
	

	

	

	

	

	

	

	

	

	

	

THE THERMO-CATALYTIC DECOMPOSITION OF 

METHANE FOR ECONOMICAL AND EMISSION-FREE 

HYDROGEN PRODUCTION 
 

 

 

 

ANDREW CORNEJO 

BE(MECH), BCOM 

 

 

 

 

 

 

THIS THESIS IS PRESENTED FOR THE DEGREE OF DOCTOR OF PHILOSOPHY OF THE UNIVERSITY OF 

WESTERN AUSTRALIA 

 

SCHOOL OF MECHANICAL AND CHEMICAL ENGINEERING 

2013	



	

	

Executive	Summary	

Hydrogen	 gas	 is	 an	 indispensable	 industrial	 commodity	whose	 demand	 is	 forecasted	 to	

increase	drastically,	especially	if	used	as	a	sustainable	and	clean	form	of	fuel.		However	the	

sustainability	 of	 the	 current	 forms	 of	 production,	 primarily	 involving	 the	 reforming	 of	

hydrocarbons,	has	been	questioned	due	to	their	significant	CO2	emissions.	 	An	inherently	

cleaner	process	called	“Thermo‐Catalytic	Methane	Decomposition”	(TCMD)	is	suggested	as	

an	alternative	method	of	production,	where	these	potential	greenhouse	gases	are	instead	

sequestered	 as	 stable	 and	 valuable	 forms	 of	 solid	 carbon.	 	 Studies	 have	 proven	 this	

process	 to	 be	 the	 most	 energy	 efficient	 and	 environmentally	 sustainable	 option	 of	 all	

hydrocarbon	 based	 hydrogen	 production	 processes	 (Dufour	 et	 al.,	 2011).	 	 However	 in	

order	for	this	process	to	be	commercially	competitive	against	Steam	Methane	Reforming	

(SMR),	 the	 most	 common	 hydrogen	 production	 process,	 the	 revenue	 derived	 from	 the	

carbon	by‐product	must	be	sufficient	to	offset	the	larger	methane	feedstock	required.	

Unfortunately,	research	to	date	has	been	unable	to	develop	a	catalyst	that	is	able	to	meet	

these	 carbon	 revenue	 requirements	 whilst	 maintaining	 low	 catalyst	 turnover	 costs.	

Carbon‐based	catalysts	are	unlikely	to	generate	sufficient	carbon	revenues	because	of	the	

relatively	 low	market	 size	 and	 value	 of	 the	 amorphous‐type	 carbon	 they	 produce.	 	 	 In	

addition,	common	metal‐based	catalysts,	although	producing	highly	graphitic	and	valuable	

carbon	products	with	wider	market	appeal,	suffer	from	exorbitantly	high	catalyst	turnover	

costs	which	reduce	the	competitive	potential	of	this	process.		The	inescapable	conclusion	

from	 past	 research	 is	 that	 all	 metal	 based	 catalysts	 suffer	 from	 high	 rates	 of	 catalyst	

turnover	because	they	all	(1)	eventually	deactivate	via	carbon	encapsulation,	and	(2)	are	

exceedingly	 difficult	 to	 recycle	 because	 of	 the	 complexities	 involved	 in	 separating	 the	

catalyst	 from	 the	 carbon.	 	 It	 is	 therefore	 clear	 that	 the	 catalyst	 costs	 are	 integral	 to	 the	

economics	of	this	process.		

Knowing	 this,	 the	 current	work	analyses	 a	 range	of	 simple	 iron‐based	 catalysts	 that	 are	

sufficiently	 inexpensive	 to	 be	 economically	 ‘consumed’	 in	 this	 process,	 whilst	 also	

producing	a	high	value	graphitic	product.		The	results	of	this	work	prove	that	most	forms	

of	 cheap	 untreated	 iron	 ore	 can	 be	 very	 cost	 effective	 catalysts	 despite	 generating	

significantly	 less	 carbon	yield	 than	 the	majority	more	 complex	 alternatives.	 	These	 low‐

cost	catalysts	result	in	turnover	costs	less	than	half	of	the	best	catalysts	researched	in	the	

past	half	a	century.		Furthermore	these	costs	can	be	further	reduced	to	less	than	5%	if	the	

process	is	undertaken	at	elevated	pressures	(~30	bar).	



	

	

This	work	also	resulted	in	the	development	of	an	innovative	reactor	system	which	allows	

the	 use	 of	 elevated	 pressures	 whilst	 not	 being	 limited	 to	 the	 lower	 Thermodynamic	

Equilibrium	 Limit	 (TEL)	 inherent	 under	 these	 conditions	 for	 expanding	 gas	 reactions.		

Termed	 the	 ‘Multiple	Pressure	Reactor’	 (MPR),	 this	 system	passes	methane	sequentially	

from	high	to	low	pressure	vessels,	where	the	higher	pressure	vessels	increase	the	catalyst	

utility	and	the	latter	increases	the	methane	conversion	efficiency.		This	system	is	therefore	

able	 to	 extract	 maximum	 utility	 from	 the	 catalyst	 whilst	 maintaining	 the	 maximum	

possible	 methane	 conversion	 for	 atmospheric	 pressure	 reactions:	 92‐96%	 for	 reaction	

temperatures	 of	 800‐900°C	 respectively.	 	 An	 empirical	 analysis	 of	 the	 system	 mass	

balance	(using	extrapolated	values	for	carbon	yield)	estimates	that	catalyst	turnover	costs	

would	be	~$8	per	 tonne	of	hydrogen	produced	when	using	 commercially	 available	 iron	

ore	fines	as	a	catalyst	within	a	5	stage	counter‐flow	MPR	with	an	operating	pressure	range	

between	1‐30	bara.	

Furthermore,	 an	 assessment	 of	 the	 economic	 potential	 of	 the	 carbon	 product	 reveals	 a	

wide	 array	 of	 suitable	 applications	 for	 their	 utilization.	 	 The	 carbon	produced	 is	mainly	

comprised	of	Carbon	Nano	Onions	(CNOs)	and	novel	Carbon	Micro	Shells	(CMSs)	with	high	

graphitic	degree.		After	purification	to	>99wt%	using	acid	digestion	(HNO3)	and	magnetic	

separation,	 the	 CNOs	 show	 promise	 for	 uses	 in	 fuel	 cells	 and	 batteries.	 	 Platinum	 (Pt)	

loading	 onto	 these	 carbon	 structures	 attained	 a	moderate	 utilization	 on	 par	with	many	

publications	 for	 fuel	 cell	 catalyst	 supports.	 	 In	 addition,	 these	 carbon	 structures	 show	

extremely	 high	 efficiencies	 over	 a	 wide	 range	 of	 charge/discharge	 currents,	 which	

illustrate	their	potential	for	battery	application.		These	results	are	in	line	with	a	number	of	

published	articles	 that	highlight	 the	potential	 for	CNO	structures	 in	batteries	(Han	et	al.,	

2011)	 and	 supercapacitors	 (Pech	 et	 al.,	 2010).	 	 As	 the	majority	 of	 these	 studies	 utilize	

CNOs	 that	 are	 produced	 by	 the	 detonation	 of	 nano‐diamond,	 this	 process	 offers	 a	

significantly	cheaper	alternative	to	satisfy	these	growing	markets	in	large‐scale.			

In	addition,	the	production	of	novel	CMS	structures	may	open	whole	new	applications	and	

markets.	 	CMSs	are	hollow	graphite	structures	more	than	one	order	of	magnitude	 larger	

than	typical	CNOs.		It	is	believed	that	this	is	the	first	time	these	structures	have	ever	been	

synthesized,	 previously	 only	 being	 observed	 in	 meteorites	 (Fraundorf	 and	 Wackenhut,	

2002,	 Croat	 et	 al.,	 2005).	 	 Further	 investigation	 is	 needed	 to	determine	 their	 properties	

and	potential	for	further	applications.	

This	 work	 therefore	 shows	 potential	 for	 the	 commercial	 production	 of	 hydrogen	 using	

TCMD.		A	number	of	patents	have	been	developed	from	these	developments	and	a	spin‐off	

company,	Hazer	Pty	Ltd,	created	to	further	develop	and	commercialise	this	technology.		
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Nomenclature 

α	 	 	 Linear	coefficient	for	carbon	capacity	equation	

α‐Iron	 	 	 Ferrite	

%A	 	 	 Percentage	composition	of	phase	‘A’	

Ai	 	 	 Enthalpy	coefficient	‘A’	for	species	‘i’	

ATR	 	 	 Auto‐Thermal	Reforming		

ATSR	 	 	 Auto‐Thermal	Steam	Reforming	

Ax	 	 	 Peak	area	for	phase	‘x’	

β	 	 	 Linear	constant	of	carbon	capacity	equation	

β½	 	 	 Width	of	the	diffraction	peak	at	FWHM	

bara	 	 	 Bar	absolute	

BET	 	 	 Hugh	Emmett	Teller	(Surface	area	analysis)	

Bi	 	 	 Enthalpy	coefficient	‘B’	for	species	‘i’	

BIEA	 	 	 Blockage	Induced	Elevated	Activation	

CCM	 	 	 Crackling	Core	Model	

CDCS	 	 	 Carbon	Dioxide	Capture	and	Sequestration	

C	 	 	 Total	carbon	yield	(grams	of	carbon	per	gram	of	catalyst)	

ΔCRn	 	 	 Carbon	yield	at	reactor	‘Rn’	

%C	 	 	 Percentage	of	carbon	purity	

CF	 	 	 Carbon	Fibre	

Ci	 	 	 Enthalpy	coefficient	‘C’	for	species	‘i’	

CMS	 	 	 Carbon	Micro	Shell	

CNF	 	 	 Carbon	Nano	Fibre	

CNO	 	 	 Carbon	Nano	Onion	

CNT	 	 	 Carbon	Nano	Tubes	

CSM	 	 	 Cracking	Shrinking	Model	

d	 	 	 Interplane	distance	of	graphite	(002)	plane	

dc	 	 	 Average	particle	size	(nm)	

Di	 	 	 Enthalpy	coefficient	‘D’	for	species	‘i’	

EAS	 	 	 Electrochemical	Active	Surface	
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EDS	 	 	 Energy	Dispersive	X‐ray	Spectrometry	

EFTEM		 	 Energy	Filtered	Transmission	Electron	Microscope	

ξT	 	 	 Methane	conversion	efficiency	at	temperature	‘T’	

ξRn	 	 	 TEL	at	reactor	‘Rn’	

FBR	 	 	 Fluidized	Bed	Reactor	

%Fe	 	 	 Weight	fraction	of	iron	in	the	pre‐reaction	catalyst	

FWHM		 	 Full	Width	Half	Maximum	

γ‐Iron	 	 	 Austenite	

g	 	 	 Fractional	graphitization	degree	

Δg	 	 	 Change	in	Gibbs	free	energy	 	

Gc/GFe	 	 	 Carbon	yield	–	gram	of	carbon	per	gram	of	iron	

GC	 	 	 Gas	Chromatograph	

θ	 	 	 Bragg	angle	

Δh	 	 	 Change	in	enthalpy	

HRTEM	 	 High	Resolution	Transmission	Electron	Microscopy	

ID	 	 	 Intensity	of	Raman	D	peak	for	graphite	spectrum	

IG	 	 	 Intensity	of	Raman	G	peak	for	graphite	spectrum	

IRx	 	 	 Intensity	ratio	for	phase	‘x’	

k	 	 	 Scherrer	coefficient	

K298K	 	 	 Equilibrium	constant	for	reaction	at	298˚K	

KT	 	 	 Equilibrium	constant	for	reaction	at	temperature	‘T’	

λ	 	 	 Wavelength	of	the	x‐ray	radiation	

Mcat	 	 	 Total	mass	of	catalyst	oxide	


)(RnCM 	 	 Carbon	mass	deposition	rate	


)(RncatM 	 	 Mass	flow	rate	of	catalyst	in	reactor	‘Rn’	

MFC	 	 	 Mass	Flow	Controller	

MFM	 	 	 Mass	Flow	Meter	

MMx	 	 	 Molecular	mass	of	‘x’	

MPR	 	 	 Multiple	Pressure	Reactor	

Mt	 	 	 Total	mass	of	carbon	including	embedded	catalyst	
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NG	 	 	 Natural	Gas	

P	 	 	 Total	reaction	pressure	

PRn	 	 	 Pressure	in	reactor	‘Rn’	

PDF	 	 	 Powder	Diffraction	File	

PEMFC		 	 Proton	Exchange	Membrane	Fuel	Cell	

POx		 	 	 Partial	Oxidation	

PSA	 	 	 Pressure	Swing	Adsorption	

R	 	 	 Ideal	gas	constant	

QT	 	 	 Heat	released	by	burning	hydrogen	in	air	


)(4 ICHQ 	 	 Initial	methane	feed	rate	



)(2 nHQ 		 	 Hydrogen	flow	rate	exiting	reactor	‘n’	



)(2 RnHQ 	 	 Hydrogen	production	rate	at	reactor	‘Rn’	

RIRmax	 	 	 Largest	relative	intensity	ratio	for	all	present	phases	

RIRx	 	 	 Relative	Intensity	Ratio	for	phase	‘x’	

SAD	 	 	 Selected	Area	Diffraction	

SCD	 	 	 Surface	Carbide	Decomposition	

SCM	 	 	 Shrinking	Core	Model	

SEM	 	 	 Scattering	Electron	Microscopy	

SLS	 	 	 Static	Light	Scattering	

SMR	 	 	 Steam	Methane	Reformation	

SS	 	 	 Stainless	Steel	

STP	 	 	 Standard	Temperature	and	Pressure	

T	 	 	 Reaction	temperature	

TI	 	 	 Temperature	Indicator	

TCMD	 	 	 Thermo‐Catalytic	Methane	Decomposition	

TEL	 	 	 Thermodynamic	Equilibrium	Limit	

TEM	 	 	 Transmission	Electron	Microscopy	

TGA	 	 	 Thermo‐Gravimetric	Analysis	

TOS	 	 	 Time	On	Stream	

UHP	 	 	 Ultra	High	Purity	
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UWA	 	 	 University	of	Western	Australia	

ν	 	 	 Stoichiometry	of	reaction	

vol%	 	 	 Volume	percentage	

VG	 	 	 Vapour	Generated	
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1. Introduction 

The	current	market	 for	hydrogen	gas	 is	 large	and	 it	 is	expected	to	 increase	drastically	 if	

used	 as	 a	 sustainable	 and	 clean	 form	of	 fuel.	 	However	 the	 sustainability	 of	 the	 current	

main	forms	of	production,	such	as	Steam	Methane	Reforming	(SMR),	 is	being	questioned	

due	to	their	significant	CO2	emissions.		

