 1273 K. The slight overproduction of H2 above equilibrium value 

at 1323 K and 1473 K could be due to complex chemistry that is precluded in the 

equilibrium calculation. The deviation between equilibrium and experimental data at 

reactor temperatures below 1273 K is attributed to slow rate of chemical reactions that 

signifies that residence time of 2s is grossly inadequate for reactions to reach 

equilibrium state.  

 

Figure 7. Comparison of experimental and equilibrium data from pyrolysis of 5% 

H2S/95% Ar or N2. 

 

The results reveal that pyrolysis of H2S to produce H2 and S2 should be 

conducted at higher temperatures, wherein short residence time in the reactor favors 
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high conversion of H2S. This will enable the design of more compact reactor units for 

the treatment of acid gas to produce hydrogen and also recover sulfur. 

4.1.1.2. Effect of Inlet H2S Concentration 

The effect of inlet composition of H2S on the production of H2 was also 

characterized and compared with the equilibrium data. Experiments were conducted at 

different temperatures and constant residence time of 1.2s in the reactor. The quantity 

of H2 produced was quantified and compared with the equilibrium data. Figures 8-11 

show the H2 produced with change in the inlet concentrations of H2S in the H2S/N2 

mixtures at different temperatures (1273-1573 K). 

The results showed an increase in H2 production with an increase in the amounts 

of H2S in the inlet acid gas mixture. The low temperature pyrolysis data at 1273K 

matched well with equilibrium data. However, the deviation between the experimental 

and equilibrium data increased with increase in the reactor temperature and inlet H2S 

concentration. This corresponded simultaneously to a decrease in H2S conversion as 

the inlet concentration of H2S was increased, see Figure 12. The results reveal the 

occurrence of a more complex chemistry at higher temperatures of the reactor and 

higher inlet H2S concentration.  

The thermal pyrolysis of hydrogen sulfide occurs via collision with another 

molecule M or some other radicals in the reaction pool as illustrated in reactions 22 and 

23. Reaction (23) has been proven experimentally [61, 62] to be energetically favored 

and more dominant. Both reactions are endothermic and are favored at higher reactor 

temperatures. This justifies the observed increase in the H2 production over the range 

of temperatures examined as well as hydrogen and sulfur radicals. Chemical 
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decomposition of hydrogen sulfide via reactions 24 and 25 occurs after the 

establishment of the radical pool in the initiation steps. This supports the observed 

increase in the H2S conversion and H2 production over the range of temperatures 

examined. The SH radical plays an important role in the formation of H2 via reaction 

(26) which also can decompose to supply H and S radicals into the reaction pool. 

𝐻2𝑆 +  𝑀 ⇌  𝐻𝑆 +  𝐻 +  𝑀      (22) 

𝐻2𝑆 +  𝑀 ⇌  𝑆 + 𝐻2 +  𝑀      (23) 

𝐻2𝑆 +  𝐻 ⇌  𝐻𝑆 + 𝐻2        (24) 

𝐻2𝑆 +  𝑆 ⇌  𝐻 +  𝐻𝑆2        (25) 

𝐻𝑆 +  𝐻 ⇌  𝑆 + 𝐻2       (26) 

𝐻𝑆 +  𝑆 ⇌  𝑆2  +  𝐻       (27) 

𝐻 +  𝐻 +  𝑀 ⇌  𝐻2  +  𝑀      (28) 

𝐻𝑆2  +  𝐻𝑆2  ⇌  𝐻2𝑆2  +  𝑆2      (29) 

However, increase in the inlet concentration of hydrogen sulfide, results in an 

increase in the concentration of produced radicals (such as HS, H, S, HS2, H2S2) in the 

reactor. These radicals can then undergo recombination reactions to produce hydrogen 

sulfide. The significant reactions involved are summarized in the following reactions 4 

and 30 through 33 to support a better understanding of the experimental data. 

𝐻2𝑆2  +  𝐻 ⇌  𝐻2𝑆 +  𝐻𝑆      (4) 

𝐻2  +  𝑆2 ⇌  𝐻𝑆2  +  𝐻      (30) 

𝐻2  +  𝐻𝑆 ⇌ 𝐻2𝑆 + 𝐻        (31) 

𝐻𝑆 +  𝐻𝑆 ⇌  𝐻2𝑆 +  𝑆       (32) 
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𝐻2  +  𝐻𝑆2 ⇌ 𝐻2𝑆2  +  𝐻      (33) 

 

Figure 8. H2 production with change in 

acid gas composition (H2S diluted in 

N2) at 1273 K reactor temperature 

 

Figure 9. H2 production with change in 

acid gas composition (H2S diluted in 

N2) at 1373K 

 

Figure 10. H2 production with change in 

acid gas composition (H2S diluted in 

N2) at 1473K reactor temperature 

 

Figure 11. H2 production with change in 

acid gas composition (H2S diluted in 

N2) at 1573K reactor temperature. 

 

0

10

20

30

0 20 40 60 80 100H
2

P
ro

d
u

ct
io

n
 [

%
]

H2S Inlet Concentration [%]

Experimental data (1273 K)

Equilibrium data (1273 K)

0

10

20

30

0 20 40 60 80 100

H
2

P
ro

d
u

ct
io

n
 [

%
]

H2S Inlet Concentration [%]

Experimental data (1373 K)
Equilibrium data (1373 K)

0

20

40

0 20 40 60 80 100H
2

P
ro

d
u

ct
io

n
 [

%
]

H2S Inlet Concentration [%]

Experimental data (1473 K)
Equilibrium data (1473 K)

0

20

40

60

0 20 40 60 80 100H
2

P
ro

d
u

ct
io

n
 [

%
]

H2S Inlet Concentration [%]

Experimental data (1573 K)

Equilibrium data (1573 K)



 

 

66 

 

 

Figure 12. H2S conversion with change in acid gas composition (H2S diluted in N2) 

and reactor temperature 

Hydrogen is also favored to recombine with sulfur, which results in hydrogen 

sulfide production. Therefore, the decrease in hydrogen production and conversion of 

hydrogen sulfide is attributed to the dominant role of recombination reactions involving 

the vast amounts of radical pool species in the reactor. Moreover, the role of these 

radicals will also increase with increase in the reactor temperature, and these 

conjectures are evident from the greater discrepancies between experimental and 

equilibrium data that was observed at higher temperatures (see figures 8-11). 

4.1.2. Simulation and Validation of Hydrogen Production from Hydrogen 

Sulfide Pyrolysis 

The explanation provided in the previous section was based on the 

understanding of the literature. Then, we decided to simulate the obtained results 

numerically to determine what are the most reactive species and the most dominant 

reaction. Therefore, in this section, a kinetic model on hydrogen sulfide pyrolysis has 

been developed. This kinetic model was validated against experimental data shown in 
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section 4.1.1. The good matching achieved between simulation results and 

experimental data under the examined conditions facilitated identification of the most 

dominant pathways in the reaction. 

4.1.2.1. Kinetics simulation 

Binoist et al. [67] developed a detailed mechanism for the H2S pyrolysis diluted 

in argon (95%) in a continuous perfectly mixed reactor over a residence time of 0.4-

1.6s and temperatures of 1073-1323K. The detailed reaction mechanism was used to 

carry out numerical simulations and the results were compared with the experimental 

data, using CHEMKIN software package. First, numerical simulations were conducted 

based on Binoist [67] mechanism. However, there was poor agreement between the 

simulations and the experimental data at 1373 K and also at higher temperatures. 

Kinetics parameters in Binoist’s mechanism were modified with values from Nguyen 

and co-workers [108]and Gargurevich [109]. Some minor changes to the pre-

exponential factor were made to fit the experimental results. The modified detailed 

mechanism is presented in Table 4. In this investigation, plug flow reactor (PFR) model 

was used in the numerical simulation. It is assumed that pressure is constant in the PFR 

and equal to the atmospheric pressure and there are no heat loses. Experiments were 

performed with 5% H2S diluted with 95% N2. Numerical simulations were conducted 

under the conditions and mixture composition similar to those of the experminets. 

 

4.1.2.2. Results and Discussion 

The results on the effect of reactor temperature on the pyrolysis of hydrogen 

sulfide diluted with nitrogen gas were simulated numerically and validated with the 
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experimental data. These results confirm the validity of the modified mechanism over 

the investigated operating conditions at temperatures up to 1473 K. 

Table 4. Detailed mechanism of H2S pyrolysis with the rate equation: k=A.Tb.exp(-

Ea/(RT)) [cm3.s-1.mol-1]. 

Reactions A 

(cm3.s-1.mol-1) 

b Ea 

(cal.mol-1) 

Ref. 

H2S + M = H + SH + M 1.76E+15 0.00 66200 [67] 

H2S + M = H2 + S + M 2.24E+22 -2.61 88995 [108] 

N2/1.5/SO2/10/H2O/10 (Enhanced collision efficiency)  

H + SH = H2 + S 1.29E+13 0.00 7210 [67] 

reverse 2.00E+14 0.00 76600 [109] 

H + H2S = H2 + SH 2.90E+14 0.00 13000 [67] 

reverse 1.42E+13 0.00 16340 [108] 

H2S + S + M = H2S2 + M 3.60E+12 0.00 0 [67] 

reverse 3.00E+20 -1.00 52800 [67] 

SH + H2S2 = H2S + HS2 5.20E+14 0.00 6100 [67] 

reverse 6.80E+14 0.00 29700 [67] 

SH + HS2 = H2S + S2 6.27E+03 3.05 -1105 [108] 

reverse 4.80E+13 0.00 38400 [67] 

SH + S + M = HS2 + M 6.00E+11 0.00 0 [67] 

reverse 6.00E+12 0.00 70900 [67] 

H + S2 + M = HS2 + M 1.00E+18 0.00 1510 [67] 

reverse 1.35E+15 0.00 31100 [108] 

SH + S = H + S2 8.97E+15 0.00 15000 [67] 

reverse 6.98E+16 0.00 31300 [67] 

SH + SH + M = H2S2 + M 3.20E+13 0.00 0 [67] 

reverse 2.70E+22 -1.00 58600 [67] 

SH + S2 = S + HS2 1.40E+12 0.00 33700 [67] 

H2S2 + M = H + HS2 + M 9.10E+19 -1.00 70200 [67] 

H2S + S = H + HS2 1.00E+15 0.00 25800 [67] 

SH + SH = H2S + S 7.50E+07 1.14 100 [67] 

reverse 1.00E+08 1.30 17100 [67] 

S+S+M=S2+M 1.00E+15 0.00 0 [67] 

HS2 + HS2 = H2S2 + S2 6.00E+12 0.00 9100 [67] 

H2S2 + H = H2S + SH 6.00E+12 0.00 5200 [67] 

H + HS2 = H2S + S 6.00E+13 0.00 8400 [67] 

H + HS2 = H2 + S2 4.30E+13 0.00 1400 [67] 

reverse 4.72E+13 0.00 57610 [67] 

SH + M = S + H + M 6.00E+12 0.00 73600 [67] 

reverse 3.60E+15 0.00 9300 [67] 

S + H2S2 = SH + HS2 6.00E+12 0.00 8200 [67] 
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The results show that high temperatures are more favorable for hydrogen sulfide 

pyrolysis, similar to that reported by Hawboldt et al. [46] and Palma et al. [110]. 

Moreover, the modified reaction mechanism fits better with the experimental results at 

temperature as high as 1473 K. Hydrogen yield also increased with the increase in 

temperature along with decreased residence time to reach the asymptotic steady state 

value. 

 

Figure 13. Comparison between modeling and experimental data on H2S conversion 

 

Figure 14. Comparison between modeling and experimental data on H2 yield 

Based on the qualitative agreement between the experimental data and the 

numerical simulations using the modified reaction mechanism over the investigated 

operational conditions, reactions pathways and the most dominant reactions in the 
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decomposition of hydrogen sulfide and formation of products can be determined. From 

the analysis of the reactions pathways, we find that at low mean residence time the 

dissociation is initiated via collision of molecules according to the following reactions: 

𝑯𝟐𝑺 +  𝑴 ⇌  𝑯 +  𝑺𝑯 +  𝑴    (22) 

𝑯𝟐𝑺 +  𝑴 ⇌  𝑺 + 𝑯𝟐  +  𝑴    (23) 

Once the pool of radicals is established, reaction (24) takes place when 

consumption of hydrogen sulfide and production of hydrogen occurs via the collision 

between hydrogen sulfide and hydrogen radical. Propagation of the reaction is carried 

out through the radicals produced in reactions (22-24). 

𝑯𝟐𝑺 +  𝑯 ⇌  𝑯𝟐  +  𝑺𝑯               (24) 

A close examination of the chemical reaction pathways allowed us to deduce that 

reaction (24) is the dominant in the conversion of hydrogen sulfide to hydrogen during 

the reaction. Hydrogen radical plays a significant role in the decomposition process, 

this radical attacks hydrogen sulfide to produce hydrogen and SH radical. SH radical 

is amongst the radicals responsible for sulfur formation through the following 

reactions: 

𝑆𝐻 +  𝑆 ⇌  𝐻 + 𝑆2                (27) 

𝑆𝐻 +  𝐻𝑆2  ⇌  𝐻2𝑆 + 𝑆2               (34) 

Hydrogen radical also participates in breaking down other radicals as shown in reaction 

(36).  HS2 radical also plays an important role that also participates in the formation of 

sulfur as well as the other radicals via the following reactions: 

𝐻𝑆2  + 𝑆𝐻 ⇌ 𝐻2𝑆 + 𝑆2               (34) 

𝐻𝑆2  +  𝑀 ⇌  𝐻 + 𝑆2 +𝑀               (35) 
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𝐻 +  𝐻𝑆2  ⇌  𝐻2  +  𝑆2               (36) 

Once the pool of radicals has been established and the reaction became more reactive, 

the recombination reactions between the products become more significant (via the 

reverse of the initiation reaction direction with the increase of residence time, as 

follows): 

𝑯𝟐  +  𝑺𝑯 ⇌  𝑯𝟐𝑺 +  𝑯               (31) 

𝐻 +  𝑆𝐻 +  𝑀 ⇌  𝐻2𝑆 +  𝑀    (37) 

4.1.2.3. Summary 

Experimental results on the production of hydrogen from pyrolysis of diluted and non-

diluted hydrogen sulfide stream were presented. The optimum operating conditions that 

favor hydrogen production and high conversion of hydrogen sulfide were investigated. 

The results show significant role of reactor residence time and reactor temperature, as 

well as inlet concentration of hydrogen sulfide injected into the reactor. A high reactor 

temperature significantly reduces the reactor residence time required for high 

conversion of hydrogen sulfide. At temperatures above 1373 K, conversion of 

hydrogen sulfide reached an asymptotic steady state value at a residence time of 

approximately 0.8s, while more than 1.2s residence time was required to attain such a 

steady state asymptotic value at 1273 K. Increase in the inlet concentration of hydrogen 

sulfide enhanced the radical pool species and stimulated recombination reactions that 

hindered hydrogen production and hydrogen sulfide conversion. This was apparent 

from the increased deviation between equilibrium and experimental data as the inlet 

concentration of hydrogen sulfide and temperature of the reactor were increased.  
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The obtained experimental results of pyrolysis of hydrogen sulfide has been studied 

numerically using a plug flow reactor model. Experimental results obtained at 

temperatures up to 1473 K using a plug flow tubular reactor were used to validate the 

model simulations. A detailed reaction mechanism has been modified to simulate the 

thermal dissociation of hydrogen sulfide. A comparison between experimental data and 

simulation results revealed the validity of the mechanism on simulating the pyrolysis 

of hydrogen sulfide over the investigated conditions. The qualitative agreement 

between the experimental results and simulations provided possible identification of 

the various reaction pathways as well as the most dominant reactions. The proposed 

reaction mechanism has been validated for simulating hydrogen sulfide dissociation. 

