
ABSTRACT 

KAROSHI, GOURISHANKAR. Exploring Novel Catalysts for Selective Oxidation of 

Methane into Value added Chemicals. (Under the direction of Dr. Praveen Kolar.) 

 

There is a significant interest in converting methane into oxygenated and other value-added 

chemicals.  The goal of this research is to explore novel, inexpensive and stable catalysts 

capable of activating C-H bond in methane to facilitate selective oxidation. The catalysts 

were synthesized by impregnating transition metal oxides on egg shells via wet impregnation 

followed by high-temperature activation.  When tested in fixed bed reactor at 650⁰ C and 

atmospheric pressure, the catalysts were able to convert methane into hydrogen, methyl 

chloride, olefins (acetylene, ethylene, propene, butadiene and pentadiene), aromatic 

hydrocarbons (benzene & toluene) and aldehydes (2-propenal). The fractional methane 

conversion varied in the range of 20-50% depending on the catalyst used. Oxygen 

concentration, temperature and flowrate were observed to influence fractional methane 

conversion and product yields. Subsequent analysis of the catalytic surfaces via time-of-flight 

secondary ion mass spectrometry revealed that while the CaO represented the active sites in 

calcined eggshell, the cluster of different metal oxides (CaO-FeO, CaO-NiO and CaO-CuO) 

served as the active sites on the eggshell catalyst surface modified with impregnation of 

transition metal oxides. It is proposed that low specific surface area and pore volume 

characteristics of the eggshell catalysts facilitated selective oxidation of methane. 



 

 

 

 

 

 

 

 

 

 

© Copyright 2012 by Gourishankar Karoshi 

All Rights Reserved



Exploring Novel Catalysts for Selective Oxidation of Methane into Value added Chemicals. 

 

 

by 

Gourishankar Karoshi 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Master of Science 

 

Biological and Agricultural Engineering 

 

 

Raleigh, North Carolina 

2013 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 

    Dr. Gary Gilleskie          Dr. Sanjay Shah 

 

 

 

________________________________ 

Dr. Praveen Kolar 

Committee Chair   



ii 

 

 

 

 

DEDICATION 

I dedicate this research effort to every mind in the universe that strives for betterment of the 

society with eternal determination and honesty. May the science as a podium, trigger all the 

good will minds to protect the mother earth. 

My parents Mr. Basavaraj Karoshi and Mrs. Sushila Karoshi deserve major credit for this 

work. Their hard work in making my life better has always inspired me. 

I would also like to dedicate this work to my advisor Dr. Kolar for his endless support to 

innovation and sustained efforts in making this work successful. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



iii 

 

 

 

 

BIOGRAPHY 

Born in a small town of Dharwad in Karnataka, India, Gourishankar Karoshi did his 

schooling in several parts of the state. After graduating with his Bachelor of Engineering 

degree at Bapuji Institute of Engineering & Technology under Visvesvaraya Technological 

University in the year 2010, he completed short term internship at IMT Technologies Pvt 

Ltd, in Bangalore. With the zeal to purse higher studies, he moved to the United States to 

obtain Master of Science degree in Biological and Agricultural engineering with a minor in 

Biomanufacturing during the term 2011-2013. He will be going back to India after his 

graduation to purse his interests in starting an enterprise. 



iv 

 

 

 

 

ACKNOWLEDGMENTS 

With great respect and love, I would like to acknowledge my parents Mr. Basavaraj Karoshi 

and Mrs. Sushila Karoshi first and foremost. With an inexplicable joy and pride I greatly 

admire their support, motivation and guidance in making my dreams come true. 

With his immense support and motivation in making my stay at NCSU more comfortable and 

memorable, my adviser Dr. Praveen Kolar deserves great admiration & respect. I further 

acknowledge Dr. Gary Gilleskie greatly, for his constant support for my research completion 

as well as for my graduate minor program. I thank Dr. Sanjay Shah for his consistent 

contribution as committee member in completing this work.  

I will always be grateful and true admirer of Rachel Huie, David Buffaloe, Rick Lawless, Dr. 

Elaine Zhou, Chuck Mooney and Hiroshi for their constant assistance. My special gratitude 

goes to my colleagues Lalitendu Das, Veronica, Pankaj, Sterling, Jorge, Arthur and Darwin 

for their support and assistance. I greatly admire the guidance and support from the faculty 

members in BAE and BTEC. I will always be thankful to my friends in Raleigh, Vijay, 

Abhimanyu, Sanjay, Abhishek, Rohit, Vinay, Chandan, Niranjan, Nivas, Raveesh, 

Harekrishna, Jayant, Balakrishna, Anusha, Darwin, Joscelin, Woochul and Zhimin. 

I greatly admire Mr.Varun Tatineni, for his immense support and guidance all the way. 

Special thanks to my uncle Mr. Shivanna, aunt Ms Shanta, brother Mr. Mahantesh, sisters 

Vijayashree, Uma, Nanda  and my friends in India, Rahul, Ashwini, Rani, Govind, Sushant, 

Appayya, Ganesh, Prashant, Anand, Amar & Ramakrishna for their constant motivation. 



v 

 

 

 

 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................x 

LIST OF FIGURES ............................................................................................................. xi 

CHAPTER 1: Literature Review ..........................................................................................1 

Abstract .................................................................................................................................1 

1.1 Introduction .....................................................................................................................1  

1.2 Approaches for Methane Conversion .............................................................................4 

1.2.1 Catalytic Conversion ........................................................................................5 

1.2.2 Dehydrogenation of Methane ..........................................................................9  

1.2.3 Oxidative Coupling of Methane......................................................................11 

1.2.4 Partial Oxidation of Methane to Methanol & Formaldehyde .........................12 

1.3 Catalysts .........................................................................................................................13 

1.3.1 Transition metals .............................................................................................13 

1.3.2 Alkaline earth metals ......................................................................................15 

1.3.3 Hetero poly acids ............................................................................................16 

1.4 Factors influencing Methane Conversion and Product Yields ......................................17 

1.4.1 Temperature ....................................................................................................17 

1.4.2 Pressure ...........................................................................................................18 

1.4.3 Gas flowrates ..................................................................................................19 

1.4.4 Catalyst properties ..........................................................................................19 

1.4.4.1 Size and Structure ............................................................................20 

1.4.4.2 Nature ...............................................................................................20 



vi 

 

 

 

 

1.5 Hurdles of Methane Oxidation.......................................................................................21 

1.5.1 Conversion rates versus selectivity .................................................................21 

1.5.2 Overoxidation .................................................................................................22 

1.6 Future Perspectives ........................................................................................................25 

1.6.1. Catalyst design and tuning .............................................................................25 

1.6.2 Temperature gradient system ..........................................................................26 

1.6.3 Product protection ...........................................................................................26 

1.6.4 Quick and continuous removal of methanol from the reactor ........................27 

1.7 Conclusion .....................................................................................................................28 

References ............................................................................................................................30 

CHAPTER 2: Calcined Eggshell Catalyst for Selective Oxidation of Methane .................35 

Abstract ................................................................................................................................35 

2.1 Introduction ....................................................................................................................35 

2.2 Experimental ..................................................................................................................39 

2.2.1 Catalyst preparation ........................................................................................39 

2.2.2 Catalyst characterization .................................................................................39 

2.2.3 Catalyst testing ................................................................................................40 

2.3 Results & Discussion .....................................................................................................41 

2.3.1 Catalyst characterization .................................................................................41 

2.3.2 Effect of methane to oxygen ratio ...................................................................48 

2.3.3 Effect of flowrate ............................................................................................53 



vii 

 

 

 

 

2.3.4 Mechanism for coupling of hydrocarbons ......................................................57 

2.3.5 Effect of temperature ......................................................................................65 

2.3.6 Effect of HCl ...................................................................................................70 

2.4 Conclusion .....................................................................................................................72 

References ............................................................................................................................73 

CHAPTER 3: Selective Oxidation of Methane on Copper Impregnated Calcined Eggshell 

Catalyst ..............................................................................................................76 

Abstract ................................................................................................................................76 

3.1 Introduction ....................................................................................................................76 

3.2 Experimental ..................................................................................................................80 

3.2.1 Catalyst preparation ........................................................................................80 

3.2.2 Catalyst characterization .................................................................................80 

3.2.3 Catalyst testing ................................................................................................80 

3.3 Results & Discussion .....................................................................................................82 

3.3.1 Catalyst characterization .................................................................................82 

3.3.2 Effect of metal loading....................................................................................88 

3.3.3 Effect of CH4:O2 on catalytic activity .............................................................94 

3.3.4 Effect of flowrate ............................................................................................97 

3.3.5 Effect of temperature .....................................................................................100 

3.3.6 Catalytic life ...................................................................................................105 

3.4 Conclusion ....................................................................................................................109 

References ...........................................................................................................................111 



viii 

 

 

 

 

CHAPTER 4: Selective Oxidation of Methane on Nickel Impregnated Calcined Eggshell 

Catalyst .............................................................................................................114 

Abstract ...............................................................................................................................114 

4.1 Introduction ...................................................................................................................114 

4.2 Experimental .................................................................................................................116 

4.2.1 Catalyst preparation .......................................................................................116 

4.2.2 Catalyst characterization ................................................................................117 

4.2.3 Catalyst Testing .............................................................................................117 

4.3 Results & Discussion ....................................................................................................117 

4.3.1 Catalyst characterization ................................................................................117 

4.3.2 Effect of metal loading...................................................................................124 

4.3.3 Effect of CH4:O2 on catalytic activity ............................................................129  

4.3.4 Effect of flowrate ...........................................................................................134 

4.3.5 Effect of temperature .....................................................................................139 

4.3.6 Catalytic life ...................................................................................................141 

4.4 Conclusion ....................................................................................................................143 

References ...........................................................................................................................144 

CHAPTER 5: Selective Oxidation of Methane on Iron Impregnated Calcined Eggshell 

Catalyst .............................................................................................................147 

Abstract ...............................................................................................................................147 

5.1 Introduction ...................................................................................................................147 

5.2 Experimental .................................................................................................................149 



ix 

 

 

 

 

5.2.1 Catalyst preparation .......................................................................................149 

5.2.2 Catalyst characterization ................................................................................150 

5.2.3 Catalyst testing ...............................................................................................150 

5.3 Results & Discussion ....................................................................................................151 

5.3.1 Catalyst characterization ................................................................................151 

5.3.2 Effect of metal loading...................................................................................159 

5.3.3 Effect of CH4:O2 on catalytic activity ............................................................163  

5.3.4 Effect of flowrate ...........................................................................................167 

5.3.5 Effect of temperature .....................................................................................172 

5.3.6 Catalytic life ...................................................................................................177 

5.4 Conclusion ....................................................................................................................182 

References ...........................................................................................................................183 

CHAPTER 6: Summary  .....................................................................................................185 

APPENDIX  ........................................................................................................................189 

Copyright Permissions  .......................................................................................................190 

 



x 

 

 

 

 

LIST OF TABLES 

Table 1.1 The Gibbs free energies of reaction at different temperatures ......................6 

Table 1.2 Various oxides and their selectivity towards methanol ...............................23 

Table 2.1 Pore characteristic data for eggshell catalyst ...............................................47 

Table 2.2 Product distribution for methane oxidation using calcined eggshell as catalyst

......................................................................................................................48 

Table 2.3 Effect of HCl injection on catalytic oxidation of methane ..........................71 

Table 4.1 Syngas production with Ni loaded eggshell catalyst at different CH4:O2 ratios 

in the feed ....................................................................................................130 

Table 6.1 Production of syngas with copper and nickel impregnated eggshell catalysts

.....................................................................................................................187 



xi 

 

 

 

 

LIST OF FIGURES 

Figure 1.1 Methane and its end products .......................................................................3 

Figure 1.2   Methane conversion in direct and indirect routes .........................................4 

Figure 1.3 Schematic representation of catalytic oxidation ...........................................8 

Figure 2.1 SIMS-TOF analysis of calcined eggshell catalyst .......................................42 

Figure 2.2 VPSEM analysis of eggshell catalyst ..........................................................44 

Figure 2.3 Effect of CH4:O2 in the feed on (a)- conversion of methane (b)- selectivity of 

carbon oxides (CO+CO2) and C2 hydrocarbons (c)- selectivity of C3-C6 

hydrocarbons (d)-selectivity of C2 hydrocarbons with calcined eggshell 

catalyst .........................................................................................................50 

Figure 2.4 Effect of flowrate on (a)- conversion of methane (b)- selectivity of carbon 

oxides (CO+CO2) and C2 hydrocarbons (c)- selectivity of C3-C6 hydrocarbons 

(d)-selectivity of C2 hydrocarbons  with calcined eggshell catalyst ............54 

Figure 2.5 Effect of temperature on (a)- conversion of methane (b)- selectivity of carbon 

oxides (CO+CO2) and C2 hydrocarbons (c)- selectivity of C3-C6 hydrocarbons 

with calcined eggshell catalyst.....................................................................67 

Figure 3.1 SIMS-TOF analysis for eggshell catalyst with 10%-Cu loading .................83 

Figure 3.2 VPSEM analysis for eggshell catalyst with 10%-Cu loading ......................85 

Figure 3.3 Effect of metal loading on - (a) conversion of methane (b) selectivity of C2 

hydrocarbons  (c) selectivity of  C3-C6 hydrocarbons (d)  selectivity of C2 

hydrocarbons with copper coated eggshell catalyst .....................................89 

Figure 3.4 Proposed mechanism for effect of active pathway on methane conversion.       

(a) Dominant syngas production and (b) Dominant oxidative coupling of 

methane ........................................................................................................93 

Figure 3.5 Effect of CH4:O2 feed ratio on (a) conversion of methane (b) selectivity of C2 

hydrocarbons with 10%-Cu loaded eggshell catalyst ..................................95 

Figure 3.6  Effect of flowrate (a) conversion of methane (b) selectivity of C2 

hydrocarbons with 10% Cu loaded eggshell catalyst ..................................99 



xii 

 

 

 

 

Figure 3.7 Effect of temperature on (a) conversion of methane (b) selectivity of C2 

hydrocarbons  (c) selectivity of  C2 hydrocarbons (d) selectivity of C3-C6 

hydrocarbons ...............................................................................................102 

Figure 3.8 Effect of catalyst reactivation on (a) conversion of methane (b) selectivity of 

C2-hydrocarbons and carbon oxides (c) selectivity of  C2 hydrocarbons (d) 

selectivity of C3-C6 hydrocarbons with 10% Cu loaded eggshell catalyst .106 

Figure 4.1 SIMS-TOF analysis for Ni loaded catalyst. (a) -5% Ni loading (b) - 10% Ni 

loading.........................................................................................................119 

Figure 4.2 VPSEM analysis for 10% Ni loaded eggshell catalyst ...............................121 

Figure 4.3 Effect of metal loading on (a) conversion of methane (b) selectivity of C2 

hydrocarbons and carbon oxides (c) selectivity of C3-C6 hydrocarbons with 

Nickel coated eggshell catalyst ...................................................................126 

Figure 4.4 Effect of CH4:O2 feed ratio on (a) the conversion of methane (b) selectivity of 

carbon oxides and C2 hydrocarbons (c) selectivity of C3-C6 hydrocarbons with 

10%-Ni loaded eggshell catalyst .................................................................131 

Figure 4.5 Effect of flowrate on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides (c) C3-C6 hydrocarbons with 10% Ni loaded 

eggshell catalyst ..........................................................................................135 

Figure 4.6 Effect of temperature on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides with 10% Ni loaded eggshell catalyst ....140 

Figure 4.7 Effect of catalyst reactivation on (a) conversion of methane (b) selectivity of 

C2-hydrocarbons and carbon oxides with 10% Ni loaded eggshell catalyst 

.....................................................................................................................142 

Figure 5.1 SIMS-TOF mass spectral images for 2%-Fe loaded eggshell catalyst 

representing (a) distribution of Ca and Fe in different forms (b) distribution of 

Fe clusters (c) relative distribution of Fe & Ca...........................................152 

Figure 5.2 VPSEM analysis for 2% Fe loaded eggshell catalyst .................................156 

Figure 5.3 Effect of metal loading on (a) conversion of methane (b) production of C2 

hydrocarbons and carbon oxides (c) production of C3-C6 hydrocarbons with 

iron coated eggshell catalyst .......................................................................160 



xiii 

 

 

 

 

Figure 5.4 Effect of CH4:O2 feed ratio on (a) conversion of methane (b) selectivity of 

carbon oxides and C2 hydrocarbons (c) selectivity of C3-C6 hydrocarbons (d) 

selectivity of C2 hydrocarbons with 2%-Fe loaded eggshell catalyst .........164 

Figure 5.5 Effect of flowrate on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides (c) selectivity of C3-C6 hydrocarbons (d) 

selectivity of C2 hydrocarbons with 2% Fe loaded eggshell catalyst .........169 

Figure 5.6 Effect of temperature on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides (c) selectivity of C3-C6 hydrocarbons (d) 

selectivity of C2-hydrocarbons (e) unaccounted carbon and CO2 production 

with 2% Fe loaded eggshell catalyst ...........................................................173 

Figure 5.7 Effect of catalyst reactivation on (a) conversion of methane (b) selectivity of 

C2-hydrocarbons and carbon oxides (c) selectivity of CO2 and unaccounted 

carbon with 2% Fe loaded eggshell catalyst ...............................................178 

Figure 5.8  Representation of secondary collision of intermediate products of interest to 

undergo complete oxidation into CO2 ................................................................................... 182 



1 

 

 

 

 

CHAPTER 1: Literature Review 

Abstract: 

Methane gas found abundant in the universe in natural gas and in biogas generated through 

anaerobic digestion has gathered significant attention as an energy source as well as a green 

house gas contributing towards global warming. Its use as an energy source is bound with 

several drawbacks including the high costs associated with transportation of the gas and its 

storage requirements. Conversion of methane into organic solvents would be a potential 

solution. However, methane being a highly stable molecule requires energy intensive 

reactions for its conversion. Several strategies including homogeneous gas phase reactions, 

heterogeneous catalytic reactions, biocatalysis and photocatalysis have been employed with 

no significant commercial success from several decades. The strongly believed low 

temperature heterogeneous catalysis approach for enhanced methane conversion and 

enhanced selectivity towards various products of interest have been discussed here.  

Keywords: Methane, selective oxidation, heterogeneous catalysts, metal oxides, methanol, 

formaldehyde. 

1.1 Introduction 

High inertness of alkanes that form significant portion of the petrochemical industry has not 

allowed many practical technologies to be formulated and developed (Labinger et al., 2002). 

Energy intensive reactions are inevitable to activate the stable alkane molecules and convert 

them into other valued products. Fuel processing either involves hydrocarbons like methane, 
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propane, butane and higher hydrocarbons or the liquid alcohols like methanol, ethanol, 

butanol etc. (Joensen et al., 2002). Formulating an efficient and economical process to 

convert methane into more useful products is the major challenge in the current scenario.  