An	inherently	cleaner	process	called	“Thermo‐Catalytic	Methane	Decomposition”	(TCMD)	

is	 a	 potential	 alternative	 that	 eliminates	 these	 potential	 greenhouse	 gas	 emissions	 by	

instead	storing	the	carbon	species	as	stable	forms	of	valuable	nano‐graphite.		Studies	have	

proven	this	process	to	be	the	most	energy	efficient	and	environmentally	sustainable	of	all	

hydrocarbon	reformation	processes	(Dufour	et	al.,	2011).		However	it	is	estimated	that	in	

order	 for	 the	 hydrogen	 cost	 to	 be	 comparative	 to	 SMR,	 the	 most	 common	 hydrogen	

production	 process,	 sufficient	 revenue	 ($0.16‐0.6/kg)	 must	 be	 obtained	 from	 the	 solid	

carbon	 by‐product	 to	 offset	 the	 increased	 methane	 feedstock	 requirement	 (Muradov,	

2003,	Dufour	et	al.,	2011).			

The	two	main	fields	of	research	in	TCMD	involve	either	carbon	or	metal	based	catalysts.	

Metal‐based	 catalysts	 are	 considered	 to	 have	 the	 highest	 potential	 for	 large‐scale	

commercialization	 potential	 compared	 to	 carbon‐based	 catalysts	 because	 they	 produce	

more	desirable	 forms	of	 carbon	with	 higher	 graphitic	 degree.	 	 These	 carbon	 structures,	

such	as	Carbon	Nano‐Tubes	 (CNTs),	have	chemical,	 electrical	and	mechanical	properties	

(Bernholc	et	al.,	2002,	Guo	and	Guo,	2003,	Ruoff	et	al.,	2003,	Xie	et	al.,	2000,	Dresselhaus	et	

al.,	2004),	and	have	subsequently	attracted	a	vast	amount	of	research	interest	for	a	variety	

of	applications.	

However	 the	use	of	metal‐based	catalysts	 in	 the	TCMD	process	has	 inherent	 issues	with	

rapid	catalyst	deactivation	through	carbon	encapsulation;	resulting	in	high	turnover	costs	

and	 lower	 economic	 competitiveness	 compared	 to	 other	 hydrogen	production	methods.		

Past	research	has	attempted	to	address	this	issue	by	developing	catalysts	that	promote	the	

growth	of	carbon	structures	with	lower	deactivation	rates,	such	as	CNT	and	other	Carbon	

Fibres	 (CFs).	 	However,	 the	eventual	deactivation	of	 all	 these	 catalysts	 and	 the	 inherent	

complexity	of	recovering	the	catalyst	from	the	carbon	mean	that	catalyst	turnover	is	never	

completely	 eliminated.	 	 Furthermore,	 the	 cost	 savings	 associated	 with	 this	 reduced	

turnover	 is	 not	 significantly	 improved	 because	 of	 the	 higher	 costs	 of	 the	more	 complex	

catalyst.	
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In	 light	 of	 the	 inherent	 disadvantages	 associated	with	 both	widely	 researched	methods	

(metallic	and	carbon	catalysts)	it	 is	proposed	in	this	work	to	integrate	the	advantages	of	

both	methods	by	developing	metallic	catalysts	that	have	low	turnover	costs	and	produce	

high	 value	 graphitic	 carbon.	 	 Similar	 to	 carbon‐based	 catalysts,	 consumable	 metallic	

catalysts	would	remove	the	need	for	complex	catalyst	separation	and	recycling	processes	

that	currently	limit	the	economic	feasibility	of	common	metallic	based	catalysts.	However,	

these	catalysts	should	rival	carbon	catalysts	because	of	their	 inherently	superior	activity	

and	higher	quality	carbon.				

The	main	 objectives	 of	 this	work	 are	 to:	 (1)	 investigate	 simple	 and	 cheap	 ‘consumable’	

metallic	 catalysts,	 (2)	 maximise	 the	 carbon/catalyst	 yield	 via	 optimizing	 the	 process	

conditions	 such	 as	 reduction	 conditions,	 and	 reaction	 temperature,	 pressure	 and	 space	

velocity,	and	(3)	conduct	a	preliminary	scale‐up	feasibility	for	this	process.			

The	first	part	of	this	research	investigates	various	simple	metallic	catalysts	based	on	iron,	

due	to	their	drastically	lower	raw	costs	in	comparison	with	other	catalytic	elements.		Basic	

catalyst	structures	with	low	production	costs	are	analysed,	including	(1)	loaded	solid‐state	

monolithic‐type	catalysts	and	(2)	powdered	unsupported	metallic	catalysts.	

The	second	aspect	of	this	research	is	to	determine	the	feasibility	of	 large‐scale	hydrogen	

production	using	these	cheap	catalysts	with	a	view	to	devise	an	economical	TCMD	process	

for	 the	 continuous	 production	 of	 hydrogen.	 This	 includes	 (1)	 developing	 preliminary	

reactor	 designs	 and	 configurations,	 (2)	 investigating	 the	 properties	 and	 potential	

applications	for	the	carbon	produced,	and	(3)	conducting	a	broad	economic	analysis	of	the	

catalyst	turnover	costs	in	comparison	to	other	metallic	catalysts	researched	for	the	TCMD	

process.		
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2. Background 

Hydrogen	gas	is	used	in	a	number	of	industrial	applications	and	is	forecasted	to	be	used	

as	a	sustainable	clean	fuel	in	the	short	to	medium	term.		However	its	current	means	of	

production	 reduces	 its	 economic	 and	 environmental	 attractiveness.	 	 This	 section	

highlights	 the	main	methods	of	production	and	 their	associated	drawbacks,	as	well	as	

detailing	a	number	of	options	and	introducing	the	process	of	methane	decomposition.	

2.1. Hydrogen	usage	and	production	

The	 chemical	 industry	 has	 long	 utilized	 large	 volumes	 of	 hydrogen	 for	 oil	 refining	

processes	and	the	production	of	unsupported	chemicals	such	as	methanol,	ammonia	and	

synthetic	hydrocarbons	via	Fischer‐Tropsch	synthesis.	The	global	demand	is	estimated	

at	 53	 million	 metric	 tons	 per	 year	 in	 2010,	 with	 an	 economic	 value	 of	 $86	 billion	

(SHFCA,	2013).	

In	addition,	hydrogen	is	widely	considered	to	have	a	strong	potential	 for	use	 in	 future	

energy	systems:	meeting	climate	change,	air	quality,	and	resource	use	goals	(Barreto	et	

al.,	2003).	It	has	been	envisioned	as	a	vector	for	clean	energy	and	has	been	endorsed	by	

numerous	 world	 leaders	 as	 the	 key	 to	 a	 clean	 energy	 future.	 When	 hydrogen	 is	

chemically	 combined	 with	 oxygen	 to	 produce	 heat	 or	 electricity,	 either	 through	

combustion	or	hydrogen	fuel	cells	respectively,	only	pure	water	vapour	is	emitted	as	a	

by‐product.	 Therefore	 the	 use	 of	 hydrogen	 as	 a	 fuel	 could	 eliminate	 all	 harmful	

emissions	 currently	 associated	 with	 burning	 fossil	 fuels,	 such	 as	 CO,	 CO2,	 NOx,	 SOx,	

aromatic	hydrocarbons	and	toxic	metals.	 	 	These	fossil	 fuels,	 in	the	form	of	coal,	oil	or	

natural	 gas	 (NG),	provide	approximately	85%	of	 the	world’s	energy	 supply	 (Muradov,	

2003),	 and	 correspondingly	 are	 the	 highest	 sources	 of	 greenhouse	 gas	 emissions	

worldwide,	 with	 approximately	 31	 billion	 metric	 tonnes	 of	 CO2	 emissions	 in	 2009	

(EDGAR,	 2011).	 	 In	 general	 CO2	 comprises	 85‐95%	of	 the	 total	 greenhouse	 emissions	

worldwide	(Ahmed	et	al.,	2009),	of	which	~60%	of	these	emissions	are	anthropogenic	

(Yamasaki,	2003).		In	summary	hydrogen	offers	a	potential	non‐polluting,	inexhaustible,	

efficient	and	cost	efficient	fuel	alternative	for	these	energy	demands.	

However	the	full	benefits	of	a	hydrogen‐based	energy	system	can	only	be	realized	if	the	

method	 of	 producing	 the	 hydrogen	 is	 at	 least	 as	 cost‐effective	 and	 environmentally	

friendly	as	 its	use.	Unlike	oil,	 gas	or	 coal,	hydrogen	does	not	exist	 in	an	energy	useful	

form,	 and	 therefore	 must	 be	 produced	 by	 extracting	 it	 from	 larger	 molecules.	 	 The	

different	 sources	 and	 methods	 of	 hydrogen	 extraction	 can	 have	 a	 wide	 range	 of	
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associated	production	costs	and	emissions,	and	therefore	can	have	a	large	impact	on	the	

overall	process	economics	and	environmental	benefits.	 	For	example,	vehicles	 that	are	

powered	 using	 hydrogen	which	 is	 produced	 via	 water	 electrolysis	 using	 coal‐derived	

electricity	produce	more	total	greenhouse	gas	emissions	than	normal	gasoline	internal	

combustion	engines	(Wald,	2004,	Granovskii	et	al.,	2006)	

2.2. Current	hydrogen	production	methods	

Hydrogen	can	be	produced	 in	a	wide	variety	of	ways	using	a	number	of	sources.	 	The	

most	 common	 techniques	 today	 involve	 steam	 reforming	 of	 hydrocarbons	 (mainly	

methane	 from	NG),	 coal,	 or	 heavy	 petroleum.	 These	 processes	 are	 generally	 complex	

multi‐unit	 systems	 that	 produce	 syngas	 (a	 combination	 of	 hydrogen	 and	 carbon	

monoxide),	 that	 must	 be	 conditioned	 and	 purified	 to	 yield	 hydrogen	 rich	 gas.	 	 Their	

chemical	energy	conversion	efficiencies	of	commercial	reformers	can	vary	from	60‐80%	

depending	 on	 the	 hydrocarbon	 feedstock	 and	 operational	 parameters	 (Doe,	 2003).		

Natural	gas	(whose	principal	constituent	is	methane)	is	the	most	common	hydrocarbon	

source	 for	 hydrogen	 because	 it	 has	 the	 highest	 H/C	 atomic	 ratio	 among	 all	 other	

hydrocarbons	 and	 its	 chemistry,	 production	 and	 distribution	 have	 already	 been	

developed	(Dufour	et	al.,	2011,	Navarro	et	al.,	2007).		

The	 vast	 majority	 of	 the	 world’s	 hydrogen	 is	 produced	 by	 two	 main	 hydrocarbon‐

reforming	technologies:	Steam	Methane	Reforming	(SMR)	and	Auto‐thermal	Reforming	

(ATR).	

2.2.1. Steam	Methane	Reforming	(SMR)	

SMR	has	been	the	most	efficient	and	commonly	used	hydrocarbon	reforming	process	for	

decades;	 contributing	 to	 about	 ~50%	 of	 the	 world’s	 hydrogen	 (Kothari	 et	 al.,	 2008).		