4.1.3. Hydrogen Production from Hydrogen Sulfide Partial Oxidation 

The potential of hydrogen production from hydrogen sulfide oxidation in 

temperature range of 1273-1473K and at high equivalence ratio has been investigated. 

This method has less energy requirement than pyrolysis since thermal energy required 

for the pyrolysis is partly supplied by the oxidation of a portion of the hydrogen sulfide.  

4.1.3.1. Effect of Presence of Oxygen on Hydrogen Sulfide Pyrolysis 

Experimental results on effect of oxygen injection on pyrolysis of hydrogen 

sulfide stream diluted with nitrogen at reactor temperatures in the range of 1273-1473 

K at different residence times are examined. The composition of the inlet stream is 9% 

H2S/ 1%O2/ 90% N2. However, the oxidation reaction was very rapid to be captured 

and concentration did not change much with the residence time so that results on only 

composition at residence time of 1.2 sec are reported, see Figure 15. A comparison 

between pyrolysis of a stream of hydrogen sulfide with oxygen and without oxygen on 

the amounts of H2 produced is shown in Figure 15 while Figure 16 shows the H2S 
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conversion. Results shown in Figure 15 confirm that production of hydrogen from 

pyrolysis of hydrogen sulfide stream is favored at higher temperatures in both cases of 

hydrogen sulfide alone and hydrogen sulfide with traces of oxygen. The hydrogen 

produced decreased by some 37% with oxygen injection as compared to that without 

oxygen. 

Reaction with oxygen has three routes, one of them being oxidation of hydrogen 

sulfide to produce sulfur oxides and water vapor. The other routes being reaction with 

one of the products hydrogen (to produce water vapor) or sulfur (to form sulfur oxides). 

Initially, oxidation reaction occurs between oxygen and hydrogen sulfide till hydrogen 

and sulfur molecules or radicals form then a competition between the products and 

hydrogen sulfide occurs. Based on the comparison between the reaction rates of 

oxidation of hydrogen sulfide and hydrogen, oxygen favors reaction with hydrogen 

sulfide. Thus, the main reason behind the decrease in hydrogen produced is not due to 

the direct oxidation of hydrogen produced. The direct oxidation occurs in hydrogen 

sulfide to form water vapor and sulfur oxide while the remaining hydrogen sulfide 

decomposes to hydrogen and sulfur. Reduction reaction between hydrogen produced 

and sulfur oxide consumes hydrogen produced to reduce the amounts of hydrogen 

produced. This is similar to reactions occurring at the catalytic stages of Claus reactor. 

This conjecture is also supported by the absence of any sulfur oxide peaks from the gas 

analysis.  

The amounts of hydrogen produced decreased while the conversion of 

hydrogen sulfide increased. This is due to the fact that the presence of oxygen consumes 

one of the products of the pyrolysis which thermodynamically shifts the equilibrium 
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towards more consumption of hydrogen sulfide. This explains the increased conversion 

of hydrogen sulfide in the presence of oxygen more than the absence of oxygen, as 

shown in Figure 16. 

 

Figure 15. A comparison on the amounts of hydrogen produced from H2S only and 

H2S with O2 

 

Figure 16. Comparison of H2S conversion of H2S only and H2S with O2 

4.1.3.2. Effect of Oxygen Composition on Hydrogen Sulfide Pyrolysis 
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The effect of different amounts of oxygen on hydrogen sulfide pyrolysis has 

also been investigated. The pyrolysis of two streams with 1% oxygen (mixture of 9% 

H2S/1% O2) and the 2% oxygen (8% H2S/2% O2) were evaluated. Also, a comparison 

on the pyrolysis of two streams with the same composition of hydrogen sulfide but 

without oxygen has also been made. Figure 17 and Figure 18 show that increase in the 

amounts of oxygen injected with hydrogen sulfide decreases the amounts of hydrogen 

produced. This is attributed to the oxidation of more hydrogen sulfide to sulfur oxide 

that consumes the produced hydrogen to result in reduced hydrogen production. This 

also means that increase in the amounts of oxygen introduced to the reaction increased 

the conversion of hydrogen sulfide as shown in Figure 18. 

 

Figure 17. A comparison on the amounts of hydrogen produced from H2S only and 

H2S with O2 
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Figure 18. Comparison of H2S conversion of H2S only and H2S with O2 

4.1.3.3. Summary 

Potential of hydrogen production via partial oxidation of hydrogen sulfide has been 

shown experimentally in a tubular reactor over temperature range of 1273-1473 K. A 

comparison between amounts of hydrogen produced both without and with oxygen 

injection has been made along with hydrogen sulfide conversion in each case. Results 

showed higher conversion of hydrogen sulfide with injection of oxygen. Production of 

hydrogen was lower in presence of oxygen due to partial consumption of hydrogen 

formed to H2O. The absence of SO2 with oxygen present in the hydrogen sulfide stream 

was featured at all the temperature investigated. These results provide a window of 

favorable operational conditions for hydrogen production via partial oxidation of 

hydrogen sulfide. These results also provide viable development of this treatment 

method as a standalone method or as part of hybrid operation in conjunction with the 

Claus reactor. 
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4.2. Pyrolysis of Contaminated Hydrogen Sulfide 

Based on the understanding of the pyrolysis of hydrogen sulfide in the previous 

sections, effects of presence of different contaminants on the reformation of hydrogen 

sulfide to produce hydrogen will be investigated in the later sections. Since carbon 

dioxide is the major contaminant in hydrogen sulfide, pyrolysis of acid gas to produce 

syngas is investigated. Other hydrogen-constituted impurities naturally present in 

hydrogen sulfide stream separated from crude oil and gas wells such as methane, 

benzene, xylene were mixed with hydrogen sulfide to evaluate the role played by their 

presence in the mixture on amounts of hydrogen produced and conversion of hydrogen 

sulfide. 

4.2.1. Syngas Recovery from Acid Gas Stream Composed of H2S and 

CO2 

The results on the pyrolysis of H2S and CO2 diluted in nitrogen were examined 

and are presented. The goal here was to quantify experimentally the speciation of 

syngas (H2 and CO) production from the pyrolysis of acid gas (H2S and CO2) over a 

range of temperatures and gas composition. 

 

4.2.1.1. Effect of Reactor Temperature on Pyrolysis of Acid Gas  

Pyrolysis of acid gas mixture was examined in the plug flow reactor over a 

temperature range of 1323 K to 1473 K at high residence times of 2s. The objective 

was to examine the effect of temperature on the syngas (H2 and CO) composition. 

However, investigating higher reactor temperature and its effect on CO2 derivate 

species was not the scope in this study.  The result of produced syngas composition at 

different temperatures is shown in Figure 19. These results are shown with 3% H2S/2% 
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CO2/95% N2, which represents 60% H2S and 40% CO2 in the H2S/CO2 acid gas mixture 

since the N2 is inert. The ratio of H2 to CO is observed to reduce while the syngas 

production increases with increase in reactor temperature. Production of CO was very 

minimal at temperatures below 1373 K. A reactor temperature less than 1373 K favors 

syngas yields with high H2 content. If the requirement is to utilize only the produced 

H2, through the use of suitable separation techniques, then lower reactor temperatures 

(below 1450 K but not lower than 1200 K) are considered to be preferable. However, 

it is important to also note that lower reactor temperatures result in higher amounts of 

H2S emission from low conversion of both H2S and CO2, even when sufficient 

residence time is available. Note that different composition of syngas is required for 

different applications since high ratio of H2 to CO is not suitable for certain applications 

while in other applications they are favorable. 

 

Figure 19. Effect of reactor temperature on Syngas production (3% H2S/2% 

CO2 diluted in 95% N2) 
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Syngas gas produced can be used for gas engine application and liquid fuels 

production. For example, Table 5 shows the specifications of syngas for Siemens gas 

plants application [111]. Siemens energy gas plants require syngas with a ratio of H2 to 

CO between 0.5 and 1.1 for successful operation and similar ratio is required for 

production of ammonia. The effect of inlet composition of acid gas (H2S/CO2 ratio) on 

the composition of syngas (H2 and CO) was also examined at a reactor temperature of 

1473 K and residence time of 2s. 

Table 5. Specification of syngas for Siemens gas plants [111] 

Fuel gas 

component 

Gas 

turbine 

V94.2 

Gas 

turbine 

V94.3 

Gas 

turbine 

2xV94.2K 

H
2
 12.3 10.7 31.3 

CO 24.8 29.2 28.5 

CO
2
 0.8 1.9 3.2 

N
2
 42.0 53.1 - 

H
2
/CO 0.5 0.36 1.1 

LHV(MJ/Kg) 4.3 4.3 9.1 

 

Figure 20 shows the composition of syngas evolved with change in the inlet 

composition of acid gas (H2S and CO2), diluted in N2 gas at reactor temperature of 1473 

K and residence time of 2s. It also shows the amount of syngas produced with the 

variation of the inlet composition acid gas. The result showed that only a specific 
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composition of acid gas can produce syngas composition applicable for gas engines 

and for ammonia production. From Figure 20, one can see that the ratio of H2 to CO 

production is dependent on the initial acid gas composition (H2S and CO2). This ratio 

decreases with increase in the amounts of CO2 in the inlet acid gas. This demonstrates 

that lean acid gas (with high CO2 content) is preferable and well suited for syngas 

production with a H2 to CO ratio of 0.3 to 1.2 that meets the requirement for gas engine 

and ammonia production. This can help ease the operational difficulties that lean acid 

gases pose in the operation of Claus process. It should be taken to consideration that 

syngas production is decreasing with the increase of CO2 in the inlet stream of acid gas 

due to the high stability of CO2. 

 

Figure 20. Effect of acid gas composition on Syngas production at 1475 K. (H2S/CO2 

diluted in 95% N2) 

4.2.1.2. Effect of CO2 on H2S Pyrolysis 

A direct comparison of H2 production from the pyrolysis of diluted H2S with 

mixtures of H2S and CO2 was conducted to isolate the effect of CO2 in the conversion 
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process. The test condition for the H2S and H2S/CO2 mixtures were examined at 

constant residence times of 2s and constant total volumetric flow of all injected gases 

(H2S, CO2 and N2). Figure 21 and Figure 22 show the conversion of H2S and production 

of H2 at different reactor temperatures for the two acid gas mixtures. Pyrolysis of H2S 

favored an increase in H2 production at higher reactor temperatures (Figure 22). This 

also corresponded to an increase in the conversion of H2S as shown in Figure 21. Our 

observed trends on H2S pyrolysis agree favorably with the data reported in the literature 

[67]. 

 

Figure 21. H2S conversion with change in acid gas composition and reactor 

temperatures (H2S or H2S/CO2 diluted in 95% N2) 
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Figure 22. H2 production with change in acid gas composition and reactor 

temperatures (H2S or H2S/CO2 diluted in 95% N2) 

The pyrolysis of H2S occurs via collision with another molecule M or some 

other radicals in the reaction pool as illustrated in reactions 22 through 29 [67, 109]. 

The net reactions are endothermic and are favored at higher reactor temperatures. This 

justifies the observed increase in the H2 production over the range of temperatures 

examined. Sulfur formation was also visibly observed along the sampling lines and 

other cooler regions of the experimental facility. 

𝐻2𝑆 +  𝑀 ⇌  𝐻𝑆 +  𝐻 +  𝑀      (22) 

𝐻2𝑆 +  𝑀 ⇌  𝑆 + 𝐻2 +  𝑀      (23) 

𝐻2𝑆 +  𝐻 ⇌  𝐻𝑆 + 𝐻2       (24) 

𝐻2𝑆 +  𝑆 ⇌  𝐻 +  𝐻𝑆2       (25) 

𝐻𝑆 +  𝐻 ⇌  𝑆 +  𝐻2       (26) 

𝐻𝑆 +  𝑆 ⇌  𝑆2  +  𝐻       (27) 

𝐻 +  𝐻 +  𝑀 ⇌  𝐻2 +  𝑀      (28) 
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𝐻𝑆2  +  𝐻𝑆2  ⇌  𝐻2𝑆2  +  𝑆2      (29) 

However, there was a slow increase in the production of H2 over a temperature 

range of 1323 K to 1425 K, but thereafter; faster rate of H2 formation was observed. 

This could be attributed to a possible change in reaction mechanism from the faster 

kinetics at higher temperatures. 

Addition of CO2 into the inlet H2S/N2 showed decreased conversion of H2S at 

temperatures below 1435 K, but the H2S conversion increased at higher temperatures, 

see Figure 21. The lower conversion of H2S at lower temperatures could be attributed 

to dilution effects. It is noticed that conversion of H2S was lower within 1323 K to 1423 

K, wherein only up to 20% CO2 was converted. But as the CO2 conversion increase up 

to 48%, the conversion of H2S significantly increased. This showed that the release of 

oxidizer from CO2 promoted oxidation reactions of H2S in the reactor. Oxidation 

reactions were also responsible for the observed decrease in the production of H2 with 

increase in temperature of the reactor. The amounts of undecomposed CO2 at the exit 

of the reactor alongside CO production data is given in Figure 23. This substantiated 

the production of oxidizer in the reaction pool. Reactions 38 and 39 are typical 

significant reactions involved in the initial decomposition of CO2 [94, 45]. 

Decomposition of CO2 is an endothermic process that is favored at higher temperatures 

to produce CO and atomic oxygen. Another channel for CO2 decomposition is through 

the radical attack by an active radical (such as H) in the reactor to produce other 

oxygenated radicals (see reactions 38 and 39).  

𝐶𝑂2  +  𝑀  𝐶𝑂 +  𝑂 +  𝑀     (38) 

𝐶𝑂2  +  𝐻  𝐶𝑂 +  𝑂𝐻      (39) 
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Figure 23. CO production and CO2 fraction with change in reactor temperatures (3% 

H2S/2% CO2 diluted in 95% N2) 

The release of O and OH radicals then promotes oxidation H2S, H2 and other 

radicals formed in the reactor. Some of the possible reactions are illustrated in reactions 

40 through 45 to provide better understanding of the experimental data [39]. Reactions 

44 and 45 clearly shows that the observed decrease in H2 production is due to reaction 

with available oxidizer (OH and O radicals) emanating from initial CO2 decomposition 

in the reactor.  

𝐻2𝑆 +  𝑂𝐻 ⇌   𝐻𝑆 + 𝐻2𝑂     (40) 

𝐻2𝑆 +  𝑂 ⇌  𝐻𝑆 +  𝑂𝐻     (41)  

𝐻𝑆 +  𝑂 ⇌  𝑆𝑂 +  𝐻      (42) 

𝑆𝑂 +  𝐻 +  𝑀 ⇌   𝐻𝑆𝑂 +  𝑀    (43) 

𝐻2  +  𝑂𝐻 ⇌  𝐻2𝑂 +  𝐻     (44) 

𝐻2  +  𝑂 ⇌  𝑂𝐻 +  𝐻      (45)  
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The importance of HS, HS2 and H2S2 radicals in the pyrolysis can be clearly 

observed from the given plausible chemical reaction mechanism. Other radicals that 

include SO, OH, CS and HSO also play significant roles in the H2S and CO2 thermal 

conversion process. These radicals have to be well accounted for when developing a 

comprehensive mechanism for H2S and CO2 thermal decomposition process.  

4.2.1.3. Summary 

Experimental results on the syngas conversion from acid gas while also 

recovering sulfur are presented. The effect of reactor temperature and acid gas 

composition on the syngas evolved was examined over a 1250–1475 K temperature 

range and high residence time in the reactor. The results revealed importance of reactor 

temperature and acid gas composition on the conversion of H2S and CO2 (acid gas) to 

produce syngas with a wide range of H2 to CO ratio. Presence of CO2 in acid gas 

enhanced H2S conversion and CO production while reducing H2 production. Acid gas 

composition, having H2S content lower than 60%, offers the potential for syngas 

production that is suitable for both gas engine application and ammonia production. 