Methane is also known to be generated in anaerobic digestion of several agricultural residues 

under the action of anaerobic microorganisms (Parawira et al., 2008). The methane thus 

synthesized will be quantitatively low when compared to that available in natural gas 

sources, but can be purified and used as a domestic and transport fuel or as a raw material for 

synthesis of value added products through oxidation. Yet the transportation of synthesized 

gas remains an unresolved problem in either case. Currently the production of vital 

petrochemicals, especially oxygenates like alcohols, aldehydes and carboxylic acids using 

methane or higher alkanes as raw material, is carried out in multistep process via unsaturated 

olefins as intermediates (Labinger et al., 2002).  

Thus conversion gaseous methane directly into C2- hydrocarbons, methanol or aromatics has 

become a prime focus in catalysis (Holmen 2009). The process developed by Baden Aniline 

and Soda Factory (BASF) in 1923 ruled the methanol production for over 45 years. It was 

actually represented as “high pressure” process for its operating conditions of 250-350 bar 

and 320-450⁰ C until Imperial Chemical Industries (ICI, now Synetix) improved the process 

using Zn based catalyst to bring down the operating conditions to 35-55bar and 200-300⁰ C 

(Tijm et al., 2001). Different strategies of methane conversions have been summarized 

briefly in Fig 1.1. Since methanol being the initial product of methane oxidation, retains most 

of the original energy of methane and meets the requirements of a transportation and storage 
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of fuel materials, it is being signified as the prime desirable product from methane oxidation 

(Fleisch et al., 2002). Methane can be converted into multiple products of interest; in the 

present literature review we will emphasize more on its conversion into products of oxidative 

coupling of methane as well as partial oxidation of methane. 

 

 

Figure 1.1: Methane and its end products. (Adapted from Holmen, 2009) 
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Methane conversion can be visualized in indirect and direct routes as shown in Fig 1.2 

below. 

 

Figure 1.2: Methane conversion in direct and indirect routes (Zhang et al., 2003). 

1.2 Approaches for Methane Conversion 

Two major approaches to convert methane into chemicals, either via synthesis gas or directly 

into C2- hydrocarbons or methanol have been investigated predominantly (Holmen, 2009). 

Almost all of the current commercial scale natural gas conversion involves synthesis gas 

besides the existence of other methods of converting methane. The choice of technology for 

synthesis gas production from methane depends on the downstream application. The direct 

conversion has its own set of potential difficulties including high C-H bond energy of 425 

kJ/mol, absence of any functional group, magnetic moment and polar distribution in 

methane, which may have facilitated reactants’ attack to make the conversion process 

attainable at moderate reaction conditions (Holmen, 2009). And hence it is anticipated that 

catalysis has a crucial role in most processes for methane conversion. Broad spectrum of 
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catalytic strategies has been formulated including homogeneous, heterogeneous and 

photocatalytic materials (Labinger et al., 2002; Holmen, 2009; Taylor et al., 2000). There are 

approaches to bring down the cost of methane conversion by ascertaining different catalytic 

materials that can convert methane to syngas at lower costs so that the total cost to produce 

oxygenates can be brought down (Bouwmeester, 2003 Tsang et al., 1995 Choudhary et al., 

1992). However these discoveries though may prove effective in the currently employed 

process, will not be competitive if an effective direct conversion method of methane into 

oxygenates is discovered. 

1.2.1 Catalytic Conversion 

The non catalytic conversion of methane includes thermal cracking and high temperature 

pyrolysis to convert methane into different form of products (Holmen, 2009). Autothermal 

reforming (ATR) is also a significant way of partial oxidation, which involves a combination 

of noncatalytic oxidation and steam reforming (Joensen et al., 2002). Noncatalytic 

conversions of methane into methanol and formaldehyde through homogeneous gas phase 

partial oxidation have been reported by several researchers (Foulds et al., 1992). They 

generally include energy intensive reactions which demand for higher temperature and 

pressure working conditions. Gas phase studies do not seem to be providing precise 

mechanisms, energetics and kinetics in contrary to that of condensed phase studies or direct 

transfers. However, experiments performed under well defined conditions and coupled with 

computational investigations, have been proved meaningful to signify a conceptual 

framework to study the reactions (Schwarz, 2011). Temperature seems to have high influence 
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on methane conversion technology compared to other working conditions. Variation of 

Gibb’s free energy with temperature has been summarized in table 1 below (Zhang et al., 

2003).  

Table 1.1: The Gibbs free energies of reaction at different temperatures. Reproduced with 

permission from (Zhang et al., 2003).  

 

 

However, the most important advantage of using a catalyst over a noncatalytic reaction for 

conversion of methane into other chemicals would be attaining high selectivity. Haber et al. 

(2003) states that role of a catalyst is to accelerate one of the several alternative pathways of 

a reaction which is thermodynamically challenging to procure the desired products (Haber et 

al., 2003). Broad spectrum of catalysts has been investigated for selective oxidation of 

methane and the property of catalyst would vary according to the end product. Bacterial 

enzymes are reported to be effective towards selective oxidation of alkanes at physiological 

temperatures and pressures yet with no significant applicability at large scale conversion. 



7 

 

 

 

 

Despite this limitation, enzymatic catalysts are studied extensively to understand the basic 

mechanism of alkane oxidation to produce a chemical catalyst that can mimic the enzyme 

(Labinger et al., 2002; Smith et al., 2004). Methane monooxygenase found in methanotrophic 

bacteria are known for oxidizing methane at physiological temperature. They are made of 

proteins with dispersed iron and copper centers which, hence has made many researchers to 

believe that iron or copper based heterogeneous catalysts would be more effective for 

selective methane oxidation (Smith et al., 2004; Wang et al., 2010; Yoshizawa et al., 2006). 

However there exists a contrast of opinion as several researchers seem to be optimistic about 

platinum based catalysts for selective oxidation of methane (Periana et al., 1998; Kua et al., 

2002). Steam reforming is one of the major sectors of hydrocarbons conversion and it is 

catalyzed by group VIII metals, with Ni being the most cost effective (Joensen et al., 2002). 

Steam reforming of methane in particular is reversible and strongly endothermic. Parkyns 

(1990) reports that the current steam reforming technology for converting methane into 

valued oxygenates is energy intensive with a 65% thermodynamic efficiency (Foulds et al., 

1992). 

Oxidation of organic molecules (hence methane) is in most of the cases believed to occur by 

the Mars-van Krevelen mechanism, in which catalyst oxidizes the organic molecule loosing 

an oxygen and will be regenerated by oxidation from gas phase oxygen  as depicted in Fig 

1.3 (Haber et al., 2003). They further suggest that, ability of transition metal oxides to exhibit 

change in electronic states of metals in a broad spectrum, make them more applicable as 

active and selective catalysts. According to Haber et al., (2003), the charge on the reacting 
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Adsorption Oxidation 

Product 

recovery 

molecule influences the reaction pathway in electronic theory of catalysis. They believe the 

oxidation mechanism reaction of organic molecules as chemisorption of reactant on solid 

catalyst followed by the exchange of electrons (redox reactions) between the two and 

reoxidation of catalyst from gas phase oxygen. 

 

 

 

 

 Oxygen        

 Organic molecule (methane) 

 Oxygenated product (methanol/formaldehyde) 

Figure 1.3: Schematic representation of catalytic oxidation. 

To meet the requirement of selective oxidation, Grasselli (2002) defines his seven principles 

stating them as ‘seven pillars’ that include emphasis on role of lattice oxygen, metal-oxygen 

bond strength, host structure, redox potential, multi- functionality of active sites, site 

isolation and phase cooperation necessary for selective heterogeneous oxidation (Grasselli, 

2002). He further states that an effective catalytic system for selective oxidation would be the 

one having 

 Lattice oxygen atoms dispersed in the host structure with moderate metal-oxygen 

bond strength 

Catalys

t 

Catalys

t 
Catalys

t 
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 High capability of host structure for replenishment of lattice oxygen (redox potential) 

from dioxygen of air by accommodating anionic vacancies & lattice oxygen diffusion 

and 

 Multifunctionality of active sites.  

He believes that lattice oxygen groupings having more than five adjacent oxygens on the 

surface of catalyst produce only waste products like carbon oxides (CO and CO2) and single 

oxygen can only abstract an α- hydrogen to form an allyl and surface hydroxide group. If in 

case these key catalytic properties cannot be achieved, exploiting multiple phases and their 

combination would be an ideal approach. Further, Cullis (1967) suggests for a catalyst 

bearing high pore diameter and low surface area for selective partial oxidation by 

overcoming overoxidation into carbon dioxide (Cullis, 1967). 

1.2.2 Dehydrogenation of Methane 

Understanding the significance of dehydrogenation of methane was justified by the 

conclusions of M. Pavlov et al. (1997) that the methylene complex can serve as an 

intermediate for the conversion of methane into formaldehyde through metal mediated 

conversion mechanism (Schwarz, 2011).  

The general mechanism can be portrayed through following chemical reactions.  

 CH4 + [M]    CH2-[M] + H2       (1) 

 CH2-[M] + [O]   CH2O + [M]       (2) 
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 CH4    CH2 + H2        ΔH = 111 kcal/mol   (3) 

[M] Represents a metal mediator and [O] representing an oxidant. 

However, dehydrogenation is thermochemically possible only if the metal-methylidene bond 

energy (CH2-[M]) exceeds the heat of dehydrogenation and this can be accomplished only by 

some of the 5d elements including Ta, W, Os, Ir and Pt as observed from the work of X 

Zhang and H. Schwarz (Schwarz, 2011). On the other hand direct conversion of methane into 

methanol (and hence further into other chemicals like formaldehyde, acetic acid and olefins) 

demands abstraction of hydrogen atom before the reaction proceeds to oxidation. Lunsford 

(1986) hypothesis for oxidative coupling of methane over lanthanum oxide has been 

discussed more in the past. It explains the conversion of methane into ethane through a cycle 

of interactions that include activation of methane, product formation and regeneration of 

catalyst. The abstraction of hydrogen from methane forms the first step in the Lunsford 

mechanism of oxidative coupling of methane (OCM) as well (Schwarz, 2011). (TiO2)1–5
+
, 

(ZrO2)1–4
+
, (HfO2)1–2

+
, (V2O5)1–5

+
, (Nb2O5)1–3

+
, (Ta2O5)1–2

+
, (MoO3)1–2

+
, (WO3)1–3

+
, and 

Re2O7
+
 early transition metal oxides’ cluster cations have been studied for hydrogen 

abstraction from methane near room temperature (300-400K) with a suggestion of 

involvement of O
•
 radical in the mechanism (Zhao et al., 2010). They further reported that 

while (CrO3)1-2
+
 cannot activate methane unlike (MoO3)1-2

+
 & (WO3)1-2

+
, V10O25

+
 is the 

largest identified metal oxide cluster cation to activate methane at low temperature. 
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1.2.3 Oxidative Coupling of Methane (OCM) 

Petrochemical industry with predominant use of ethylene and higher hydrocarbons has 

gathered more attention of researchers to formulate an effective catalytic process for 

oxidative coupling of methane from several decades (Lunsford 1995; Amenomiya et al., 

1990; Keller & Bhasin 1982).  OCM actually includes the reaction of methane with oxygen 

over a solid catalyst to form ethane (C2H6) which on further dehydrogenation will yield 

ethylene C2H4.  

2 CH4 + ½ O2  C2H6 + H2O         (4) 

But this method is associated with a problem where the active sites of catalyst will also 

activate C-H bond in C2H6 & C2H4 to form CO2 as the end product (Holmen, 2009). It is 

further proposed that oxidative coupling being an exothermic reaction apart from the 

production of CO2 also reduces the selectivity and causes problem of engineering 

management. Several catalysts have been studied for oxidative dimerization of methane. Low 

melting metals of group IIIA, IVA, VA and Mn of VIIB and Cd of IIB are reported to be 

effective catalysts for OCM from pioneering work of Keller & Bhasin (1982). Nevertheless, 

with further advanced research alkali and alkali earth metal compounds were also concluded 

to be exhibiting high catalytic activity for OCM (Amenomiya et al., 1990).  

 

 



12 

 

 

 

 

1.2.4 Partial Oxidation of Methane to Methanol & Formaldehyde 

The major advance in methane conversion technology will be justified by the discovery of a 

direct route of its conversion into methanol and formaldehyde at ambient conditions 

(Schwarz, 2011). Besides the contrast of opinion regarding mechanism of formation of 

formaldehyde, both formation of methanol and formaldehyde are interlinked closely with 

oxidation of methane (de Vekki et al., 2008). While most of the researchers agree on the 

mechanism involving radical (CH3
•
) formation at high temperature, ionic conversion of 

methane into methanol at room temperature has been suggested on the other hand (Khokhar 

et al., 2009). As discussed earlier several potential hurdles are associated with methane to 

methanol conversion processes among which the following are considered to be of prime 

importance: 

1) Stability of methane which requires high energy to break the C-H bond 

2) Low conversion rates and low selectivity 

3) Reactive products which tend to get overoxidized 

Since methanol is used as a raw material for synthesis of several organic solvents and other 

chemicals, essentiality of a direct route of methane conversion into methanol with moderate 

cost has triggered huge amount of research interest in catalysis. However, no significant 

breakthrough at the commercially applicable stage has been reported from several decades. 

And because of several potential problems associated with current conversion via synthesis 

gas, the process is still considered to be very expensive. 
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The major focus of chemists working for effective conversion of methane into methanol is to 

mimic the function of the reaction center of Methane monooxygenase (MMO) enzyme 

having oxygen bridged diiron cluster (Schwarz, 2011). Hence catalyst materials ranging from 

metal oxides, light (photocatalytic) and biological cells or enzymes have been studied 

extensively for methane conversion technology (Holmen, 2009; Choudhary et al., 1992; 

Schwarz, 2011; Wang et al., 2010; Michalkiewicz et al., 2008; Taylor et al., 1995; Gondal et 

al., 2003; Gondal et al., 2004; Palkovits et al., 2009). It has been further suggested that using 

organometallic catalytic activation would be a promising approach for the reaction that 

involves a product bearing a reactive functional group (Labinger et al., 2002). 

1.3 Catalysts 

1.3.1   Transition metals 

Because of their flexibility and quick variations in oxidations states, transition metal oxides 

have always been of significant interest in catalytic oxidation (Haber et al., 2003). Many 

transition metal ions or oxide clusters supported on silica have been studied for methane 

conversion, including V, Cr, Mn, Fe, Co, Ni, Cu, Mo, W to report that highly dispersed Cu
2+

 

ions and FeOx clusters on silica (SBA-15) witnessed significant conversion and selectivity 

for formaldehyde (Wang et al., 2010). Transition metal oxides are also known to be effective 

for OCM at relatively high temperature working conditions (Hatano et al., 1988, Shiota et al., 

2000; Amenomiya et al., 1990). Due to the low cost and excellent partial oxidation ability, 

Nickel based catalysts are gaining more importance in preparation of catalysts for methane 
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activation (Berrocal et al., 2010). Further Nickel when supported on different catalyst 

supports is known for its dynamic behaviour. Nickel supported over alkali metal oxides has 

been reported to be active for both OCM as well as for partial oxidation into syngas (Hatano 

et al., 1988; Choudhary et al., 1992). Ni
+
 has been reported to be efficient catalyst when 

compared to Pd
+
 and Pt

+
 for oxidizing methane into methanol using ozone as oxidizing agent 

at room temperature (Božović et al., 2010). In addition to Nickel based catalysts, CuO 

clusters dispersed on alkali metal supports and ferrosphoeres made of 36-93% Fe2O3 have 

been reported to be highly active for OCM (Hatano et al, 1988; Vereshchagin et al., 2011). 

H. Schwarz while discussing the fundamentals of much highlighted Two State Reactivity 

(TSR) for methane to methanol conversion through metal oxides, points it out that the 

reaction that would be feasible economically with lowest energy demand involves a cross 

over from high spin in reactants to low spin in intermediates and reverting back to high spins 

in products (Schwarz, 2011). He further states based on the two state reactivity that CuO
+
 

would be one of the most powerful hydrocarbon oxidants, but all the approaches to generate 

its reagent in the gas phase and subject it to catalytic conversions of methane have failed till 

date because of lower bond dissociation energy of Cu
+
-O=37.4 kcal/mol. Direct oxidation of 

methane has also been studied in plasma reactors over Cu-based catalyst (Huang et al., 

2011). They concluded that plasma-catalytic system demonstrates better methane conversion 

than catalytic system in the employed temperature range of 50-300⁰ C. Dielectric barrier 

discharge method of methane conversion is also gaining more importance because of its 

energy efficiency (Huang et al., 2011; Nozaki et al., 2011; Indarto, 2008). The majority of 
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the employed energy in the dielectric barrier discharge plasma is used to generate energetic 

electrons activating the feed gas than heating the reactor (Huang et al., 2011).  

1.3.2 Alkaline earth metals  

Alkaline metals and metal oxides and in particular calcium is being studied extensively for 

various catalytic properties with a broad spectrum of catalytic applications (Hill, 2009).  

Alkali metal oxides coupled with transition metal oxides have been tested to investigate 

OCM as well as partial oxidation of methane into syngas or other oxygenates (Amenomiya et 

al., 1990; Lunsford 1988; Hatano et al., 1988; Choudhary et al., 1992). Alkali dopants 

especially potassium in case of oxidative dehydrogenation of propane are reported to be 

effective for enhancing selectivity of catalyst V2O5/TiO2 (Haber et al., 2003). Tin containing 

catalysts (M-Sn-O/α-Al2O3 and M-Pb-Sn-O/α-Al2O3) were modified with addition of alkaline 

earth metals to improve oxidative dimerization of methane (Kurzina et al., 2003).  

CaO as a catalyst is known to have several advantages like higher activity, exhibiting proper 

activity in mild working conditions, low catalyst cost and long catalyst lifetimes (Boey et al., 

2009). Extensive work emphasizing CaO catalyst for OCM has been reported in the past. 

Reaction mechanism involving different active centers (O
-
/O2

-
) has been proposed to occur 

on CaO catalyst both in its pure form and when used with alkali metal dopants (Lunsford 

1995; Maiti 1998). Reaction of alkaline earth metal oxide ions CaO
+
, SrO

+
, BaO

+
 with 

methane have been studied experimentally at 295K & 0.35 torr in helium environment and 

with quantum chemical methods in presence of ozone (O3) and nitrous oxide (N2O) (Božović 
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et al., 2009).  They concluded that efficiency for O-atom transfer increases down the periodic 

table with measured rate coefficients being 2.9 x 10
-10

 cm
3 

molecule
-1 

s
-1

 for CaO
+
, 9.8 x 10

-11
 

cm
3 

molecule
-1 

s
-1

 for SrO
+ 

and 1.1 x 10
-11

 cm
3 

molecule
-1 

s
-1

 for BaO
+
. Based on the 

thermochemical data they further reported that transfer of O-atom to methane to form 

methanol from CaO
+
 & SrO

+
 was exothermic by 11.8 ± 7.2 kcal/mol and 9.6 ± 7.6 kcal/mol 

respectively, where as the transfer reaction was endothermic by 12.5 ± 4.6 kcal/mol for 

BaO
+
.
 
 

1.3.3 Hetero poly acids   

In addition to the solid catalysts, hetero poly compounds are also well known for selective 

oxidation of organic molecules (Mamoru, 1981; Passoni et al., 1997; Okuhara et al., 2001). 