This	 technology	 is	well	 developed	 and	 can	 produce	 hydrogen	 economically	 in	 a	 large	

range	of	hydrogen	capacities,	although	typical	capacities	for	SMR	plants	are	on	the	order	

of	hundreds	of	 thousands	of	cubic	meters	per	hour	of	hydrogen	(Muradov,	2003).	The	

SMR	process	uses	high	temperature	steam,	in	the	presence	of	a	metal	catalyst,	to	reduce	

NG	 to	 hydrogen	 and	 carbon	 dioxide	 via	 a	 two‐stage	 process.	 	 The	 first	 stage	 involves	

reacting	 750‐900C	 steam	 at	 between	 3‐35	 bar	 pressure	 with	 methane	 at	 a	

steam/carbon	ratio	of	3:5	to	produce	synthesis	gas	consisting	mainly	of	hydrogen	and	

carbon	 monoxide	 (Corella	 et	 al.,	 1998).	 	 The	 reaction	 equation	 and	 enthalpy	 is	 as	

follows:	

CH4	+	H2O	↔	CO	+	3H2				 H°	=	+206kJ/mol	 	 	 	 	 (1)	
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The	second	stage	is	known	as	the	water	gas	shift	reaction.		It	involves	reacting	CO	with	

more	steam	and	a	metallic	catalyst	to	form	carbon	dioxide	and	further	hydrogen	gas:	

CO	+	H2O	↔	CO2	+	H2						 H°	=	‐41.1	kJ/mol	 	 	 	 	 (2)	

The	total	reaction	results	in	4	moles	of	hydrogen	and	1	mole	of	CO2	per	mole	of	methane	

feed:	

CH4	+	2H2O	↔	CO2	+	4H2	 H°	=	+165kJ/mol	 	 	 	 	 (3)	

A	 series	 of	 purification	 stages,	 generally	 using	 pressure	 swing	 adsorption	 (PSA),	 are	

used	 to	 remove	 the	 CO2	 and	 trace	 CO	 –	 with	 the	 final	 purity	 of	 hydrogen	 generally	

ranging	between	97	‐	99.99vol%	(Muradov,	2003).		A	schematic	of	this	process	is	shown	

in	Figure	1.	

	

Figure	1	‐	Schematic	of	the	SMR	process.	

2.2.2. Auto‐Thermal	Reforming	(ATR)	

The	 ATR	 process	 involves	 reacting	 hydrocarbons	 with	 oxygen,	 or	 a	 combination	 of	

oxygen	and	steam	to	produce	syngas:		

(1)	Partial	Oxidation	(POx):	reacting	hydrocarbons	with	oxygen:	

CH4	+	O2	↔	2H2	+CO2	 	 	 	 	 	 	 	 		 (4)	
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(2)	 Auto‐thermal	 Steam	 Reforming	 (ATSR):	 Reacting	 hydrocarbons	 with	 oxygen	 and	

steam:	

CH4	+	H2O	+	0.5O2	↔	3H2	+	CO2	 	 	 	 	 	 	 (5)	

Both	these	autothermal	processes	involve	partially	combusting	a	stoichiometric	mixture	

of	 fuel	and	oxygen	in	a	reformer	to	producing	syngas	containing	hydrogen	and	carbon	

dioxide.	 	 Autothermal	 steam	 reforming	 is	 a	 combination	 of	 POx	 and	 steam	 reforming.		

The	 outlet	 gases	 are	 typically	 between	 950‐1100°C	 and	 can	 be	 as	 high	 as	 100	 bar	

pressure	 (IEA,	 2006).	 These	 processes	 differ	 from	 SMR	 in	 that	 they	 are	 exothermic	

reactions	that	have	no	need	for	an	external	heat	input.	However	SMR	is	typically	more	

cost	 effective	 for	 large‐scale	 production	 because	 of	 the	 high	 costs	 involved	 in	 adding	

oxygen	(Muradov,	2003).			

2.2.3. Disadvantages	of	hydrocarbon	reforming	

The	biggest	drawback	from	the	reforming	of	hydrocarbons	to	produce	hydrogen	is	the	

significant	 quantities	 of	 carbon	 dioxide	 emitted	 as	 a	 by‐product.	 	 The	 SMR	 reaction	

produces	5.5	tons	of	CO2	per	tonne	of	H2,	and	an	estimated	global	warming	potential	of	

9‐13	 tonnes	of	 CO2	 (equiv)	per	 ton	 of	H2	when	 taking	 into	 account	 the	CO2	 emissions	

from	the	combustion	of	NG	to	drive	the	endothermic	process	(Guil‐Lopez	et	al.,	2011).		

The	ATR	processes	are	estimated	to	contribute	even	more	emissions,	with	130,	230	and	

400%	of	SMR	emissions	for	methane,	heavy	oil,	and	coal	respectively	(Armor,	1999).		In	

the	US	alone,	the	production	of	hydrogen	accounts	for	approximately	100	million	tonnes	

of	CO2	per	year,	which	is	over	one	order	of	magnitude	larger	than	notorious	industrial	

polluters	 such	 as	 cement	 and	 steel	 manufacturing	 plants	 (Muradov	 and	 Veziroǧlu,	

2008).	It	is	likely	that	in	the	near	future	these	emissions	will	incur	a	financial	cost	to	the	

producer,	via	either	political	regulations,	carbon	 taxes	or	carbon	trading	schemes,	and	

therefore	 decrease	 the	 economic	 and	 environmental	 competitiveness	 of	 the	 current	

hydrocarbon	reforming	process.	

2.3. Hydrogen	production	with	reduced	emissions	

Hydrogen	can	be	produced	without	emitting	CO2	by	either	(1)	using	sustainable	carbon‐

free	fuels	to	extract	hydrogen	from	water,	or	(2)	decarbonising	hydrocarbons.	

2.3.1. Hydrogen	production	with	carbon‐free	fuels	

Water	 is	 considered	 to	 be	 the	 most	 abundant,	 renewable	 and	 accessible	 material	 to	

access	hydrogen.	 	Many	processes	have	been	developed	to	remove	hydrogen	from	this	
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sustainable	 resource,	 including:	 water	 electrolysis,	 thermo‐chemical,	

photoelectrochemical,	 photocatalytic	 and	 photobiological	 water	 splitting.	 Water	

electrolysis	 and	 thermochemical	 water	 splitting	 are	 considered	 to	 be	 the	 most	

researched	of	these	methods.	 	Water	electrolysis	is	an	electrolytic	process	that	uses	an	

electric	 current	 to	 decompose	water	 into	 hydrogen	 and	 oxygen	 gasses.	 	 The	 thermo‐

chemical	water	splitting	process	on	the	other	hand	is	a	set	of	coupled	thermally	driven	

chemical	reactions	that	sums	up	to	the	decomposition	of	water	into	H2	and	O2.		

An	 inherent	 disadvantage	with	 all	water	 splitting	 technologies	 is	 that	 they	 are	 highly	

endothermic	 processes	 that	 require	 more	 energy	 than	 is	 available	 for	 use	 in	 the	

hydrogen	 product	 downstream.	 	 	 Therefore,	 the	 hydrogen	 produced	 via	 the	 water	

splitting	process	cannot	be	considered	to	be	an	energy	source,	but	more	of	a	means	of	

energy	storage.				

As	a	consequence,	the	form	of	energy	used	to	split	the	water	is	of	critical	importance	to	

the	 overall	 emissions	 from	 these	 processes.	 	 In	 fact,	 if	 water	were	 electrolysed	 using	

electricity	produced	from	common	fossil	fuel	power	stations,	the	overall	CO2	emissions	

would	 be	 higher	 than	 conventional	 hydrocarbon	 reforming	 processes	 such	 as	 SMR	

(Wald,	 2004).	 	 Therefore,	 for	water	 splitting	 to	 be	 economically	 and	 environmentally	

sound	 it	 must	 be	 produced	 via	 inexpensive	 and	 carbon‐free	 forms	 of	 energy.	 	 	 Two	

potential	sources	are	nuclear	and	renewable	energy.	

Nuclear	 reactors	 have	 great	 potential	 to	 contribute	 to	 the	 hydrogen	 economy	 due	 to	

their	 proven	 technology,	 high‐energy	 intensities	 and	 zero	 CO2	 emissions.	 However,	

currently	the	cost	of	electrolytic	hydrogen	powered	by	existing	nuclear	power	plants	is	a	

factor	of	3	higher	 than	SMR	(Muradov	and	Veziroǧlu,	2008).	 	 In	addition,	 this	process	

will	require	a	significant	shift	from	the	negative	public	perception	of	nuclear	power	due	

to	 concerns	 over	 safe	 deployment	 and	 possible	 connections	 to	 the	 proliferation	 of	

nuclear	weapons.	 Furthermore,	 there	 is	 doubt	 about	 the	 growth	of	 the	use	of	 nuclear	

reactors	 due	 to	 nuclear	 fuel	 supply,	 costs,	 site	 availability,	 safety	 and	 waste	 disposal	

(Muradov	 and	 Veziroǧlu,	 2008,	 Moriarty	 and	 Honnery,	 2007).Therefore	 significant	

changes	are	necessary	to	make	nuclear	driven	hydrogen	production	a	large‐scale	reality.	

Renewable	energy	sources,	by	way	of	wind,	hydro,	solar	or	geothermal,	are	considered	

by	 most	 to	 be	 the	 cleanest	 form	 of	 energy	 to	 drive	 water‐splitting	 reactions.	 	 These	

energy	 reservoirs	 are	 extremely	 large.	 	 For	 example	 there	 is	 as	 much	 solar	 energy	

striking	 the	Earth	 in	one	hour	 than	energy	 is	consumed	on	 the	planet	 in	a	whole	year	

(Muradov	 and	Veziroǧlu,	 2008),	 and	 approximately	 80	 times	 the	 equivalent	 global	 oil	
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resources	contained	within	geothermal	reservoirs	(Hoffmann,	2003).		However,	in	spite	

of	 the	 size	 and	 potential,	 renewable	 energy	 currently	 only	 contributes	 about	 5%	 to	

global	electricity,	with	wind,	hydroelectric	and	biomass	contributing	the	majority	of	this	

(38.5,	 31.9,	 and	 19.8%	 respectively)(Muradov	 and	 Veziroǧlu,	 2008).	 	 Many	 of	 these	

technologies	 are	 limited	 by	 low	 energy	 intensities,	 low	 conversion	 efficiencies,	

underdeveloped	 technologies,	 location	 dependency	 and	 cheaper	 energy	 alternatives.	

Thus	 further	 research	 and	 development	 will	 be	 needed	 for	 large	 scale	 energy	

production	to	become	a	cost	effective	solution	for	the	near	future.	In	light	of	this	there	

are	various	reports	 that	are	sceptical	about	only	 focussing	on	using	renewable	energy	

sources	such	as	wind	and	ocean	wave	power	to	produce	hydrogen,	and	favour	also	using	

fossil	 fuels	 or	nuclear	 energy	which	 are	 currently	more	 cost	 effective	 (Edwards	 et	 al.,	

2008).	 	 It	therefore	makes	sense	to	provide	a	carbon‐free	pathway	utilizing	fossil	fuels	

for	 the	 short	 to	 medium	 term	 whilst	 these	 technologies	 are	 being	 developed	 and	

established	(Dufour	et	al.,	2011).	

2.3.1. Decarbonisation	of	hydrocarbons	

The	current	advantages	of	using	fossil	fuels,	such	as	their	availability,	relatively	low	cost,	

and	 their	 existing	 infrastructure	 for	delivery	and	distribution,	will	mean	 that	 they	 are	

likely	 to	play	a	major	role	 in	energy	and	hydrogen	production	 in	 the	near	 to	medium‐

term	future	(Abánades,	2012,	Muradov	and	Veziroǧlu,	2005).	Fossil	fuel	decarbonisation	

offers	an	extension	of	the	fossil	fuel	era	by	about	200	years	without	adverse	effects	on	

the	global	ecosystem	(Muradov	and	Veziroǧlu,	2008).	Hence,	 if	 cost	effective	and	CO2‐

free	 technologies	 using	 hydrocarbon	 for	 hydrogen	 production	 were	 developed	 there	

would	 be	 no	 environmental	 constraints	 on	 using	 fossil	 fuels	 at	 large	 scale	 (Muradov,	

2003).	 	Hydrocarbon‐based	hydrogen	production	can	be	decarbonised	by	sequestering	

the	 carbon	 by	 either:	 (1)	 CO2	 Capture	 and	 Sequestration	 (CDCS),	 or	 (2)	 solid	 carbon	

containment.	

2.3.1.1. Carbon	Dioxide	Capture	and	Sequestration	(CDCS)	

CDCS	involves	capturing	and	securely	storing	CO2	 in	sinks	such	as	geologic	 formations	

and	 the	ocean.	 	CDCS	could	 theoretically	allow	an	 ‘emission‐free’	pathway	 for	existing	

hydrocarbon	 reforming	 technologies	 by	 allowing	 the	 CO2	 emissions	 to	 be	 stored	 and	

restricted	from	entering	the	atmosphere.	However,	it	is	estimated	that	CDCS	would	costs	

between	 $100‐$300	 per	 tonne	 of	 H2	 and	 would	 thus	 increase	 the	 costs	 of	 hydrogen	

production	by	25‐30%	(Muradov	and	Veziroǧlu,	2008,	Muradov	and	Veziroǧlu,	2005).			
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In	 addition,	 the	 CDCS	 technology	 is	 still	 in	 its	 infancy	 and	 little	 is	 known	 about	 the	

efficacy	and	the	potential	long‐term	risks	of	this	process.		The	safety	and	environmental	

impact	of	CDCS	is	an	area	of	much	debate	amongst	researchers	and	environmentalists.		