The results show that pyrolysis of acid gas is well suited for the treatment of lean acid 

gas (having high CO2 content), to alleviate operational difficulties with the processing 

of lean acid gas in Claus process. The presence of impurities, such as hydrocarbons is 

expected to further enhance the production of hydrogen-rich syngas. These results 

highlight the potential of syngas recovery for the treatment of lean acid gas. The syngas 

produced can subsequently be used in a wide range of applications, including gas 

engines, ammonia plants and liquid fuel production. 
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4.2.2. Reformation of Hydrogen Sulfide in Presence of Methane 

Reformation hydrogen sulfide to hydrogen with methane present was examined 

over a temperature range of 1273 K to 1673 K in a plug flow reactor at relatively high 

residence times of 1.2s. Also, the effect of inlet composition has been examined at 

temperature of 1573 K and same residence time. The objective was to examine the 

effect of temperature and H2S/CH4 inlet composition ratio on production of hydrogen 

as well as the conversion of hydrogen sulfide to evaluate this treatment method.  

 

4.2.2.1. Effect of Temperature on Reformation of Hydrogen Sulfide 

in Presence of Methane 

The results on the amounts of produced hydrogen at different temperatures are 

shown in Figure 24. These results are with 6.667% H2S/3.333% CH4/90% N2, which 

represents H2S/CH4 ratio of 2 that reflects the stoichiometric ratio in the global reaction 

since N2 is inert. The production of hydrogen as well as the conversion of both 

hydrogen sulfide and methane were observed to increase with increase in reactor 

temperature. Production of hydrogen increased significantly when the temperature 

exceeded 1373 K due to the release of hydrogen from the complete decomposition of 

methane above this temperature that occurs thermally or chemically via active radicals 

such as H, S, SH. Methane thermal decomposition initiated with H-abstraction and 

methyl radical formation as expressed in reaction (46). The chemical decomposition 

then occurs when produced H radical attacks undecomposed methane to produce more 

methyl radicals as shown in reaction (47). The H radical produced plays an important 

role in accelerating the decomposition of both CH4 and H2S, as discussed here in later 
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section. Recombination of methyl radicals to form C2 bonds hydrocarbon occurs and 

they were measured in very small quantities and hence not reported. Decomposition of 

these C2 bond hydrocarbons leads to other hydrocarbon radicals and H-abstraction 

which supply more H radical to the reaction pool (see reactions 49-51). Also further 

decomposition of methyl radical with H-abstraction from it increases the H radical in 

the reaction pool (52-55) 

𝐶𝐻4  +  𝑀 ⇌  𝐶𝐻3  +  𝐻 +  𝑀     (46) 

𝐶𝐻4  +  𝐻 ⇌  𝐶𝐻3  +  𝐻2      (47) 

𝐶𝐻4  +  𝐶𝐻2  ⇌  𝐶𝐻3  +  𝐶𝐻3     (48) 

𝐶2𝐻6 + 𝐻 ⇌ 𝐶2𝐻5 +𝐻2      (49) 

𝐶2𝐻5 +𝑀 ⇌ 𝐶2𝐻4 + 𝐻      (50) 

𝐶2𝐻4 + 𝐻 ⇌  𝐶2𝐻3 +𝐻2      (51) 

𝐶𝐻3  +  𝑀 ⇌  𝐶𝐻2  +  𝐻 +𝑀     (52) 

𝐶𝐻2  +  𝐶𝐻2  ⇌  𝐶2𝐻2  +  𝐻2      (53) 

𝐻 +  𝐶𝐻2  ⇌  𝐶𝐻 + 𝐻2      (54) 

𝐻 +  𝐶𝐻 ⇌  𝐶 + 𝐻2       (55) 

𝐻 +  𝐻 +  𝑀 ⇌  𝐻2  +  𝑀      (28) 

Hydrogen production paths from methane are described in reactions 

(47,49,51,53-55,28). The production of hydrogen continued to increase with the 

increase of temperature even after the complete conversion of methane.  However, the 

increase in hydrogen production with temperature after this point is at lower rate. This 

is attributed to enhanced H2S consumption in the presence of methane, which will be 
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explained later, as well as the higher endothermicity of hydrogen sulfide 

decomposition.  

 

Figure 24. Effect of reactor temperature on hydrogen production 

Figure 25 shows a comparison of the amounts of hydrogen produced in both 

decomposition cases of hydrogen sulfide only and hydrogen sulfide in presence of 

methane. It can be observed that at temperatures higher than 1350 K, the amount of 

hydrogen produced from the mixture of hydrogen sulfide and methane during 

reformation is much higher than that produced from thermal pyrolysis of hydrogen 

sulfide alone with the same amounts of hydrogen sulfide as that in the hydrogen 

sulfide/methane mixture. This is expected due to the higher hydrogen amounts in the 

feedstock of hydrogen sulfide and methane mixture than that in hydrogen sulfide alone. 

Also, the relatively lower stability of methane makes it easier to liberate its hydrogen 

at relatively lower temperature than hydrogen sulfide alone. In other words, the lower 

endothermicity of methane decomposition as compared to hydrogen sulfide increased 

the production of hydrogen from methane at lower temperature.  
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Figure 25. Hydrogen produced from hydrogen sulfide with methane and 

hydrogen sulfide only 

However, the results in the previous figure did not answer the question whether 

the presence of methane affect the hydrogen sulfide pyrolysis or not. The results shown 

in Figure 26 on hydrogen sulfide conversion at the same inlet composition of hydrogen 

sulfide depicted that conversion increased in the presence of methane. The 

decomposition of hydrogen sulfide is known to be equilibrium limited due to 

occurrence of reverse reaction between produced hydrogen and recovered sulfur. 

However, in the presence of methane, sulfur is consumed to form other compound 

(CS2), so that sulfur consumption shifts the equilibrium towards further consumption 

of hydrogen sulfide which makes the decomposition of hydrogen sulfide 

thermodynamically favored. Also kinetically, the decomposition of sole hydrogen 

sulfide occurs both thermally via reactions (22-23) and chemically via reaction (24, 25, 

56) producing S and H radicals, more hydrogen sulfide is consumed via the following 

reactions: 
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𝐻2𝑆 +𝑀 ⇌  𝐻 + 𝑆𝐻 +𝑀     (22) 

𝐻2𝑆 +𝑀 ⇌  𝐻2 + 𝑆 +𝑀     (23) 

𝐻2𝑆 +  𝐻 ⇌  𝐻2  +  𝑆𝐻     (24) 

𝐻2𝑆 +  𝑆 ⇌  𝐻𝑆2  +  𝐻     (25) 

𝐻2𝑆 +  𝑆 ⇌  𝑆𝐻 +  𝑆𝐻     (56) 

Thermal decomposition of hydrogen sulfide increased with increase in the 

temperature as shown in Figure 26 for both cases of with or without methane which 

attempts to isolate the effect of presence of methane to increase H2S conversion. With 

more hydrogen radicals in the reaction pool at relatively lower temperatures, due to the 

decomposition of methane at such temperatures (reactions 46-55, 28), conversion of 

hydrogen sulfide increased via chemical decomposition as shown in reaction (24). 

Karan and Behie [79] inferred that the hydrogen radical reacts faster with hydrogen 

sulfide than methane, which supports that reaction (24) increases the consumption of 

hydrogen sulfide in the presence of methane.  

Generally, the interaction of hydrocarbons with sulfurous compounds leads to 

the incidence of plentiful lateral reactions and promotes the formation of carbonaceous-

sulfurous compounds. In this case, the presence of methane with hydrogen sulfide 

promotes the formation of CS2. However, the rate of CS2 formation was limited by the 

hydrogen sulfide thermal decomposition which agrees with the results of Chin et al. 

[112] and Karan and Behie [79]. 
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Figure 26. H2S conversion as a function of temperature for 6.67% H2S/3.33% 

CH4 in 90% N2 and 6.67% H2S in 93.3% N2 mixtures 

Comparing the reaction rate constants of S and H radicals with both methane 

and hydrogen sulfide, it can be concluded that S and H radicals reacts more readily 

with hydrogen sulfide than methane. Since, the formation of CS2 is attributed to the 

interaction of methane and other hydrocarbon radicals with sulfur species, then it is 

expected that SH to be the major sulfurous radical for CS2 formation as shown in 

reaction (57). However, reactions (58-60) are also possible channels for the formation 

of CS2. 

𝐶𝐻4  +  𝑆𝐻 ⇌  𝐶𝐻3  +  𝐻2𝑆     (57) 

𝐶𝐻4  +  2 𝑆 ⇌  𝐶𝑆2  +  2 𝐻2     (58) 

𝐶𝐻4  +  2 𝑆2  ⇌  𝐶𝑆2  +  2 𝐻2𝑆    (59) 

𝐶𝐻 + 2𝐻2𝑆 ⇌  𝐶𝑆2  +  2.5 𝐻2    (60) 

Figure 27 shows composition of carbon disulfide evolved with change in the 

reactor temperature from 1273 K to 1673 K and residence time of 1.2s. 
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Figure 27. Effect of reactor temperature on Carbon disulfide formation 

It can be observed that the formation of carbon disulfide is unavoidable in this 

process due to the presence of methane while sulfur is liberated from hydrogen sulfide 

during hydrogen formation. The formation of CS2 byproduct increases with increased 

decomposition of hydrogen sulfide due to the abundance of SH radical as well as sulfur 

or sulfurous radicals in the reaction pool because it appears that the thermal 

decomposition of hydrogen sulfide is from the rate limiting step of CS2 formation. 

4.2.2.2. Effect of CH4 Composition on H2S Pyrolysis 

Carbon deposits were visually observed on the inner surface of the reactor from 

6.67% H2S/3.33% CH4/90% N2 at all the temperatures investigated, see Figure 28. This 

carbon deposits forms due to abundance of carbon and relative scarcity of sulfur to 

form gaseous CS2 byproduct rather than carbon deposition on the surface. The 

abundance of carbon is attributed to the complete conversion of methane at 

temperatures lower than those of hydrogen sulfide which is governed by the lower 

endothermicity of methane pyrolysis than that of hydrogen sulfide pyrolysis. In 
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addition, decomposition of 2 molecules of hydrogen sulfide as compared to only 1 

molecule of methane is required to form carbon disulfide. The problems associated 

with carbon deposits pertain to the poisoning of catalysts used to accelerate this 

reaction. To avoid these problems, carbon deposits should be eliminated. One route to 

eliminate carbon deposition is to achieve conversion of hydrogen sulfide equal to twice 

the conversion of methane using mixture ratio of H2S/CH4 as 2. On the other hand, 

decreasing the methane composition in the inlet stream can limit the carbon constituent 

introduced to the reactor which can not only eliminate the carbon deposition but also 

reduce the formation of CS2. The effect of different amounts of CH4 was examined in 

a plug flow reactor at temperature of 1573 K and at relatively high residence times of 

1.2s. The objective was to examine the effect of methane amounts on the formation of 

CS2 and carbon deposits. Hydrogen sulfide to methane ratio of 2 was to reflect the 

stoichiometric composition and also represents a base case for other compositions. 

Figure 29 shows the amount of hydrogen produced and the remaining undecomposed 

hydrogen sulfide for different H2S/CH4 ratios from a 10% H2S/CH4 mixture diluted in 

90% N2. It can be observed that the amount of hydrogen produced decreased with 

increase in hydrogen sulfide amounts in the mixture. This decrease in hydrogen 

produced is due to the reduced hydrogen constituent in the mixture with the reduced 

methane amounts in the mixture. It can also be observed that the amount of hydrogen 

sulfide in the product stream increased with the increased amounts at the inlet stream.  
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Figure 28. Carbon deposition on the inner walls of the reactor 

 

Figure 29. H2 and H2S with change in H2S/CH4 ratio (H2S/CH4 diluted in 90% N2) 

This decrease in the conversion of hydrogen sulfide with the increase of 

hydrogen sulfide amounts (or decrease of methane amounts) in the inlet stream shown 

in Figure 30 can be attributed to limited effect of the presence of methane on the 

conversion of hydrogen sulfide. Decrease in methane amounts in the inlet stream 

reduces the amount of H radical which promote the chemical decomposition of 

hydrogen sulfide, it also decreases methyl radical as well as other hydrocarbon radicals 

in the reaction pool which play an important role in the consumption of the produced 

sulfur or sulfurous species to form CS2 that was shifting the equilibrium towards higher 

decomposition of hydrogen sulfide. 
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Figure 30. H2S conversion as a function of H2S/CH4 ratio at temperature of 1573 K 

Figure 31 shows the mole fraction of CS2 formed with different H2S/CH4 ratio 

at reactor temperature of 1573 K. The formation of CS2 also decreased with reduction 

in the methane amounts in the inlet stream. Recall that the formation of CS2 occurs by 

the interaction between hydrocarbon radicals and sulfurous radicals or from the 

interaction between carbon and sulfur released. The limited hydrocarbon radicals or 

carbon provided to the reaction pool by the reduced methane amounts in the inlet 

stream reduces the amount of formed CS2 in the products stream. 

The other undesirable byproduct in this process is the carbon deposits. The 

carbon particles will deposit on the catalyst surface to poison the catalyst. Therefore, 

decreased deposition of carbon on the reactor surface gives an opportunity to prolong 

the life cycle of the catalyst. A slight decrease in CS2 with the increase in the H2S/CH4 

ratio from 2 to 4 shows that this increase in the hydrogen sulfide (or decrease in 

methane) concentration only increases the amounts of released sulfur that is required 
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to bond with formed carbon to result in the formation of CS2. This also means that the 

extra carbon formed with H2S/CH4 = 2 can be eliminated by reducing the methane 

concentration at inlet of the reactor. 

 

Figure 31. CS2 mole fraction in the products stream as a function of H2S/CH4 ratio at 

temperature of 1573 K 

4.2.3. Simulation and Validation of Hydrogen Production from Hydrogen 

Sulfide and Methane Mixture 

Based on the positive results obtained on reformation of hydrogen sulfide to 

hydrogen with methane present, further investigation on the most dominant reaction 

pathways is provided in later section. The inlet composition was chosen to have 

minimal carbon formation that facilitates developing reaction mechanism simulating 

the experiment. Results on the H2S reformation in the presence of CH4 examined here 

are presented in the following. Results simulated numerically were also validated with 

the experimental data. The goal here was to quantify experimentally the speciation of 

H2 from the reformation of CH4 and H2S over a range of temperatures at different 
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residence times and highlight the most dominant elementary reaction by simulating the 

reaction numerically. 

Tay Yu Cong et al. [73] developed a detailed mechanism for the pyrolysis of 

hydrogen sulfide and validated with a wide assortment of experimental data as well as 

conditions available in literature. Detailed reaction mechanism of methane pyrolysis 

and combustion has been intrinsically developed and available [113]. Both mechanisms 

have been combined in addition to the reactions between hydrocarbons and sulfur from 

the literature [114] to build a full detailed mechanism for the pyrolysis of hydrogen 

sulfide in the presence of methane shown in Table 6. Carbon deposition is very difficult 

to model so that such reactions were not included in the mechanism and also the 

experimental conditions were chosen wherein carbon deposition was not favored. Very 

minor adjustment was made to the pre-exponential factor of some reaction to fit the 

experimental data. The detailed mechanism is presented in Table 6. Numerical 

simulations were performed using ChemKin Pro [115] code. A plug flow reactor model 

built in ChemKin Pro [115] software was used in the numerical simulation which was 

similar to that used in the experiments. The pressure was assumed constant in the plug 

flow reactor (PFR) and equal to the atmospheric pressure and that there were no heat 

losses. 