Min et al. studied the selective oxidation of methane into formic acid catalyzed by heteropoly 

compounds having formulas MxCs2.5H0.5-2x+yPVyMo12-yO40(M=Pd
2+

, Rh
2+

, Ru
2+

, Pt
2+

, Mn
2+

, 

Hg
2+

, Fe
3+

, Co
2+

, Cu
2+

; x=0-3, y=0-3) to demonstrate that addition of Pd and incorporation of 

V influenced the oxidation process with a H2-O2 gas mixture and Pd0.08Cs2.5H0.34PVMo11O40 

showed the highest yield of methane oxidation into formic acid (Min et al., 2001). They 

further reported that as the reaction proceeded from 423-593K, the reaction rate was 

enhanced. Heteropoly acid-based supported ionic liquid phase catalyst has been reported to 

selectively oxidize alcohols into aldehydes and ketones by preventing overoxidation of the 

alcohols into carboxylic acids (Bordoloi et al., 2008). Okuhara et al (2001) reports that the 

strength of heteropoly acid H3PW12O40, is higher than that of H2SO4 in liquid-state and that 

of H-ZSM-5 in solid-state (Okuhara et al., 2001). This is significant to consider for selective 
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methane oxidation as the most highlighted result of methane oxidation into methyl bi sulfate 

in the H2SO4 medium has reported to be with a conversion of 90% at a selectivity of 81% by 

Periana et al. (Periana et al., 1998). Heteropolyacids with an optimized formulation for 

selective oxidation of methane appear to be promising to attain high conversion and high 

selectivities. 

1.4 Factors influencing Methane Conversion and Product Yields 

1.4.1 Temperature 

Effect of various operating conditions on methane conversion has been studied extensively in 

the past. Methane oxidation is thermodynamically feasible and it is clear from table 1 that the 

Gibbs free energies vary with different temperatures. The data further signifies that formation 

of carbon oxides is relatively more favored than methanol (Zhang et al., 2003). On the other 

hand OCM is also associated with an exothermic reaction which apart from enhancing CO2 

production also reduces the selectivity and causes problem of engineering management 

(Holmen, 2009). Irrespective of the use of a catalyst, partial oxidation of methane is affected 

by the variations in temperature range employed (Thomas et al., 1992; Sohrabi et al., 2008). 

Sohrabi et al concluded that gas flow rates had less profound effect on rate of reaction when 

compared to that of increased temperature which produced 5 folds conversion rate for an 

increase of 50⁰ C (Sohrabi et al., 2008). However because of the large margin of variability 

in the reports with variable catalysts and working conditions, a generalized opinion about the 

temperature effect on methane partial oxidation is difficult to portray. As a matter of 
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experimental evidence it can be concluded that temperature seems to have a positive 

correlation with methane oxidation according to the catalyst and working conditions 

employed. However, it will have a negative impact on selectivity of products of interests as 

their bond energy stays low and hence tends to get overoxidized to form carbon oxides 

(COx).  

1.4.2 Pressure 

Arutyunov has presented extensive information about the role of pressure on the partial 

oxidation of methane into methanol with available experimental data and results of kinetic 

simulations. He proposes that the effect of pressure on methanol formation relies on the 

reactor material and its size along with the time of reaction defined as the time necessary for 

the complete conversion of oxygen under experimental conditions (Arutyunov, 2004). He 

further summarizes based on the available data in the literature that high total pressure from 

50-100 atm along with high CH4:O2 ratio are key conditions to achieve high selectivity 

towards methanol. Besides the contradictory reports of different behavior of the methane 

oxidation with pressure, there appears to be some agreement to conclude that methanol 

selectivity increases with increase in pressure at low pressure operating conditions and it 

diminishes at high pressures (Foulds et al., 1992). Further, it has been reported that reduction 

in pressure results in considerably enhanced production of CO with slight increase in 

products of OCM and formaldehyde. 
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1.4.3 Gas flowrates 

It is now a generalized understanding that the residence time for the gases in the reactor 

should be minimal to prevent excessive oxidation of methane. To the best of our knowledge, 

not much of the recent research has been focusing on gas flow velocities and their effect on 

methane partial oxidation. It has been predicted from the data that increasing gas flow rates 

and hence reducing their residence times had significantly enhanced methanol selectivity in a 

noncatalytic gas phase partial oxidation of methane on quartz reactor at 440⁰ C and 20 bar 

(Thomas et al., 1992). However, there are reports from the literature to support that gas flow 

rates will not have significant effects when compared to temperature or pressure, besides 

enhancing methanol selectivity to some extent. Sohrabi et al. studied the effect of different 

gas flow velocities at 450 and 500⁰ C to conclude that increase in volumetric flow rates from 

350 to 1200 h
-1

 reduced the conversion rate for methane but enhanced the selectivity for 

methanol and formaldehyde to some extent with no significant influence on CO2 selectivity 

(Sohrabi et al., 2008). Nevertheless feed flow rate still remains one of the influencing factors 

for methane to methanol oxidation especially in regard to methanol selectivity. Foulds et al. 

(1995) conclude that methane conversion does not essentially depend on gas flow rate 

(Foulds et al., 1992).  

1.4.4 Catalyst properties  

Several researchers suggest the lack of adequate available information on the catalyst 

properties to compare the corresponding conversion efficiencies from the past literature 
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(Sohrabi et al., 2008). However, catalyst compositions are frequently reported and have been 

compared to the available experimental data.  

1.4.4.1 Size and structure  

Sohrabi et al. (2008) suggested that increased particle size of catalyst will enhance pore 

diffusion and hence causing a decrease in rate of reaction with lower methane conversions. 

They further conclude that catalyst pallets of diameters less than 3 mm, demonstrate an 

effectiveness factor close to unity to indicate higher conversion rates without diffusional 

constrains. Taylor et al. (1995) studied wide range of metal oxides listed in table 1.2 to report 

methanol stability and hence its selectivity towards respective oxides. They report no 

correlation between nearest metal-oxygen distance, nearest oxygen-oxygen distance, unit cell 

volume and metal ionic radius, as metal oxides exhibit different valencies and broad range of 

surface structures along with different crystallographic systems (Taylor et al., 1995). It has 

also been suggested that catalyst bearing high pore diameter and less surface area are ideal to 

prevent consecutive reactions of oxidation to form waste products like CO and CO2, hence 

enhances the selectivity for desired partially oxidized products (Cullis, 1967). Packings have 

also been studied for using them to either reduce the residence time of gases or to act as a 

catalyst for oxidation reaction (Foulds et al., 1992).  

1.4.4.2 Nature 

 It has been observed that acidic materials like Al2O3, Ga2O3, TiO2, and ZrO2 inclined to 

produce dimethyl ether from methanol with exception for WO3, where as alkaline catalysts 
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like MgO, CaO and lanthanide sesquioxides inclined more towards carbon oxides and 

formaldehyde (Taylor et al., 1995). Further reports suggest absence of correlation between 

affinity of an oxide for methanol conversion and basicity of catalyst as well as the absence of 

significant influence of electrical conductivity characteristic of the catalyst on methanol 

conversion. Ahlquist et al. suggest that having a concentrated acidic medium for methane 

oxidation will produce high activity and this also is a key for achieving high yields and 

selectivities (Ahlquist et al., 2009). 

1.5 Hurdles of Methane Oxidation 

1.5.1 Conversion rates versus selectivity 

For obvious reasons like low bond energy and high polarity of methanol, majority of the past 

research witnessed high methane conversion with low selectivity with very few exceptions. 

We believe that there needs to be a compromise between the reaction rate for methane 

conversion and selectivity factor of methanol. And we see little or no research being focused 

on optimizing this relationship in the literature. Rather different authors present different sets 

of opinions backing them up with experimental data to make the direct conversion of 

methane an unrevealed mystery. It has been suggested that no significant oxidation of 

methane occurs below 600⁰ C where as the partial oxidation products like methanol, 

formaldehyde and >C2 hydrocarbons will decompose at significantly lower temperatures 

which makes it difficult to attain high yields or selectivities (de Vekki et al., 2008). Several 

strategies have been reported at various parts of this paper including catalytic properties and 
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structure, surface reactions, product protection, effect of pressure and temperature and 

continuous removal of product from the reactor to achieve a breakthrough with high yielding 

methane oxidation process (Labinger et al., 2002; Schwarz, 2011; (Grasselli, 2002; Cullis, 

1967; Taylor et al., 1995; Gondal et al., 2003; Thomas et al., 1992; Sohrabi et al., 2008; 

Arutyunov, 2004; Ahlquist et al., 2009; Shiota et al., 2000). Based on the literature it can be 

concluded that most part of this research is devoted on using metal oxides like FeO, CuO, 

NiO, PtO, PdO, MoO/SiO2, V2O5/ SiO2, MgO, Al2O3, TiO2, ZnO, CdO, CeO, WO3, Sb3O3, 

Ta2O5, Nb2O5, CrO, ScO, MnO, CoO
 
and few others.  

1.5.2 Overoxidation  

Target products bearing an oxygen atom exhibit high polarity which makes them more likely 

to readsorb on catalyst or reactor wall than methane to oxidize completely into carbon oxides 

(Zhang et al., 2003). Hence it is of utmost desirability that one should use a catalyst for 

which methanol will exhibit more stability with no further conversion into carbon oxides. On 

the other hand a study for methane conversion in supercritical water suggests that presence of 

methanol in the reactor accelerates rate of methane oxidation as reactive intermediates (HO2 

and OH radicals) produced during methanol oxidation can attack methane to reduce the 

overall yield (Savage et al., 2000). Taylor et al. (1995) via their methanol conversion studies 

into carbon oxides, formaldehyde and dimethyl ether has reported several significant 

observations as summarized in table 1.2. 
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Table 1.2: Various oxides and their selectivity towards methanol (summarized from Taylor 

et al. (1995)). 

Oxide Observations 

Bi2O3, CdO, CuO, Cr2O3, PbO Showed high methanol conversion into  carbon 

oxides at relatively low temperature  

CaO, CeO2, Gd2O3, La2O3, MgO, Mn2O3, 

Nd2O3, NiO, Pr6O11, Sm2O3, SnO, Tb4O7, 

Y2O3, Yb2O3, ZnO 

Carbon monoxide selectivity was considerably 

higher but with some low conversion ranges. 

Some selectivity towards oxygenated products 

like formaldehyde was observed particularly 

with MgO, Mn2O3, NiO, La2O3 

Al2O3, Co3O4, Fe2O3, Ga2O3, SiO2, TiO2, 

V2O5, ZrO2, 

Considerable selectivity for formaldehyde and 

dimethyl ether was observed with carbon 

oxides being produced exclusively above 400⁰ 

C. In particular Co3O4, Fe2O3, V2O5 generated 

formaldehyde and Al2O3, Ga2O3, TiO2, ZrO2 

produced dimethyl ether. 
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Table 1.2 (Contd):  

Nb2O5, Ta2O5, WO3 At all ranges of conversion, high selectivity 

towards oxygenated products dimethyl 

ether and formaldehyde was observed. 

When low temperature conversions 

exhibited high selectivity towards dimethyl 

ether, increase in temperature drifted the 

selectivity towards formaldehyde and 

carbon oxides. At highest temperature the 

highest selectivity observed was for 

formaldehyde  

MoO3 Drastic increase in methanol conversion 

was observed from 0% at 300⁰ C to 90% at 

500⁰ C, with highest selectivity for 

formaldehyde throughout the conversion 

range. 

Sb2O3 Significant methanol stability was observed 

with very low conversion throughout the 

temperature range. Yet 250 – 400⁰ C range 

witnessed exclusive selectivity towards 

dimethyl ether. 
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1.6   Future Perspectives 

1.6.1 Catalyst design and tuning 

Relatively less research strategy has been focusing on the effect of using combination of 

different metal oxides simultaneously. We propose that this may help understanding if the 

competition of the metal oxides to oxidize methane can be exploited to have a balance 

between catalyst activity, methane conversion and selectivity for target products. This indeed 

may provide a system of controlled and selective oxidation. However, attempts have been 

made to disperse the FeOx clusters and Cu
2+

 ions on silica to improve catalytic oxidation of 

methane where, mesoporous silica (SiO2) supporting FeOx is reported to have improved 

catalysis for methane oxidation into formaldehyde (HCHO) (Wang et al., 2010).  Cu-based 

catalysts CuO/Al2O3 and Mo-CuO/ Al2O3 have also been studied in plasma reactor to 

understand methane oxidation to methanol (Huang et al., 2011). Synthesis of structured egg-

shell catalysts is being conceived from several years for selective oxidation (Patcas et al., 

2001). As stated earlier, alkali metal oxides coupled with transition metal oxides have also 

been investigated for oxidative coupling of methane (Amenomiya et al., 1990; Lunsford 

1988; Hatano et al., 1988). Developments in molecular catalysis and high performance 

polymer frameworks formed by trimerization of aromatic nitriles in molten ZnCl2 appear to 

be promising for development of new heterogeneous catalysts for effective oxidation of 

methane (Palkovits et al., 2009).  
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1.6.2 Temperature gradient system 

Since lowering the temperature will enhance methanol selectivity because of its lower 

activation energy of formation, we believe that applying temperature gradient coupled with 

multiple catalyst combination in the reactor would be a promising approach. This system 

indeed can play a crucial role in enhancing the methanol yields with enhanced methane 

conversion via high temperature zones and lower temperature zones for enhanced methanol 

selectivity. Besides the difficulty of designing such a temperature gradient system with 

strong line of temperature demarcations, the proposed system is practically conceivable as 

similar setups are being used in many processes like fractional distillation. This approach 

appears to be promising as few similar studies have already been done for production of 

oxygenates from methane (Omata et al., 2002). 

1.6.3 Product protection 

Protection of the target product via change in formulation or quick removal from the reactor 

reducing its residence time or producing catalysts over which oxygenates remain inherently 

stable tends to be attractive areas of research (Schwarz, 2011). Triggered by the development 

of a platinum bipyrimidine complex catalyst by Periana (1998) and with its success story, 

major amount of research now is inclined towards protecting the product methanol in 

different formulation like methyl bisulfate (CH3OSO3H) using sulfuric acid medium or as 

methyl trifluoroacetate (CF3COOCH3) in trifluoro acetic acid anhydride medium to address 

the low selectivity hurdle of direct methane oxidation into methanol (Wang et al., 2010; 
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(Ahlquist et al., 2009). This process is indeed efficient as methyl bisulfate can be easily 

converted into methanol on hydrolysis. 

CH4 + 2 H2SO4    CH3OSO3H + 2 H2O + SO2      (5) 

CH3OSO3H + H2O        CH3OH + H2SO4     (6) 

SO2 + ½ O2 + H2O     H2SO4       (7) 

Net: CH4 + ½ O2     CH3OH      (8) 

However, separation of methyl bisulfate from H2SO4 medium to convert it further into 

methanol by hydrolysis is a challenge which indeed hinders the commercial application of 

this discovery. A solid catalyst with ease of separation and reusability will prove beneficial 

with the above proposed mechanism.  

1.6.4 Quick & continuous removal of methanol from reactor  

Almost all researchers signify the partial oxidation products of methane as intermediates of 

complete oxidation reaction. As it is a known fact that as residence time for target products 

increases, the possibility of their overoxidation to produce carbon oxides will be more. 

Lower internal pore structure in the catalyst is one more desired characteristic for controlled 

oxidation (Cullis, 1967). It will enhance the expulsion of product from the catalytic bed by 

reducing number of collisions on the pore walls before expulsion, which if not may increase 

the possibility of overoxidation because of increased residence time. The author further 
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suggests that a reactor containing intimate mixture of homogeneous reactants along with 

finely divided solid catalyst will provide a balance adsorption of reactants and desorption of 

products to significantly enhance the selectivity for desired products. 

1.7 Conclusion 

With tremendous potential demand and associated difficulties for methane conversion into its 

oxygenates in a controlled and selective oxidation system, chemists, physicists and biologists 

all around the globe are motivated to look for a direct conversion method that could be 

marked as breakthrough of the millennium. It is most likely to state that direct conversion of 

methane into oxygenates is the most diversely approached research topic ranging from 

homogenous gas phase reactions and heterogeneous catalysis to biocatalysis and 

photocatalysis yet with no significant success at the commercial scale. Catalysts composing 

iron, copper, platinum and nickel appear to be promising in the near future. However, since 

actual mechanism of methane oxidation still accompanies significant amount of disagreement 

among researchers because of highly varying experimental data, it would be too early to 

make a prediction for the success of a particular metal oxide as a catalyst for methane 

oxidation. On a different frame biocatalysis and photocatalysis are in competition with 

heterogeneous catalysis which if found successful at commercial scale, will probably 

dominate the current employed methods because of associated relatively lower costs. Lower 

yields and design complications are hindering the application of microbial cells and 

photocatalytic systems. Developments in molecular catalysis with proper tools to design 

catalysts have now taken the research of direct methane oxidation to next level. With the 
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amount of ongoing research it now appears that methanol production from direct partial 

oxidation of methane soon will be practical at commercial scales. Significant part of cost 

associated with methane conversion can be further assessed and can be reduced by utilizing 

catalysts that can be exploited from a waste source which can shift the cost associated with 

waste management to be utilized for a process development hence adding value to the waste. 
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CHAPTER 2: Calcined Eggshell Catalyst for Selective Oxidation of Methane  

Abstract 

 

CaO active phase obtained after calcination of eggshell was tested for selective methane 

oxidation at 650⁰ C. Eggshell catalyst led to production of higher hydrocarbons (C2-C7) via 

oxidative coupling at an average fractional methane conversion of ~30%.  Several factors 

including in situ oxygen concentration, flowrate and temperature were observed to influence 

both factional methane conversion and product selectivity. Catalyst characterization showed 

enhanced porosity and surface area upon calcination. Surface deformation was observed in 

spent catalyst due to the physical impact of feed gas. Mechanism for explaining surface 

bound oxidative coupling has been proposed.  

2.1 Introduction 

A dominant part of natural gas and petroleum industry is constituted by alkanes or saturated 

hydrocarbons with very few practical technologies to convert them directly into valued 

products because of their high inertness (Labinger et al, 2002). High inertness requires large 

amount of energy to break down the strong molecular bonds to obtain high-value products. 

Abundant methane availability in remote areas along with its potential use as a raw material 

for fuels and chemicals synthesis has encouraged researchers to explore economical and 

efficient methods of handling methane for industrial and other commercial applications. 

Methane can also be produced by anaerobic digestion of agricultural residues (Parawira et 

al., 2008). However, transportation of methane requires heavy capital investments and is 

hence, proving it to be a constraint in transporting from production areas to the end user. 
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The difficulties associated with selective transformations of alkanes has lead to the 

production of vital petrochemicals, especially oxygenates like alcohols, aldehydes and 

carboxylic acids from unsaturated hydrocarbons like olefins. Olefins are produced through 

energy intensive reactions from saturated hydrocarbons to make the entire process as an 

indirect conversion (Labinger et al., 2002). Thus it has become a prime focus of several 

researchers to convert gaseous methane directly into C2- hydrocarbons, methanol or 

aromatics. 