Large‐scale	 CDCS	 may	 potentially	 lead	 to	 significant	 impacts	 on	 neighbouring	

ecosystems	and	may	pose	risks	to	humans	and	animals.	Deep	ocean	CDCS	for	example	is	

thought	 to	 adversely	 change	 the	 acidity	 of	 the	 surrounding	 water,	 which	 may	 have	

profound	 impacts	 on	 marine	 life	 and	 eco‐balance.	 	 At	 best	 case,	 leaks	 from	 CDCS	

confines	 may	 undo	 all	 of	 the	 environmental	 benefits	 over	 time;	 a	 1%	 leak	 rate	 is	

estimated	 to	 cancel	 out	 the	 sequestration	 effort	 in	 less	 than	 100	 years	 (Muradov	 and	

Veziroǧlu,	2008).	At	worse,	a	sudden	release	of	CO2	may	be	catastrophic	for	humans	and	

animals	(Socolow,	2005).		

Furthermore,	the	efficacy	of	CDCS	has	been	brought	into	question	due	to	the	sheer	size	

of	the	required	containment	and	the	duration	of	CO2	retention	(Gaudernack	and	Lynum,	

1998).	 	 Estimates	 have	 shown	 that	 all	 the	 storage	 capacity	 in	 all	 the	 geological	

formations	 in	 the	US	may	 fill	 up	 in	 as	 little	 as	 20	 years	 given	 the	 current	 level	 of	 US	

emissions	 (Easley,	 2008).	 	 Therefore,	 in	 spite	 of	 the	 safety	 and	 environmental	

challenges,	further	research	is	needed	to	establish	safe	and	secure	storage	sites	to	house	

the	25	billion	tons	produced	annually	worldwide.	Therefore	 further	research	and	field	

testing	will	need	to	prove	the	efficacy	of	this	method.		

2.3.1.2. Solid	carbon	containment	

Many	researchers	believe	it	makes	little	sense	to	produce	millions	of	tonnes	of	CO2	and	

then	spend	hundreds	of	millions	to	dispose	of	it	at	great	environmental	risk,	when	the	

production	of	this	pollutant	could	be	avoided	in	the	first	place.		Solid	forms	of	carbon	is	

easier	 to	 handle,	 transport,	 and	 store	 than	 gaseous	 CO2	 (Steinberg,	 1999).	 	 “Thermo‐

Catalytic	Methane	Decomposition”	 is	 the	 term	given	 to	 this	process	when	a	catalyst	 is	

employed	to	reduce	the	activation	energy	of	this	endothermic	reaction.	

2.4. Thermo‐catalytic	Methane	Decomposition	(TCMD)	

Thermo‐Catalytic	 Methane	 Decomposition	 (TCMD)	 is	 a	 process	 that	 involves	 using	 a	

catalyst	and	heat	 to	decompose	(or	 ‘crack’)	methane	 into	pure	hydrogen	gas	and	solid	

carbon.		Methane	is	the	main	constituent	of	NG	and	thus	is	used	interchangeably	in	this	

work.		The	chemical	equation	and	enthalpy	are	respectively:	

CH4(g)	↔	2H2(g)	+	C(s)					 			H(298°K)	=	74.9kJ/mol(CH4)				 	 	 	 (6)	
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The	properties	of	the	catalyst	play	a	pivotal	role	 in	the	performance	and	economies	of	

this	process.	 	The	use	of	a	metallic	or	carbon	catalyst	reduces	 the	activation	energy	of	

the	 reaction	 which	 would	 otherwise	 require	 very	 high	 temperatures	 (>1200C)	 for	

rapid	and	complete	thermal	decomposition.		In	addition	the	type	of	catalyst	used	has	a	

strong	 influence	 on	 the	 economies	 of	 this	 process	 because	 of	 its	 influence	 on	 the	

morphology	and	quality	of	carbon	produced	(De	Jong	and	Geus,	2000),	especially	when	

considering	 that	 this	 process	 produces	 three	 times	more	 carbon	 than	 hydrogen	 on	 a	

mass	basis.	

This	 process	 is	 known	 to	 produce	 a	 number	 of	 different	 types	 of	 carbon,	 including	

Amorphous	Carbons	(ACs),	Carbon	Fibres	 (CFs)	and	Carbon	Nano‐Onions	(CNOs).	ACs	

have	 no	 distinct	 shape,	 form	 or	 crystalline	 structure	 (Figure	 2a),	 with	 an	 estimated	

worldwide	 market	 of	 6	 million	 tonnes	 per	 year	 in	 rubber,	 plastics,	 inks,	 paints	 and	

metallurgy	(Gaudernack	and	Lynum,	1998).			

However	 CFs	 and	 CNOs	 are	 highly	 graphitic	 forms	 of	 carbon	 with	 potentially	 larger	

markets	 and	 values	 because	 of	 their	 attractive	 electrical,	 chemical	 and	 mechanical	

properties	 (Dresselhaus	 et	 al.,	 2004).	 	 CFs	 in	 this	 work	 refers	 to	 all	 fibre‐like	 carbon	

structures	such	as	Carbon	Nano	Filaments	(CNF),	and	Carbon	Nano	Tubes	(CNTs).		They	

are	 typically	 cylindrical	 nano‐structures	 comprising	 of	 single	 or	 multiple	 graphitic	

sheets	 aligned	 concentrically	 or	 perpendicular	 to	 a	 central	 axis	 (Figure	 2b),	 and	 are	

studied	 extensively	 for	 applications	 in	 nano‐electronic	 devices	 (Geblinger	 et	 al.,	 2008,	

Bonard,	2006,	Mukai	et	al.,	2011,	Nessim	et	al.,	2009),	Li	battery	electrodes	(Endo	et	al.,	

2004),	 field	emission	(Lin	et	al.,	2004,	Duy	et	al.,	2009,	Murakami	et	al.,	2000,	Bonard,	

2006,	Zhao	et	al.,	2009,	Le	Normand	et	al.,	2007,	Saito	et	al.,	1998,	Li	et	al.,	2006,	Han	et	

al.,	2005),	gas	storage	(Marella	and	Tomaselli,	2006,	Kunowsky	et	al.,	2010,	Chen	et	al.,	

1999,	 Takenaka	 et	 al.,	 2003),	 gas	 sorbents	 (Hussain	 et	 al.,	 2008,	He	 and	Hägg,	 2011),	

catalyst	 supports	 (Endo	 et	 al.,	 2004),	 liquid	 separation	 (Corry,	 2008,	 Yu	 et	 al.,	 2009),	

tribology	(Abad	et	al.,	2008),	gas	separation	(Karwa	et	al.,	2006a),	reinforcement	fibres	

(Behabtu	 et	 al.,	 2008,	Demczyk	 et	 al.,	 2002,	 Zhang	 et	 al.,	 2008),	 structural	 composites	

(Endo	et	al.,	2004,	Nguyen	et	al.,	2010).	Although	the	market	is	currently	in	its	infancy,	it	

is	 predicted	 to	 increase	 to	 $7.7	 billion	 by	2015	 (PRWeb,	 2013).	 	However,	 studies	 on	

their	pulmonary	toxicity	may	represent	a	limitation	to	their	applicability	in	some	areas	

(Kayat	et	al.,	2011).	

CNOs	 are	 structures	 that	 consist	 of	 multiple	 graphitic	 sheets	 that	 are	 concentrically	

layered	 from	a	central	core,	either	void	of	carbon	(Figure	2c)	or	contain	an	embedded	
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catalyst	particle.	Relative	to	the	other	forms	of	carbon,	the	research	into	CNOs	is	 in	 its	

infancy	because	of	difficulties	in	producing	highly	pure	samples	using	scalable	methods.		

However,	many	studies	have	demonstrated	their	promise	for	electrical	storage	devices	

such	 as	 supercapacitors,	 batteries	 and	 fuel	 cells	 (Han	 et	 al.,	 2011,	 Pech	 et	 al.,	 2010,	

McConnell,	2006).	

	
(a) Amorphous	Carbon	(AC)	

	
(a) Carbon	Fibre	(CF)	in	the	form	of	CNT	 	(c)	Carbon	Nano	Onion	(CNO)	

Figure	2	 ‐	Allotropes	of	carbon	produced	by	the	TCMD	process:	(a)	Carbon	Nano	Tube,	(b)	Carbon	
Nano	Onion,	(c)	Amorphous	Carbon.	

																						

The	 TCMD	 process	 offers	 many	 advantages	 over	 other	 hydrogen	 production	

technologies.		It	is	the	most	direct	route	to	produce	hydrogen	from	hydrocarbons		and	as	

a	consequence	requires	less	energy	per	unit	hydrogen	than	SMR	(Weizhong	et	al.,	2004).		

It	 is	 for	 this	 reason	 that	 the	TCMD	process	only	 requires	 less	 than	10%	of	 the	heat	of	

methane	combustion	to	drive	 the	reaction	(Muradov,	2003).	 	Unlike	all	water	splitting	

processes	the	TCMD	process	is	only	mildly	endothermic	and	therefore	only	a	portion	of	

hydrogen	product	is	needed	to	sustain	the	reaction	(Cornejo	et	al.,	2011).	

In	addition,	studies	have	proven	the	TCMD	process	to	be	the	most	energy	efficient	and	

environmentally	 sustainable	 option	 of	 all	 hydrocarbon‐based	 hydrogen	 production	

processes	 (Dufour	 et	 al.,	 2011).	 	When	methane	 (NG)	 is	 used	 as	 the	 heat	 source,	 the	

TCMD	 process	 produces	 at	 least	 3‐4	 times	 less	 CO2	 than	 SMR;	 approximately	 2.3	

(Muradov	 et	 al.,	 2010)	 and	 9.7	 (Spath	 and	 Mann,	 2001)	 tonnes	 CO2	 per	 H2	 tonne	

respectively.		When	hydrogen	is	instead	used	as	the	fuel	source,	SMR	emissions	reduce	



BACKGROUND	 	 12	

	

to	5.5	tonnes	of	CO2	per	tonne	of	H2	(Guil‐Lopez	et	al.,	2011)	and	the	TCMD	process	is	

carbon	negative	(no	CO2	emissions).		

This	process	can	therefore	be	made	carbon	negative	and	fully	sustainable	if	the	methane	

is	 sourced	 from	 a	 biological	 origin	 such	 as	 biomass	 or	 agricultural	 waste.	 	 For	 every	

tonne	of	 this	methane	(termed	 ‘biomethane’)	 that	 is	used	 in	this	process	3.7	tonnes	of	

atmospheric	 CO2	 is	 indirectly	 sequestered	 as	 solid	 forms	 of	 carbon	 via	 a	 biological	

medium	 (i.e.	 the	 uptake	 of	 atmospheric	 CO2	 by	 plants	 from	 photosynthesis).	 	 Studies	

have	 estimated	 that	 the	 quantity	 of	 biomass	 available	 for	 energy	 worldwide	 is	

approximately	 1	 –	 3.5	 times	 the	 quantity	 of	 NG	 used	 globally	 per	 year	 (Rabou	 et	 al.,	

2006,	CIA‐US,	2013).	Therefore	this	process	is	conceivably	a	sustainable	form	of	energy	

as	well	as	a	means	of	sequestering	existing	atmospheric	CO2.	 	The	CO2	cycles	for	energy	

extraction	 for	 carbon	neutral	 process	 and	 a	 carbon	negative	 process	using	TCMD	and	

bio‐methane	are	shown	schematically	in	Figure	3	and	Figure	4	respectively.	

However,	the	major	disadvantage	of	the	TCMD	process	over	SMR	is	that	it	produces	half	

the	amount	of	hydrogen	per	unit	of	methane	(as	per	equations	6	and	3).	 	SMR,	via	the	

water	shift	reaction	stage,	is	able	to	extract	hydrogen	from	the	methane	as	well	as	water	

vapour,	therefore	doubling	the	hydrogen	yield	per	unit	of	methane	(NG)	feed.	 	The	NG	

feed	accounts	for	almost	half	of	the	hydrogen	production	costs	using	SMR	and	therefore	

has	a	large	impact	on	the	process	economics.		

In	 spite	 of	 this	 studies	 have	 proven	 that	 the	 TCMD	 process	 can	 be	 economically	

competitive	 against	 the	 SMR	 process	 when	 combining	 all	 the	 advantages,	 including:	

lower	energy	requirements	(Steinberg,	1998),	simpler	process	design	(Muradov,	2001),	

near‐zero	 CO2	 emission	 (Gaudernack	 and	 Lynum,	 1998)	 and	 the	 additional	 revenue	

from	 the	 sale	 of	 the	 carbon	product	 (Steinberg,	 1999,	Gaudernack	 and	Lynum,	 1998).		

Some	studies	estimate	that	the	revenue	required	from	the	carbon	product	excluding	all	

other	 advantages	 ranges	 between	 $160‐600	 per	 tonne	 for	 the	 hydrogen	 produced	 by	

this	process	to	be	cost	comparative	to	SMR	(Muradov,	2003,	Dufour	et	al.,	2011).	