Aspects of interest that will be investigated were amounts of hydrogen 

produced, reformation of H2S and conversion of CH4. The parameters that will be 

studied experimentally were temperature and residence time while numerical 

simulations will provide knowledge on the most dominant elementary reactions in this 

treatment method. Generally, the interaction of hydrocarbons with sulfurous 
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compounds leads to the incidence of plentiful lateral reactions that promotes the 

formation of carbonaceous-sulfurous compounds. The presence of methane with 

hydrogen sulfide also leads to the formation of carbon disulfide (CS2). However, this 

aspect was not the focus of this investigation. The effect of temperature on the 

production of hydrogen as well as conversion of hydrogen sulfide and residence time 

required to reach the asymptotic steady state condition were examined. This assisted to 

evaluate this treatment method for H2S destruction as well as H2 production. The result 

obtained on the amounts of hydrogen produced over the specified range of temperatures 

at different residence times are shown in Figure 32. In addition to the measurements, 

element balance was conducted to ensure consistency of the experimental data. 

Table 6. Detailed mechanism of H2S pyrolysis in the presence of CH4 with the 

rate equation: k=A.Tb.exp(-Ea/(RT)) [32-34] 

REACTIONS  A 

[𝒄𝒎,𝒎𝒐𝒍, 𝒔] 
b E 

[
𝒄𝒂𝒍

𝒎𝒐𝒍
] 

SH+CH3=CH3SH  9.998E+12 0.000 2969.67 

SH+CH3=CH2S+H2  1.018E+15 0.000 0.000 

H+CH3SH=CH3+H2S  6.926E+12 0.000 1664.0 

H + CH3SH = CH3S + H2  2.903E+12 0.000 2593.0 

H + CH3S = CH2S + H2  1.988E+13 0.000 0.000 

H + CH2S = HCS + H2  5.252E+12 1.77 2989.29 

H+HCS=CS+H2  1.211E+14 0.000 0.000 

SH+CS=H+CS2  3.232E+10 1.50 495.0 

CH4+S=CH3+SH  4.042E+14 0.000 19796.0 

H2S + M => SH+H+M  1.900E+15 0.000 64000 

H2S=SH+H  7.632E+04 0.000 82155.000 

H2S+M=S+H2+M  1.600E+24 -2.610 89027.151 

N2/1.5/ SO2/10/ H2O/10/     

H2S+H=SH+H2  1.20E+14 2.10 695.525 

H2S+S=>SH+SH  8.300E+13 0.000 2052.689 

H2S+S=H2+S2  6.020E+12 0.000 4968.033 

H2S+S=HS2+H  2.000E+13 0.000 7400.064 

H2S+S(+M)=H2S2(+M)  3.460E+12 0.200 -1432.000 

𝑳𝒐𝒘 𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒍𝒊𝒎𝒊𝒕 𝒓𝒂𝒕𝒆 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕 LOW/ 0.240E+22 -1.612 1673.000 

𝑻𝒓𝒐𝒆 𝒇𝒂𝒍𝒍𝒐𝒇𝒇 𝒑𝒂𝒓𝒂𝒎𝒆𝒕𝒆𝒓𝒔 TROE/ 0.500E+00 726.00 726.000 

N2/1.3/     

H+H+H=H2+H  3.200E+15 0.000 0.000 

H+H+H2=H2+H2  9.790E+16 -0.600 0.000 

H2+M=H+H+M  4.580E+19 -1.400 104380.000 

H2O/1.2E1/ H2/2.5/     

S+H+M=SH+M  6.200E+16 -0.600 0.000 
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S+H2=>SH+H  2.000E+14 0.000 76600.000 

S+S+M=>S2+M  1.200E+17 -1.000 0.000 

S2+M => 2S+M  4.800E+13 0.000 77103.872 

S2+H+M=HS2+M  1.150E+25 -2.840 1665.000 

duplicate     

S2+H+M=HS2+M  1.000E+16 0.000 0.000 

N2/1.5/ SO2/10/ H2O/10/     

Duplicate     

SH+H=>H2+S  1.160E+18 0.000 21000.000 

SH+S=S2+H  3.320E+12 0.500 -29.000 

SH+SH=S2+H2  3.012E+14 0.000 0.000 

SH+SH=>H2S+S  1.000E+14 0.000 430.000 

SH+SH(+M)=H2S2(+M)  3.460E+12 0.200 -1432.000 

𝑳𝒐𝒘 𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒍𝒊𝒎𝒊𝒕 𝒓𝒂𝒕𝒆 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕 LOW/ 2.329E+31 -4.943 1998.000 

𝑻𝒓𝒐𝒆 𝒇𝒂𝒍𝒍𝒐𝒇𝒇 𝒑𝒂𝒓𝒂𝒎𝒆𝒕𝒆𝒓𝒔 TROE/ 1.000E+00 254.00 2373.000 

H2S2+M=>SH+SH+M  1.400E+15 1.000 57030.000 

DUPLICATE     

HS2+H=SH+SH  1.100E+13 0.353 210.000 

HS2+H=H2S+S  1.500E+08 1.551 2149.641 

HS2+S=S2+SH  4.170E+06 2.200 -600.000 

H2S2+H=HS2+H2  4.990E+03 1.933 -1408.000 

H2S2+H=H2S+SH  2.000E+15 0.000 6000.000 

H2S2+S=HS2+SH  2.850E+06 2.310 1204.000 

HS2+H=S2+H2  1.200E+07 2.100 700.334 

HS2+H+M=H2S2+M  1.000E+16 0.000 0.000 

N2/1.5/ SO2/10/ H2O/10/     

SH+NH=SN+H2  1.000E+14 0.000 0.000 

N+SH=SN+H  6.310E+11 0.500 8009.562 

N+SN=N2+S  6.300E+11 0.500 0.000 

S+NH=SH+N  1.000E+13 0.000 0.000 

N2+M=N+N+M  1.000E+28 -3.300 225000.000 

S+S2+M=S3+M  1.89E+15 0.000 -1788.000 

S2+S2+M=S4+M  1.89E+15 0.000 -1788.000 

S2+S3+M=S5+M  1.89E+15 0.000 -1788.000 

S3+S3+M=S6+M  1.89E+15 0.000 -1788.000 

S3+S4+M=S7+M  1.89E+15 0.000 -1788.000 

S4+S4+M=S8+M  1.89E+15 0.000 -1788.000 

H2+CH2(S)<=>CH3+H  7.23E+13 0.000 0.000 

CH4+C<=>CH+CH3  5.00E+13 0.000 24015 

CH4+H=>CH3+H2  7.94E+14 0.000 15154 

CH4+CH<=>C2H4+H  3.01E+13 0.000 -396 

CH4+CH2<=>CH3+CH3  4.30E+12 0.000 10038 

CH4+CH2(S)<=>CH3+CH3  7.00E+13 0.000 0.000 

CH4+C2H<=>CH3+C2H2  1.81E+12 0.000 0.000 

C2H2+C2H2<=>H2CCCCH+H  1.93E+09 0.000 57840 

H2+C2H<=>C2H2+H  1.08E+13 0.000 2165 

C+CH2<=>C2H+H  5.00E+13 0.000 0.000 

C+CH3<=>C2H2+H  5.00E+13 0.000 0.000 

H+CH<=>C+H2  8.37E+12 0.000 0.000 

H+CH2<=>CH+H2  6.02E+12 0.000 -1780 

H+CH2(S)<=>CH2+H  2.00E+14 0.000 0.000 

H+CH3+M<=>CH4+M  6.00E+16 0.000 0.000 

H+C2H3<=>C2H2+H2  1.20E+13 0.000 0.000 

CH3+CH3<=>C2H5+H  1.80E+12 0.000 10400 

CH+CH2<=>C2H2+H  4.00E+13 0.000 0.000 

CH+CH3<=>C2H3+H  3.00E+13 0.000 0.000 

CH+C2H3<=>CH2+C2H2  5.00E+13 0.000 0.000 

CH2+CH2<=>C2H2+H2  1.20E+13 0.000 796 

CH2+CH2<=>C2H2+H+H  1.08E+14 0.000 796 

CH2+CH3<=>C2H4+H  4.22E+13 0.000 0.000 

CH2+C2H3<=>C2H2+CH3  1.81E+13 0.000 0.000 
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CH2(S)+M<=>CH2+M  1.50E+13 0.000 0.000 

CH3+CH3+M<=>C2H6+M  6.02E+17 -7.00 2763 

CH3+M<=>CH2+H+M  2.37E+19 -2.17 0 ! R5 

C2H+C2H3<=>C2H2+C2H2  1.90E+13 0.000 0.000 

H2CCCCH+M<=>C4H2+H+M  1.12E+16 0.000 46510 

C2H2+H+M<=>C2H3+M  5.70E-06 0.000 1470 

C2H2+CH<=>C2H+CH2  2.11E+14 0.000 -172 

C2H2+CH2<=>C3H4  1.20E+13 0.000 6620 

C2H2+CH2(S)<=>H2CCCH+H  3.00E+13 0.000 0.000 

C2H2+C2H<=>C4H2+H  8.97E+13 0.000 0.000 

C2H2+M<=>C2H+H+M  1.14E+17 0.000 106830 

C2H4+H<=>C2H3+H2  5.42E+14 0.000 14900 

C2H4+H+M<=>C2H5+M  8.43E+08 1.49 1000 

C2H4+CH<=>C3H4+H  1.32E+14 0.000 -344 

C2H4+CH2(S)+M<=>C3H6+M  9.64E+13 0.000 0.000 

C2H4+CH3<=>CH4+C2H3  4.16E+12 0.000 11128 

C2H4+M<=>C2H2+H2+M  1.00E+17 0.000 71540 

C2H4+M<=>C2H3+H+M  7.60E+17 0.000 96580 

C2H6+H<=>C2H5+H2  1.45E+09 0.000 7411 

C2H6+CH<=>C2H4+CH3  1.08E+14 0.000 -263 

C2H6+CH2(S)<=>CH3+C2H5  2.40E+14 0.000 0.000 

C2H6+CH3<=>C2H5+CH4  1.51E-07 6.00 6046 

 

Simulation results agree favorably with the experimental data which allows 

determination of reaction pathways and the most dominant reactions. Both 

experimental and simulation results showed increased production of hydrogen with 

increase in reactor temperature. This increase was significant when the temperature 

exceeded 1373 K; at this temperature, methane (in the mixture with hydrogen sulfide) 

decomposed completely and all its hydrogen constituent were released, see Figure 33. 

Based on the qualitative agreement between the experimental data and the numerical 

simulation over the investigated operational conditions, reaction pathways and most 

dominant reactions could be identified. From the analysis of the reaction pathways, it 

was found that decomposition of methane occurred both thermally and chemically. 

Chemical decomposition of methane was dominated via reaction with active radicals, 

such as, H, S, SH. Methane thermal decomposition initiated with H-abstraction and 

methyl radical formation as expressed in reaction (46). 

𝐶𝐻4 +  𝑀 ⇌  𝐶𝐻3 +  𝐻 +  𝑀     (46) 
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 However, once reaction pool has been established to contain enough active 

radicals, chemical decomposition dominated the process via reactions (47, 48, 61). It 

has been observed that H radical as well as S radical accelerate the decomposition of 

methane and hydrogen sulfide chemically, see discussion here in the later section. 

𝐶𝐻4 +  𝐻 ⇌  𝐶𝐻3 + 𝐻2      (47) 

𝐶𝐻4 +  𝐶𝐻2 ⇌  𝐶𝐻3 +  𝐶𝐻3      (48) 

𝐶𝐻4 +  𝑆 ⇌  𝐶𝐻3 +  𝑆𝐻      (61) 

C2 hydrocarbons have also been formed and they were detected experimentally 

but only in negligible trace quantities (two to three orders of magnitude smaller than 

hydrogen). The route for the formation of C2 hydrocarbons is via recombination of 

methyl radicals but it is not significantly important under the studied conditions. The 

H-abstraction process that occurs to methane applies also to the C2 bond hydrocarbon 

where these formed hydrocarbons decompose to C2 hydrocarbon radicals and H radical. 

(see reactions 49-51).  

𝐶2𝐻6 + 𝐻 ⇌  𝐶2𝐻5 +𝐻2      (49) 

𝐶2𝐻5 +𝑀 ⇌ 𝐶2𝐻4 + 𝐻      (50) 

𝐶2𝐻4 + 𝐻 ⇌  𝐶2𝐻3 +𝐻2      (51) 

Also, further decomposition of methyl radical along with H-abstraction 

increases the H, C and CH radicals in the reaction pool (52-55) along with the formation 

of H2 (53-55).  

𝐶𝐻3 +  𝑀 ⇌  𝐶𝐻2 +  𝐻 +𝑀      (52) 

𝐶𝐻2 +  𝐶𝐻2 ⇌ 𝐶2𝐻2 + 𝐻2      (53) 

𝐻 +  𝐶𝐻2 ⇌  𝐶𝐻 + 𝐻2      (54) 
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𝐻 +  𝐶𝐻 ⇌  𝐶 + 𝐻2      (55) 

Hydrogen molecule extracted from methane was dominantly obtained through 

the following reactions (47,49,51,53-55). It is important to note that although most of 

the possible routes for production of hydrogen and forming other hydrocarbons have 

been taken into consideration in the developed mechanism, reaction with methane has 

been found to be fastest and most dominated reaction in such a process. 

 

Figure 32. Effect of reactor temperature on the evolutionary behavior of hydrogen 

The amounts of hydrogen produced continued to increase with increase in 

temperature at shorter residence times. After the complete conversion of methane, the 

hydrogen produced was at lower rate with respect to temperature which is attributed to 

the higher endothermicity of hydrogen sulfide decomposition. Also from Figure 32 and 

Figure 33, it can be deduced that the H2 formed from CH4 decomposition and 

consumption of H radical limited the positive effect associated with the chemical 

decomposition of hydrogen sulfide in the presence of methane. This point is further 

explained later.  
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Figure 33. Temporal CH4 consumption at different temperatures 1273-1673K 

The results obtained on the evolutionary behavior of hydrogen sulfide 

conversion over a temperature range of 1273-1673K are shown in Figure 34. Thermal 

decomposition of hydrogen sulfide increased with increase in temperature and required 

shorter residence time to reach asymptotic steady state value, see Figure 34.  
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Figure 34. H2S conversion as a function of temperature and residence time 

The decomposition of hydrogen sulfide alone occurred both thermally via 

reactions (22-23) and chemically via reaction (24, 25, 56) producing S and H radicals. 

Numerical simulations conducted suggest that chemical decomposition of hydrogen 

sulfide is more dominant in the presence of abundant H-radical in the reaction pool. 

With more hydrogen radicals in the reaction pool due to decomposition of methane at 

relatively lower temperatures, conversion of hydrogen sulfide increased via chemical 

decomposition as shown in reaction (24). Karan and Behie [25] inferred that hydrogen 

radical reacts faster with hydrogen sulfide than methane, which supports that reaction 

(24) increases the consumption of hydrogen sulfide in the presence of methane.  

𝐻2𝑆 +𝑀 ⇌  𝐻 + 𝑆𝐻 +𝑀     (22) 

𝐻2𝑆 +𝑀 ⇌  𝐻2 + 𝑆 +𝑀     (23) 

𝐻2𝑆 +  𝐻 ⇌  𝐻2 +  𝑆𝐻     (24) 

𝐻2𝑆 +  𝑆 ⇌  𝐻𝑆2 +  𝐻     (25) 
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𝐻2𝑆 +  𝑆 ⇌  𝑆𝐻 +  𝑆𝐻     (56) 

Indeed, the amounts of hydrogen produced from the reformation of hydrogen 

sulfide with methane are due to the increased hydrogen feedstock in the inlet stream. 

A comparison between hydrogen produced from hydrogen sulfide decomposition alone 

and hydrogen sulfide reformation in presence of methane at residence time of 0.9 sec. 

was conducted and the results are depicted in Figure 35. The results show that at 

temperatures higher than 1350 K, hydrogen produced from the reformation of hydrogen 

sulfide in the presence of methane was higher than that produced from hydrogen sulfide 

alone as expected. Reasons behind this increase in amounts of hydrogen produced 

include: (a) increase in the hydrogen constituent feedstock in H2S/CH4 mixture, (b) 

relatively lower endothermicity of methane decomposition which liberates hydrogen at 

relatively lower temperature compared to hydrogen sulfide, (c) abundance of H-radical 

released associated with the presence of methane promotes the chemical decomposition 

of H2S which may lead to high conversion rates of H2S and finally (d) inevitable 

formation of CS2 consumes one of the products of H2S decomposition, which is S2, and 

that in return shifts equilibrium towards more consumption of H2S. The first two 

reasons are true but the other two reasons cannot be evaluated from the amounts of 

hydrogen produced. Consequently, a comparison between H2S conversion in both cases 

was conducted to determine if the other two reasons were also true or not. 