The direct conversion of methane has several difficulties including high C-H bond energy of 

425 kJ/mol, absence of any functional group, magnetic moment and polar distribution in 

methane, which could have otherwise, facilitated reactants’ attack to make the conversion 

process attainable at moderate reaction conditions (Anders, 2009). Hence catalysis has a 

crucial role in most processes for methane conversion. Wide varieties of catalysts have been 

reported for the conversion of methane into varieties of chemical end products and the 

property of catalyst would vary according to the end product.  

Oxidative Coupling of Methane (OCM), to form higher hydrocarbons (C2-hydrocarbons 

mostly), has gathered enormous attention from decades because of the huge ethylene industry 

(Lunsford, 1995; Amenomiya et al., 1990; Keller & Bhasin 1982). The abstraction of 

hydrogen to activate methane forms the first step in the oxidative coupling of methane 

(OCM) (Lunsford 1995). Pioneering work of Keller & Bhasin (1982) concluded that low-

melting metals of groups IIIA, IVA, VA and Mn of VIIB and Cd of IIB exhibit highest 

activity for oxidative coupling of methane. Large numbers of catalytic materials have been 
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investigated for oxidative coupling of methane, which are divided into three major 

categories, alkali and alkaline earth metal compounds, the compounds of lanthanide and 

actinide metals and other metal compounds (Amenomiya et al., 1990).  

Though it has been suggested that pure alkali metal oxides are unsuitable catalysts because of 

the difficulty in their surface regeneration through dehydration, they have been investigated 

for several decades because of their ability to prevent overoxidation, a unique characteristic 

associated with the presence of non-labile oxide ions (Maiti, 1998). Alkaline metal oxides 

particularly, calcium oxide has gained extensive attention for various catalytic properties 

with a broad spectrum of catalytic applications (Hill, 2009). CaO as a catalyst is known to 

have several advantages like higher activity, exhibiting proper activity in mild working 

conditions, low catalyst cost and long catalyst lifetimes (Boey et al., 2009).   

Eggshell is one such renewable and inexpensive source of CaCO3 that can be easily calcined 

at high temperature (>800 ⁰C) (eq. 1) to obtain CaO (Chojnacka, 2005; Wei et al., 2009). 

Hence, several recent studies utilized eggshells for transesterification reactions (Sharma et 

al., 2010; Wei et al., 2009; Granados et al., 2007). Eggshells have also been used as 

adsorbents in recovery of metals from aqueous solutions (Chojnacka, 2005; Yeddou et al., 

2007; Ishikawa et al., 2002; Vijayaraghavan et al., 2005). But to our knowledge, there is 

limited information on using eggshell as a catalyst for methane oxidation. 

         (1)
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Observed deactivation of CaO catalyst upon reduction to form Ca(OH)2 during catalytic 

conversions can be overcome by its decomposition at 500 ⁰C (eq. 2) (Wei et al., 2009; 

Granados et al., 2007).   

         (2) 

                       (3) 

With a porosity characteristic of type II (macropores or open voids), eggshells appear to be a 

promising approach for controlled methane oxidation meeting the requirements for an 

oxidation catalyst defined by Cullis (1967) (Tsai et al., 2006). Eggshells are known for low 

specific areas which would contribute towards enhancing selectivity for desired products like 

C2-C6 hydrocarbons (C2H4, C3H6, C6H6 etc) and oxygenates (alcohols, aldehydes and 

ketones).  

We are especially interested in eggshell because of the large size of poultry industry in North 

Carolina and most parts of the United States. The US alone produces nearly half million tons 

of eggshells annually (USDA-NASS 2012; Chojnacka, 2005). Based on the surface 

chemistry of the egg shell, we hypothesized that calcined eggshell will catalyze oxidation of 

methane.  Hence, the goal of this research was to evaluate eggshell as a novel heterogeneous 

oxidation catalyst for selective oxidation of methane.  The objectives were to study the (1) 

characterization of the catalyst, (2) effect of flow rates (3) effect of methane: oxygen molar 
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ratio, (4) reaction mechanism and (5) effect of temperature on selective oxidation of 

methane. 

2.2. Experimental 

2.2.1 Catalyst preparation 

The catalyst was prepared by calcining deionized water-washed egg shell at 1000⁰ C for 4 h.  

2.2.2 Catalyst characterization 

The specific surface area and pore volume of the catalyst was determined using a 

Micrometrics Gemini VII 2390 analyzer via Nitrogen desorption at 77 K after degassing the 

catalyst samples at 150 °C for 2 h. The surface of the catalyst was analyzed using a variable 

pressure scanning electron microscope (SEM) (Hitachi S3200). Prior to analysis, the catalyst 

samples were coated (~35 nm) with gold (60%) and palladium (40%) to enhance the surface 

conductivity. An electron beam and a pressure of 20 keV and ~10
-6

 Torr respectively was 

used to collect images of the surface.  

Catalyst surface was also analyzed via a time-of-flight secondary ion mass spectroscope 

(TOF-SIMS) (ION TOF, Inc. Chestnut Ridge, NY, USA) equipped with a Bin
m+

 (n = 1 - 5, m 

= 1, 2) liquid metal ion gun and operated below 5.0 x 10
-9

 mbar. A 500 µm x 500 µm area 

was selected to procure mass spectral images (256 by 256 pixels) using a Bi
+
 primary ion 

beam. The secondary ions were extracted into a TOF mass spectrometer with post 

acceleration to improve detection sensitivity.   



40 

 

 

 

 

2.2.3 Catalyst testing 

 Ten grams of catalyst was loaded into a 304 metric type stainless steel tubular reactor (2.5 

cm diameter and 15 cm height). Methane (99%) and oxygen (99.5%) were co-fed to the 

reactor that was heated to a temperature of 650 °C in a microprocessor controlled furnace 

(Iguana, Paragon Industries, TX, USA).  

Prior to each experiment, fresh catalyst batch loaded in the reactor was activated by heating 

the reactor to 650⁰ C for 1 h. Experiments were performed to study the effect of molar ratio 

of methane to oxygen (CH4:O2) (1, 3, and 7) using 10 g catalyst at 650⁰ C. Further, effect of 

flow rates (0.4, 0.8, and 1.2 L min
-1

) and temperature (650, 700, 750⁰ C) were also 

investigated by using 10 g catalyst and a molar ratio CH4:O2 of 3.0. Finally, to obtain 

additional information on the oxidation mechanism, an experiment was conducted by 

injecting 50% hydrochloric acid into the system that was fed with 800 mL min
-1

 of CH4:O2 

(3:1) mixture and 10 g of calcined eggshell catalyst at 650 °C. Inlet and outlet gas samples 

were collected at 10 min and 15 min (in 1-L Tedlar bags) and analyzed using a gas 

chromatograph equipped with mass spectrometer (HP-5 MS) and thermal conductivity 

detector (Carbosieve SII).  

The fractional conversion of methane was determined as: 
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 Selectivity was calculated by accounting for the number of carbon atoms as:  

                  

Where  and           

             

2.3 Results & Discussion 

2.3.1 Catalyst characterization 

As expected, data obtained from SIMS-TOF confirmed calcination of eggshell to form CaO 

phase as shown in Fig 2.1. Upon calcination, the CaO phase (as O
-
 & OH

-
) was observed on 

the catalyst samples in the form of CaO and Ca(OH)2. Calcium oxide would have reduced to 

corresponding hydroxide form because of exposure to moisture in the air (Granados et al., 

2007). CaO/Ca(OH)2 were identified by SIMS-TOF data along with their intensities to 

qualitatively assure calcination process. Enormous CaO functional groups were observed on 

the surface that acted as active sites along with moderate intensity of organic matter (Fig. 

2.1) which may be due to exposure of sample to the air and/or incomplete calcination.  
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Figure 2.1: SIMS-TOF analysis of calcined eggshell catalyst. 

Magnified images procured via VPSEM as shown in Fig 2.2-a show that the raw eggshell 

surfaces are significantly heterogenic on both the surfaces. While the exterior surface was 

observed to be smooth with few larger voids, the interior surface was completely covered 

with protein fibers. Upon calcination, protein fibers disappeared and the interior and exterior 

surfaces of the eggshells could not be differentiated. Calcination caused significant porosity 

as shown in Fig 2.2-b with the surface being more deformed. On the other hand, the spent 
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catalyst showed higher surface deformation possibly because of the physical impact of the 

feed gas at high temperature.  
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Figure 2.2: VPSEM analysis of eggshell catalyst. (a-uncalcined eggshell, b-effect of 

calcination and methane oxidation on calcined eggshell surface). 
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High temperature calcination caused ~30% increase in surface area and ~70% increase in 

pore volume. The surface area of 7.58 m
2
/g for the calcined eggshell, closely agrees with the 

value reported by Tangboriboon et al. (2011) of 7.79 m
2
/g. Further, the pore volume suggests 

that, the CaO phase of eggshell is macroporous which in turn may contribute to quick 

desorption of products from the catalytic surface. This may explain how the relatively low 

specific area and pore volume of eggshell contributes significantly in minimizing 

overoxidation (Cullis, 1967). 

Table 2.1: Pore characteristic data for eggshell catalyst: effect of calcination on surface area 

and pore volume. 

Sample Surface area (m
2
/g) Pore volume (cm

3
/g) 

Uncalcined eggshell 5.06 0.0010 

Calcined eggshell 7.58 0.0038 

 

Calcination has been reported to reduce crystallinity of eggshell (Sharma et al., 2010). They 

further observed a reduction of particle size from 29.7 nm to 0.952 nm after calcination. The 

decarbonation process of eggshell at high temperature of 1173 K to form pure CaO phase 

with no other species has also been confirmed through X-ray Diffraction (XRD) patterns and 

Fourier Transform Infrared spectroscopy patterns (Engin et al., 2006). They also reported 

disappearance of calcite and increased porosity upon calcination. 
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2.3.2 Effect of methane to oxygen ratio 

As shown in Table 2, oxidation of methane (650 °C) led to production of a broad spectrum of 

compounds including traces of 2-pentene, 2-butene and pentadiene which we did not 

quantify. Although, a fractional conversion of 30% was obtained, the selectivity of carbon 

dioxide was higher than that of other products.  

Table 2.2: Product distribution for methane oxidation using calcined eggshell as catalyst. 

Temp 

(⁰C) 

Flowrate 

(mL/min) 

CH4:O2 

 

Cnvrsn 

(%) 

Selectivity (%) 

H2 CO CO2 C2H4 C2H6 

650 800 1:1 30 

2.5±0.03 8±0.07 55±0.9 12±1.5 8.5 

1,3-butadiene Propene Benzene Toluene  

0.6±0.02 2.5±0.2 0.5±0.05 0.1±0.01  

 

Fractional conversion decreased with an increase in molar ratio of CH4:O2 (Fig 2.3a).  

However, as the concentration of oxygen decreased in the feed, the selectivity towards CO2 

reduced (Fig 2.3b). However, the selectivity for C2-C6 hydrocarbons increased initially with 

decreased oxygen but subsequently decreased with further decrease in oxygen (Figs 2.3b & 

2.3c), suggesting that optimal oxygen concentration is required for partial oxidation of 

methane into higher hydrocarbons. Presence of excess oxygen in the gas phase could lead to 
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secondary homogeneous reactions resulting in further oxidation of hydrocarbons into waste 

products of carbon oxides and water (Barbero et al., 2001). As shown in Fig 2.3-d, 

production of C2-hydrocarbons (ethylene and ethane) suggests higher potential of oxidation 

with increase in oxygen concentration. With decreasing concentration of oxygen, selectivity 

for ethylene decreased rapidly vs. ethane. Since ethylene production is believed to occur via 

selective oxidation of ethane, in situ oxygen concentration may influence the product 

distribution significantly. Thus the reaction operates under oxygen limited regime and 

adequate oxygen to reactivate reduced catalyst is essential for effective prolonged catalytic 

activity.  

In addition, diffusional constraints may also be responsible for reduced activity with 

decreasing oxygen concentration in the feed. Due to higher methane concentration, the active 

sites may have been overloaded with methane and may have hindered the reactivation of 

catalyst via oxygen. Similar results were observed while investigating the effect of flow rate. 

Limited oxygen supply that is adequate to regenerate catalyst enhances production of target 

products with simultaneous reduction in overoxidation.  
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Figure 2.3: Effect of CH4:O2 in the feed on (a)- conversion of methane (b)- selectivity of 

carbon oxides (CO+CO2) and C2 hydrocarbons (c)- selectivity of C3-C6 hydrocarbons (d)-

selectivity of C2 hydrocarbons with calcined eggshell catalyst. Reaction conditions: 650⁰ C, 

800 mL/min, 10 g catalyst. Error bars represent the standard errors of mean values for 

conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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2.3.3 Effect of flowrate 

Drop in methane conversion was observed with increasing flowrate as shown in Fig 2.4-a, 

perhaps due to lower residence time. However, for selectivity towards target products no 

trend was observed (Figs 2.4-b and 2.4c). As the flow rate was increased from 0.4 to 0.8 L 

min
-1

, selectivity increased initially and dropped as the flow rate was further increased to 1.2 

L min
-1

. This indicated that mass transfer constraints as well as residence time play important 

roles in formation of target products.  

At a lower flow rate of 0.4 L min
-1

, the diffusion constraints are likely to play crucial role by 

inhibiting adsorption of oxygen present in lower concentration (CH4:O2 = 3:1) when 

compared to methane. Increased flow rate at 0.8 L min
-1

 might have allowed for catalyst 

reactivation via oxygen adsorption as well as polymerization reactions to form C2-C7 

hydrocarbons. However, further increase in flow rate to 1.2 L min
-1

 probably lacked adequate 

residence time to allow coupling or polymerization reactions despite reduced mass transfer 

resistance. Higher flow rate also resulted in increased selectivity of carbon oxides probably 

because of quick desorption of the radicals from the catalyst surface and further oxidation 

into carbon oxides because of homogeneous reactions in the gaseous phase. On the other 

hand, lack of multiple adsorption and desorption steps because of lower residence time may 

also have led to reduced selectivity for target products (C2-C6 hydrocarbons).With additional 

effect of high turbulence of reactants with catalyst bed the reaction mechanism will prefer 

complete oxidation into end products of CO2 and H2O. 
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Figure 2.4 : Effect of flowrate on (a)- conversion of methane (b)- selectivity of carbon 

oxides (CO+CO2) and C2 hydrocarbons (c)- selectivity of C3-C6 hydrocarbons (d)-selectivity 

of C2 hydrocarbons  with calcined eggshell catalyst. Reaction conditions: 650⁰ C, 

CH4:O2=3:1 and 10 g catalyst. Error bars represent the standard errors of mean values for 

conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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2.3.4 Mechanism for coupling of hydrocarbons 

 Increasing flowrate caused significant variation in selectivities for ethylene and ethane (Fig 

2.4 d). At a minimal flowrate of 0.4 L/min, ethylene was observed to possess higher 

selectivity than ethane, but drops below that of ethane with increasing flowrate. At lower 

flowrates, ethane molecule would have been further partially oxidized to ethylene because of 

longer residence time.  As the flow rate increased, ethane might have been desorbed and 

moved out of the reactor fast enough to bypass ethylene production. Thus it is possible that 

ethylene is being formed via ethane involving partial oxidation in the gas phase but near the 

catalyst surface as suggested by Lunsford and co workers over Li-MgO and Na-CaO 

catalysts (Ito et al., 1985; Lin et al., 1987) (scheme 2.1).   

     

 

 

 

 
 

Scheme 2.1: Mechanism for production of ethylene via ethane on Li-MgO and Na-CaO 

catalyst (proposed by Ito et al., 1985). 
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However, unlike Li-MgO and Na-CaO catalysts, which had [Li
+
O

-
] and [Na

+
O

-
] as active 

centers, the mechanism for activity of calcined eggshell catalyst appears to be different. Maiti 

(1998) suggested that the mechanism for methane activation involved active O
2- 

and Ca
2+ 

on 

pure CaO catalyst as depicted in scheme 2.2.  

 

 

Scheme 2.2: Methane activation and coupling on CaO catalyst (Maiti, 1998) 
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However, the above mentioned mechanism may not be capable of producing higher 

hydrocarbons with more than 2-3 carbon atoms unless the coupling reaction takes place in 

the gaseous phase. In our research, several alkene products of C3-C7 hydrocarbons including 

aromatics like benzene and toluene were detected in the outlet. This dehydroaromatization 

would have taken place through hydrocarbon pooling mechanism where the methyl and 

methylene radicals generated from the catalyst surface probably diffused into gas phase and 

polymerized.  Further, Lunsford and coworkers did not report other products apart from C2-

hydrocarbons (C2H6 & C2H4), H2 and carbon oxides. Further, Maiti (1998) reported 

production of only C1-C4 hydrocarbons on the pure CaO phase. In addition, schemes 1 and 2 

may not explain production of alkenes with single or multiple double bonds as in few 

products observed with eggshell catalyst like propene, 1,3-butadiene, 2-pentene, pentadiene 

benzene and toluene. Thus, it is possible that the surface morphology of catalyst played a 

crucial role in controlling mass transfer of reactants, intermediates and products through 

adsorption and desorption. Hence detailed investigation of crystallinity and structural 

orientation of CaO active sites in eggshell catalyst is essential.    

Nevertheless consistent selectivity factors towards higher hydrocarbons suggested that the 

reactions occurred dominantly on catalyst surface rather than in the gas phase. Further the 

mechanisms proposed by Lunsford & co workers (Ito et al., 1985; Lin et al., 1987) or Maiti 

(1998) do not explain the formation of higher hydrocarbons with π bonds by sharing 

electrons. Such formation of conjugated double bonds would require an optimal collision 

between the radicals to form higher hydrocarbons and the electrons have to be delocalized.  
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Since probability of multiple radicals colliding in a definite fashion in the gas phase is low, a 

surface bound reaction mechanism where the proximity of adsorption sites determines the 

final selectivity seems more likely. Further mechanism of gas phase reactions can be 

challenged on the basis of failure to exhibit consistent product spectrum and/or 

corresponding selectivity for all the catalysts that are capable of producing methane derived 

radicals. If the homogenous gas phase reactions were responsible for the product distribution, 

the product spectrum would have remained constant regardless of the type of catalyst used to 

activate methane. However, it is evident from the literature that catalysts that are known to 

generate methyl radicals from the surface have led to substantially different product spectrum 

(Amenomiya et al., 1990; Ito et al., 1985; Lin et al., 1987; Maiti 1998). Such variation in 

product distribution based on the catalyst provides basic platform to propose that the 

coupling reaction may occur dominantly on the catalyst surface than in gas phase. Such a 

coupling reaction may involve a transition state which later form covalent bonds between 

carbon atoms as explained below in scheme 2.3. 
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Scheme 2.3: Mechanism for surface based activation and coupling of methane 

Methane adsorption on the active sites followed by hydrogen abstraction from carbon atom 

will activate methane by forming methyl radicals. However, losing a hydrogen atom will 

generate unpaired electrons in the carbon atoms which will quickly be shared among the 

closest carbon atoms to form a covalent bond. However, the radicals may be oxidized into 

carbon oxides if they encounter oxygen rich environment as shown in scheme 2.4 below.  
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Scheme 2.4: Effect of oxygen rich environment for methane activation and coupling. 