However	 to	 date	 the	 TCMD	process	 has	 yet	 to	 be	 successfully	 commercialised	 largely	

because	of	the	high	catalyst	turnover	costs	and	low	carbon	value.		The	aim	of	this	work	

is	 to	 rectify	 both	 of	 these	 shortcomings	 by	 developing	 cheap	 catalyst	 options	 that	

produce	high	quality	graphitic	carbon.	
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Figure	3	‐	Schematic	of	a	typical	carbon	neutral	process	for	energy	extraction	from	biomass.	
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Figure	4	‐	Schematic	of	a	carbon	negative	cycle	using	bio‐methane	for	the	TCMD	process.	
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3. Literature Review 

This	 section	highlights	 the	main	 findings	 from	past	 research	 in	 the	TCMD	process.	 	 The	

studies	in	this	field	can	be	generally	categorized	into	two	main	catalyst	types:	metal‐based	

and	 carbon‐based.	 	 These	 catalyst	 types	 have	 quite	 different	 underlying	 catalytic	

mechanisms	and	therefore	will	be	discussed	separately	within	this	review.	

3.1. Metal	based	catalysts	

Research	into	TCMD	has	been	ongoing	since	the	1970s	when	(Grabke,	1970)	studied	the	

decomposition	of	methane	over	supported	–iron‐based	catalysts	at	temperatures	ranging	

800‐1040C.	 	 Although	 showing	 high	 initial	 activity,	 its	 commercialization	 was	 limited	

because	 the	 catalyst	 was	 prone	 to	 deactivation.	 	 This	 rapid	 deactivation	 reduces	 the	

economic	 attractiveness	 of	 the	 TCMD	 process	 because	 of	 the	 need	 to	 periodically	

regenerate	or	replace	the	(often	expensive)	catalyst.				

Metallic	 catalysts	 in	TCMD	generally	deactivate	by	 three	means:	 (1)	 catalyst	 fouling,	 (2)	

poisoning,	and	(3)	sintering/restructuring.	Catalyst	fouling,	through	carbon	encapsulation	

(or	‘coking’),	deactivates	the	catalyst	by	inhibiting	the	adsorption	of	further	methane	onto	

the	 active	 catalyst	 surface.	 	 It	 is	 the	 most	 common	 means	 of	 deactivation	 for	 TCMD	

because	 of	 the	 dual	 gas‐solid	 phase	 reactants	 in	 the	 process	 (Avdeeva	 et	 al.,	 1999).	

Catalyst	poisoning	is	when	foreign	compounds	are	bonded	to	active	catalyst	sites	resulting	

in	 the	 loss	of	catalytic	potential.	 	For	 instance,	metal	catalysts	 in	TCMD	are	known	to	be	

susceptible	to	poisoning	by	sulphur	compounds	and	therefore	NG	feeds	must	be	purified	

in	a	desulfurization	unit	prior	to	decomposition	(Armor,	1999).		Sintering	and	attrition	of	

the	catalyst	particles	are	indirect	forms	of	catalyst	deactivation.	They	increase	the	rate	of	

carbon	 encapsulation	 by	 modifying	 the	 catalyst	 structure,	 resulting	 in	 morphological	

changes	in	the	carbon	product	and	therefore	increasing	its	tendency	to	form	encapsulating	

forms	of	carbon.		The	effect	of	catalyst	structure	on	the	carbon	morphology	will	be	further	

elaborated	in	later	sections.	

The	majority	of	past	research	into	the	TCMD	process	has	been	focused	on	diminishing	the	

rate	 of	 catalyst	 deactivation	 caused	 by	 carbon	 encapsulation.	 	 This	 has	 generally	 been	

attempted	 by	 (1)	 retarding	 the	 production	 of	 encapsulating	 forms	 of	 carbon,	 and	 (2)	

periodically	removing	the	encapsulated	carbon,	commonly	termed	‘catalyst	regeneration’.		

3.1.1. Retarding	the	catalyst	deactivation	rate	

The	 majority	 of	 research	 in	 this	 field	 is	 aimed	 at	 modifying	 the	 catalyst	 and	 process	

conditions	 to	 yield	 carbon	 structures	 that	 are	 less	 prone	 to	 deactivation	 via	 carbon	
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encapsulation.	 	 Understanding	 the	 underlying	 reaction	 mechanisms	 is	 central	 to	 this	

endeavour.			

3.1.1.1. Reaction	mechanism	&	Kinetics	

The	 reaction	mechanism	 of	 metallic	 catalysts	 is	 widely	 accepted	 to	 follow	 a	 four	 stage	

process	(Helveg	et	al.,	2004,	Halonen	et	al.,	2008,	Hofmann	et	al.,	2005)	which	includes:	(1)	

surface	reactions,	(2)	dissolution/segregation,	(3)	diffusion,	and	(4)	precipitation.			

The	 surface	 reactions	 involve	 the	 physical	 adsorption	 of	 methane	 molecules	 onto	 the	

surface	 of	 the	 catalyst	 particles.	 	 These	 adsorbed	 molecules	 subsequently	 undergo	 a	

number	 of	 dehydrogenation	 stages	 (dissolution)	 until	 they	 are	 fully	 decomposed	 into	

carbon	 solid	 and	 hydrogen	 gas	 (Suelves	 et	 al.,	 2006).	 	 The	 resulting	 surface	 carbons	

dissolve	into	the	catalyst	particle	and	create	a	region	of	high	carbon	concentration	under	

the	 metal	 particle	 surface.	 	 This	 high	 carbon	 concentration	 and	 temperature	 gradients	

promote	the	diffusion	of	carbon	atoms	through	the	catalyst	particle	(Snoeck	et	al.,	1997)	

or	 catalyst	 surface	 (Philippe	 et	 al.,	 2009,	 Hofmann	 et	 al.,	 2005).	 	 After	 forming	 a	

supersaturated	solution,	and	occasionally	a	metal‐carbide	phase	(Sinclair	et	al.,	2002),	the	

carbon	 is	precipitated	 from	the	catalysts	particle	 surface	as	various	graphitic	allotropes.		

The	allotropes	(and	their	morphologies)	of	the	precipitated	carbons	are	influenced	by	the	

reaction	conditions,	and	catalyst	properties	(Suelves	et	al.,	2006,	Vander	Wal	et	al.,	2001).	

These	stages	are	illustrated	in	Figure	5	with	the	formation	of	a	CF.	

	

Figure	5	‐	Schematic	of	the	TCMD	reaction	mechanism	for	the	growth	of	a	CF.	
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The	 rate	 limiting	 stage	 of	 the	 reaction	mechanism	 is	 known	 to	 change	 according	 to	 the	

process	conditions	and	catalyst	properties.		The	rate	of	reaction	at	each	stage,	and	thus	the	

activation	rate,	is	dependent	on	factors	such	as	reaction	temperature,	growth	time,	initial	

growth	 rate,	diffusion	coefficient	and	carbon	densification	 factor	 (Puretzky	et	 al.,	 2008).		

The	degree	to	which	these	factors	affect	the	stage’s	reaction	rate	varies,	and	therefore	the	

rate	limiting	stage	can	change	between	(and	during)	reactions	if	these	factors	are	altered.		

For	example,	(Halonen	et	al.,	2008)	suggested	that,	for	an	iron‐based	supported	catalyst	at	

process	 temperatures	 of	 740‐770C,	 the	 rate	 limiting	 stage	 was	 the	 dissociation	 stage,	

whereas	 between	 762‐830C	 the	 reaction	 became	 limited	 by	 the	 diffusion	 stage.	 	 This	

effect	was	attributed	to	the	relationship	between	temperature	and	the	carbon	diffusivity	

in	metals	and	were	similarly	reported	by	other	researchers	(Duan	et	al.,	2010,	Puretzky	et	

al.,	2008,	Kamachali,	2006,	Sun	et	al.,	2002,	Zhang	et	al.,	2009).			The	activation	energy	of	

the	overall	reaction	is	governed	by	the	rate	limiting	stage	of	the	reaction	mechanism,	and	

is	therefore	also	subject	to	change	as	per	the	factors	mentioned	earlier.		This	explains	why	

iron	has	been	shown	to	have	a	higher	activity	(lower	activation	energy)	than	nickel	above	

700C,	 however	 it	 possesses	 lower	 activity	 below	 700C	 (Muradov,	 2003,	 Shustorovich,	

1990)	

3.1.1.2. Carbon	growth	mechanism	

The	 morphologies	 of	 the	 precipitated	 carbons	 have	 a	 large	 influence	 on	 the	 catalyst	

performance	 because	 of	 their	 different	 rates	 of	 deactivation.	 The	 vast	 majority	 of	

researchers	 aim	 to	produce	CFs,	 such	as	CNTs,	primarily	because	 they	have	 the	 slowest	

rate	 of	 deactivation	 from	 carbon	 encapsulation.	 This	 is	 because	 the	 growth	 of	 the	 fibre	

stems	from	one	side	of	the	catalyst	particle,	thus	leaving	the	opposite	side	relatively	free	of	

carbon	for	further	methane	adsorption	(Alstrup,	1988,	Shaikhutdinov	et	al.,	1996,	Tibbetts	

et	al.,	1987).	In	theory,	the	growth	mechanism	of	CFs	would	allow	the	reaction	to	continue	

indefinitely	 so	 long	 as	 the	 conditions	 required	 for	 stable	 CF	 growth	 are	 maintained	

(Avdeeva	et	al.,	1999).		Catalyst	particles	that	do	not	nucleate	CF	growth	sites	early	in	the	

reaction	tend	to	form	encapsulating	forms	of	carbon	such	as	CNOs.		These	forms	of	carbon	

completely	encase	the	catalyst	particle	and	thus	restrict	the	further	adsorption	of	methane	

onto	 the	catalyst	 surface;	 leading	 to	a	 relatively	 short	 life	 compared	 to	CFs.	 It	 is	 for	 this	

reason	that	the	majority	of	the	research	in	TCMD	to	date	has	been	centred	on	enhancing	

the	longevity	of	CF	growth.		

Numerous	 studies	 have	 shown	 that	 CFs	 undergo	 two	 successive	 growth	 phases:	 (1)	

nucleation,	and	 (2)	 stable	growth.	 	Both	phases	are	 important	 to	sustain	CF	growth	and	

therefore	the	ultimate	reaction	 longevity.	 	Researchers	are	able	to	promote	these	phases	
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by	precise	modification	of	the	process	conditions	(temperature,	pressure	and	carbon	feed)	

and	the	catalyst	properties	(size,	shape	and	composition).	 	These	studies	have	illustrated	

the	complexities	of	growing	CFs	and	are	briefly	summarized	here.	

3.1.1.2.1. CF	nucleation	

The	nucleation	of	CFs	requires	the	right	balance	of	three	main	integrated	factors;	carbon	

feed,	 catalyst	 properties	 and	 the	 reaction	 conditions.	 The	 relationship	 between	 carbon	

feed	rate	and	catalyst	particle	size	has	been	demonstrated	by	the	studies	of	(Lu	and	Liu,	

2006).		These	studies	show	that	there	is	an	optimum	range	of	catalyst	particle	sizes	for	a	

given	carbon	feed	rate	in	order	to	foster	the	nucleation	of	CFs.		Thus	over	feeding	smaller	

particles	 with	 carbon	 causes	 rapid	 deactivation	 through	 encapsulation,	 whereas	 larger	

particles	have	insufficient	carbon	density	for	nucleation	at	the	same	carbon	feed	rate.			

Research	 has	 shown	 that	 the	 CF	 nucleation	 phase	 generally	 requires	 higher	 rates	 of	

methane	 dissociation	 (carbon	 feed)	 than	 the	 carbon	 growth	 phase	 (Lu	 and	 Liu,	 2006).		

This	study	shows	that	inducing	higher	rates	of	CF	nucleation	and	more	sustained	growth	is	

possible	by	having	higher	carbon	content	in	the	feed	gas	in	the	nucleation	phase.		Although	

not	 fully	 understood,	 it	 is	 thought	 that	 this	 is	 to	 provide	 sufficient	 surface	 carbon	

aggregation	 on	 the	 catalyst	 ‘step‐edges’	 to	 initiate	 growth	 (Moors	 et	 al.,	 2009,	 Qi	 et	 al.,	

2007,	Ajayan	and	Nugent,	2000).	However	too	much	surface	carbon	can	accelerate	carbon	

encapsulation	 and	 cease	 the	 nucleation	 of	 CFs	 (Lu	 and	 Liu,	 2006).	 	 The	 reaction	

temperature	and	pressure	also	has	a	similar	effect	on	the	level	of	surface	carbon	because	

of	the	relationship	between	system	kinetics	and	methane	dissociation.		

In	 addition	 to	 having	 the	 optimum	 feed	 rate,	 the	 catalyst	 surface	 also	 needs	 to	 have	

sufficient	surface	curvature	 in	order	 to	nucleate	CF	growth	sites.	 	This	partially	explains	

why	CF	has	a	higher	tendency	to	nucleate	on	smaller	catalyst	particles	rather	than	larger	

particles.		It	is	postulated	that	this	is	because	the	elevated	carbon	solubility	in	metals	with	

high	 surface	 curvatures	 induces	 a	 carbon	 concentration	 gradient	 that	 promotes	 CF	

nucleation	 (Moshkalev	 and	 Verissimo,	 2007).	 	 Larger	 metal	 particles	 that	 are	

supersaturated	 with	 carbon	 are	 able	 to	 nucleate	 CFs	 by	 partial	 liquefaction	 causing	

specific	instabilities	on	the	surface	with	high	radius	of	curvature.		It	is	for	this	reason	that	

a	 large	 range	 of	 catalyst	 particle	 sizes	 are	 possible	 for	 the	 nucleation	 of	 CF	 if	 reaction	

conditions	are	favourable	(Li	et	al.,	2001,	Guil‐Lopez	et	al.,	2011).	