Conversion of hydrogen sulfide alone and also the reformation of hydrogen 

sulfide with presence of methane are shown in Figure 36. The results obtained ensure 

that conversion of hydrogen sulfide increased with the presence of methane and that 

equilibrium shift as well as the role H-radical was true. Based on the discussion and the 
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results obtained, this technique does not only extract more hydrogen from H2S but also 

offers a more efficient treatment method than H2S pyrolysis as it destructs more H2S.  

 

 

Figure 35. A comparison on the amounts of hydrogen produced from H2S 

only and H2S in the presence of CH4 

 

Figure 36. Comparison of H2S conversion with H2S only and H2S/CH4 mixture 
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4.2.3.1. Summary 

Production of hydrogen from hydrogen sulfide reformation in presence of 

methane has been examined numerically and experimentally using a plug flow reactor. 

The results showed superior performance to decompose hydrogen sulfide and produce 

clean hydrogen. The effect of reactor temperature and H2S/CH4 mixture ratio on the 

production of hydrogen as well as the formation of carbon disulfide was examined over 

a temperature range of 1273–1673 K at different residence times in the reactor. The 

results revealed the direct role of methane accompanying H2S on the amounts of 

hydrogen produced during the reformation of hydrogen sulfide. Presence of methane 

in the H2S gas stream enhanced the conversion of hydrogen sulfide and increased the 

amount of hydrogen produced while forming CS2 and carbon deposits on reactor 

surface. The operational conditions at which carbon deposits were minimum are 

highlighted. However, CS2 was also formed that can be used as a feedstock in the 

contemporary Claus process. Enhanced destruction of hydrogen sulfide occurred in the 

presence of methane. As much as 95% hydrogen recovery has been demonstrated 

experimentally from a mixture of hydrogen sulfide and methane.   Increase in 

temperature to 1373 K shortened dramatically the residence time required to reach the 

asymptotic steady state composition along with significantly increased amounts of 

hydrogen as compared to that obtained from H2S alone. The qualitative agreement 

between the experimental data and the simulations results revealed the validity of the 

mechanism to identify the dominant reaction pathways. Alternatively, the treatment of 

hydrogen sulfide rich sub-quality natural gas to hydrogen is also well suited so to avoid 

the required separation of hydrogen sulfide from the natural gas prior to the treatment. 
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The presence of impurities, such as hydrocarbons is expected to further enhance the 

production of hydrogen but it is expected to increase the formation of carbon disulfide 

as well as carbon.  

4.2.4. Reformation of Hydrogen Sulfide to Hydrogen in Presence of 

Benzene 

Other impurities that are naturally accompanying separated hydrogen sulfide 

stream are benzene, toluene and benzene commonly called BTX. Reformation of 

hydrogen sulfide in the presence of benzene were examined and the results are 

presented here with the objective of experimental quantification on the amounts of 

hydrogen produced and hydrogen sulfide destructed over the range of temperatures and 

inlet stream composition. 

4.2.4.1. Effect of Reactor Temperature on Reformation of H2S with 

C6H6 Present 

Reformation of hydrogen sulfide in the presence of benzene was examined over 

range of temperatures of 1273-1573 K using a quartz tubular reactor at comparatively 

long residence time of 1 second. The effect of reactor temperature on the conversion of 

hydrogen sulfide and amounts of hydrogen produced was examined. The results were 

obtained from 9.23% H2S / 0.77% C6H6 / 90% N2 mixture, which reflects the H2S/C6H6 

stoichiometric ratio of 12 in reaction between hydrogen sulfide and benzene since N2 

was inert. The amounts of C6H6 in the mixture are relatively high compared to its 

composition practically. However, stoichiometry was used as base case for 2 reasons: 

first reason being higher composition of C6H6 have measurable impact compared to 
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low concentrations; second reason being taking stoichiometry as reference facilitates 

comparison with other HC’s. Results on the amounts of hydrogen produced over the 

different temperatures examined are depicted in Figure 37. Hydrogen was observed to 

increase with increase in reactor temperature. Quantification of the remaining benzene 

in the products stream was not possible since benzene is liquid at room temperature 

and vapors are condensed before sample being analyzed by the GC. However, an 

indication of presence of benzene or complete destruction of benzene could be obtained 

using FID detector with bounded detection limits. The results obtained showed no 

hydrocarbons at temperatures higher than 1373 K. This reveals that benzene has less 

thermal stability compared to hydrogen sulfide. Consequently, thermal decomposition 

of benzene initiated thermally via unimolecular dissociation reaction (62) at first and 

continued to decompose thermally in the same time it decomposes chemically via 

bimolecular reaction (63) with the active radicals such as H radical as well as other 

hydrocarbon radicals. The produced H radical provided important role in fostering 

benzene and hydrogen sulfide chemical decomposition as discussed in later section. 

Thermal decomposition initiated by extraction of H-atom rather than breaking C-C 

bond and opening the ring which enriches the reaction pool with active H radical. 

Further dissociation of benzene as well as formed hydrocarbons to carbon and gases 

was the most favorable route at this range of temperatures with most of the gases being 

hydrogen except few others with concentration in hundreds of ppm’s. 

𝐶6𝐻6  +  𝑀  𝐶6𝐻5  +  𝐻 +  𝑀     (62) 

𝐶6𝐻6  +  𝐻  𝑜 − 𝐶6𝐻5  +  𝐻2     (63) 

𝑜 − 𝐶6𝐻5  +  𝑀  𝑜 − 𝐶6𝐻4  +  𝐻 +  𝑀    (64) 
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𝑜 − 𝐶6𝐻5  +  𝑀  𝑙 − 𝐶6𝐻5  +  𝑀     (65) 

𝑙 − 𝐶6𝐻5  +  𝑀  𝐶4𝐻3  +  𝐶2𝐻2     (66) 

Where 𝑜 − symbol refers to the aromatic ring and 𝑙 − symbol refers to linear 

chain. 

 

Figure 37. Effect of reactor temperature on hydrogen production 

The presence of hydrocarbon-benzene in the thermal dissociation of hydrogen 

sulfide provided interaction between hydrocarbon and sulfurous radicals at very high 

probability as well as to promote the formation of carbonaceous-sulfurous compounds, 

carbon disulfide in this case. Under the examined conditions, carbon disulfide was not 

the only carbon-constituted compound formed; the carbon itself deposited on the inner 

surface of the reactor. Given the complete conversion of benzene at temperatures higher 

than 1373 and the observed carbon deposit at all temperatures, one can infer that the 

formation of carbon disulfide is limited by hydrogen sulfide thermal decomposition 

which supports the findings of Chin et al. [112] and Karan and Behie [79]. 
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Composition of carbon disulfide evolved from the stoichiometric H2S/C6H6 

mixture at different temperatures ranging from 1273-1573 K and at residence time of 

1 sec is shown in Figure 38. Carbon disulfide was observed to increase with increase 

in temperature. Since formation of carbon disulfide is limited by thermal dissociation 

of hydrogen sulfide, increased hydrogen sulfide dissociation at high temperatures 

provided sulfurous species to the reaction pool to further promote the formation of 

carbon disulfide.  This resulted in increased carbon disulfide composition in products 

stream with increase in temperature. 

 

 

Figure 38. Effect of reactor temperature on CS2 formation 

Possible routes for interaction between carbonaceous radicals and sulfurous 

radicals for carbon disulfide formation are: 

𝐶𝐻4  +  2 𝑆  𝐶𝑆2  +  2 𝐻2     (58) 

𝐶𝐻4  +  2 𝑆2  𝐶𝑆2  +  2 𝐻2𝑆    (59) 

𝐶𝐻 + 2 𝐻2𝑆  𝐶𝑆2  +  2.5 𝐻2    (60) 
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4.2.4.2. Effect of C6H6 Presence on Reformation of H2S 

Since a mixture of hydrogen sulfide and benzene (C6H6) has higher H2 

feedstock, presence of benzene was expected to increase the amounts of H2 produced. 

To quantify the upsurge in hydrogen production, a comparison between amounts of 

hydrogen produced with and without benzene present in the reactant stream was made. 

In both cases, the composition of hydrogen sulfide remained the same to eliminate the 

effect of difference amounts of H2S concentration. The comparison between the 

amounts of hydrogen produced is depicted in Figure 39. Enhanced hydrogen 

production with benzene present can be observed even at the lowest temperature 

examined. The complete conversion of benzene was identified from the absence of any 

benzene trace detected with the FID at any temperature other than 1273 K.  

 

Figure 39. H2 produced from hydrogen sulfide with benzene and H2S only 

From quantification on gain in hydrogen production from hydrogen sulfide 

stream in the presence of benzene, one can conjecture that this technology could be 

used for the treatment of hydrogen sulfide. To evaluate this further, the effect of 
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presence of benzene on hydrogen sulfide destruction must be isolated and quantified 

regardless of the increased hydrogen production. The comparison reveals one of three 

possibilities. First being that the increase in hydrogen production is due to the increased 

hydrogen in feedstock. However, the benzene hindered hydrogen sulfide conversion. 

Second being that enhanced hydrogen production achieved in the presence of benzene 

was due to simultaneous decomposition of hydrogen sulfide and benzene while 

presence of benzene did not affect hydrogen sulfide conversion. Last one being that 

hydrogen production increased due to increased hydrogen feedstock in the H2S/C6H6 

mixture as well as increased hydrogen sulfide conversion. Figure 40 provides a 

comparison on the conversion of hydrogen sulfide in both cases given above and 

depicts that the last possibility of higher H2 feedstock in inlet and higher conversion of 

H2S is valid. The presence of benzene not only increased hydrogen feedstock in the 

inlet stream but also fostered destruction of hydrogen sulfide which reveals enhanced 

potential of this method as a treatment method of hydrogen sulfide stream. The 

increased conversion of hydrogen sulfide can be viewed from two different 

perspectives of thermodynamic and kinetic. Thermal dissociation of hydrogens sulfide 

is known to suffer from the chemical equilibrium limitation due to backward reactions 

between hydrogen and sulfur to form hydrogen sulfide. However, in presence of 

benzene, one of the main products of hydrogen sulfide dissociation is devoted for the 

inevitable formation of carbon disulfide. This consumption of sulfur relocates the 

equilibrium limit forward for higher hydrogens sulfide conversion to amend for sulfur 

consumption. This supports enhanced destruction of hydrogen sulfide in the presence 

of benzene to be thermodynamically favored. Kinetically, thermal dissociation of 
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hydrogen sulfide alone is initiated thermally via unimolecular decomposition reactions 

(22-23) producing H, S and SH radicals. After the radical pool becomes established the 

dissociation continues to occur thermally as well as chemically via bimolecular 

reactions with H, S and SH radicals wherein more hydrogen sulfide is destructed in 

favor of producing more radicals that either consumes more hydrogen sulfide or reacts 

to form the end products of either hydrogen or sulfur, see reactions (24, 25, 56). 

𝐻2𝑆 +𝑀 ⇌  𝐻 + 𝑆𝐻 +𝑀     (22) 

𝐻2𝑆 +𝑀 ⇌  𝐻2 + 𝑆 +𝑀     (23) 

𝐻2𝑆 +  𝐻 ⇌  𝐻2 +  𝑆𝐻     (24) 

𝐻2𝑆 +  𝑆 ⇌  𝐻𝑆2 +  𝐻     (25) 

𝐻2𝑆 +  𝑆 ⇌  𝑆𝐻 +  𝑆𝐻     (56) 

 

Figure 40. H2S conversion as a function of temperature for 9.23% H2S/0.77% C6H6 in 

90% N2 and 9.23% H2S in 90.77% N2 mixtures 
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Since presence of benzene increased hydrogen feedstock in the inlet stream, it 

then increased the hydrogen radicals during course of the reaction at these temperatures 

to increase the reaction route (24) leading to higher hydrogen sulfide conversion. 

4.2.4.3. Effect of C6H6 Composition on H2S Reformation 

At the stoichiometric ratio of H2S/C6H6 which corresponds to the inlet stream 

composition of 9.23% H2S / 0.77% C6H6 / 90% N2, carbon deposits could be visually 

observed on the inner surface of the reactor at all the temperatures examined. Due to 

the comparatively lower thermal stability of benzene which lead to complete 

decomposition at temperatures lower than those required for complete conversion of 

hydrogen sulfide, the main products of benzene dissociation were carbon, hydrogen 

and hydrocarbon radicals. However, at the same temperature incomplete dissociation 

of hydrogen sulfide makes the reaction pool to lack sulfur and sulfurous radicals for 

reaction with the products from benzene dissociation. This relative scarcity of sulfur to 

form carbon disulfide blocks routes for carbon consumption other than forming solid 

carbon deposits. The problem associated with carbon deposits tends to appear while 

accelerating the dissociation reaction using catalysts. This carbon deposits can poison 

the catalyst by significantly reducing the active surface area. In order to eliminate 

carbon deposits in the reactor, two intuitive routes can be taken. First route is to achieve 

higher hydrogen sulfide dissociation rate to produce enough sulfur and sulfurous 

radicals to react with formed carbon and hydrocarbon radicals and form carbon 

disulfide. To estimate the relative rate at which hydrogen disulfide gets dissociated, 

formation of carbon disulfide molecule will require 12 molecules of hydrogen sulfide 

and 1 molecule of benzene for stoichiometric conditions. Given this stoichiometry, 
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decomposing hydrogen sulfide at a rate 12 times faster than benzene is impractical with 

the equilibrium limitations and high endothermicity of hydrogen sulfide compared to 

benzene. However, due to the enhanced destruction of hydrogen sulfide in the presence 

of benzene, the factor of relative rates of decomposition of 12 may be excessive.  The 

other route of eliminating carbon deposits on the reactor is to reduce the amounts of 

carbon content introduced to the reaction pool by increasing H2S/C6H6 ratio, which 

excludes the redundant carbon that leads to carbon deposits other than to react and form 

carbon disulfide. Consequently, different H2S/C6H6 ratios were examined in the same 

reactor at the same residence time of 1 second at constant temperature of 1473 K for 

all the H2S/C6H6 ratios. H2S/C6H6 ratio of 12 that reflects stoichiometry also 

represented the baseline case for this comparison. Other ratios of 18 and 24 were 

examined that represents 1.5 and 2 times the stoichiometry ratio values. This mixture 

was kept 10% in all cases with the remaining being nitrogen. The objective here was 

to attempt elimination of carbon deposits and quantify the reduction in carbon disulfide 

formation from reduction in benzene composition. Also, the impact of reducing 

composition of benzene in the mixture was explored to determine the amounts of 

hydrogen produced and hydrogen sulfide destructed. The results on the hydrogen 

produced from different mixtures ratios as well as remaining undecomposed hydrogen 

sulfide are shown in Figure 41. Amounts of hydrogen produced were observed to 

decrease with increase in H2S/C6H6 ratio. This decrease pertains to reduced hydrogen 

constituent from the decrease in benzene composition in the mixture. However, it can 

also be related to lower conversion of hydrogen sulfide. Figure 41 also shows increased 

amounts of hydrogen sulfide remaining in the products stream, which can be from two 
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reasons of increased hydrogen sulfide concentration in the inlet stream or lower 

conversion of hydrogen sulfide due to lower composition of benzene in the mixture.  

However, from the given inlet composition in the respective cases and increased 

hydrogen sulfide amounts remaining in the products stream, it can be conjectured that 

the conversion of hydrogen sulfide was reduced. 