The product distribution involving broad spectrum of higher hydrocarbons can be attributed 

to multiple adsorption and desorption steps of intermediate products on the catalyst surface to 

undergo further oxidation. Higher hydrocarbons may be formed from intermediates or 

products with fewer carbon atoms via coupling. Ethylene has been considered to be the key 

product for benzene formation via aromatization (Solymosi et al., 1995). They further 

suggest that ethylene is formed on the catalyst surface via dehydrogenation of ethane.  

We predict that the coupling reaction is based on the catalyst surface rather than in the gas 

phase. A mechanism has been proposed to explain formation of identified products assuming 
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that a single hydrogen atom from a multiple carbon reactant and/or intermediate is abstracted 

regardless of the number of carbon atoms. This assumption is realistic considering the factors 

of arrangement and orientation of active sites and different structures (bond angles) for 

reactants and/or intermediates. Representative product distribution of eggshell catalyst can be 

explained as shown in scheme 2.5 below.  

 

 

 

Scheme 2.5: Coupling of hydrocarbons on the eggshell catalyst surface 
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Scheme 2.6: Mechanism for aromatization of lower hydrocarbons 

 

Benzene formation as proposed by Solymosi et al. (1995) may occur by cyclization of 

ethylene post dehydrogenation on catalyst surface as shown in scheme 2.6-a. However, 

simultaneous dehydrogenation on the catalyst surface followed by cyclization in the gas 

phase would not yield higher selectivities observed in the past. Hence it is possible that, 

benzene would have rather been formed by coupling of 1,3-butadiene with ethylene on the 

catalyst surface. 1,3-butadiene in turn is predicted to be formed by coupling of two ethylene 

molecules. 

For eggshell catalyst to attain considerable selectivity for C3-C6 and/or aromatic 

hydrocarbons like benzene and toluene, the active sites for methane activation via hydrogen 

abstraction have to be oriented in a definite fashion. Such an arrangement should assist 

abstraction of a single hydrogen atom in a multiple carbon reactant, restraining the rest of the 
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carbon atoms from losing hydrogen depending on its native structure. This can be further 

attributed to the transition in bond angles of hydrocarbons based on number of carbon atoms. 

Calcite crystal in eggshell has been reported to exist in a definite inclination of 28 to 16⁰ 

from the normal of the shell surface (Cain and Heyn, 1964). Though the calcinations 

decreases crystallinity, it is possible that the CaO active sites in the calcined eggshell retain 

certain degree of orientation which facilitates surface bound coupling or aromatization 

reaction. Possible mechanism involving several intermediate products with multiple 

adsorption and desorption steps was suggested as the continued part of the mechanism 

explained for ethane and ethylene formation. We believe that ethylene and hence ethane act 

as the precursors for production of higher hydrocarbons.  

2.3.5 Effect of temperature 

Increasing temperature caused no substantial change in methane conversion as shown in Fig 

2.5-a. However, the changes in selectivity for target products and carbon oxides varied 

significantly as shown in Figs 2.5-b and 2.5-c suggesting that increase in temperature would 

have led to overoxidation of target products. An increase in temperature by 100⁰ C almost 

doubled selectivity for carbon oxides and reduced the selectivity for C2-C6 hydrocarbons 

significantly. Thus it is evident from our data that temperature did not affect methane 

conversion rate as much as flowrate and CH4:O2 ratio. However, the secondary oxidation 

reactions causing overoxidation of target products were significantly higher with increase in 
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temperature which can be attributed to both the excess heat energy as well as high number of 

potentially active oxygen radicals.  
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Figure 2.5: Effect of temperature on (a)- conversion of methane (b)- selectivity of carbon 

oxides (CO+CO2) and C2 hydrocarbons (c)- selectivity of C3-C6 hydrocarbons with calcined 

eggshell catalyst. Reaction conditions: 800 mL/min, CH4:O2 = 3:1 and 10 g catalyst. Error 

bars represent the standard errors of mean values for conversion/selectivities at 10
th

 & 15
th

 

min of the reaction 
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2.3.6 Effect of HCl 

Introducing HCl in situ by passing premixed methane-oxygen gas feed stream through 

50%HCl led to dramatic increase of selectivity for carbon dioxide than without HCl (table 

2.3). Interestingly only traces of methyl chloride were observed where as ethane production 

dropped down significantly while the ethylene production was enhanced. Selectivity for other 

hydrocarbons dropped down significantly with introduction of HCl. This may be due to the 

strong oxidizing nature of HCl which might have led to overoxidation of the target products 

into carbon dioxide and enhance selective oxidation of ethane into ethylene. 
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Table 2.3: Effect of HCl injection on catalytic oxidation of methane

 
Temp 

(⁰C) 

Flowrate 

(mL/min) 

 

CH4:O2 

 

Conversio

n (%) 

Selectivity (%) 

H2 CO CO2 C2H4 C2H6 

Without 

HCl 
650 800 3:1 23 

0.5 2 22.5 17 18 

1,3-

butadiene 
Propene Benzene Toluene 

Methyl 

chloride 

3 2.5 1.5 0.5 - 

With 

HCl 
650 800 3:1 16 

H2 CO CO2 C2H4 C2H6 

1 2 56 20 0.6 

1,3-

butadiene 
Propene Benzene Toluene 

Methyl 

chloride 

0.3 3.0 0.2 trace trace 
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2.4 Conclusion 

CaO active phase derived from eggshell waste can be an inexpensive catalyst and exhibit 

high purity. Hydrogen abstraction from methane molecule can be regarded as critical step in 

coupling and oxidation reaction. Coupling is believed to occur on the catalyst surface rather 

than in the gas phase. Temperature, flowrate and CH4:O2 ratio in the feed influence the 

conversion rate and selectivity for target products significantly. Low surface area and pore 

volume characteristics of the eggshell catalyst may have enhanced selectivity by restricting 

overoxidation. Limited oxygen supply that is adequate to regenerate catalyst, enhances 

production of value added target products. Further investigation on effect of metal loading 

(as their chloride salts), moderate oxidizing agents like Nitrous oxide (N2O), catalyst mass 

and reactor type would prove beneficial in enhancing yield of target products.  
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CHAPTER 3: Selective Oxidation of Methane on Copper Impregnated Calcined 

Eggshell Catalyst  

Abstract 

Different proportion of copper impregnation on eggshell catalyst was investigated for 

selective oxidation of methane at 650⁰ C and atmospheric pressure. 2% by wt of copper 

loading activated partial oxidation pathway to enhance yield for syngas, while 5% and 10% 

loading led to C2-C7 hydrocarbons as a result of oxidative coupling of methane. Oxygen 

concentration in the feed along with feed flowrate and temperature influenced both fractional 

methane conversion and product selectivities. Limited oxygen supply and adequate flowrate 

of 0.8 L/min at 650⁰ C provided better conversion yields with 10% Cu loaded catalyst. While 

the fresh catalyst exhibits more uniform distribution of copper and a smooth catalyst surface, 

little surface deformation was observed in the spent catalyst. Prolonged catalytic activity was 

achieved via catalyst reactivation. 

Keywords: Eggshell; copper; methane; selective oxidation; OCM 

3.1 Introduction 

Potential of transition metal oxides to activate methane has been investigated for effective 

conversion and yield rates (Labinger et al., 2002; Shiota et al., 2000).  However, little 

emphasis has been given in preparing catalysts with combination of different metal oxide 

clusters for selective oxidation of methane. We believe, such catalysts would help understand 
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if the competition to oxidize methane among the metal oxides can be exploited to have a 

balance between catalyst activity, methane conversion and selectivity for oxygenated 

products like alcohols, aldehydes and ketones Nevertheless, few such attempts have been 

made in the past with different goals. Alkali metal oxides coupled with transition metal 

oxides have been tested to investigate oxidative coupling of methane (Amenomiya et al., 

1990; Lunsford 1988; Hatano et al., 1988). FeOx clusters and Cu
2+

 ions dispersed on silica 

improved catalytic activity for selective oxidation of methane into formaldehyde (HCHO) 

(Wang et al., 2010).  CaO-NiO has been reported to exhibit high activity for converting 

methane into syngas at relatively lower temperatures (Choudary et al., 1992). 

Copper has been proven to be potential catalytic component for selective oxidation with 

emphasis on methane conversion into oxygenates or higher hydrocarbons (Schwarz 2011; 

Shiota et al., 2000; Hatano et al., 1988). Based on the two state reactivity, Schwarz (2011) 

stated that CuO
+
 would be one of the most powerful hydrocarbon oxidants. However, all the 

approaches to generate its reagent in the gas phase and subject it to catalytic conversions of 

methane have failed because of lower bond dissociation energy of Cu
+
-O=37.4 kcal/mol. 

Nevertheless, CuO is reported to be effective for oxidative coupling of methane when 

promoted with LiCl or alkali metal nitrates (Hatano et al, 1988).  Cu-based catalysts 

CuO/Al2O3 and Mo-CuO/ Al2O3 have also been studied in plasma reactor to understand 

methane oxidation to methanol (Huang et al., 2011). 

Using a halogen mediator may prove beneficial if halogenations of methane provide 

functionalized products like CH3Cl and CH3Br with significant yield and selectivity for 
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oxygenates than direct conversion of methane into methanol using oxygen (Wang et al., 

2010). Since methane lacks a charge or polarity, it could be possibly a potential approach to 

induce charge or effect of charge on the methane to reduce the bond energy and hence make 

it easy to break down. Halogen coated on the support in proximity of metal ion or oxide 

cluster, may compete and reduce the bond energy of CH3-H in methane.  When combined 

with any oxidizing agent this may lead to high yields of oxygenates by easing the attack of 

oxygen on methane. Chloride ion (Cl
-
) in PtCl2 catalyst for methane conversion is known to 

be closely associated as an ion pair to activate methane by breaking C-H bond (Kua et al., 

2002). Significance of chloride has also been reported to catalyze ethylene formation from 

methane in gas phase (Otsuka et al., 1986). However there has not been much emphasis on 

the role of Cl
-
 ion apart from activating C-H bond. Olah et al. (1985) reported use of chlorine 

to produce methyl chloride (CH3Cl) as an initial step over an acid catalyst such as 

TaOF3/Al2O3 or Pt/Al2O3 at 180-250 ⁰C which followed by hydrolysis with excess of water 

and passing CH3Cl over ZnO/Al2O3 or Al(OH)3/Al2O3 formed methanol (Wang et al. 2010). 

Methyl chloride can further be processed to produce methanol or ethylene under relatively 

moderate reaction conditions and investment as shown below. 

        (1) 

         (2) 

 

Catalytic properties of alkaline metal oxides particularly, calcium oxide has been recognized 

for various catalytic applications (Hill, 2009). High and durable activity in mild working 
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conditions and low cost of CaO has emphasized its use as a catalyst (Boey et al., 2009). 

CaCO3 source from chicken eggshells can be calcined at high temperatures (>800 ⁰C) to 

obtain pure CaO active phase (Chojnacka, 2005; Wei et al., 2009). The huge poultry industry 

in US generates nearly half million tons of eggshell waste annually (USDA-NASS 2012; 

Chojnacka, 2005). Hence use of renewable eggshell source for catalyst development is 

believed to provide significant value addition.  

The majority of the current research has focused on using eggshells for transesterification 

reactions (Sharma et al., 2010; Wei et al., 2009; Granados et al., 2007). Eggshells are strong 

adsorbents of heavy metals like chromium (III), iron, gold and copper and hence useful in 

waste water treatment (Chojnacka, 2005; Yeddou et al., 2007; Ishikawa et al., 2002; 

Vijayaraghavan et al., 2005). Sorption by eggshells is expected to occur mainly by exchange 

reaction and with an evaluated cation exchange capacity upto 4.4 meq/g, eggshells are 

predicted to show significant sorption performance towards other cations in general 

(Chojnacka, 2005). In addition, the macroporous or open void pore characteristic of eggshells 

may provide better catalyst structure for selective oxidation (Cullis 1967; Tsai et al., 2006). 

Hence in this research, copper chloride loaded on to the eggshells was investigated as 

catalyst for selective oxidation of methane. The objectives were to investigate the role of 

copper loading, CH4:O2 ratio, flowrate and temperature on the methane conversion and 

production of target products. Catalyst characterization was performed to explain the product 

spectrum and overall catalytic behaviour. 
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3.2. Experimental 

3.2.1 Catalyst preparation 

Copper coated eggshell catalysts were synthesized in three different concentrations, 2%, 5% 

and 10% by weight of copper metal, via the wet impregnation method. Copper chloride 

dihydrate (CuCl2.2H2O), was used in preparing the catalysts. Thoroughly washed eggshell 

particles of 2-5 mm size, were mixed with aqueous copper chloride solution prepared in 

proportionate volume (1ml/g of eggshells used) of deionized water, for 5 hours at 300 rpm 

and room temperature. The preparation further involved heating the mixtures at 105 ⁰C for 8 

hours and high temperature activation at 1000 ⁰C for 4 hours in sequence. Large batches of 

catalysts were synthesized for every set of experiments to maintain uniformity in analysis. 

3.2.2 Catalyst characterization  

Catalyst characterization was performed as described in chapter 2 via SIMS-TOF and 

VPSEM. 

3.2.3 Catalyst testing 

A temperature resistant, 304 metric type stainless steel tubular reactor (2.5 cm diameter and 

15 cm height) was loaded with 10 g of fresh catalyst for every experiment. High purity 

methane (99%) and oxygen (99.9%) were co-fed by adjusting the flowrates of both methane 

and oxygen gases to obtain the required CH4:O2 molar ratio at 650 ⁰C. Catalyst activation 

was carried out, in situ, at operating temperature of 650 ⁰C for one hour prior to every 
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experiment. Gas samples were obtained after equilibration at time 10 min and 15 min. Each 

sampling was followed by measurement of total inlet and outlet flowrates. Gas samples were 

then analyzed on gas chromatography with mass spectrometry (HP-5MS) and thermal 

conductivity detector (Carbosieve SII). Methane fractional conversion and selectivity of 

products were determined as described in chapter 2. 

Effect of flowrate and temperature were also determined for catalyst with 10%-Cu loading at 

different conditions keeping the catalyst mass of 10 g and molar ratio CH4:O2 of 1.67 

constant in every experiment. Large batches of catalysts were synthesized for every set of 

experiments to maintain uniformity in analysis. 

In addition, longevity of catalyst was investigated by using the same batch of catalyst over 

several cycles where each cycle represented co-feeding of CH4 & O2 for 15 minutes at a 

CH4:O2 molar ratio of 3.0 and flow rate of 0.8 L/min, followed by flow of pure O2 (0.8 

L/min) for 15 minutes and inert gas He (1 L/min) for 5 minutes to remove excess oxygen 

from the system. Inlet and outlet gas samples were obtained at the end of each cycle to 

determine methane conversion rates and selectivity of end products. 
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3.3. Results and Discussion 

3.3.1 Catalyst characterization 

SIMS-TOF data revealed that the copper was more dispersed all over the surface with few 

concentrated clusters in association with CaO active phase as shown in Fig 3.1. Overlaid 

mass spectral image of copper coated eggshell catalyst indicates emission of Ca
+
, Cu

+
 and 

65
Cu

+
 secondary ions from all over the surface (Fig 3.1-c).  However, since the catalyst 

surface was not planar, secondary ions were observed to emit from most of the surface but 

not all during SIMS-TOF analysis. Interestingly chlorine was observed to migrate and 

interact with Calcium to form Ca-Cl, upon high temperature activation at 1000 ⁰C. This 

further suggests that, copper loading might have masked CaO active sites significantly via 

interaction with the eggshell support upon calcination. Calcination and the interaction of 

copper with the eggshell surface to form active clusters were confirmed by Energy 

Dispersive Spectroscopy (EDS) data of the VPSEM as depicted in Fig 3.2. Similar 

interaction of nanosized copper oxide with the cordierite support upon calcination at 350-700 

⁰C was observed by El-shobaky et al (2011). However, further investigation is essential to 

determine if Cu and Ca interact with each other.  
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(a) 

                   

(b) 

 

(c) 

Figure 3.1: SIMS-TOF analysis for eggshell catalyst with 10%-Cu loading. 
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The effect of calcination and the interaction of copper with the eggshell surface to form 

active clusters were confirmed by Energy Dispersive Spectroscopy (EDS) data of the 

VPSEM as depicted in Fig 3.2. Similar interaction of nanosized copper oxide with the 

cordierite support upon calcination at 350-700 ⁰C was observed by El-shobaky et al (2011). 

However, further investigation is essential to determine if Cu and Ca interact with each other. 

VPSEM data as depicted in Fig 3.2, suggests that copper and chlorine loading was distributed 

all over the catalyst surface with few concentrated cluster for Cu. Copper and chloride spots 

were observed both in fresh and spent catalyst suggesting strong interaction with eggshell 

support. Nevertheless chloride was observed to interact with methyl radical to form methyl 

chloride.  Fresh catalyst surface appeared to be smooth with relatively less porosity as shown 

in Fig 3.2-c. However, slight surface deformation and change in porosity was observed in the 

spent catalyst. Appearance of ridges on the spent catalyst suggested that the flow of feed gas 

mixture at high temperature physically impacted the catalyst surface.   
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Figure 3.2: VPSEM analysis for eggshell catalyst with 10%-Cu loading. (a- 10%-Cu loaded 

fresh catalyst representing heterogeneous surface with multiple active sites; b- Cu clusters 

observed both on fresh and spent catalyst and c- 10%-Cu loaded fresh and spent catalyst 

representing change in overall surface morphology).  
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  Fresh catalyst            Spent catalyst  
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3.3.2 Effect of metal loading 

Copper loading on eggshells resulted in decreasing conversion rate with increased metal 

loading from 2% to 10% as depicted in Fig 3.3-a. The product spectrum included 2-propenal 

and chloromethane (methyl chloride) in addition to the compounds detected with control 

eggshell catalyst without metal loading (described in chapter 2). Interestingly 2%-Cu loading 

was observed to enhance methane conversion substantially when compared to the control 

catalyst (eggshell without metal loading) along with higher selectivity for syngas (H2 + CO) 

as shown in Fig 3.3-b. Further increase in metal loading to 5% and 10% reduced conversion 

as well as selectivity towards syngas significantly. However, increased metal loading 

enhanced production of C2-C6 hydrocarbons along with CO2 as depicted in Fig 3.3-b & c. 

Increase in production of CO2 and the target products of C2-C6 hydrocarbons with increasing 

metal loading indicate the oxidation by copper oxide cluster.  
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Figure 3.3: Effect of metal loading on - (a) conversion of methane (b) selectivity of C2 

hydrocarbons  (c) selectivity of  C3-C6 hydrocarbons (d)  selectivity of C2 hydrocarbons with 

copper coated eggshell catalyst. 0% - control (calcined eggshell without metal loading).   