(Hoffmann,	2003)	highlighted	 the	 importance	of	 the	metal	particle	 reshaping	during	 the	

reaction	 to	 facilitate	 the	production	of	CFs.	They	demonstrated	 that	 the	 smaller	 catalyst	

particles	 exhibit	 liquid‐like	 self‐diffusion	 properties	 (yet	 maintained	 long	 range	
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cystallinity)	 during	 the	 formation	 of	 CFs.	 	 This	 partial	melting	 of	 the	 catalyst	 particle	 is	

well	 below	 the	 standard	melting	 temperature	of	 the	metal	 because	of	 the	 small	 particle	

size,	 degree	 of	 carbon	 saturation,	 and	 the	 energy	 release	 from	 the	 exothermic	

graphitization	of	carbon	(Ren	et	al.,	2006,	Moshkalev	and	Verissimo,	2007).	 	 In	the	early	

stages	of	nucleation	the	catalyst	particle	is	deformed	into	a	highly	elongated	shape	due	to	

the	compressive	forces	created	by	the	formation	of	graphitic	layers	at	the	carbon‐catalyst	

interfaces.	 	 The	 further	 growth	 of	 these	 graphene	 layers	 are	 assisted	 by	 a	 dynamic	

formation	and	restructuring	of	mono‐atomic	step	edges	on	the	catalyst	surface	(Helveg	et	

al.,	2004).	

It	is	also	suggested	that	the	dynamics	between	the	liquid‐like	deformation	of	the	catalyst	

particles	and	the	growth	of	the	carbon	graphitic	layers	influence	the	morphologies	of	the	

CFs	(Hoffmann,	2003).		The	rate	of	the	elongation	and	contraction	of	the	liquid‐like	metal	

particle	is	responsible	for	the	creation	of	a	number	of	different	CF	morphologies,	such	as	

bamboo‐like,	 herringbone‐like	 and	 hollow	 multi‐walled	 CNTs.	 	 These	 contraction	 or	

expulsion	 of	 the	 catalyst	 particle	 is	 also	 considered	 to	 be	 the	 determining	 factor	 for	 CF	

growth	in	a	‘base’	(Amelinckx	et	al.,	1995)	or	‘tip’	(Fan	et	al.,	1999)	method.		

High	 process	 temperatures	 (>800˚C)	 have	 been	 shown	 to	 inhibit	 the	 production	 of	 CF	

because	the	excessive	heat	increases	the	catalyst	particle	size	via	sintering	(Hofmann	et	al.,	

2007).	 	 For	 instance	 Ni	 catalysts	 tend	 to	 sinter	 and	 deactivate	 quickly	 at	 reaction	

temperatures	above	700˚C	(Abbas	and	Wan	Daud,	2010,	Ermakova	et	al.,	2001,	Ogihara	et	

al.,	 2006).	 	 However	 elevated	 temperatures	 are	 known	 to	 increase	 the	 thermodynamic	

equilibrium	 of	 the	 reaction	 and	 favour	 higher	methane	 conversion	 rates.	 	 Therefore	 in	

order	to	maintain	small	particle	sizes	at	high	temperatures	they	are	generally	supported	

on	an	inert	material.	

The	 use	 of	 supports	 allows	 the	 catalyst	 particles	 to	 remain	 at	 a	 specific	 size	 and	 shape	

range	 throughout	 the	 calcining	 and	 reaction	 conditions	 (Li	 et	 al.,	 2011).	 	Alumina,	 silica	

and	 titanium	 oxides,	 as	 well	 as	 common	 zeolites	 and	 carbon	 materials	 have	 all	 shown	

promise	 as	 metal	 catalyst	 supports.	 The	 oxide	 phase,	 or	 surface	 topography,	 of	 these	

supports	 generally	 acts	 as	 a	 textural	 promoter	 for	 the	 catalytic	 element	 (Avdeeva	 et	 al.,	

1999,	 Shaikhutdinov	 et	 al.,	 1995).	 	 Un‐supported	 catalysts	 particles	 would	 tend	 to	 not	

precipitate	as	homogeneously	or	as	small,	and	would	tend	to	agglomerate	or	sinter	under	

elevated	temperatures.	Numerous	studies	have	shown	that	 the	catalytic	performance,	as	

well	 as	 the	 morphology	 and	 growth	 of	 the	 carbon	 by‐product,	 is	 dependent	 on	 the	

transition	metal	catalyst	as	well	as	the	type	(Chai	et	al.,	2007),	and	pre‐treatment	(Duan	et	

al.,	2010)	of	the	support	used.		



LITERATURE	REVIEW	 	 19	

	

The	majority	of	metallic	catalysts	studied	has	been	based	on	transition	metals	(mainly	Ni,	

Fe	and	Co)	that	have	been	loaded	onto	inert	powder	supports	(typically	Al2O3	or	SiO2).		Ni	

catalysts	are	considered	to	be	the	most	active	under	700C	and	have	produced	the	highest	

carbon	 yield	 for	 a	mono‐metallic	 catalyst	 to	 date	 (491	 g	 C/	 g	 Ni	 using	 Ni/SiO2	 at	 500‐

600C)	(Takenaka	et	al.,	2003).	However	Ni	catalysts	tend	to	deactivate	quickly	at	higher	

temperatures	due	to	catalyst	particle	sintering	(Abbas	and	Wan	Daud,	2010,	Ermakova	et	

al.,	 2001,	 Ogihara	 et	 al.,	 2006).	 Iron	 on	 the	 other	 hand	 is	 more	 stable	 at	 higher	

temperatures	 (700‐1000C)	 however	 it	 generally	 has	 lower	 carbon	 yields	 compared	 to	

nickel	catalysts.		Cobalt	based	supported	catalysts	have	been	used	for	TCMD	however	they	

are	generally	less	favoured	than	Nickel	and	Iron	due	to	their	lower	activity,	lower	yields,	

higher	price	and	toxicity	(Ermakova	et	al.,	2001).		

3.1.1.2.2. CF	stable	growth	

Fundamentally,	 sustained	 growth	 of	 a	 CF	 is	 dependent	 on	 balancing	 the	 methane	

dissociation	 rates	 (carbon	 feed	 rate)	 and	 the	 carbon	 diffusion	 rates	 (carbon	 deposition	

rate)	 within	 the	metal	 catalyst	 particle.	 	When	 the	 carbon	 feed	 rate	 is	 higher	 than	 the	

diffusion	rate	 the	surplus	carbon	accumulates	on	 the	surface	of	 the	catalyst	particle	and	

leads	 to	 carbon	encapsulation	 (Suelves	 et	 al.,	 2005).	 	Defects	 in	 the	 carbon	network	are	

caused	when	 the	carbon	 feed	rates	are	higher	 than	 the	diffusion	rates,	 and	 this	 leads	 to	

eventual	carbon	encapsulation	and	growth	termination	by	disrupting	the	catalyst‐carbon	

dynamics	 (Hofmann	 et	 al.,	 2007).	 	 For	 this	 reason	 numerous	 studies	 have	 balanced	 the	

dissociation	and	diffusion	rates	with	alterations	to	the	carbon	gas	feed,	reaction	conditions	

and	catalyst	properties	(Qi	et	al.,	2007,	Ajayan	and	Nugent,	2000).	

Promoters	are	often	added	to	metallic	catalyst	to	improve	their	high	temperature	activity,	

carbon	solubility	and	stability	(Chen	et	al.,	2004,	Li	et	al.,	2000,	Li	et	al.,	1998).		Common	

promoters	used	are	Cu,	Mg,	La,	Rh,	Ir,	Pt	as	well	as	other	primary	catalytic	elements	(Ni,	

Fe,	 Co)	 (Ammendola	 et	 al.,	 2007).	 The	 highest	 yield	 using	 a	 promoted	 (multi‐metallic)	

catalyst	is	1498	g	C/g	(Ni+Pd)	using	Pd	promoted	Ni/Al2O3	catalyst	(Ogihara	et	al.,	2006).	

These	 promoters	 promote	 higher	 yields	 by	 (1)	 balancing	 the	 carbon	 diffusion	 and	

deposition	rates	(Takenaka	et	al.,	2001),	(2)	assisting	in	dispersing	the	active	metals	onto	

the	support	(Liu	et	al.,	2009),	(3)	increasing	catalyst	sintering	temperatures	(Ogihara	et	al.,	

2006,	Figueiredo	et	 al.,	 2010),	 and	 (4)	 lowering	 the	 intrinsic	 activity	 of	 the	 catalyst	 and	

thus	 increasing	 the	 optimum	 temperature	 to	 reduce	 the	 deactivation	 rate	 (Cunha	 et	 al.,	

2009).	
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3.1.2. Catalyst	regeneration		

What	is	common	to	all	catalysts	is	that	all	eventually	deactivate	via	carbon	encapsulation.		

Catalyst	 regeneration,	by	 injecting	oxidizing	gases	such	as	O2,	CO2	and	steam,	have	been	

studied	 as	 a	 means	 of	 periodically	 removing	 the	 encapsulating	 layers	 of	 carbon	 and	

thereby	 reactivating	 the	 catalyst.	 There	 are	 mixed	 findings	 in	 the	 literature	 on	 the	

effectiveness	 of	 catalyst	 regeneration;	 some	 studies	 report	 a	 gradual	 diminishing	 of	

catalytic	activity	over	repeated	cycles	due	to	sintering	of	the	catalyst	particles	(Takenaka	

et	 al.,	 2004),	 whereas	 others	 claim	 full	 restoration	 of	 catalytic	 activity	 after	 numerous	

cycles	 (Bonura	 et	 al.,	 2006,	 Aiello	 et	 al.,	 2000,	 Guil‐López	 et	 al.,	 2006,	 Villacampa	 et	 al.,	

2003).	 	 The	 regeneration	 capacity	 of	 a	 catalyst	 is	 claimed	 to	 depend	 on	 the	 degree	 of	

catalytic	 metal	 dispersion	 and	 on	 the	 morphology	 of	 the	 active	 phase	 of	 the	 catalyst	

particles	(Bonura	et	al.,	2006).			

Feed	 gas	 additives	 such	 as	water	 vapour	 have	 also	 been	 shown	 to	 increase	 the	 catalyst	

longevity	and	carbon	yield	by	reducing	the	rate	of	carbonaceous	impurities.		Water	vapour	

acts	 as	 a	mild	oxidizing	 agent	 that	 continuously	 removes	encapsulating	 forms	of	 carbon	

from	the	surface	of	the	catalyst	particles	and	thus	delay	deactivation	(Yamada	et	al.,	2008,	

Liu	et	al.,	2010,	Patole	et	al.,	2008,	Bystrzejewski	et	al.,	2008,	Hata	et	al.,	2004)	(Hu	et	al.,	

2008)	(Futaba	et	al.,	2006,	Yoshihara	et	al.,	2007).		However	the	introduction	of	too	much	

water	vapour	reduces	the	carbon	yield	by	etching	off	more	carbon	than	is	produced	(Liu	et	

al.,	2009,	Liu	et	al.,	2010,	Hu	et	al.,	2008).	

However	the	regeneration	of	spent	catalysts	has	large	disadvantages	such	as	(1)	reducing	

the	quality	(and	thus	potential	revenue)	of	the	carbon	due	to	the	oxidative	degradation	of	

its	structure,	(2)	creating	emissions	of	CO2	and	CO	similar	to	those	of	SMR	(Serrano	et	al.,	

2009,	 Scholz,	 1993,	 Steinberg,	 1998,	 Domínguez	 et	 al.,	 2007),	 and	 (3)	 causing	 gradual	

degradation	of	a	complex	and	expensive	catalyst	(Takenaka	et	al.,	2004).			