 

Figure 41. H2 and H2S with change in H2S/C6H6 ratio (H2S/C6H6 diluted in 90% N2) 

The results on the decreased conversion of hydrogen sulfide due to decrease in 

benzene amounts in the inlet stream is shown in Figure 42. Since the decrease in the 

conversion of hydrogen sulfide is strongly related to the less amounts of benzene 

present in the mixture, this can be attributed to the comparatively lower amounts of H 

radical introduced to the reaction pool by benzene decomposition. The reduced 

amounts of H-radical in the reaction pool impacts the chemical decomposition of 

hydrogen sulfide to cause an increase in hydrogen sulfide amounts in the products 

stream. Also, less benzene in the inlet stream limits the carbon constituent required for 

CS2 formation. Although, formation of CS2 is undesirable, it consumes sulfur and shifts 
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equilibrium towards more consumption of hydrogen sulfide. Lower carbon constituent 

reduces consumption of sulfur to form CS2, which get the equilibrium limit back again 

closer to the equilibrium limit of thermal dissociation of hydrogen sulfide alone. 

 

 

Figure 42. H2S conversion as a function of H2S/C6H6 ratio at temperature of 1473 K 

The molar percentage of formed CS2 is expected to be affected by reduction in 

carbon constituent introduced to the reactor since the composition of benzene in inlet 

stream was decreased. Figure 43 shows composition of formed CS2 in the products 

stream at reactor temperature of 1473 but at different H2S/C6H6 ratios. Formation of 

CS2 was limited by the interaction between hydrocarbon and sulfurous radicals. The 

redundant carbon constituent was reduced by increasing H2S/C6H6 ratio causing 

carbon-constituted species to decrease that interacts to form CS2. This subsequently 

leads to the decrease of CS2 as shown in Figure 43. 
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Figure 43. CS2 mole fraction in the products stream as a function of H2S/C6H6 ratio at 

temperature of 1473 K 

Although CS2 is undesirable byproduct of this reformation process, its 

separation from the products stream can be achieved in a multistage condensation 

system followed by absorption in mineral oil. The other undesirable product of this 

process is carbon in the form of carbon deposits. The reason that this product is 

undesirable in the process is that it can deposit on the catalyst to decelerate the reaction 

and may also result in pore mouth poisoning that adversely affects the catalytically 

active area of active sites. Thus, eliminating carbon deposition gives an opportunity to 

prolong catalyst life cycle in the reformation process. The quantification of carbon 

deposits was cumbersome so that only visual observations have been reported here. 

Carbon deposits were observed at all examined temperatures and stoichiometric ratios. 

It was visually observed to decrease significantly with increase in H2S/C6H6 ratio to 

18. For carbon deposits to be observed at this ratio, longer times allowed during 

experimentation assisted for seeking such a condition. And it took even longer to 
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observe carbon at the highest ratio. However, based on carbon element balance between 

reactants and products there has been carbon deposition even at the highest ratio. 

Protracted use of reactor under the highest ratio condition showed minimal carbon 

deposition on the reactor surface or in the sampling probe at the highest ratio. This 

points out that the carbon deposition was in the early stage where benzene reach its 

decomposition temperature before H2S starts breaking down. Given the practical 

presence of BTX in hydrogen sulfide stream and results obtained under defined 

conditions, carbon deposition is minimal to occur at low temperatures (~ 1473 K).   

4.2.4.4. Summary 

Experimental data on hydrogen production via thermal reformation of hydrogen 

sulfide in presence of benzene have been reported here. Effect of reactor temperature 

in range of 1273-1573K as well as H2S/C6H6 ratio in inlet stream at relatively long 

residence time was examined. These operational parameters were found to directly 

affect the amounts of hydrogen produced, hydrogen sulfide destructed and carbon 

disulfide formed. The role played by presence of benzene was established by 

comparing the amounts of hydrogen produced from hydrogen sulfide with or without 

the presence of benzene in the H2S. Another comparison was also made between 

hydrogen sulfide destruction in both cases of without and with benzene. The results 

revealed enhanced destruction of hydrogen sulfide as well as more hydrogen 

production from hydrogen sulfide in case of presence of benzene. The results showed 

significant effect of reactor temperature along with increased production of hydrogen 

and hydrogen sulfide conversion at increased reactor temperatures. At higher reactor 

temperatures, the formation of carbon disulfide increased. H2S/C6H6 mixture 
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composition was an important parameter that affects the amounts of carbon disulfide 

formed as well as the carbon deposition on reactor surface. The results showed that 

presence of benzene is beneficial for thermal reformation of hydrogen sulfide as an 

innovative treatment technology of hydrogen sulfide stream with no adverse impact on 

treatment process on its performance, unlike that observed in Claus reactors. 

4.2.5. Reformation of Hydrogen Sulfide to Hydrogen with 

Xylene Present 

Results on the reformation of H2S in the presence of C8H10 were examined and are 

presented here in the following. The speciation of H2 was quantified experimentally 

from simultaneous reformation of H2S and C8H10 over a range of temperatures and 

different inlet compositions. The amounts of CS2 formed was quantified under 

examined conditions as well as the occurrence of carbon deposition on reactor walls. 

4.2.5.1. Effect of Reactor Temperature on H2S Reformation with 

C8H10 

Reformation of hydrogen sulfide in the presence of xylene was examined over 

a temperature range of 1273-1573K using the quartz plug flow reactor at a relatively 

long residence time of 1s. Composition of the inlet stream to the reactor was 10% of 

H2S/C8H10 mixture and 90% of inert N2 diluent. The H2S/C8H10 composition ratio was 

16. This ratio was chosen to seek stoichiometric conditions for the global reaction since 

N2 is inert. Effect of reactor temperature on hydrogen production, hydrogen sulfide 

destruction as well as formation of CS2 was investigated. Figure 44 shows the results 

on the amounts of hydrogen produced at different temperatures. It can be observed that 
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the amounts of hydrogen increased monotonically with increase in temperature. Note 

that the results shown here are based on sulfur free stream. Xylene decomposition 

initiated thermally and it continued to occur thermally as well as chemically via active 

radicals. Xylene thermal decomposition initiation has more than one route, either by 

extraction of one of the methyl groups or H-abstraction from one of the attached methyl 

groups via unimolecular dissociation reactions (67-71). Once radicals such as H, CH3 

as well as other hydrocarbon radicals from the thermal dissociation are released, 

chemical decomposition of xylene occurs via radical bimolecular reactions given in 

reactions (72-75). Further decomposition from higher hydrocarbon to low 

hydrocarbons continued via thermal and chemical decomposition, such as reactions 

(76, 77). Recombination of methyl groups to form C2 hydrocarbons, formation of 

methane or formation of lower hydrocarbons from higher hydrocarbon decomposition 

were also available routes. Further decomposition of lower hydrocarbon formed 

released more H-radical to the reaction pool. However, these can be intermediate routes 

as formation of hydrocarbon was not favored at such elevated temperatures. C1-C3 

hydrocarbons were detected in very small quantities (ppm levels). The amounts of 

detected C1-C3 hydrocarbons were 3-4 orders of magnitude less than the other major 

products, and hence they were not reported. 

𝐶𝐻3𝐶6𝐻4𝐶𝐻3  +  𝑀 ⇌  𝐶𝐻3𝐶6𝐻4𝐶𝐻2  +  𝐻 +  𝑀   (67) 

𝐶𝐻3𝐶6𝐻4𝐶𝐻3  +  𝑀 ⇌ 𝐶𝐻3𝐶6𝐻4  +  𝐶𝐻3 +  𝑀   (68) 

𝐶6𝐻4𝐶𝐻3  +  𝑀 ⇌  𝐶6𝐻4𝐶𝐻2  +  𝐻 +  𝑀    (69) 

𝐶6𝐻4𝐶𝐻3  +  𝑀 ⇌  𝐶6𝐻4  +  𝐶𝐻3  +  𝑀    (70) 

𝐶6𝐻6  +  𝑀 ⇌ 𝐶6𝐻5  +  𝐻 +  𝑀     (71) 
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𝐶𝐻3𝐶6𝐻4𝐶𝐻3  +  𝐻 ⇌  𝐶𝐻3𝐶6𝐻4𝐶𝐻2  +  𝐻2   (72) 

𝐶6𝐻4𝐶𝐻3  +  𝐻 ⇌  𝐶6𝐻4𝐶𝐻2  +  𝐻2      (73) 

𝐶𝐻3𝐶6𝐻4𝐶𝐻3  +  𝐻 ⇌  𝐶𝐻3𝐶6𝐻4  +  𝐶𝐻4    (74) 

𝐶𝐻3𝐶6𝐻4𝐶𝐻3  +  𝐶𝐻3  ⇌  𝐶𝐻3𝐶6𝐻4𝐶𝐻2  +  𝐶𝐻4   (75) 

𝐶𝐻3𝐶6𝐻4𝐶𝐻2  +  𝑀 ⇌  𝐶5𝐻6  +  𝐶3𝐻3  +  𝑀   (76) 

𝐶𝐻3𝐶6𝐻4𝐶𝐻2  +  𝑀 ⇌  𝐶6𝐻4𝐶𝐻2 +  𝐶𝐻3  +  𝑀   (77) 

 Production of hydrogen increased significantly when the temperature exceeded 

1373 K due to the release of hydrogen from the complete decomposition of xylene 

above this temperature.  

 

Figure 44. Effect of reactor temperature on hydrogen production from hydrogen 

sulfide and xylene mixture 

In general, presence of sulfurous and carbonaceous compounds and radicals in 

the same reaction pool leads to the occurrence of ample lateral reactions which results 

in formation of sulfurous–carbonaceous compounds. In the present experiments, 

reactions between hydrogen sulfide and xylene and their derived radicals fostered the 
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formation of CS2. However, carbon deposition observed visually under the studied 

conditions suggests that xylene dissociation was faster than dissociation of hydrogen 

sulfide. Thus, limiting step on the rate of formation of CS2 was hydrogen sulfide 

dissociation. This finding agrees well with the results and observations of Chin et al. 

[112], and also Karan and Behie [79]. 

The CS2 evolved from H2S/C8H10 mixture at different temperatures in the range 

of 1273-1573 K and at residence time of 1s is shown in Figure 45. 

 

Figure 45. Effect of reactor temperature on CS2 formation from hydrogen sulfide and 

xylene mixture 

Since, the formation of CS2 is attributed to the interaction of xylene-derived 

species and radicals with sulfur species, possible channels for formation of CS2 are 

numerous; some of the chemical reactions (78-81, 58-60) are given below: 

𝐶𝐻3  +  𝑆 ⇌  𝐶𝑆2  +  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠     (78) 

𝐶𝐻3  +  𝑆𝐻 ⇌  𝐶𝑆2  +  𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠     (79) 

𝐶𝐻4  +  2𝐻2𝑆 ⇌  𝐶𝑆2  +  4𝐻2     (80) 
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𝐶𝐻4  +  𝑆𝐻 ⇌  𝐶𝐻3  +  𝐻2𝑆      (81) 

𝐶𝐻4  +  2𝑆 ⇌  𝐶𝑆2  +  2𝐻2      (58) 

𝐶𝐻4  +  2𝑆2  ⇌  𝐶𝑆2  +  2𝐻2𝑆     (59) 

𝐶𝐻 + 2𝐻2𝑆 ⇌  𝐶𝑆2  +  2.5 𝐻2     (60) 

Formation of CS2 was unavoidable over the whole range of temperature of 

1273-1573K due to the presence of xylene and relative abundance in carbonaceous 

radicals and compounds along with sulfur species liberated from hydrogen sulfide. 

Increased formation of CS2 with increase in temperature was expected due to higher 

conversion of hydrogen sulfide achieved which provided increased availability of 

sulfur species to react and form CS2. It also supports the inference that dissociation of 

H2S was the limiting step of CS2 formation. 

4.2.5.2. Effect of Xylene Presence on Reformation of H2S 

In order to evaluate the role played by xylene in the reformation of H2S, a 

comparison was made between the amounts of hydrogen produced from H2S stream 

diluted in N2 and a mixture of H2S and C8H10. The concentration of H2S in both the 

streams was the same so that the effect of H2S concentration was eliminated. Since the 

H2S/C8H10 is richer in hydrogen constituent than hydrogen sulfide alone, increased 

production of hydrogen with xylene present was expected. This comparison was 

beneficial for two reasons. First it quantified the gain in hydrogen production when 

C8H10 was present. Second, it substantiated the effect of presence of xylene on 

hydrogen sulfide destruction. Figure 46 depicts that the amounts of hydrogen produced 

from H2S/C8H10 mixture was higher (more than 40%) than that produced from thermal 

decomposition of hydrogen sulfide over the whole range of temperatures examined. 
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Figure 46 also shows the change of slope of the curve representing the amounts of 

hydrogen produced from H2S/C8H10 mixture that indicates early liberation of hydrogen 

constituent in xylene at relatively lower temperature compared to hydrogen sulfide. 

This can be attributed to the relatively lower thermal stability and lower endothermicity 

of xylene compared to hydrogen sulfide.  

 

Figure 46. Hydrogen produced from hydrogen sulfide with xylene and hydrogen 

sulfide only 

The results showed that the presence of xylene increased the amounts of 

hydrogen extracted from hydrogen sulfide. In order to evaluate reformation of 

hydrogen sulfide in the presence of xylene as a treatment method of hydrogen sulfide, 

comparison between hydrogen sulfide conversions using H2S/C8H10 mixture or H2S 

alone was made, see Figure 47.  Results showed that indeed hydrogen sulfide 

conversion increased in the presence of xylene. The increased hydrogen sulfide 

conversion in the presence of xylene can be attributed to two reasons. First, the 

equilibrium limit on thermal dissociation of hydrogen sulfide due to reverse reactions 
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between recovered sulfur and produced hydrogen shifted towards hydrogen sulfide 

destruction. This equilibrium shift is caused by the fact that sulfur and sulfurous 

radicals are consumed to form CS2 from the presence of xylene. Consumption of one 

of the main products of H2S thermal decomposition reaction moves the equilibrium 

towards further H2S consumption. Therefore, higher H2S destruction is 

thermodynamically favored. Furthermore, decomposition of hydrogen sulfide was 

initiated thermally via unimolecular reactions (22-23) producing H, SH and S radicals. 