Reaction conditions: 650⁰ C, 800 mL/min, 10 g catalyst and CH4:O2 = 1:1. Error bars 

represent the standard errors of mean values for conversion/selectivities at 10
th

 & 15
th

 min of 

the reaction. 
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Initial drop in carbon dioxide production and concomitant increase in CO production with 

2% Cu when compared to control eggshell catalyst can be attributed to the shift in pathway 

of partial oxidation (Fig. 3.3(a)). This further may be pertinent to arrangement of CuO 

clusters with adequate sequestration between each cluster on the eggshell surface because of 

lower metal concentration. Increased conversion of methane (~50%) with 2%-Cu loading vs. 

other concentrations, can be attributed to the dominant pathway that leads to syngas 

production (Fig. 3.3(a)). We believe, CO once formed, would either be oxidized completely 

into CO2 or may remain unreacted and elute out of the reactor but cannot re-adsorb on the 

catalyst surface to couple with another carbon atom due to the presence of oxygen. This 

would increase the number of available active sites on the catalyst unlike in the coupling 

reaction where, the larger intermediate molecules can block adsorption of fresh methane 

molecules and hence eluting the methane out of the reactor unreacted as depicted in the Fig 

3.4 below. Further, increase in metal loading resulted in reduced methane conversion (Fig. 

3.3 (a)) suggesting that methane activation occurred dominantly from the CaO phase of 

eggshell than the CuO loading. Cu loading would have masked CaO active sites significantly 

and hence exhibit antagonistic behaviour which requires further investigation. 
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(a)      (b) 

Figure 3.4: Proposed mechanism for effect of active pathway on methane conversion. (a) 

Dominant syngas production and (b) Dominant oxidative coupling of methane. 

 

Increased metal loading (5% & 10% Cu) would provide several active sites in close 

proximity that participate actively in oxidation which in turn would have resulted in 

overoxidation with high CO2 production. This mechanism is further evident in Fig 3.3-d 

which depicts increased oxidation rate with increased metal loading via relatively enhanced 

selectivity for ethylene when compared to ethane concentration. However, 2%-Cu loading 

might have the optimum arrangement with appropriate sequestration between the active 

clusters. It is possible that the CaO active sites inherent to eggshell catalyst may have 

activated methane by abstraction of hydrogen atom and causing coupling reaction to form 

higher hydrocarbons. On the other hand CuO clusters can oxidize the carbon atoms to 

different oxygenates including 2-propenal and carbon oxides. However, production of 2-

propenal was observed only with 10% metal loading. Chloride distribution was observed all 

over the catalyst surface and this is believed to produce methyl chloride after interaction with 

methyl radical, generated on the catalyst surface. 2%-Cu loading did not yield any methyl 
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chloride because of the dominant oxidation reaction to form syngas when compared to the 

interaction of radicals. Production of methyl chloride further supports the possibility of 

surface bound reactions than in the gas phase. Thus the catalysts provide a vital platform to 

manipulate them as per the requirement of product spectrum.  

3.3.3 Effect of CH4:O2 on catalytic activity 

As discussed in chapter 2, the methane oxidation and coupling reaction is known to be 

oxygen-dependent. Reducing the oxygen concentration in the feed caused decrease in 

methane conversion as shown in Fig 3.5-a. At CH4:O2 ratio of 3:1 in the feed, the degree of 

drop in conversion was substantial. This may be attributed to the inability of oxygen to 

reactivate the catalyst quickly, due to relatively higher concentration of methane which may 

compete with O2 for adsorption sites on the catalyst surface. Thus, diffusional constrains 

along with adequate supply of oxygen play vital role in deciding conversion rate. It is 

possible that methane may contribute partially in deactivating the catalyst rapidly via carbon 

deposition on the catalyst leading to overall reduced conversion as depicted in Fig 3.5-a.  
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Figure 3.5: Effect of CH4:O2 feed ratio on- (a) conversion of methane (b) selectivity of C2 

hydrocarbons  with 10%-Cu loaded eggshell catalyst. Reaction conditions: 650⁰ C, 800 

mL/min, 10 g catalyst. Error bars represent the standard errors of mean values for 

conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 

 

Reduced oxygen concentration resulted in significant drop in selectivity for carbon dioxide 

indicating selective partial oxidation as shown in Fig 3.5-b. However, the drop in selectivity 

(a) 

(b) 
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for carbon dioxide was not compensated by a corresponding increase in production of target 

products identified in our analysis. Reproduced experiments yielded similar results and the 

carbon balance was observed to have significant gap. Hence we suspect the existence of a 

different set of oxygenated products in the product stream which were not detected and 

quantified. Possible rapid carbon deposition on the catalyst surface may also be the cause for 

unaccounted carbon. However, assuming the high carbon deposition as the cause of 

unaccounted carbon, we did not observe the concentration of H2 and/or H2O equivalent to 

corresponding methane molecules actually converted. Nevertheless, since strong oxidizing 

agents like surface oxygen species cause overoxidation, employing moderately strong 

oxidizing agents like N2O will be beneficial (Roguleva et al., 1992).  

Metal loaded eggshell catalyst will be more complicated due to the fact that multiple 

pathways of methane conversion may exist because of different active sites located in the 

close proximity to each other. Potential of CuO cluster to cause partial or complete oxidation 

is evident from observed increase in CO2 production with increase in metal loading on the 

eggshell support as shown in Fig 3.3 b. Such metal oxide clusters located in close proximity 

and at a definite orientation to CaO active sites of the eggshell support may be involved in 

partial oxidation of higher hydrocarbons. In the current case, propene would have undergone 

selective partial oxidation to form 2-propenal as the second carbon atom remains vulnerable 

due to the presence of a double bond in the propene structure. However, as suggested before, 

we suspect presence of additional oxygenates with more than two carbon atoms, which were 

not detected. Formation of methyl chloride suggests that the methyl radicals interact on the 
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catalyst surface to cleave away the chloride ions from catalyst surface. Enhanced selectivity 

towards syngas by the catalyst with 2% Cu can be attributed to appropriate arrangement of 

active sites where CaO would have involved in methane activation and CuO in enhanced 

partial oxidation. Further, partial dissolution of CuO into support lattice of the eggshell is 

possible (El-shobaky et al., 2006). Such dissolution can be significant with increasing metal 

loading which either may have exhibited synergistic effect or would have acted as a unique 

active site to give rise to an alternative pathway. However, the CuO cluster may have 

induced selective oxidation of methane to syngas considerably due to its oxidation properties 

as suggested by Schwarz (2011). Further with bond energy of 157 kJ/mol in Cu-O, the 

oxygen remains more mobile when compared to the bond energy of 400 kJ/mol in Ca-O 

(Schwarz, 2011; Darwent, 1970; Maiti, 1998). 

3.3.4 Effect of flowrate 

Unlike the control eggshell catalyst (no metal loading), methane conversion increased 

significantly with flowrate. A threshold flowrate of 0.8 L/min was essential to attain 

maximum methane conversion (Fig. 3.6(a)). Further, at lower flowrates the reactant gases 

may travel across the catalyst bed in shorter paths accessing relatively less number of active 

sites.  As depicted in Fig 3.6-a, conversion was observed to exhibit nearly similar conversion 

rates above the flowrate of 0.8 L/min suggesting that maximum possible catalytic active sites 

were being accessed from reactant molecules. Nevertheless, during methane partial oxidation 

at high temperatures, activation energies of reactants will be influenced significantly by heat 

distribution and mass transfer limitations (Enger et al., 2008). Copper coating at a high 
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concentration of 10% by weight along with thoroughly distributed chloride could 

significantly mask CaO active sites of eggshell catalyst that are believed to activate methane. 

As discussed earlier, possible interaction of copper with the eggshell support may hinder 

methane activation. 
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Figure 3.6: Effect of flowrate (a) conversion of methane (b) selectivity of C2 hydrocarbons 

with 10% Cu loaded eggshell catalyst.  Reaction conditions: 10 g of 10% Cu loaded eggshell 

catalyst, 650⁰ C, CH4:O2 = 1.67. Error bars represent the standard errors of mean values for 

conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 

 

(a) 

(b) 
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Fig 3.6-b shows that very high selectivity for CO2 was observed for both cases of lower 

flowrate of 0.4 L/min and a maximum tested flowrate of 1.2 L/min. However, lower 

selectivity for CO2 at 0.8 L/min with simultaneous reduction of selectivity for target products 

suggests the possibility of existence of an alternative pathway for methane conversion 

leading to different set of products. Conversion and selectivities for this condition were 

confirmed with duplicate experiment. While the observed high selectivity for CO2 with 

lowest flowrate (0.4 L/min) can be attributed to enhanced residence time of reactants and 

overoxidation, increased tortuosity resulting in exposure of activated radicals to oxygen rich 

vicinity with the highest flowrate of 1.2 L/min also increase CO2 selectivity. On the other 

hand, products including C3-C6 hydrocarbons were found in traces with variations in 

flowrates. Thus it is evident that production of higher hydrocarbons via coupling reaction 

involves multiple adsorption and desorption steps of the reactants on to the catalyst surface. 

3.3.5 Effect of temperature 

Fig 3.7-a shows that temperature did not influence methane conversion rate substantially. 

CuO and chlorine distributed on the surface probably could have masked the active sites of 

eggshell support significantly that are believed to contribute for methane activation. Further, 

partial dissolution of Cu into the eggshell support along with its interaction with the support 

could have also reduced its methane activation ability. Higher concentration of CuCl2 (10%) 

along with its relatively low melting point (~620 ⁰C) might have lead to greater extent of 

masking of CaO active sites inherent to eggshell catalyst. Such sintering of Cu based 

catalysts has been reported to occur above 300 ⁰C in catalytic partial oxidation (Rabe et al., 
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2008). Hence, further investigation to ascertain the interactions of copper chloride with 

eggshell support at high temperatures is essential to develop a better understanding.  

Regardless of the variation in conversion rate, temperature significantly affected product 

selectivity. As shown in Fig 3.7-b, CO2 production increased with temperature suggesting 

overoxidation of target products. On the other hand, ethylene production was favored with 

initial increase in temperature as shown in Fig 3.7-c. With further increase in temperature the 

observed drop in ethylene production could be because of its overoxidation into CO2. This 

suggests that, temperature can enhance selective oxidation of ethane to ethylene but beyond 

the threshold increase of temperature, overoxidation will be favored to produce CO2 and 

H2O. Similarly, it is evident from Fig 3.7-d that production of higher hydrocarbons (C3-C6) 

was preferred with initial increase in temperature from 650 ⁰C to 700 ⁰C possibly because of 

the excess energy from the additional heat supply. However, with further increase in 

temperature to 750 ⁰C, significant drop in selectivity for C3-C6 hydrocarbons was observed, 

which can be attributed to overoxidation. 
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Figure 3.7: Effect of temperature on (a) conversion of methane (b) selectivity of C2 

hydrocarbons (c) selectivity of C2 hydrocarbons (d) selectivity of C3-C6 hydrocarbons. 

Reaction conditions: 10 g of 10% Cu loaded eggshell catalyst, 0.8 L/min, CH4:O2 = 1.67. 

Error bars represent the standard errors of mean values for conversion/selectivities at 10
th

 & 

15
th

 min of the reaction. 
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3.3.6 Catalytic life: 

Fig 3.8-a depicts methane conversion with 10% Cu loaded eggshell catalyst over four 

consecutive cycles of operation. Methane conversion rapidly increased from the third cycle 

of operation and remains consistent thereafter, suggesting that the constant flow of gases on 

to catalyst bed could have disrupted the catalyst surface, increasing porosity and hence, the 

number of active sites for methane conversion. Such deformation of catalyst surface was 

confirmed from SEM analysis as shown in Fig 3.2.  
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Figure 3.8: Effect of catalyst reactivation on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides (c) selectivity of C2 hydrocarbons (d) selectivity of C3-C6 

hydrocarbons with 10% Cu loaded eggshell catalyst. Reaction conditions: 10 g catalyst, 650⁰ 

C, 800 mL/min, CH4:O2 = 3.0. Error bars represent the standard errors of mean values for 

conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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Production of carbon oxides as well as C2-C6 hydrocarbons except for ethane was observed 

to increase with each cycle of operation as shown in Fig 3.8 b-d. As suggested earlier, this 

could be attributed to availability of relatively higher number of active sites because of 

catalytic surface deformation caused by the feed gas mixture. Further, it is evident from the 

data plotted in Fig 3.8-c that production of ethylene increased significantly with simultaneous 

drop in production of ethane with each cycle of operation. This suggests that, selective 

oxidation of ethane into ethylene increases with every cycle perhaps due to availability of 

relatively large number of active sites and by the contribution of enormous amount of heat 

energy released from methane oxidation that the catalyst bed retains over time (Enger et al., 

2008). 

3.4 Conclusion 

While low concentration of Cu (2% by wt) favored syngas production further increase in 

copper loading resulted in similar product spectrum to that of control eggshell catalyst. 

However, additional products like methyl chloride and 2-propenal suggest that the catalyst 

behaved substantially different than the control. Since increasing copper loading resulted in 

reduced methane conversion, copper is believed to enhance methane conversion and selective 

production of target products only with a loading lesser than 5% by wt of Cu when compared 

to control eggshell catalyst with no metal loading. We believe that the oxygenated products 

were generated mainly from the CaO-CuO active sites and the higher hydrocarbons from the 

CaO phase. While flowrate and CH4:O2 impacted both conversion and selectivity for target 

products, temperature did not influence conversion rate except leading to higher production 
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of CO2 and H2O. By varying metal concentrations, the catalyst properties can be manipulated 

substantially. Surface bound reactions are believed to dominate and little surface deformation 

was observed with spent catalyst after reaction. Copper loaded eggshell catalyst can be 

reactivated and used for at least four cycles and the conversion was observed to rapidly 

increase with multiple cycles of operation possibly because of the exposure of several active 

sites over time. Further investigation is required to draw conclusions to confirm the role of 

CuO as an active cluster by itself to activate methane even though its oxidation ability is 

evident from our data. 
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CHAPTER 4: Selective Oxidation of Methane on Nickel Impregnated Calcined 

Eggshell Catalyst 

Abstract 

Nickel impregnation in three different concentrations (2%, 5% & 10% by wt) was performed 

on eggshell. Catalyst testing at 650⁰ C and atmospheric pressure led to production of C2-C7 

hydrocarbons as a result of oxidative coupling of methane. High yield of syngas was 

observed with 5% & 10% Ni loading at CH4:O2 ratio of 1:1 and 1.7:1 respectively. Ni 

impregnated eggshell catalyst at different concentrations of metal loading was considerably 

inconsistent methane conversion and product distribution. Increase in flowrate and 

temperature resulted in proportional rise in fractional methane conversion. Ni impregnation 

led to formation of NiO clusters in association with CaO clusters. Spent catalyst showed 

significant surface deformation and enhanced porosity due to the physical impact of feed gas. 

Keywords: Nickel; eggshell; methane; syngas; selective oxidation; OCM; partial oxidation 

4.1 Introduction 

Catalytic selective and partial oxidation of methane is closely studied in catalysis research 

because of the availability of methane, market demand for target products like ethylene, 

methanol & formaldehyde and environmental concerns (Lunsford 2000). Besides oxidative 

coupling of methane, significant efforts are being put to investigate role of transition metal 

oxides for partial oxidation of methane into value added oxygenates like alcohols and 
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aldehydes along with that of syngas. Syngas being a mixture of CO and H2 is used as a raw 

material for methanol synthesis via the Fischer-Tropsch reaction. Transition metal oxides 

have received more attention for methane conversion into synthesis gas (Enger et al., 2008). 

Nickel based catalysts appear to be promising for selective oxidation because of their low 

cost and ability to exhibit excellent partial oxidation (Larimi and Alavi 2012; Choudhary et 

al., 1992; Berrocal et al., 2010). Nickel supported over alkali metal oxides has been proved to 

be efficient for oxidative coupling of methane as well as for partial oxidation into syngas 

(Hatano and Otsuka, 1988; Choudhary et al., 1992). Rapid deactivation of Ni based catalysts 

due to coke formation can be overcome by addition of alkali metal oxides like KOH (Freni et 

al., 2000). They further report that calcium when used for preparation of Ni based catalyst 

can act as binder to enhance overall mechanical strength of the catalyst. While the presence 

of chloride is known to enhance ethylene formation, use of alkali supports for Ni loading 

would significantly reduce deactivation of the Ni-catalyst because of coke formation (Otsuka, 

1986; Berrocal et al., 2010; Forzatti et al., 1999). On the other hand several nickel based 

catalysts are reported to yield ideal H2:CO ratio of  ≈2.0 along with better selectivity for CO, 

which play a major role in Fischer-Tropsch synthesis (Larimi and Alavi 2012; Choudhary et 

al., 1992). Thus it is evident that, Ni loading may influence the product distribution 

substantially with specific reaction conditions. Novel and ideal supports for Ni based 

catalysts are also being investigated for better catalyst design (Berrocal et al., 2010).  

Inexpensive and stable catalysts are essential for achieving commercial success of 

heterogeneous catalytic methane conversion process as large scale catalyst preparation incurs 
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huge investments (Simone et al., 1991; Herbst et al., 2010). Chicken eggshells produced in 

large amounts as waste from poultry industry can provide a renewable, inexpensive yet 

highly stable and pure source for developing catalysts (USDA-NASS 2012; Wei et al., 2009; 

Tangborilboon et al., 2011). Besides the macroporous or open void type pore characteristic of 

eggshell, the CaO active phase obtained from calcination at high temperatures is suitable for 

selective oxidation of methane (Cullis 1967; Tsai et al., 2006; Wei et al., 2009). Further, 

various metals can be easily loaded on the eggshell support via simple adsorption 

(Chojnacka, 2005; Yeddou et al., 2007; Ishikawa et al., 2002; Vijayaraghavan et al., 2005). 

Hence in the current research, Ni loading on the eggshell was investigated for selective 

oxidation of methane. Emphasis was given to study the effect of metal concentration, CH4:O2 

feed ratio, flowrate and temperature on methane conversion and product distribution. 

4.2 Experimental 

4.2.1 Catalyst preparation 

 Wet impregnation method was employed to coat nickel chloride on eggshell support in three 

different proportions, viz., 2%, 5% and 10% by weight of Nickel metal. Nickel chloride 

hexahydrate (NiCl2.6H2O), was used in preparing the catalysts. Washed eggshell particles of 

size 2-5 mm were mixed with aqueous Nickel chloride solution prepared in proportionate 

volume (1ml/g of eggshells used) of deionized water for 5 hours at 300 rpm and room 

temperature. Final catalysts were then developed by drying the mixtures at 105 ⁰C for 8 

hours followed by high temperature activation at 1000 ⁰C for 4 hours. 
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4.2.2 Catalyst characterization 

Catalyst characterization via SIMS-TOF and VPSEM was performed as described in  

chapter 2. 

4.2.3 Catalyst testing  

Catalyst testing was performed as described in chapter 3. Fractional methane conversion and 

product selectivity were defined as below. 