3.2. Carbon	catalysts	

Carbon‐based	catalysts	have	also	been	studied	 for	 the	TCMD	process	because	 they	offer	

some	unique	advantages	over	metal‐based	catalysts.	 	These	catalysts	are	typically	highly	

amorphous,	 such	 as	 activated	 carbon	 or	 carbon	 black,	 and	 tend	 to	 produce	 similar	

disordered	carbon	structures	which	can	be	utilized	as	further	catalyst	for	the	process	after	

periodic	 re‐generation	with	CO2.	They	are	 thought	 to	be	 ideal	 for	catalysts	because	 they	

(1)	are	stable	at	elevated	temperatures,	(2)	are	non‐toxic,	(3)	are	inexpensive	compared	to	

metal‐based	catalysts,	and	(4)	are	generally	more	resistant	to	poisoning	(Muradov,	2003,	

Muradov,	2001,	Abbas	and	Wan	Daud,	2010,	Su	et	al.,	2010).	
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Research	into	carbon‐based	catalyst	has	been	primarily	aimed	at	 increasing	the	catalytic	

activity	 and	 reducing	 the	 deactivation	 rate	 by	 understanding	 the	 reaction	 mechanisms	

involved.		A	number	of	catalyst	characteristics	and	process	options	have	been	identified	to	

increase	the	catalyst	longevity,	including	increasing	the	carbon	catalyst	disorder,	porosity	

(mesopores)	and	dislocations	to	enhance	the	active	catalytic	sites	(Domínguez	et	al.,	2007,	

Dufour	et	al.,	2009,	Serrano	et	 al.,	2010,	Serrano	et	al.,	2008,	Serrano	et	al.,	2009).	 	 It	 is	

generally	 understood	 that	 carbon	 catalysts	deactivate	 rapidly	because	of	 the	propensity	

for	 carbon	 encapsulation	 with	 less	 active	 forms	 of	 carbon	 (Bai	 et	 al.,	 2007).	 	 These	

encapsulating	 layers	 of	 carbon	 (typically	 amorphous	 or	 turbostratic	 carbon)	 have	 a	

diminished	 catalytic	 activity	 in	 part	 because	 of	 their	 drastically	 lower	 surface	 area	 in	

comparison	to	activated	forms	of	the	original	carbon	catalyst	(Muradov,	2003,	Abbas	and	

Wan	Daud,	2010,	Muradov	et	al.,	2010).		Studies	have	been	able	to	show	an	increase	to	the	

activity	 of	 the	 carbon	 product	 by	 elevating	 the	 reaction	 temperatures	 and	 decrease	 the	

carbon	crystallite	size	(Muradov,	2003).		Regeneration	with	CO2	is	also	able	to	increase	the	

reaction	 longevity	by	 increasing	 the	carbon	surface	area	and	oxygenated	surface	groups	

(Muradov,	2003).	

3.3. Limitations	with	past	research	

All	catalysts	using	the	TCMD	process	are	effectively	consumed	 in	 the	process	because	of	

the	 complexities	with	 separating	 the	 carbon	 production	 from	 the	 catalyst.	 	 All	 catalysts	

eventually	become	embedded	or	anchored	to	the	carbon	product	and	separating/recycling	

these	 entrenched	 catalyst	 particles	 is	 too	 complex	 and	 costly	 for	 large‐scale	 processes	

(Otsuka	et	al.,	2004),	especially	for	intricate	multi‐metal	supported	catalysts	(Abánades	et	

al.,	 2012).	 	 The	 majority	 of	 research	 into	 metal‐based	 catalysts	 has	 been	 aimed	 at	

increasing	 the	 carbon/hydrogen	yield	without	 regard	 for	 the	additional	 costs	 that	 these	

increasingly	 complex	 catalysts	 impose	 on	 the	 process	 economics.	 	 Mainstream	 catalyst	

research	has	generally	neglected	to	account	for	these	inherent	losses	(catalyst	turnover).		

Complex	and	expensive	catalyst	developments	could	therefore	result	in	an	increase	in	the	

cost	of	hydrogen	production	despite	having	superior	catalytic	performances	compared	to	

simpler	 catalysts.	 	 One	 example	 of	 this	 is	 the	 use	 of	 Pd	 as	 a	 promoter	 on	 supported	Ni	

catalysts.	 	These	catalysts	demonstrate	the	highest	carbon	yields	to	date	of	~1498	gc/gNi	

(Ogihara	et	al.,	2006),	however	due	to	 the	extremely	high	cost	of	Pd	metal,	>$21	million	

per	tonne	(PalladiumPrice,	2013),	the	catalyst	turnover	costs	is	also	among	the	highest	in	

publication,	 estimated	 in	 the	 current	 work	 at	 approximately	 $30,000	 per	 tonne	 of	

hydrogen	 produced	 (details	 of	 the	 calculation	 method	 are	 shown	 in	 Section	 6.2.2).		

Regenerating	any	catalyst	by	partial	oxidation	of	the	carbon	may	increase	the	longevity	of	

these	catalysts	however	this	action	does	not	solve	the	underlying	issue:	the	eventual	need	
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to	separate	the	carbon	from	the	catalyst	into	order	to	remove	it	from	the	reaction	vessel.		

Therefore	all	catalysts	are	eventually	 lost	within	the	process	and	it	 is	 imperative	to	take	

into	 account	 the	 catalyst	 turnover	 cost	when	determining	 the	 true	 value	of	 any	 catalyst	

development.		A	further	analysis	of	the	material	costs	of	common	catalysts	in	the	literature	

and	their	impact	on	the	costs	of	producing	hydrogen	is	shown	in	Section	6.2.2.	

Carbon	catalysts	do	not	suffer	from	high	turnover	costs;	however	these	catalysts	also	have	

a	number	of	disadvantages	which	limit	their	commercial	potential	for	the	TCMD	process.		

Most	 importantly	 the	 carbon	morphologies	 that	 these	 catalysts	 produce	 have	 low	 value	

and	 limited	market	depth.	 	For	 instance,	 if	 this	process	were	to	be	used	to	produce	only	

5%	 of	 the	 global	 hydrogen	market	 it	 would	 produce	more	 amorphous	 carbon	 than	 the	

entire	 global	 market	 for	 this	 type	 of	 carbon:	 8.1	 million	metric	 tonnes	 per	 year	 (ICBA,	

2006).		In	addition,	their	relatively	low	catalytic	activity,	high	deactivation	rates	and	high	

regeneration	 requirements	 limit	 their	 economic	 potential.	 	 Therefore	 carbon‐based	

catalysts	are	unlikely	to	yield	the	necessary	returns	from	the	carbon	product	to	enable	this	

process	to	be	economically	competitive	against	SMR.			

Therefore,	 in	 summary	 the	 TCMD	 process	 has	 not	 been	 successfully	 commercialized	

because	of	either	high	catalyst	turnover	costs	or	low	potential	revenue	from	their	carbon	

product.	 	 Common	metal‐based	 catalyst	 produce	 highly	 graphitic	 forms	 of	 carbon	 with	

large	 potential	 markets	 however	 they	 have	 high	 turnover	 costs	 because	 of	 their	 high	

catalyst	production	complexity	and	material	costs.	 	Carbon‐based	catalysts	do	not	suffer	

from	 high	 catalyst	 turnover	 costs	 however	 they	 do	 not	 produce	 carbon	 types	 with	 the	

potential	for	sufficient	economic	returns	to	make	the	process	cost	comparative	with	SMR.		

Consequently	the	aim	of	this	current	work	is	to	develop	a	catalyst	and	reactor	system	that	

has	sufficiently	low	catalyst	turnover	costs	whilst	producing	valuable	graphitic	carbon	to	

enable	the	economical	production	of	low‐emission	hydrogen	using	the	TCMD	process.	
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4. Experimental methodology 

This	 chapter	 describes	 the	 general	 methane	 decomposition	 reactor	 assembly,	

characterization	 instrumentation	 and	 calculation	 methodologies	 used	 within	 this	 work.		

All	methodologies	specific	to	a	particular	experiment	are	detailed	within	their	respective	

sections.	

4.1. Methane	Decomposition	Facility	

The	 majority	 of	 catalytic	 analyses	 performed	 within	 this	 work	 are	 conducted	 using	 a	

purpose	made	facility	containing	three	 independent	 fixed‐bed	plug‐flow	reactors	housed	

within	 a	 common	 furnace	 (Labec,	 VTF50/13).	 	Mass	 flow	 controllers	 (MFC	 –	 Type	MKS	

100B)	meter	the	gases	into	the	reactors.	The	composition	of	the	gas	effluent	exiting	each	

reactor	tube	is	measured	sequentially	by	a	Gas	Chromatograph	(GC	‐	Shimadzu,	GC‐2014,	

Alltech	 packing	 column	 Hayesep	 D	 100/120)	 by	 way	 of	 multiposition	 valves	 (Valvo).		

Thermocouples	 (3mm	 OD,	 K	 type)	 are	 inserted	 within	 the	 vertical	 reactor	 tubes	 (1/4”	

SS316	 Swagelok	 0.035”	 wall	 thickness)	 to	 measure	 the	 temperature	 and	 position	 the	

catalyst	within	the	reaction	zone.	Cost	and	safety	are	the	main	reasons	why	stainless	steel	

is	chosen	as	the	material	for	the	reactor	tubes	because	of	the	elevated	reaction	pressures	

and	temperatures.		An	analysis	of	the	catalytic	effect	using	a	stainless	steel	reactor	tube	is	

shown	 in	 Appendix	 A.	 	 A	 pressure	 transducer	 is	 located	 upstream	 of	 each	 of	 the	 three	

reactors.	 	 Photographs	 of	 this	 facility	 is	 shown	 in	 and	 a	 simplified	 facility	 schematic	 is	

shown	in	Figure	7.		

	

	 	

										(a)	 	 	 	 	 	 (b)	

Figure	6	 –	Pictures	of	 the	methane	decomposition	 facility.	 (a)	multiple	 reactor	 furnace	 and	 control	
panel,	(b)	gas	chromatograph	and	gas	control	actuators.	

Control	Panel Multi	reactor	furnace Gas	control	actuators Gas	chromatograph
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Figure	7	‐	A	simplified	schematic	of	the	reaction	facility	using	multiple	reactor	tubes.	

4.2. Analytical	Model	

This	section	details	the	calculations	used	to	determine	the	reaction	methane	conversions,	

Thermodynamic	Equilibrium	Limit	(TEL),	and	the	graphitic	degree	of	the	carbon	product.		

Models	specific	to	a	particular	experiment	are	detailed	within	their	respective	sections.	

4.2.1. Methane	Conversion	

The	 conversion	 of	 methane	 (XCH4)	 is	 calculated	 using	 the	 percentage	 composition	 of	

hydrogen	or	methane	within	 the	 effluent	 stream,	 as	measured	by	 a	Gas	 Chromatograph	

(GC).		

	This	can	be	done	using	the	volume	percentage	of	hydrogen	(Bai	et	al.,	2007):	

XCH4


%H2

200 %H2









.100 		 	 	 	 	 	 	 	 (7)	

or	both	methane	and	hydrogen	(Domínguez	et	al.,	2007):	
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.100			 	 	 	 	 	 	 (8)	

These	two	equations	are	mathematically	equivalent	and	therefore	any	differences	are	due	

to	the	accuracies	associated	with	the	GC	measurement.		The	values	given	in	this	work	are	

an	average	of	these	two	values.	

4.2.2. Thermodynamic	Equilibrium	Limit	(TEL)	calculation	

The	 catalytic	 decomposition	 of	 methane	 can	 be	 described	 by	 the	 following	 reaction	
(Cornejo	et	al.,	2011):	

CH4  H2 C  2H2 hcracking,298K  74.81kJ mol,gcracking,298K  50.72kJ mol 	 (9)	

The	enthalpy	of	the	cracking	reaction	at	any	temperature	T	is	given	by	
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where,	 
i

iiAA ,		


i

iiBB ,		


i

iiCC ,		


i

iiDD ,		

	stands	for	the	stoichiometry	and	the	index	i	refers	to	the	species	involved	in	the	reaction.		

The	values	of	Ai,	Bi,	Ci	and	Di	for	the	various	species	involved	are	listed	in	Table	1.		R	is	the	

ideal	gas	constant.	

	 A	 B C D

CH4	

C	(graphite)	

H2	

	

1.702

2.063	

3.249	

	

9.08110‐3	

5.14010‐4	

4.22010‐4	

	

‐2.16410‐6	

0	

0	

	

0

‐1.057105	

8.300103	

	

Table	1‐	Coefficients	A,	B,	C	and	D	for	methane,	carbon	and	hydrogen	(Atkins	&	DePaula	2001).		
	

The	equilibrium	constant	for	methane	cracking	at	298˚K,	K298K,	is	given	by	
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Accordingly	the	equilibrium	constant	for	methane	cracking	at	T,	KT,	is	given	by	
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and	K800°C	=	21.9.	

For	an	undiluted	methane	feed	under	moderate	pressure,	the	equilibrium	constant	can	be	

expressed	in	terms	of	the	extent	of	reaction	as:	

KT 
yH2

2

yCH4

P 
2T 2

1 T  1T 
P 

4PT
2

1T
2
	 (13),	

where	 P	 is	 the	 total	 pressure	 and	 T	 is	 the	 conversion	 efficiency	 at	 temperature	 T.		

Accordingly,	T	can	be	expressed	in	terms	of	KT	as:	

 T

T
T KP4

K


 				 (14)	 	

The	relationship	between	the	TEL	and	reaction	pressure	is	plotted	in	Figure	8for	reaction	

temperatures	of	700,	800,	900	and	1000C.	

	

	
Figure	8 ‐ TEL	vs	reaction	pressure	graph.
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4.2.3. Degree	of	graphitization	

The	 graphitization	 of	 the	 carbon	 is	 deduced	 using	 a	 number	 of	 methods:	 (1)	 graphitic	

degree,	(2)	crystal	size,	and	(3)	disorder.	

The	 graphitic	 degree	 of	 the	 carbon	 is	 determined	 using	 the	 interlayer	 distance	 of	 the	

graphite	 (002)	 plane	 using	 XRD	 analysis	 via	 the	Maire	 and	Mering	 formula	 (Maire	 and	

Mering,	1960):	

d	=	3.354	+	0.086	(1‐g)		 	 																											(15)	

where	d	is	the	interplane	distance	of	the	main	graphite	peak	(002)	in	angstroms.	g	is	the	

fractional	 graphitization	 reflects	 how	 close	 the	 graphite	 layer	 spacing	 is	 to	 the	 ideal	

spacing	of	standard	highly	ordered	pyrolytic	graphite.	