Thermal decomposition continues to occur along with chemical decomposition via 

bimolecular reaction with H, S, SH radicals, as well as other hydrocarbon radicals from 

xylene decomposition. Accordingly, additional hydrogen sulfide consumption can 

occur via the following reactions: 

𝐻2𝑆 +𝑀 ⇌  𝐻 + 𝑆𝐻 +𝑀     (22) 

𝐻2𝑆 +𝑀 ⇌  𝐻2 + 𝑆 +𝑀     (23) 

𝐻2𝑆 +  𝐻 ⇌  𝐻2 +  𝑆𝐻     (24) 

𝐻2𝑆 +  𝑆 ⇌  𝐻𝑆2 +  𝐻     (25) 

𝐻2𝑆 +  𝑆 ⇌  𝑆𝐻 +  𝑆𝐻     (56) 

The above reveals that increase in dissociation of hydrogen sulfide with 

increase in temperature in both cases (with and without xylene present) can be 

attributed to increased rate of thermal decomposition of hydrogen sulfide. Additionally, 

the increase in decomposition of hydrogen sulfide with xylene present can be attributed 

to increased chemical decomposition of hydrogen sulfide due to the abundance of 

hydrogen radicals released from dissociation of xylene at relatively lower temperatures.  
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Figure 47. H2S conversion as a function of temperature for 9.4% H2S/0.6% C8H10 in 

90% N2 and 9.4% H2S in 90.6% N2 mixtures 

4.2.5.3. Effect of C8H10 Amounts on H2S Reformation 

One of the problems associated with this method was carbon deposition. Since 

complete decomposition of xylene could be achieved at relatively low temperatures 

compared to those required for hydrogen sulfide decomposition due to the relatively 

higher endothermicity of H2S thermal dissociation, xylene as well as all formed 

hydrocarbons continue to break down to carbon and hydrogen. The examined 

stoichiometric conditions assume complete conversion of the reactants to hydrogen and 

carbon disulfide. Since this assumption is not true, relative abundance of carbon 

compared to available sulfur species to form CS2 results in carbon deposition. Carbon 

deposition was visually observed on inner surface of quartz reactor as well as outer and 

inner surfaces of the sampling probe at exit of the reactor. To estimate the relative rates 

of reaction to avoid carbon deposits under stoichiometric conditions, for 1 molecule of 

xylene, 16 molecules of hydrogen sulfide were required to decompose and provide 
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enough sulfur species to react with xylene and its derived species to form CS2. To 

eliminate carbon deposition problem, two plausible routes can be taken. First one being 

to achieve decomposition of hydrogen sulfide at a rate that is ideally 16 times the rate 

of xylene decomposition. This route does not seem practical based on the results shown 

in the previous section. The other route is to decrease the amount of carbon introduced 

to the reaction pool to limit its relative abundance by reducing the composition of 

xylene in the inlet stream. The other way to view this is to provide more hydrogen 

sulfide that can decompose and provide sufficient sulfurous species to react with xylene 

and its derived species to form CS2 rather than to deposit carbon on the surfaces. This 

route also emerges from the conclusion that thermal dissociation of H2S is the rate 

limiting step of CS2 formation that leads to carbon deposits. Therefore, relative 

abundance of H2S should maneuver the reaction towards CS2 formation rather than 

carbon deposition. CS2 formation is expected to be limited due to the limited quantities 

of carbonaceous compounds introduced to the reaction. Following results are on the 

hydrogen produced, hydrogen sulfide destructed and carbon disulfide formed with inlet 

stream having H2S/C8H10 mixture ratio of 16, 24 and 32, which represents 1, 1.5 and 2 

times the stoichiometric ratio for this reaction. Figure 48 shows the amounts of 

hydrogen produced as well as remaining amounts of hydrogen sulfide at a temperature 

of 1473K and different H2S/C8H10 ratios of 16, 24 and 32. The amounts of hydrogen 

was observed to decrease by 20% with increase in H2S/C8H10 ratio from 16 to 32 due 

to decrease in the hydrogen constituent in the mixture. It can also be observed that the 

amounts of hydrogen sulfide in the products stream increased with increase in H2S 

content in the inlet stream. 
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Figure 48. H2 and H2S with change in H2S/C8H10 ratio (H2S/C8H10 diluted in 90% N2) 

The increase in detected amounts of hydrogen sulfide with increase of 

H2S/C8H10 ratio, shown in Figure 48, is attributed to lower conversion of hydrogen 

sulfide as shown in Figure 49. This is due to the limited role provided by extra H-

radicals liberated from xylene. Therefore, decrease in the amounts of xylene in the inlet 

stream leads to decreased amounts of H- radical that enhances chemical decomposition 

of hydrogen sulfide. The decrease in inlet composition of xylene also leads to decrease 

in carbonaceous species that reacts to form CS2. 
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Figure 49. H2S conversion as a function of H2S/C8H10 ratio at temperature of 1473 K 

Measured values on the formed CS2 at different H2S/C8H10 is shown in Figure 

50. Formation of CS2 decreased due to limited amounts of xylene introduced to the 

reaction pool, which limits the interaction between hydrocarbon radicals and sulfurous 

radical that results in formation of CS2.  

 

Figure 50. CS2 mole fraction in the products stream and fraction of C8H10 converted 

to CS2 as a function of H2S/C8H10 ratio at temperature of 1473 K 
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The other undesired byproduct was the deposited carbon. Carbon deposition 

was visually observed at H2S/C8H10 ratio of 16. It was visually observed that carbon 

deposition decreased with increase in H2S/C8H10 ratio. However, based on measured 

values of CS2 and given the composition of xylene in the inlet stream, element balance 

on carbon could be conducted assuming that carbon in xylene is either forming CS2 or 

deposit on the inner surface of the reactor in the form carbon laydown. This assumption 

is reasonable, given that other carbonaceous compounds mainly in form of 

hydrocarbons were of the order of hundreds of ppms. This element balance assisted in 

determining the amount of xylene that formed CS2 and the amount that dissociated to 

hydrogen and carbon. Increase in conversion of xylene to carbon disulfide with 

decrease of xylene composition in inlet stream, shown in Figure 50, depicts significant 

decrease in carbon deposition. However, since not all carbon in the xylene was 

converted to CS2 even at the highest H2S/C8H10 ratio, it suggests that carbon deposition 

was reduced but not completely eliminated. Although, carbon deposition was not 

visually apparent at later lengths of the reactor, this carbon deposition can be related to 

the earlier dissociation of xylene compared to hydrogen sulfide. This carbon laydown 

at early stages is attributed to the relatively lower thermal stability of xylene compared 

to hydrogen sulfide. 

4.2.5.4. Summary 

Experimental results presented here provide information on the reformation of 

hydrogen sulfide in the presence of xylene to produce hydrogen. The effect of xylene 
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addition to dissociation of hydrogen sulfide has been discussed and highlighted. The 

effect of reactor temperature on the amounts of hydrogen produced, carbon disulfide 

formed and hydrogen sulfide destructed has been investigated over a temperature range 

of 1273-1573 K at relatively long residence time. The results reveals positive effects of 

hydrogen sulfide destruction in the presence of xylene. Xylene enhanced the production 

of hydrogen and destruction of hydrogen sulfide but lead to the formation of carbon 

disulfide and carbon deposition on internal surfaces of the reactor. Increase in reactor 

temperature contributed to further enhance the effects achieved from xylene addition. 

The results showed improved reformation of hydrogen sulfide in the presence of xylene 

for treating hydrogen sulfide contaminated with hydrocarbon impurities. This new 

information provides plausible solutions to the problems affecting performance of 

Claus process reactors. The presence of hydrocarbon impurities enhanced the 

production of hydrogen and destruction of hydrogen sulfide via reformation unlike that 

seen in contemporary Claus reactors. Formation of CS2 as by-product and deposition 

of carbon at low H2S/C8H10 ratios can be overcome with no to minimal hindrance in 

the potential reformation of H2S/C8H10 to hydrogen and sulfur. 

4.2.6.  Reformation of Hydrogen Sulfide in Presence of Toluene 

Results on the reformation of H2S in the presence of C7H8 were examined and are 

presented here in the following. The speciation of H2 was quantified experimentally 

from simultaneous reformation of H2S and C7H8 over a range of temperatures and 

different inlet compositions. The amounts of CS2 formed was quantified under 

examined conditions as well as the occurrence of carbon deposition on reactor walls. 
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4.2.6.1. Effect of Reactor Temperature on Reformation of H2S with C7H8 

Present 

Reformation of hydrogen sulfide in the presence of toluene was examined over 

range of temperatures of 1273-1573 K using a quartz tubular reactor at comparatively 

long residence time of 1 second. The effect of reactor temperature on the conversion of 

hydrogen sulfide and amounts of hydrogen produced was examined. The results were 

obtained from 9.33% H2S / 0.67% C7H8 / 90% N2 mixture, which reflects the H2S/C7H8 

stoichiometric ratio of 14 in reaction between hydrogen sulfide and toluene since N2 

was inert. Results on the amounts of hydrogen produced over the different temperatures 

examined are depicted in Figure 51. Hydrogen was observed to increase with increase 

in reactor temperature. Quantification of the remaining toluene in the products stream 

was not the focus of this study. However, an indication of presence of toluene or 

complete destruction of toluene could be obtained using FID detector within bounded 

detection limits. The results obtained showed absence of toluene at temperatures higher 

than 1373 K. This reveals that toluene has less thermal stability compared to hydrogen 

sulfide. Consequently, thermal decomposition of toluene initiated thermally via 

unimolecular dissociation reaction at first and continued to decompose thermally in the 

same time it decomposes chemically via bimolecular reaction with the active radicals 

such as H radical as well as other hydrocarbon radicals. Further dissociation of toluene 

as well as formed hydrocarbons to carbon and gases was the most favorable route at 

this range of temperatures with most of the gases being hydrogen except few others 

with concentration in hundreds of ppm’s. 
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Since a mixture of hydrogen sulfide and toluene has higher hydrogen feedstock, 

presence of toluene was expected to increase the amounts of hydrogen produced. To 

quantify the upsurge in hydrogen production, a comparison between amounts of 

hydrogen produced with and without toluene present in the reactant stream was made. 

In both cases, the composition of hydrogen sulfide remained the same to eliminate the 

effect of difference in amounts of H2S concentration. The comparison between the 

amounts of hydrogen produced is depicted in Figure 51. Enhanced hydrogen 

production with toluene present can be observed even at the lowest temperature 

examined. The complete conversion of toluene was identified from the absence of any 

hydrocarbon detected by the FID at any temperature other than 1273 K.  

 

 

Figure 51. H2 produced from H2S with C7H8 and H2S only at different temperatures 

To evaluate this further, the effect of presence of toluene on hydrogen sulfide 

destruction must be isolated and quantified regardless of the increased hydrogen 

production. The comparison reveals one of three possibilities. First being that the 
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increase in hydrogen production is due to the increased hydrogen in feedstock. 

However, the toluene hindered hydrogen sulfide conversion. Second being that 

enhanced hydrogen production achieved in the presence of toluene was due to 

simultaneous decomposition of hydrogen sulfide and toluene while presence of toluene 

did not affect hydrogen sulfide conversion. Last one being that hydrogen production 

increased due to increased hydrogen feedstock in the H2S/C7H8 mixture as well as 

increased hydrogen sulfide conversion. Figure 52 provides a comparison on the 

conversion of hydrogen sulfide in both cases given earlier and depicts that the last 

possibility is valid. The presence of toluene not only increased hydrogen feedstock in 

the inlet stream but also fostered destruction of hydrogen sulfide which reveals 

enhanced potential of this method as a treatment method of hydrogen sulfide stream. 

The increased conversion of hydrogen sulfide can be viewed from two different 

perspectives of thermodynamic and kinetic. Thermal dissociation of hydrogens sulfide 

is known to suffer from the chemical equilibrium limitation due to backward reactions 

between hydrogen and sulfur to form hydrogen sulfide. However, in presence of 

toluene, one of the main products of hydrogen sulfide dissociation is devoted for the 

inevitable formation of carbon disulfide. This consumption of sulfur relocates the 

equilibrium limit forward for higher hydrogens sulfide conversion to amend for sulfur 

consumption. This supports enhanced destruction of hydrogen sulfide in the presence 

of toluene to be thermodynamically favored. 
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Figure 52. H2S conversion as a function of temperature for 9.33% H2S/0.67% C7H8 in 

90% N2 and 9.33% H2S in 90.67% N2 mixtures 

The presence of hydrocarbon-toluene in the thermal dissociation of hydrogen 

sulfide provided interaction between hydrocarbon and sulfurous radicals at very high 

probability as well as to promote the formation of carbonaceous-sulfurous compounds, 

carbon disulfide in this case. Under the examined conditions, carbon disulfide was not 

the only carbon-constituted compound formed; the carbon itself deposited on the inner 

surface of the reactor. Given the complete conversion of toluene at temperatures higher 

than 1373 and the observed carbon deposit at all temperatures, one can infer that the 

formation of carbon disulfide is limited by hydrogen sulfide thermal decomposition 

which supports the findings of Chin et al. [112] and Karan and Behie [79]. 

Composition of carbon disulfide evolved from the stoichiometric H2S/C7H8 

mixture at different temperatures ranging from 1273-1573 K and at residence time of 

1 sec is shown in Figure 53. Carbon disulfide was observed to increase with increase 

in temperature. Since formation of carbon disulfide is limited by thermal dissociation 
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of hydrogen sulfide, increased hydrogen sulfide dissociation at high temperatures 

provided sulfurous species to the reaction pool to further promote the formation of 

carbon disulfide.  This resulted in increased carbon disulfide composition in products 

stream with increase in temperature. 

 

Figure 53. CS2 formed from reaction between H2S and C7H8 at temperature range of 

1273-1573K 

4.2.6.2. Effect of C7H8 Composition on H2S Reformation 

At the stoichiometric ratio of H2S/C7H8 which corresponds to the inlet stream 

composition of 9.33% H2S / 0.67% C7H8 / 90% N2, carbon deposits could visually be 

observed on the inner surface of the reactor at all the temperatures examined. Due to 

the comparatively lower thermal stability of toluene which lead to complete 

decomposition at temperatures lower than those required for complete conversion of 

hydrogen sulfide, the main products of toluene dissociation were carbon, hydrogen and 

hydrocarbon radicals. However, at the same temperature, incomplete dissociation of 

hydrogen sulfide makes the reaction pool to lack sulfur and sulfurous radicals for 
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reaction with the products from toluene dissociation. This relative scarcity of sulfur to 

form carbon disulfide blocks routes for carbon consumption other than forming solid 

carbon deposits. The problem associated with carbon deposits tends to appear while 

accelerating the dissociation reaction using catalysts. This carbon deposits can poison 

the catalyst by significantly reducing the active surface area. In order to eliminate 

carbon deposits in the reactor, two intuitive routes can be taken. First route is to achieve 

higher hydrogen sulfide dissociation rate to produce enough sulfur and sulfurous 

radicals to react with formed carbon and hydrocarbon radicals and form carbon 

disulfide. To estimate the relative rate at which hydrogen disulfide gets dissociated, 

formation of carbon disulfide molecule will require 14 molecules of hydrogen sulfide 

and 1 molecule of toluene for stoichiometric conditions. Given this stoichiometry, 

decomposing hydrogen sulfide at a rate 14 times faster than toluene is impractical with 

the equilibrium limitations and high endothermicity of hydrogen sulfide compared to 

toluene. However, due to the enhanced destruction of hydrogen sulfide in the presence 

of toluene, the factor of relative rates of decomposition of 14 may be excessive.  The 

other route of eliminating carbon deposits on the reactor is to reduce the amounts of 

carbon content introduced to the reaction pool by increasing H2S/C7H8 ratio, which 

excludes the redundant carbon that leads to carbon deposits other than to react and form 

carbon disulfide. Consequently, different H2S/C7H8 ratios were examined in the same 

reactor at the same residence time of 1 second at constant temperature of 1473 K for 

all the H2S/C7H8 ratios. H2S/C7H8 ratio of 14 that reflects stoichiometry also 

represented the baseline case for this comparison. Other ratios of 21 and 28 were 

examined that represents 1.5 and 2 times the stoichiometry ratio values. This mixture 



 

 

140 

 

was kept 10% in all cases with the remaining being nitrogen. The objective here was 

to eliminate carbon deposits and quantify the reduction in carbon disulfide formation 

from reduction in toluene composition. Also, the impact of reducing composition of 

toluene in the mixture was explored to determine the amounts of hydrogen produced 

and hydrogen sulfide destructed. The results on the hydrogen produced from different 

mixtures ratios as well as remaining undecomposed hydrogen sulfide are shown in 

Figure 54. Amounts of hydrogen produced were observed to decrease with increase in 

H2S/C7H8 ratio. This decrease pertains to reduced hydrogen constituent from the 

decrease in toluene composition in the mixture. However, it can also be related to lower 

conversion of hydrogen sulfide. Figure 54 also shows increased amounts of hydrogen 

sulfide remaining in the products stream, which can be from two reasons of increased 

hydrogen sulfide concentration in the inlet stream or lower conversion of hydrogen 

sulfide due to lower composition of toluene in the mixture.  However, from the given 

inlet composition in the respective cases and increased hydrogen sulfide amounts 

remaining in the products stream, it can be conjectured that the conversion of hydrogen 

sulfide was reduced. 
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Figure 54. H2 and H2S with change in H2S/C7H8 ratio (H2S/C7H8 diluted in 90% N2) 

The results on the decreased conversion of hydrogen sulfide due to decrease in 

toluene amounts in the inlet stream is shown in Figure 54. Since the decrease in the 

conversion of hydrogen sulfide is strongly related to the less amounts of toluene present 

in the mixture, this can be attributed to the comparatively lower amounts of H radical 

introduced to the reaction pool by toluene decomposition. The reduced amounts of H-

radical in the reaction pool impacts the chemical decomposition of hydrogen sulfide to 

cause an increase in hydrogen sulfide amounts in the products stream. Also, less toluene 

in the inlet stream limits the carbon constituent required for CS2 formation. Although, 

formation of CS2 is undesirable, it consumes sulfur and shifts equilibrium towards more 

consumption of hydrogen sulfide. Lower carbon constituent reduces consumption of 

sulfur to form CS2, which get the equilibrium limit back again closer to the equilibrium 

limit of thermal dissociation of hydrogen sulfide alone. 