 

 

  Where  

                

4.3 Results & Discussion 

4.3.1 Catalyst characterization 

Secondary Ion Mass Spectrometry-Time of Flight (SIMS-TOF) data showed that, while 

CaO-NiO clusters were dominant on the catalyst surface, chloride was distributed all over the 

catalyst surface as shown in Fig 4.1. With increase in concentration of metal loading, 

distribution of several clusters was observed with a visually deformed surface. Further, 
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migration of chloride from Ni to Ca was observed upon calcination at high temperature of 

1000 ⁰C. We believe that Ni loading would have formed larger active and dominant clusters 

with increase in metal concentration. Nickel with relatively higher melting point (~1000 ⁰C) 

may not be distributed uniformly over the eggshell surface and rather form concentrated 

clusters as evident from the SIMS-TOF data. Calcium inherent to eggshell support is 

believed to act as binder in improving the mechanical strength of Ni based catalyst (Freni et 

al., 2000).  
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Figure 4.1: SIMS-TOF analysis for Ni loaded catalyst. (a) -5% Ni loading (b) - 10% Ni 

loading. 
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Via VPSEM analysis, nickel was observed to form concentrated clusters of different sizes 

along with CaO inherent to the eggshell catalyst as depicted in Fig 4.2-a. Such concentrated 

Ni clusters appeared to be protruding out of the surface and were distributed all over the 

surface of the catalyst. Thus, the catalyst surface was highly heterogeneous with different 

active sites in the defined area. Spent catalyst was observed to carry the nickel clusters 

suggesting that rate of removal of Nickel from the surface if at all was present was low (fig. 

4.2(b)). We believe the NiO clusters, resulted in higher production of partially oxidized 

product of syngas that was observed in several unique cases as explained later. As shown in 

Fig 4.2-c spent catalyst appeared more porous than the fresh catalyst suggesting that, the flow 

of feed gas had significant physical impact on the catalyst surface. On the other hand effect 

of excess heat released from the exothermic reaction of methane oxidation might have 

fluidized the catalytic surface during reaction as well. 
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Figure 4.2: VPSEM analysis for 10% Ni loaded eggshell catalyst. (a- 10%-Ni loaded fresh 

catalyst representing heterogeneous surface with multiple active sites; b- Ni clusters 

observed both on fresh and spent catalyst and c- 10%-Ni loaded fresh and spent catalyst 

representing change in overall surface morphology.) 
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4.3.2 Effect of metal loading 

The product distribution of nickel chloride-loaded catalyst included C2-C7 hydrocarbons 

(ethane, ethylene, propene, 1,3-butadiene, pentene, pentadiene, benzene and toluene) along 

with H2 and COx. Nickel loading had no substantial effect in terms of conversion except for 

the 5% loading as depicted in Fig 4.3-a. 5%-Ni loading activated the pathway of partial 

oxidation of methane to yield higher production of syngas.  However, the activation of such a 

pathway for Nickel catalyst is difficult to explain as we observed no specific trend with 

varying metal concentration. Further, 2% and 10%-Ni loading provided similar results in 

terms of product distribution except that 10% loading yielded traces of methyl chloride and 

oxygenate 2-propenal. Production of C2- C4 hydrocarbons was preferred initially with 

introduction of Nickel (2%) on the eggshell surface, which upon increasing the metal 

concentration to 10% reduced C2-C4 selectivity slightly with a simultaneous increase in CO2 

production as shown in Fig 4.3 b-c. This suggested that NiO was active on the surface to 

oxidize target products completely into CO2 hence causing overoxidation. However, similar 

methane conversion rates with varying Ni concentrations when compared to the control 

eggshell catalyst without metal loading suggest that presence of Ni did not have an effect on 

methane conversion,. However, nickel appears to oxidize the intermediate products of 

interest.   

On the other hand, 5% loading was observed to yield only traces of C2-C4 hydrocarbons 

because of dominant partial oxidation pathway to yield syngas. There is no significant 

evidence to explain such a unexplained behaviour of the nickel loaded catalyst. However, the 
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results yielding higher hydrocarbons as a result of coupling, can be attributed to the 

catalytically active sites of CaO inherent to eggshell support and hybrid active sites of CaO-

NiO are believed to produce partially oxidized syngas. In such cases, CaO would have 

contributed towards activating methane via hydrogen abstraction whereas NiO would have 

acted dominantly as oxygen donor because of relatively lower bond dissociation energy of 

Ni-O (362 kJ/mol) compared to the bond dissociation energy of ~450 kJ/mol in Ca-O 

(Božović  et al., 2009; Watson et al., 1993, Darwent 1970). Catalyst preparation via the wet 

impregnation method may lead to highly heterogeneous surfaces on which exhibit 

inconsistent behavior of catalyst leading to variable product spectrum. Hence more controlled 

techniques of catalyst preparation like sol-gel process are recommended to prepare well 

defined catalysts using eggshell as support (Tangborilboon et al., 2011). 
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Figure 4.3: Effect of metal loading on (a) conversion of methane (b) selectivity of C2 

hydrocarbons and carbon oxides (c) selectivity of C3-C6 hydrocarbons with Nickel coated 

eggshell catalyst. 0% - control (calcined eggshell without metal loading). Reaction 

conditions: 650⁰ C, 0.8 L/min, 10 g catalyst and CH4:O2 = 1:1. Error bars represent the 

standard errors of mean values for conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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4.3.3 Effect of CH4:O2 on catalytic activity 

Methane conversion increased with decreasing oxygen concentration in Ni-loaded catalyst 

(Fig 4.4 a). This may be due to additional activity of NiO clusters towards methane activation 

and reduced diffusional constraints for methane molecules to adsorb on the catalyst surface. 

Selectivity for CO2 production decreased substantially with concentration of oxygen in the 

feed (Fig 4.4-b). This drop in CO2 selectivity was not compensated with the extent of 

increase in selectivity for C2-C6 hydrocarbons. Observed notably lower carbon balance in the 

current study, suggests that, we might not have detected and identified additional 

compounds. 

10%-Ni loading resulted in activation of partial oxidation pathway of methane to yield higher 

production of syngas at a CH4:O2 ratio of 1.7. Results shown in table 4.1, for both 5% and 

10%-Ni loading at different CH4:O2 feed ratios suggests that Ni:O2 ratio may influence 

activation of partial oxidation pathway. Further, the H2:CO ratio of ~2.0 is more suitable for 

production of methanol via Fischer-Tropsch reaction (Larimi and Alavi, 2012). However, 

Choudhary et al (1992) have reported constant production of syngas from methane using 

NiO-CaO catalyst at different Ni:Ca (0-10) and CH4:O2 (1-2.0) ratios. Whereas, Ni supported 

on alkali metal Lithium (LiNO3/NiO) is reported to yield significant production of C2-

hydrocarbons from methane (Hatano and Otsuka, 1988). This further suggests that, CaO 

active phase in eggshell catalyst behaves in a unique fashion probably because of the 

arrangement of active sites which needs a detailed further investigation.  
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No significant evidence is available to explain such shift in pathways for methane conversion 

with qualitatively similar compositions of catalyst. This may require observation of catalytic 

properties online at high working temperatures with techniques like insitu FTIR (Fourier 

Transform Infrared spectroscopy). Nevertheless, the possibility of competition between NiO 

and CaO clusters to oxidize methane cannot be ignored. The oxidation pathway in such cases 

would depend on the catalytic active site that dominates. Though the chloride ion interacts 

with methyl radical and is also believed to enhance ethylene production (Otsuka, 1986), the 

role of chloride ion in activating methane may not be substantial when the partial oxidation 

pathway dominates the reaction mechanism (Kua et al., 2002; Choudhary et al., 1992). 

Further overoxidation of target products into CO2 can be minimized by using moderately 

strong oxidizing agents like nitrous oxide (N2O) (Roguleva et al., 1992). 

Table 4.1: Syngas production with Ni loaded eggshell catalyst at different CH4:O2 ratios in 

the feed. 

Metal 

conc. 

Temp 

(⁰C) 

Flowrate 

(mL/min) 

CH4:O2 XCH4 (%) SCO (%) SH2 (%) SCO2 (%) H2:CO 

10%-Ni 650 800 1.67 35 32.5 21.5 37 1.5-1.8 

5%-Ni 650 800 1 46 40 37 28.5 1.9-2.0 
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Figure 4.4: Effect of CH4:O2 feed ratio on (a) the conversion of methane (b) selectivity of 

carbon oxides and C2 hydrocarbons (c) selectivity of C3-C6 hydrocarbons with 10%-Ni 

loaded eggshell catalyst. Reaction conditions: 650⁰ C, 0.8 L/min, 10 g catalyst. Error bars 

represent the standard errors of mean values for conversion/selectivities at 10
th

 & 15
th

 min of 

the reaction. 
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4.3.4 Effect of flowrate 

As depicted in Fig 4.5-a, methane conversion increased with flow rate. This may be 

attributed to the mixing caused by the high flowrate, which might have assisted in 

overcoming mass transfer constraints and high thermal energy released from the oxidation of 

methane that will be distributed more effectively at high flowrates, may add to enhanced 

methane activation.  
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Figure 4.5: Effect of flowrate on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides (c) C3-C6 hydrocarbons with 10% Ni loaded eggshell 

catalyst, Reaction conditions: 650⁰ C, 10 g catalyst, CH4:O2 = 3.0. Error bars represent the 

standard errors of mean values for conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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It is evident from Fig 4.5-b, that with a lower flowrate and hence enhanced residence time 

C2-hydrocarbons production was preferred along with carbon dioxide which might have been 

a result of overoxidation of target products.  On the other hand, selectivity for both carbon 

dioxide and C2-hydrocarbons decreases with initial increase of flowrate but with a substantial 

conversion of oxygen (~85%) suggesting possible existence of an alternative pathway 

yielding unknown products. Further increase in flow rate completely inclined towards 

producing end product of CO2, which might have been a result of direct combustion of 

methane or methyl radicals because of high turbulence around the catalytic bed that not only 

overcomes diffusional constraints but also distribute the excess heat generated via the 

exothermic reaction of methane oxidation. Interestingly production of syngas at a flowrate of 

1.2 L/min was considerably larger suggesting possible dominance of NiO cluster when 

compared to CaO cluster. Such shift in pathway needs further investigation particularly via 

catalyst preparation methods. Controlled techniques of catalyst preparation that helps in 

achieving similar catalyst structure and morphology from batch to batch would prove 

beneficial in determining the reaction mechanism.   However, as depicted in Fig 4.5-c, 

though production of C3-C6 hydrocarbons was enhanced with initial increment of flowrate 

but reduced with further increase in the flowrate. At a flowrate of 0.8 L/min adequate 

turbulence would have provided selective coupling of C2 hydrocarbons into higher 

hydrocarbons. Thus the dynamic behaviour of Ni loaded eggshell catalyst needs further 

investigation to understand the surface reactions vividly. Nevertheless, adequate flowrate that 

provides optimal residence time to allow moderate access of catalytic active sites to reactants 
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is essential for selective oxidation. Hence an optimal flowrate would represent considerable 

methane conversion along with enhanced selectivity for products of interest as it was 

observed at 08 L/min in our case. 

4.3.5 Effect of temperature 

Conversion of methane as depicted in Fig 4.6-a increased with temperature. CO2 production 

increased rapidly with initial increase in temperature and attained nearly similar selectivity 

with further increments as shown in Fig 4.6-b. Interestingly, production of C2-hydrocarbons 

was preferred with increase in temperature. This can be attributed to possible exposure of 

more active sites of the catalyst due to the surface deformation caused by the flow of feed 

gases at increased temperature. Further, such surface deformation of catalyst surface can be 

relatively higher at high temperature allowing gases to access large number of active sites. 

Variations in selectivity factors of different target products with temperature can also be 

attributed partially to the inconsistent behaviour of the catalyst. Interestingly traces of carbon 

monoxide were observed in all the cases unlike the observations for other factors of metal 

concentration, CH4:O2 and flowrate where exceptional cases with high syngas production 

were observed. Increase in temperature on the other hand did not yield any quantifiable 

concentrations of C3-C6 hydrocarbons. Though temperature resistant stainless steel reactor 

was used in the current study, stainless steel is reported to not be inert at high working 

temperatures (Brown et al., 1991). Overexposed stainless steel surface at high temperature in 

our system might have considerable contribution to overoxidation of target products. Hence, 
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quartz reactors are recommended to investigate further on appropriate kinetics and 

experimental factors. 

 

 

 

Figure 4.6: Effect of temperature on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides with 10% Ni loaded eggshell catalyst. Reaction conditions: 

10 g catalyst, 800 mL/min, CH4:O2 = 3.0. Error bars represent the standard errors of mean 

values for conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 

(a) 

(b) 
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4.3.6 Catalytic life 

10% Ni loaded eggshell catalyst was investigated for reasonably prolonged catalytic activity 

(~ 4 cycles) via multiple cycles of methane conversion with periodic catalyst reactivation. 

Catalyst showed nearly similar conversion rates as shown in Fig 4.7 a, suggesting that carbon 

deposition on the catalyst can be minimized and hence catalytic activity can be maintained 

for prolonged duration. As shown in Fig 4.7-b, production of CO2 was inconsistent 

reasonably suggesting different rates of possible overoxidation of target products. Increased 

porosity of the catalyst due to the momentous effect of feed gas may cause repeated collision 

of intermediate products leading to their complete oxidation into CO2 (Cullis 1967). The 

stainless steel reactor wall may also have contributed significantly for CO2 production and 

hence relatively more inert reactors are recommended to apply as suggested before. 
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Figure 4.7: Effect of catalyst reactivation on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides with 10% Ni loaded eggshell catalyst. Reaction conditions: 

10 g catalyst, 650⁰ C, 800 mL/min, CH4:O2 = 3.0. Error bars represent the standard errors of 

mean values for conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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4.4 Conclusion 

A nickel impregnated eggshell catalyst was tested for selective oxidation of methane. 

Impregnation of Ni on eggshell support did not influence methane conversion when 

compared to the control eggshell catalyst with no metal loading. However, substantially 

higher CO2 production suggests the activity of NiO in oxidizing products of interest.  Factors 

of flowrate, temperature and CH4:O2 ratio in the feed, were observed to influence both 

fractional conversion of methane and selectivities towards target products substantially. 

Reducing oxygen concentration suppressed the overoxidation of target products considerably 

with similar methane conversion. On the other hand methane conversion increased with both 

temperature and flowrate, suggesting importance of mass transfer constraints and changes in 

catalytic properties. Results show that, surface reactions play vital role in methane 

conversion and significantly change catalyst surface morphology with time because of the 

heat released from exothermic reaction of methane oxidation along with physical impact 

caused by the flow of feed gas. Formation of methyl chloride by cleaving chlorine from the 

catalyst surface suggests that surface bound reactions dominate in methane activation and 

coupling. Concentration of oxygen can be varied to further investigate the cause for 

activation of partial oxidation pathway. Ni concentration can also be varied based on the 

catalyst preparation methods to manipulate product spectrum and conversion rates. Ni loaded 

catalyst can be reactivated to provide consistent methane conversion rates over multiple 

cycles of operation. 
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CHAPTER 5: Selective Oxidation of Methane on Iron Impregnated Calcined Eggshell 

Catalyst  

Abstract 

Impregnation of iron on eggshell led to production of C2-C7 hydrocarbons via oxidative 

coupling of methane and oxygenate 2-propenal. Impregnation in three different 

concentrations (2%, 5% & 10% by wt) led to reduction of fractional methane conversion 

with increasing metal loading on eggshell. 2% loading resulted in better fractional methane 

conversion and product distribution at 650⁰ C and 0.8 Lmin
-1

. Reduction in oxygen 

concentration enhanced methane conversion with substantial drop in production of CO2. 

Increase in temperature had negative impact as it resulted in drop in methane conversion with 

simultaneous increase in production of CO2 via overoxidation. FeCl3 because of its low 

melting point distributed iron loading uniformly on the surface along with few concentrated 

clusters making the catalyst surface heterogenic. Spent catalyst showed considerable surface 

deformation and enhanced porosity. 

Keywords: Iron; Ferric chloride; eggshell; methane; syngas; selective oxidation; OCM  

5.1 Introduction 

The dominant segment of natural gas composed of methane (~90 molar%) has gathered 

potential research interest for its conversion into other value added products. Several gas to 

liquid conversion technologies have been brought into practice (Holmen, 2009). Research 
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interests are focused to meet challenges associated with methane handling and conversion 

including difficulties in transportation, high inertness, capital and energy intensive 

conversion technologies, etc. (Lunsford, 2000). Oxidative coupling of methane has received 

considerable attention mostly because the derived products (particularly, ethylene and 

butadiene) are in huge demand as raw materials in several petrochemicals production 

processes (Morrow, 1990). Wide varieties of catalyst developing strategies have been 

investigated for several decades with little commercial success. Inexpensive and stable 

catalysts are vital requirements for methane oxidation process. Broad spectrum of catalytic 

materials, including alkaline earth metals and transition metal oxides, has been investigated 

with different products of interest (Shiota et al., 2000; Amenomiya et al., 1990). 

Iron oxide cluster has received significant attention because of its selective oxidizing 

property. Though iron oxide was known to be less active for coupling reactions both in its 

native form as well as when promoted with alkali metal nitrates, it promotes partial oxidation 

in several cases (Keller and Bhasin 1982; Amenomiya et al., 1990). Contrastingly Cherrak et 

al. (1992) reported enhanced C2-selectivity upon introduction of Fe on bismuth vanadate 

based catalyst.  Attempts have been made to disperse the FeOx clusters and Cu
2+

 ions on 

silica to improve catalytic oxidation of methane into formaldehyde (Wang et al., 2010). 

Recently, Vereshchagin et al. (2012) reported highly active ferrosphere catalysts composed 

of 36-93 wt % Fe2O3 for oxidative coupling of methane with emphasis on catalyst 

preparation approach as well as the phase changes of the catalyst components. Change in 
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oxidation state of Fe
3+

 has been reported on Li/CaO catalyst suggesting the active status of 

Fe
3+

 during methane oxidation (Roguleva et al., 1992).  

Renewable and inexpensive catalytic supports like eggshells are capable of reducing the cost 

associated with catalyst development on a large scale (Herbst et al., 2010). Nearly half 

million tons of eggshell waste is estimated to be generated annually in US alone (USDA-

NASS 2012; Chojnacka, 2005). Pure and highly active CaO phase obtained by calcination of 

eggshells has already found application as catalyst in biodiesel production (Sharma et al., 

2010; Wei et al., 2009; Granados et al., 2007). More controlled catalyst preparation 

techniques can be applied while preparing eggshell based catalysts (Tangborilboon et al., 

2011). Different metals, particularly iron can be loaded on the eggshell via simple 

biosorption (Yeddou et al., 2007; Ishikawa et al., 2002; Vijayaraghavan et al., 2005). Further, 

macroporous or open void type pore characteristic of eggshell makes it ideal for selective 

oxidation (Tsai et al., 2006; Cullis 1967). In the current study, eggshell loaded with FeCl3 

was investigated for methane conversion into higher hydrocarbons as well as for oxygenates 

along with factors of flowrate, temperature and CH4:O2 which are believed to influence 

catalytic activity and product distribution. 

5.2 Experimental 

5.2.1 Catalyst preparation 

Iron metal was loaded in three different concentrations of 2%, 5%, and 10% by weight on the 

eggshell support. Ferric chloride hexahydrate (FeCl3.6H2O) was used to deposit the metal 
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using wet impregnation method. Eggshell particles (2-5 mm in size) were mixed with 

aqueous ferric chloride solution prepared in proportionate volume (1ml/g of eggshells used) 

of deionized water for 5 hours at 300 rpm and room temperature. Catalyst preparation was 

then followed by drying the mixtures at 105 ⁰C for 8 hours and then activated at 1000 ⁰C for 

4 hours. 

5.2.2 Catalyst characterization 

SIMS-TOF and VPSEM methods described in chapter 2 were employed to characterize the 

prepared catalysts. 

5.2.3 Catalyst testing 

Methodology for catalyst testing has been described in chapter 3.  

Following definitions were used to determine fractional methane conversion and product 

selectivity. 

 

 

   Where  
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5.3 Results and Discussion 

5.3.1 Catalyst characterization 

Formation of CaO active phase was confirmed with Secondary Ion Mass Spectrometry-Time 

of Flight (SIMS-TOF) data via observation of CaOH+ and CaO+ functional groups as shown 

in Fig 5.1 a. Chloride distribution was observed to be present all over the catalyst surface and 

close observation suggests arrangement of chloride ions along the pore channels inherent in 

eggshells. Further, chloride was observed to migrate from FeCl3 to interact with calcium 

inherent in eggshell upon high temperature catalyst activation. Visual observation showed 

that increasing FeCl3 loading led to clumping of catalyst particles, possibly minimizing 

accessible active sites for the reaction. During catalyst preparation, aqueous FeCl3 can react 

with CaCO3 to exchange chlorine as well as to change the pH substantially because of release 

of HCl and CO2 (eq 1 &2). 

FeCl3 + 3H2O   FeOH3 + HCl         (1) 

CaCO3 + 2HCl   CaCl2 + CO2 + H2O       (2) 

However, interaction of FeCl3 with eggshell at high temperature of 1000 ⁰C needs further 

investigation to determine the type of interaction between iron and calcium components. 

However, SIMS-TOF mass spectral images showed that iron was arranged both as cluster 

and in well distributed planar way (Fig 5.1 b).  Hence, calcium overlapping with iron was 

observed in both situations as depicted in Fig 5.1 a and c. 
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Figure 5.1: SIMS-TOF mass spectral images for 2%-Fe loaded eggshell catalyst representing 

(a) distribution of Ca and Fe in different forms (b) distribution of Fe clusters (c) relative 

distribution of Fe & Ca.  
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Interestingly, Energy Dispersive Spectroscopy data procured via VPSEM analysis for 2%-Fe 

loaded eggshell catalysts portrayed the metal loading both in the form of cluster as well as in 

widely distributed manner on the surface (Fig 5.2). Catalyst surface is thus assumed to be 

highly heterogeneous. Unique surface morphology resembling a surface with settled molten 

metal was observed, perhaps due to the low melting point of FeCl3 (~300 ⁰C) which would 

spread over the eggshell support. Further partial dissolution of iron clusters into the eggshell 

catalyst support is possible (El Shobaky et al., 2006). Spent catalyst showed significantly 

deformed surface morphology with enhanced porosity suggesting possible momentous 

impact of the feed gas. 
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Figure 5.2: VPSEM analysis for 2% Fe loaded eggshell catalyst. (a- 2%-Fe loaded fresh 

catalyst representing heterogeneous surface with multiple active sites; b & c- 2%-Fe loaded 

fresh and spent catalyst representing change in overall surface morphology). 

 



157 

 

 

 

 

 

(a) 

 

 

 



158 

 

 

 

 

             

Fresh Catalyst                  Spent catalyst 

(b) 

 

             

Fresh Catalyst     Spent catalyst 

(c) 

 

 



159 

 

 

 

 

5.3.2: Effect of metal loading 

Iron loading did not influence the fractional conversion of methane with initial introduction 

of metal at 2% wt loading. However, with further increase in metal concentration substantial 

drop in methane conversion was observed as shown in Fig 5.3-a. This can be attributed to 

migration of chloride to Ca inherent to eggshell forming an inactive CaCl2 phase during 

catalyst preparation as discussed before (eq 1&2). Further, the relatively lower melting point 

of FeCl3 would enhance the distribution of its molten phase, masking active CaO sites on the 

eggshell. C2-C7 hydrocarbons (ethane, ethylene, propene, 1,3 butadiene, pentene, pentadiene, 

benzene and toluene) along with H2 and COx were identified as part of the product spectrum. 

The mechanism for formation of the mentioned product spectrum has been proposed in 

chapter 2 & 3. 

The production of CO2 did not vary considerably with iron concentration. However, 10% 

loading in spite of possessing higher metal concentration, led to drop in CO2 production. This 

drop in CO2 production was not compensated with enhanced selectivity for other products 

and rather production of C2-C6 hydrocarbons dropped simultaneously as shown in Fig 5.3-

b,c. This phenomenon suggests the possible existence of an alternative pathway leading to 

products that were not detected by our analytical system Eventually, 2% Fe loaded catalyst 

was chosen for further analysis since iron loading beyond 2% substantially reduced methane 

activation. 
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Figure 5.3: Effect of metal loading on (a) conversion of methane (b) production of C2 

hydrocarbons and carbon oxides (c) production of C3-C6 hydrocarbons with iron coated 

eggshell catalyst. 0% - control (calcined eggshell without metal loading) Reaction conditions: 

650⁰ C, 0.8 L/min, 10 g catalyst and CH4:O2 = 1:1. Error bars represent the standard errors of 

mean values for conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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5.3.3 Effect of CH4:O2 on catalytic activity 

Interestingly fractional conversion of methane increased with decreasing oxygen proportion 

in the feed as shown in Fig 5.4 a. It is proposed that oxygen and methane components of the 

feed compete with each other to adsorb on the catalytic surface. Reducing oxygen 

concentration will pose minimal constraint for methane molecules to adsorb on the catalyst 

surface. This would have led to enhanced conversion of methane. Further, it is theorized that 

at a lower concentration of oxygen, Fe2O3/FeO clusters may also have contributed towards 

methane activation. 

Selectivity for CO2 dropped rapidly with reduction in oxygen concentration in the feed, 

suggesting dominant selective oxidation reaction (Fig 5.4 b). Smilar behavior was observed 

with copper and nickel loaded catalysts (chapter 3 & 4). But, in this work such a drop in CO2 

was coupled with drop in C2-C6 hydrocarbons (Fig 5.4 c). Hence, there was a large fraction 

of unaccounted carbon which suggested possible existence of unknown products that we did 

not detect and quantify in our system. This observation was further supported by the 

temperature data as discussed later in the article. With reduced oxygen concentration in the 

feed, the drop in production of ethylene was greater than reduction in ethane production as 

shown in Fig 5.4 d. In addition, measured high oxygen conversions of 95-97%  suggest 

possibility of presence of oxygenates as part of unknown products which  account for the 

missing carbon. 
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Figure 5.4: Effect of CH4:O2 feed ratio on (a) conversion of methane & oxygen (b) 

selectivity of carbon oxides and C2 hydrocarbons (c) selectivity of C3-C6 hydrocarbons (d) 

selectivity of C2 hydrocarbons with 2%-Fe loaded eggshell catalyst. Reaction conditions: 

650⁰ C, 0.8 L/min, 10 g catalyst. Error bars represent the standard errors of mean values for 

conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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5.3.4 Effect of flowrate 

Initial increase in flow rate enhanced the fractional conversion of methane probably because 

of adequate tortuosity that causes easy access of catalytic active sites for reactants. However, 

with further increase in flowrate rapid drop in methane conversion was observed suggesting 

inadequate residence time for methane activation (Fig 5.5a). Thus both mass transfer and 

residence time constraints are critical in obtaining desired methane conversion rate. 

Deposition of FeCl3 on eggshell support may mask CaO clusters to certain extent as is 

evident from the earlier data with different metal concentrations. Lower flowrate with high 

residence time may not supply adequate energy for reactant methane molecules to diffuse in 

the catalyst bed to access large number of CaO active sites and hence releasing most of them 

unreacted from the reactor. Additionally FeCl3 could have been relatively more mobile 

because of lower melting point (~300 ⁰C) when the feed gas was flown at higher flowrates. 

This could restrict the access of reactant methane molecules to CaO clusters which are 

believed to be the cause for methane activation. Such mobility and molten state settlement of 

FeCl3 was confirmed via VPSEM magnified images as shown in Fig 5.2.  

Production of CO2 and C2 hydrocarbons decreased with initial increase in flowrate and was 

enhanced with further increment of flowrate but at a lower methane conversion. Interestingly 

no quantifiable concentration >C3 hydrocarbons was observed at higher flowrate of 1.2 L/min 

(Fig 5.4 c). This suggests that, inadequate residence time would not have permitted multiple 

adsorption and desorption steps for reactants to form higher hydrocarbons. On the other hand 

with a lower flowrate, tendency of target products to overoxidize into carbon dioxide will 
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prevail causing lower selectivity. Hence balance between adequate residence time and 

sufficient turbulence is essential to enhance yields of target products. This conclusion was 

further evident from the data of variation in ethylene and ethane proportions in the product 

stream (Fig 5.5 d). With increasing flowrate, selectivity for ethane was greater than that for 

ethylene, indicating lack of secondary selective oxidation step due to lower residence time. It 

was observed that carbon balance improved whenever CO2 production dominated product 

distribution. Nevertheless, substantial amount of unaccounted carbon was observed in all the 

cases. 
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Figure 5.5: Effect of flowrate on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides (c) selectivity of C3-C6 hydrocarbons (d) selectivity of C2 

hydrocarbons with 2% Fe loaded eggshell catalyst. Reaction conditions: 10 g catalyst, 650⁰ 
C, CH4:O2 = 3.0. Error bars represent the standard errors of mean values for 

conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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5.3.5 Effect of temperature 

Unlike Ni, Cu and control eggshell catalyst, the fractional conversion of methane for iron 

coated eggshell catalyst decreased with increasing temperature (Fig 5.6 a). Drop in methane 

conversion was relatively large and can be attributed to both possible Ca-Fe interactions as 

well as to relatively higher mobility of FeCl3 because of its low melting point. With 

increasing temperature coupled with the physical impact of feed gas flow, the mobility of 

FeCl3 is believed to be enhanced significantly. Such mobility would cause FeCl3 to mask the 

CaO active sites inherent to eggshell support. Hence, iron loading devoid of chloride can be 

investigated to overcome higher mobility constraint of ferric chloride. On the other hand, as 

anticipated increasing CO2 production with simultaneous drop in products of interest (C2-C6 

hydrocarbons) was observed because of the overoxidation (Fig 5.6 b &c). While slight 

increase in ethane concentration was observed, ethylene production remained nearly same at 

all the temperatures tested (Fig 5.6 d).  
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Figure 5.6: Effect of temperature on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides (c) selectivity of C3-C6 hydrocarbons (d) selectivity of C2-

hydrocarbons (e) unaccounted carbon and CO2 production with 2% Fe loaded eggshell 

catalyst. Reaction conditions: 10 g catalyst 800 mL/min, CH4:O2 = 3.0. Error bars represent 

the standard errors of mean values for conversion/selectivities at 10
th

 & 15
th

 min of the 

reaction. 
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Overall carbon balance was performed for the experiments at different temperatures as 

mentioned above. The overall amount of unaccounted carbon reduced with increase in 

temperature as shown in Fig 5.6 e below. With a simultaneous increase in CO2 selectivity 

under the same conditions, overoxidation of unknown products could be justified. This 

further supports the hypothesis of possible existence of products of interest that we could not 

detect and quantify. 

5.3.6 Catalytic life 

As depicted in Fig 5.7 the catalyst was observed to be regenerated to achieve consistent 

methane conversion over multiple cycles. However, considerable increase in production of 

CO2 was observed after the first cycle of operation. Observation of magnified VPSEM 

images revealed very high porosity in the spent catalyst as shown in Fig 5.2. Such high 

increase in porosity can be partly attributed to the mobile FeCl3 and partly to the high 

flowrates of gases in different intervals during regeneration as described in the experimental 

section. 
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Figure 5.7: Effect of catalyst reactivation on (a) conversion of methane (b) selectivity of C2-

hydrocarbons and carbon oxides (c) selectivity of CO2 and unaccounted carbon with 2% Fe 

loaded eggshell catalyst. Reaction conditions: 650⁰ C, 0.8 L/min, 10 g catalyst and  

CH4:O2 = 3.0. Error bars represent the standard errors of mean values for 

conversion/selectivities at 10
th

 & 15
th

 min of the reaction. 
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High porosity thus caused along with high mobility of FeCl3 would provide enhanced 

number of Fe2O3/FeO clusters that are believed to be involved in strong oxidation.  Further, 

secondary collisions of products of interest within the highly porous catalyst structure would 

cause complete oxidation to CO2 as depicted in Fig 5.8 (Cullis 1967). Creation of hotspots 

and temperature gradient zones during oxidation of methane would also contribute to 

enhanced CO2 selectivity (Enger et al., 2008). Because of the possible molten state of the 

catalyst surface, the heat entrapment in the catalytic bed over multiple cycles may turn 

significantly higher. On the other hand the selectivity for other target products remained 

relatively low and nearly similar over time. Unaccounted carbon was observed to reduce with 

each cycle as the products were inclined to overoxidize because of secondary collisions and 

heat entrapment. Further, periodic flow of gases would have caused relatively higher porosity 

because of additional flow of O2 and He at higher flowrates as described before. Hence 

continuous flow attrition studies are recommended instead of periodic reactivation steps. 
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Figure 5.8: Representation of secondary collision of intermediate products of interest to 

undergo complete oxidation into CO2. 

 

 

5.4 Conclusion 

Iron loaded eggshell catalyst was somewhat different from Ni and Cu loaded eggshell 

catalyst in terms of its interaction with the eggshell support, surface morphology and overall 

catalytic behaviour. Oxygen concentration in the feed appeared to have dominant effect on 

methane activation and selectivity for target products of interest. Metal loading beyond 2% 

by wt did not yield substantial methane conversion and product yields. Unique behavior of 

the catalyst exhibiting reduced methane conversion with increasing temperature needs further 

investigation to justify the proposed criteria. Catalyst though was observed to provide 

consistent methane conversion over multiple cycles, enhanced porosity and heat entrapment 

bolstered overoxidation of target products into CO2. 
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CHAPTER 6: Summary 

In the current research, inexpensive, stable, and renewable eggshell catalysts were 

investigated for selective oxidation of methane into higher hydrocarbons. While the CaO 

phase in calcined eggshell catalyst without any metal deposition (control) is believed to be 

the active phase, impregnation of CuCl2, NiCl2 and FeCl3 would have provided hybrid 

clusters of CaO-CuO, CaO-NiO and CaO-FeO/Fe2O3 respectively as active phases. Metal 

deposition on eggshells was performed by wet impregnation technique. Objectives of the 

current research effort included investigating effect of (i) metal loading (ii) CH4:O2 ratio (iii) 

flowrate (iv) temperature on methane conversion and product distribution. In addition, ability 

of catalyst reactivation was investigated in eggshell catalysts with metal impregnation. 

Since preliminary results showed no quantifiable methane conversion below 650⁰ C, all the 

experiments were carried out at or above 650 C. Calcined eggshell without metal loading 

(control) resulted in the methane conversion range of 15-30% with varying the CH4:O2 from 

1.0 to 7.0. Though the methane conversion dropped with decreasing oxygen concentration in 

the feed, it led to better selective oxidation by restricting production of waste end products of 

CO2 & H2O. Under the tested conditions, calcined eggshell catalyst provided better yields of 

products of interest (C2-C7 hydrocarbons) at 650⁰ C, 0.8 L/min and CH4:O2 = 3.0 with 10 g 

of catalyst loading. Product distribution included ethane, ethylene, propene, 1,3-butadiene, 2-

pentene, benzene and traces of pentadiene and toluene. 
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Metal impregnated eggshell catalysts behaved differently from one another in terms of 

methane conversion and product distribution with varying parameters of metal concentration, 

CH4:O2, temperature and flowrate. While copper and iron resulted in antagonistic behavior in 

terms of methane conversion with increasing metal concentration, nickel loading did not 

influence methane conversion to considerable extent when compared to control calcined 

eggshell catalyst. However, regardless of unchanged or decreasing methane conversion rate, 

production of CO2 was observed to increase substantially with metal loading, suggesting the 

contribution of metal in oxidizing products of interest. Nevertheless, methyl chloride and 2-

propenal were observed as additional products to that found with control catalyst of calcined 

eggshell without any metal deposition. Interestingly iron loading beyond 2% by weight did 

not yield notable product yield. Hence eggshell catalyst with 2% Fe loading was used in 

investigating effect of CH4:O2, temperature and flowrate in contrast to catalysts with 10% by 

wt of Cu and Ni as described in chapters 3, 4 & 5.  

While a CH4:O2 ratio of 1.67 showed improved selective oxidation with 10% Cu loaded 

eggshell catalysts, both 10% Ni loaded and 2% Fe loaded eggshell catalysts performed better 

at a CH4:O2 ratio of 3.0. However, temperature of 650⁰ C and 0.8 L/min with 10 g of catalyst 

resulted in better product yields for all the catalysts. It was also found in our studies that the 

metal impregnated eggshell catalysts can be used for prolonged duration with considerable 

methane conversion rates. 

Interestingly 2% Cu loaded catalyst favored production of syngas over C2-C7 hydrocarbons at 

a CH4:O2 ratio of 1:1. Similar results were also found with Ni impregnated catalysts at 
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different conditions as depicted in table 6.1, suggesting dominance of partial oxidation of 

methane over oxidative coupling reaction. 

Table 6.1: Production of syngas with copper and nickel impregnated eggshell catalysts. 

Catalyst CH4:O2 

Temp 

(⁰C) 

Flowrate 

(Lmin
-1

) 

XCH4 (%) SH2 (%) SCO (%) H2:CO 

2% Cu 1:1 650 0.8 49 15 19 1.6-1.7 

5% Ni 1:1 650 0.8 46 37 40 1.9-2.0 

10% Ni 1.67:1 650 0.8 35 21 32 1.5-1.8 

 

The carbon balance was not complete in several cases with all the metal impregnated 

eggshell catalysts. Particularly 2% Fe loaded eggshell catalyst at CH4:O2 of 3.0, 650⁰ C and 

0.8 L min
-1

 resulted in large amount of unaccounted carbon of nearly 70-80% which needs 

further investigation in terms of identifying and quantifying unknown products. The missing 

carbon was also confirmed with temperature data. Further, such cases of unaccounted carbon 

were also observed with Cu and Ni loaded eggshell catalysts but with relatively lower 

concentrations of unaccounted carbon. 
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Catalyst characterization via VPSEM showed that spent catalyst had substantially enhanced 

porosity and surface deformation because of the physical impact of the feed gas. Stainless 

steel rector used in our research though is temperature resistant may not be completely inert 

and hence contribute towards complete oxidation of products of interest that are relatively 

less stable. Therefore, reactors fabricated with inert materials like quartz are recommended to 

investigate appropriate kinetic studies. 
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