Measured values on the formed CS2 at different H2S/C7H8 are shown in Figure 

55. Formation of CS2 decreased due to limited amounts of toluene introduced to the 
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reaction pool, which limits the interaction between hydrocarbon radicals and sulfurous 

radical that results in formation of CS2. The other undesired byproduct was the 

deposited carbon. Carbon deposition was visually observed at H2S/C7H8 ratio of 14. It 

was visually observed that carbon deposition decreased with increase in H2S/C7H8 

ratio. However, based on measured values of CS2 and given the composition of toluene 

in the inlet stream, element balance on carbon could be conducted assuming that carbon 

in toluene is either forming CS2 or deposit on the inner surface of the reactor in the 

form carbon laydown. This assumption is reasonable, given that other carbonaceous 

compounds mainly in form of hydrocarbons were of the order of hundreds of ppms. 

This element balance assisted in determining the amount of toluene that formed CS2 

and the amount that dissociated to hydrogen and carbon. Increase in conversion of 

toluene to carbon disulfide with decrease of toluene composition in inlet stream, shown 

in Figure 55, depicts significant decrease in carbon deposition. However, since not all 

carbon in the toluene was converted to CS2 even at the highest H2S/C7H8 ratio, it 

suggests that carbon deposition was reduced but not completely eliminated. Although, 

carbon deposition was not visually apparent at later lengths of the reactor, this carbon 

deposition can be related to the earlier dissociation of toluene compared to hydrogen 

sulfide. This carbon laydown at early stages is attributed to the relatively lower thermal 

stability of toluene compared to hydrogen sulfide. 
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Figure 55. CS2 mole fraction in the products stream and fraction of C7H8 converted to 

CS2 as a function of H2S/C7H8 ratio at temperature of 1473 K 

4.2.6.3. Summary 

Experimental data on hydrogen production via thermal reformation of hydrogen 

sulfide in presence of toluene have been reported here. Effect of reactor temperature in 

range of 1273-1573K as well as H2S/C7H8 ratio in inlet stream at relatively long 

residence time was examined. These operational parameters were found to directly 

affect the amounts of hydrogen produced, hydrogen sulfide destructed and carbon 

disulfide formed. The role played by presence of toluene was established by comparing 

the amounts of hydrogen produced from hydrogen sulfide with or without the presence 

of toluene in the H2S. Another comparison was also made between hydrogen sulfide 

destruction in both cases of without and with toluene. The results revealed enhanced 

destruction of hydrogen sulfide as well as more hydrogen production from hydrogen 

sulfide in case of presence of toluene. The results showed significant effect of reactor 

temperature along with increased production of hydrogen and hydrogen sulfide 
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conversion at increased reactor temperatures. At higher reactor temperatures, the 

formation of carbon disulfide increased. H2S/C7H8 mixture composition was an 

important parameter that affects the amounts of carbon disulfide formed as well as the 

carbon deposition on reactor surface. The results showed that presence of toluene is 

beneficial for thermal reformation of hydrogen sulfide as an innovative treatment 

technology of hydrogen sulfide stream with no adverse impact on treatment process on 

its performance, unlike that observed in Claus reactors.  
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Chapter 5:  Conclusions and Research Contributions 
 

Research presented in this dissertation revealed several facts about the chemical 

kinetics of H2S thermal decomposition, conditions under which other sulfurous 

compounds are formed, and effect of reactor conditions on H2S pyrolysis and evaluate 

the thermal decomposition of hydrogen sulfide stream as an alternative method to treat 

hydrogen sulfide. In this chapter, we discuss the main conclusions drawn out of this 

research and the research major contributions. 

5.1.  Conclusions 

The work presented here started with studying the effect of reactor parameters 

on the pyrolysis of hydrogen sulfide only. Then a numerical investigation for H2S 

pyrolysis was developed aiming to identify the most dominant chemical kinetic 

pathways. At this stage the high endothermicity as well as the equilibrium limitation 

has been proven experimentally. Consequently, the research has been directed towards 

alleviating these two obstacles. Therefore, partial oxidation of hydrogen sulfide under 

rich conditions has been studied as a method to mitigate the high-energy input 

requirement. On the other hand, pyrolysis of hydrogen sulfide in presence of some 

impurities that are naturally accompanying hydrogen sulfide stream in practice. Most 

of the impurities examined in this research are hydrogen constituted; hence, they were 

expected to enhance production of hydrogen from hydrogen sulfide. The effect of 

presence of each impurity is demonstrated separately. Issues arising from presence of 

these impurities in the inlet stream has also been addressed. 
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5.2.  Production of Hydrogen via Hydrogen Sulfide Pyrolysis and 

Partial Oxidation 

Effect of reactor parameters on hydrogen sulfide pyrolysis including 

temperature and partial pressure has been investigated experimentally and numerically. 

The reaction is highly endothermic and is favored at high temperature. A high reactor 

temperature significantly reduces the reactor residence time required for high 

conversion of hydrogen sulfide. A residence time of 1.2 second was long enough to 

reach an asymptotic steady state value at all temperatures above 1273 K. Increase in 

the inlet concentration of hydrogen sulfide hindered hydrogen production and hydrogen 

sulfide conversion. 

A detailed reaction mechanism has been modified to simulate the thermal dissociation 

of hydrogen sulfide. Experimental results obtained at temperatures up to 1473 K using 

a plug flow tubular reactor were used to validate the model simulations. The qualitative 

agreement between the experimental results and simulations provided the identification 

of the various reaction pathways as well as the most dominant reactions. The role of 

different radicals H, S, SH and HS2 has been highlighted in decomposition/ 

recombination reactions. SH radical plays an important role in the recombination 

reaction to form H2S again. 

Hydrogen production via partial oxidation of hydrogen sulfide has shown 

potential to alleviate the thermal load required for hydrogen sulfide dissociation. A 

comparison between amounts of hydrogen produced both without and with oxygen 

injection revealed decreased production of hydrogen with oxygen present but higher 

hydrogen sulfide conversion over temperature range of 1273-1473 K. The decrease in 

production of hydrogen was lower in presence of oxygen due to partial consumption of 
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hydrogen formed to H2O. The absence of SO2 with oxygen present in the hydrogen 

sulfide stream was featured at all the temperature investigated. 

5.3.  Syngas Recovery from Acid Gas 

Pyrolysis of acid gas was examined over a 1250–1475 K temperature range at 

relatively high residence time. This pyrolysis resulted in conversion to syngas while 

also recovering sulfur. It has been found that reactor temperature and acid gas 

composition are the main parameters affecting the conversion of H2S and CO2 (acid 

gas) to produce syngas with a wide range of H2 to CO ratio. Destruction of H2S 

increased in presence of CO2 as well as production of CO while there was reduction in 

H2 produced. Lean acid gas with H2S content of lower than 60% and high CO2 content 

- which may impose operational difficulties with the processing of lean acid gas in 

Claus process - offers potential for syngas production that is suitable for both gas 

engine application and ammonia production. The presence of impurities, such as 

hydrocarbons is expected to further enhance the production of hydrogen-rich syngas. 

5.4.  Enhanced Hydrogen Production in Presence of Different 

Hydrocarbon Impurities 

Production of hydrogen from hydrogen sulfide contaminated with 

hydrocarbons that naturally exist in separated-out hydrogen sulfide stream has been 

examined. Hydrocarbons of interest are methane, benzene, toluene and xylene 

commonly called BTX. Traditionally, investigations on hydrocarbons starts with 

methane. Examination of reformation of hydrogen sulfide in presence of methane were 

conducted over temperature range of 1273 – 1673 K at relatively long residence time 

of 1.2 sec.. The presence of methane was proven to foster production of hydrogen from 
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hydrogen sulfide. It also enhanced destruction of hydrogen sulfide over the entire range 

of investigated temperatures. The production of hydrogen and destruction of hydrogen 

sulfide was increasing with temperature. On the other hand, presence of methane 

promoted formation of CS2. Also, carbon deposition was visually observed over the 

whole range of temperature. The other parameter that was studied was the inlet 

composition and it was found that carbon deposition can be decreased significantly by 

increasing H2S/CH4 ratio higher than stoichiometric ratio of 2. This also limits the 

formation of CS2. Since the methane content in the stream decreased, the amounts of 

hydrogen  produced were decreased. Also, the role played by presence of methane via 

chemical decomposition of hydrogen sulfide was reduced.  

Further investigation on thermal decomposition of H2S/CH4 mixture has been 

done using experimental data over the same range of temperatures studied before but 

at different residence time. A reaction mechanism has been developed and validated 

against the obtained experimental data. It was able to predict the amounts of hydrogen 

produced and the conversion of both methane and hydrogen sulfide with less than 15% 

error. The numerical simulations highlighted the most dominant reaction pathways 

Chemical decomposition of hydrogen sulfide via reaction with radicals was 

dominating the destruction of hydrogen sulfide. As much as 95% hydrogen recovery 

has been demonstrated experimentally from a mixture of hydrogen sulfide and 

methane. Increase in temperature to 1373 K shortened dramatically the residence time 

required to reach the asymptotic steady state composition along with significantly 

increased amounts of hydrogen (double amounts of hydrogen was achieved in presence 
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of methane at temperatures higher than 1373K) as compared to that obtained from H2S 

alone.  

This was followed by experimental examination of hydrogen production via 

thermal reformation of hydrogen sulfide in presence of benzene and xylene as common 

contaminants. Effect of each contaminant was studied separately over temperature 

range of 1273-1573K and at residence time of 1.2 seconds. First, the reaction between 

H2S and C6H6 or C8H10 was studied under stoichiometric conditions. Then higher 

H2S/C6H6 or H2S/C8H10 ratios were examined. Similar to methane, benzene and xylene 

were found to enhance H2 production, H2S destruction but also promote formation of 

CS2 and deposition of carbon. Based on the understanding of reaction between 

hydrogen sulfide and methane, the role played by benzene and xylene was also related 

to equilibrium shift due to formation of CS2 and enhanced chemical decomposition of 

H2S. Results obtained from thermal decomposition of hydrogen sulfide with 

hydrocarbon were comparable in terms of H2S conversion.  Noting that the 

stoichiometry in all experiments of H2S in presence of hydrocarbon guaranteed same 

sulfur to carbon ratio. However, amounts of hydrogen provided by each hydrocarbon 

differs. This suggests that presence of carbon and formation of CS2 are the main cause 

of increased H2S conversion compared to role provided by increased hydrogen radicals.  

5.5.  Research Contributions 

Research presented in this dissertation resulted in several contributions in the 

area of H2S thermal decomposition for enhanced hydrogen production: 

• Demonstrated the potential of hydrogen production via partial oxidation of 

hydrogen sulfide under fuel rich conditions (𝜙 = 6 − 13.5). 
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• Identified reactor conditions that mitigate formation of unwanted sulfur dioxide 

in the presence of trace amounts of O2 (Temperature > 1273K, ɸ>6). 

• Determine the effect of contaminants (including CO2, CH4, C6H6, and C8H10) 

in acid gas on the pyrolysis process over temperature range of 1273-1573K. 

• Defined the region of optimum operating conditions with respect to acid gas 

composition for enhanced hydrogen production from destruction of H2S. 

(Temperature > 1373K, [
𝐻2𝑆

𝐻𝐶
] > 2× [

𝐻2𝑆

𝐻𝐶
]
𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐

 

• Quantified the amounts of other stable sulfurous byproducts formed during 

pyrolysis of contaminated hydrogen sulfide stream with hydrocarbons. 

• Validated chemical reaction mechanism for hydrogen sulfide pyrolysis and a 

mixture of hydrogen sulfide with methane.  

• Identified the most dominant chemical kinetic pathways in hydrogen sulfide 

alone and mixture of hydrogen sulfide and methane pyrolysis. 
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Chapter 6:  Recommendations for Future Work 
 

 

The research presented in this dissertation focused on production of hydrogen 

from hydrogen sulfide under different conditions. Identification of dominant reaction 

pathways and demonstration of effect of different reactor parameters was provided 

experimentally and numerically. Nevertheless, this work can be extended to new 

horizons that have been opened through this research. 

6.1.  Production of Hydrogen from Hydrogen Sulfide in Presence 

of Ammonia 

In continuation of production of hydrogen from hydrogen sulfide with 

impurities present, ammonia is one of the hydrogen-constituted impurities that is 

expected to enhance production of hydrogen. Thus, enhanced production of the clean, 

green and zero-emission hydrogen fuel from thermal decomposition of contaminated 

hydrogen sulfide stream with ammonia is to be focused on. Since ammonia is hydrogen 

constituted without carbon and other impurities has hydrogen and carbon, so the role 

of hydrogen radicals and the role of carbon in these hydrocarbons-investigated in this 

research-can be distinguished. 

6.2. Detailed Radical Reaction Mechanism for Pyrolysis of 

Hydrogen Sulfide Stream 

Thermal decomposition of hydrogen sulfide only has been studied 

experimentally and numerically. The numerical simulations have been validated 

against experimental results. However, most of these studies are based on 

measurements of stable species. In addition, these studies focused on thermal 
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decomposition of hydrogen sulfide only. Presence of contaminants were proven to 

affect the thermal dissociation reaction significantly. Since these contaminants 

supply/consume radicals and have this impact on the reaction pool, quantifications of 

radicals in the reaction pool under different conditions is of pinnacle importance on the 

understanding of reaction of hydrogen sulfide with different species. The species of 

interest are those naturally accompanying hydrogen sulfide which include: carbon 

dioxide, methane, ammonia, benzene, toluene and xylene. This investigation will not 

only benefit the area of production of hydrogen from hydrogen sulfide but its benefits 

also extends to identifying the reaction pathways between different species in currently 

employed Claus reactor.  

6.3.  Production of Hydrogen from Hydrogen Sulfide Filtration 

Combustion  

Production of hydrogen via thermal dissociation of hydrogen sulfide is known 

to be highly endothermic. This high energy input requirement is an obstacle hindering 

advance in  application of this technology. However, production of hydrogen via partial 

oxidation of hydrogen sulfide without formation of any sulfur oxides in the final stream 

has been proven experimentally. Filtration combustion which involves exothermic 

reaction within a porous matrix offers heat recirculation from the hot products to the 

incoming reactants. This heat recirculation expands the flammability limits to allow for 

richer mixtures to be burnt. This investigation represents a good step towards making 

production of hydrogen from hydrogen sulfide an autothermal process.  
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6.4. Production of Syngas from Acid Gas 

Alternative utilization and more efficient treatment of acid gas are also required 

to preserve our environment from sulfur-bearing fuels while simultaneously enhancing 

energy generation. This study has shown that both syngas and sulfur can be produced 

from acid gas under certain reactor operational conditions. This is an attractive 

alternative since the large volume of CO2 in acid gas can be captured from the produced 

syngas. Moreover, sulfur recovery from lean acid gas that contains higher CO2 content 

than H2S as well as hydrocarbon impurities in a Claus process pose severe technical 

and environmental issues. The H2 and CO produced (syngas) can then be used in 

industry for energy and power applications. This can be achieved with  minimal adverse 

effect to the environment, human health and building aesthetics. Syngas can be used as 

a fuel for gas engines, or to produce valuable chemicals, such as ammonia.   
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