The	 crystal	 size	 of	 the	 crystalline	 carbon	 and	 catalyst	 is	 determined	using	XRD	analysis	

and	the	Scherrer	formula.	 	This	formula	determines	the	average	crystallite	size	based	on	

the	broadening	of	the	diffraction	peaks	(Patterson,	1939),	as	per	the	equation:	




cos
2

1

k
dc  		 	 	 																									(16)	

Where	 dc	 is	 the	 average	 particle	 size	 (nm),	 λ	 the	 wave‐length	 of	 the	 x‐ray	 radiation	

(1.54Å),	θ	the	Bragg	angle	of	the	peak	maximum,	β1/2	the	width	(radians)	of	the	diffraction	

peak	 at	 Full	 Width	 Half	 Maximum	 (FWHM),	 and	 k	 is	 the	 Scherrer	 coefficient	

(approximately	 =1).	 This	 equation	 has	 been	 confirmed	 to	 be	 suitable	 for	 graphite‐like	

materials	(Shi	et	al.,	1993).		In	general	the	larger	the	size	of	the	graphite	crystal,	the	higher	

the	 degree	 of	 its	 graphitization.	 	 It	 must	 be	 noted	 that	 the	 shape	 anisotropy	 of	 most	

crystals	mean	 that	 this	equation	may	give	different	values	 for	different	peaks	(Liu	et	al.,	

2007a,	Crosa	et	al.,	1999).	 	Therefore	these	values	of	crystal	size	are	only	 indicative	and	

are	used	for	comparative	purposes	only.	

The	degree	 of	 graphitization	 is	 also	 inferred	by	 graphite	 disorder	 as	 determined	by	 the	

Raman	intensity	ratio.		The	graphite	profile	under	Raman	analysis	is	dominated	by	sharp	

peaks	at	1568	cm−1	(G	band)	and	1341	cm−1	(D	band).		The	D	band	is	associated	with	the	

vibrations	of	 carbon	atoms	with	dangling	bonds	 for	 the	 in‐plane	 terminations	of	 carbon	

atoms	of	disordered	graphite,	while	the	G	band	is	closely	related	to	the	vibration	in	all	sp2	

bonded	carbon	atoms	in	a	two‐dimensional	hexagonal	 lattice,	such	as	 in	a	graphite	 layer	

(Liu	et	al.,	2007b).	The	disorder	ratio	(the	intensity	of	the	D	peak	divided	by	the	intensity	

of	the	G	peak	‐	ID/IG)	is	commonly	used	as	an	indicator	of	the	extent	of	disorder	within	the	
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graphitic	 layers,	 where	 a	 low	 ratio	 is	 an	 indicator	 of	 high	 graphitic	 degree	 (Roy	 et	 al.,	

2003).		

4.3. Characterization	Instrumentation	

SEM	 and	 TEM	 images	 of	 catalysts	 and	 carbon	 are	 performed	 using	 three	 instruments:	

Zeiss	 1555	 VP‐FESEM	 (2‐5	 kV,	 in‐lens	 and	 backscatter	 detector,	 EDS	 (Si(Li)	 energy	

dispersive	 x‐ray	 spectroscopy	 –	 20kV),	 JEOL	 2100	 TEM	 (EFTEM,	 EELS,	 SAD,	 electron	

tomography,	120‐200kV,	 laB6	emitter)	and	JEOL	3000F	(FEGTEM,	EDS,	300kV).	 	Particle	

sizing	 is	determined	using	Static	Light	Scattering	 (SLS)–	Malvern	Mastersizer	microplus.		

Model:	Micro‐P.		Size	range	0.05‐556	um.		Carbon	analysis	is	undertaken	using	a	RAMAN	

spectrometer,	Labram	model	2B,	HeNe	632.817	nm	excitation	laser,	2mW.		XRD	diffraction	

patterns	of	the	catalyst	and	carbon	are	measured	using	a	Panalytical	Empyrean	XRD	using	

Cu‐K	radiation	at	room	temperature.	
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5. Catalyst Development 

The	purpose	of	this	chapter	is	to	investigate	a	number	of	inexpensive	catalyst	options	to	

determine	 their	 practicability	 for	 continual	 consumption	 in	 the	 TCMD	 process	 for	 the	

economical	 production	 of	 hydrogen.	 	 It	 begins	 with	 a	 continuation	 of	 the	 studies	

previously	undertaken	at	the	University	of	Western	Australia	(UWA)	using	monolithic‐like	

metallic	catalyst	that	are	loaded	with	catalyst	precursors.		These	studies	then	progress	to	

more	traditional	powdered‐type	catalysts	in	later	sections.			

5.1. Monolithic‐type	Metallic	Catalysts	

Cheap	 monolithic‐type	 metallic	 catalysts,	 such	 as	 metallic	 wire	 meshes	 loaded	 with	

catalytic	agents,	are	being	investigated	in	this	work	as	a	cheaper	alternative	to	traditional	

supported	catalysts.		They	were	selected	as	a	starting	point	because	of	their	simplicity	and	

relatively	low	cost.	 	In	addition,	monolithic	catalysts	have	other	indirect	advantages	such	

as	mechanical	 integrity,	 improved	 heat	 transfer,	 uniform	 fluid	 flow,	 a	 reduced	 pressure	

drop	 and	 contain	 less	 stagnation	 zones	 (Heck	 et	 al.,	 2001,	Ertl	 et	 al.,	 1999,	Twing	 et	 al.,	

1998,	Reshetenko	et	al.,	2005).	

Metal	 monolithic‐type	 wire	 mesh	 catalysts	 have	 been	 used	 extensively	 for	 gas/gas	

catalysis,	such	as	 for	the	production	of	nitric	acid	 from	ammonia	(Gao	et	al.,	2008b)	and	

formaldehyde	 from	 methanol	 (Satterfield,	 1991).	 	 However	 gas/solid	 TCMD	 reactions	

using	 monolithic‐type	 catalysts	 are	 less	 common.	 	 The	 majority	 of	 research	 using	 wire	

mesh	 catalysts	 for	 TCMD	 reactions	 is	 aimed	 at	 coating	 the	 surface	with	 various	 carbon	

species	 to	 alter	 their	 properties.	 	 For	 example,	 diamond	 coating	 on	 stainless	 steel	 to	

improve	wear	 resistance	 (Airoldi	 et	 al.,	 2004,	 Srividya	 et	 al.,	 1999,	Takeno	 et	 al.,	 2009),	

corrosion	resistance	(Wen	and	Wang,	2010),	amorphous	carbon	coating	on	stainless	steel	

to	reduce	friction	(Valentini	et	al.,	2004,	Wen	et	al.,	2005),	and	the	formation	of	CNTs	on	

stainless	 steel	 for	 gas	 separation	 (Karwa	 et	 al.,	 2006b),	 water	 filtration	 (Park	 and	 Lee,	

2006a,	Park	and	Lee,	2006b),	field	emission	(Lin	et	al.,	2004,	Duy	et	al.,	2009,	Murakami	et	

al.,	2000,	Yamamoto	and	Tsutsumoto,	2002,	Liu	et	al.,	2003a,	Talapatra	et	al.,	2006,	Noury	

et	al.,	2001)	or	improved	capacitance	(Gao	et	al.,	2008a,	Talapatra	et	al.,	2006,	Park	et	al.,	

2003,	Kim	et	al.,	2010).	

There	has	been	a	number	of	metallic	substrates	studied	within	TCMD	reactions,	with	the	

most	common	of	these	being	stainless	steel	(Liu	et	al.,	2003a,	Abad	et	al.,	2008,	Chang	and	

Chang,	2008,	Martínez‐Latorre	et	al.,	2010,	Martínez‐Hansen	et	al.,	2009,	Martínez	T	et	al.,	

2009,	Masarapu	and	Wei,	2007,	Karwa	et	al.,	2006a,	Baddour	et	al.,	2009,	Vander	Wal	and	

Hall,	2003,	Nguyen	et	al.,	2010,	Zhou	et	al.,	2008,	Yamamoto	and	Tsutsumoto,	2002,	Park	
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et	al.,	2003,	Kim	et	al.,	2010,	Wen	and	Wang,	2010,	Gao	et	al.,	2008b,	Kluba	et	al.,	2010).	

There	are	numerous	studies	that	demonstrate	that	simple	iron	based	non	porous	catalysts	

such	as	stainless	steel	can	catalyse	the	growth	of	novel	carbons	such	as	CF	(Blanchard	et	

al.,	2008,	Abatzoglou	et	al.,	2006a,	Abatzoglou	et	al.,	2006b,	De	Oliveira‐Vigier	et	al.,	2005,	

Pan	et	al.,	2004,	Tibbetts,	1983).	(Gao	et	al.,	2008b)	pioneered	the	study	of	loading	catalyst	

precursors,	 such	 as	 La2NiO4,	 onto	 stainless	 steel	mesh	 for	 the	 simultaneous	 production	

high	 purity	 hydrogen	 and	 high	 quality	 carbon	 via	 the	 TCMD	 process.	 	 	 This	 research	

yielded	high	quality	graphite	with	only	moderate	methane	conversion	of	35%	for	diluted	

methane	 feeds	 (5%wt)	 at	 750°C.	 However	 this	 work	 highlights	 the	 potential	 for	 using	

cheap	 metal	 monolith‐type	 catalysts	 for	 the	 simultaneous	 production	 of	 hydrogen	 and	

carbon.	

Stainless	 steel	 (type	316)	 is	 chosen	as	 the	material	 for	 the	wire	mesh	 support	 for	 these	

works	 because	 of	 its	 low	 cost	 and	wide	 availability.	 	 Like	many	metal‐based	monolithic	

supports,	a	stainless	steel	mesh	support	can	also	second	as	a	catalyst	itself	because	of	the	

presence	of	 known	catalytic	elements	 that	make	up	 the	alloy	 (including	nickel,	 iron	and	

cobalt).	 	The	advantage	of	 loading	catalyst	precursors	onto	a	monolithic‐type	support	of	

this	 kind	 is	 the	 increased	 active	 surface	 area,	 whilst	 also	 maintaining	 the	 inherent	

advantages	of	a	monolithic	catalyst	(as	discussed	earlier).	

This	section	examines	the	catalytic	effects	of	two	simple	externally	treated	stainless	steel	

mesh	catalysts.		The	first	will	continue	previous	work	undertaken	at	UWA,	which	utilizes	

stainless	 steel	 meshes	 loaded	 with	 perovskite‐based	 nickel	 structures.	 	 The	 second	

examines	 the	 catalytic	 effect	 of	 simple	 surface	 oxidation	 on	 the	 surface	 of	 the	 stainless	

steel	mesh.	

5.1.1. Loaded	Mesh	Catalyst	

The	 catalyst	 loading	 process	 is	 chosen	 to	 produce	 a	 perovskite	 structure	 because	 of	 its	

known	 catalytic	 abilities,	 in	 particular	 for	 the	 formation	 of	 CFs	 via	 the	 TCMD	 process	

(Liang	et	al.,	2001).		This	loading	process	involves	preparing	a	syrup	of	catalyst	precursors	

and	 then	 calcining	 the	 stainless	 steel	 meshes	 within	 this	 solution.	 	 To	 understand	 the	

relative	 merits	 of	 this	 loading	 process,	 the	 catalytic	 performance	 of	 this	 catalyst	 is	

compared	 against	 other	 meshes	 that	 have	 undergone	 different	 stages	 of	 the	 loading	

process,	 including:	 (1)	 meshes	 that	 are	 calcined	 alongside	 the	 loading	 syrup,	 termed	

‘passive	mesh’,	 (2)	meshes	 that	 are	 calcined	 separately,	 termed	 ‘calcined	mesh’,	 and	 (3)	

‘untreated	meshes’	that	have	not	undergone	any	calcination	treatment.	



CATALYST	DEVELOPMENT	 	 31	
	

5.1.1.1. Experimental		

This	 section	 details	 the	 catalyst	 preparation	 procedure	 and	 reactor	 configuration	 to	

determine	their	catalytic	performances.		

5.1.1.1.1. Loaded	catalyst	preparation	

These	 studies	 continue	 the	 studies	previously	undertaken	 at	UWA	using	monolithic‐like	

metallic	 catalyst	 that	 are	 loaded	with	 catalyst	 Perovskite	 precursors.	 	 These	 precursors	

are	made	using	lanthanum,	nickel,	cobalt	and	magnesium	in	the	following	stoichiometry:	

La0.95Ni0.8Co0.2Mg0.05	 	 	 					 										(17)	

The	catalyst	loading	method	is	as	follows:	

(1) Sizing:	Grade	316	stainless	steel	mesh	(316SS,	0.1D,	0.16A,	source)	are	cut	into	20	

x	40	mm	sections,	tightly	rolled	width‐wise	and	ultra‐sonicated	in	pure	ethanol	for	

15min	and	then	in	distilled	water	for	5	min.			

(2) Etching:	The	 surfaces	of	 the	meshes	 are	 etched	 in	 a	 solution	 (1:3	 ratio)	 of	 nitric	

acid	(70%)	and	distilled	water,	at	80°C	and	60	rpm,	for	3.5hrs.	

(3) Loading:	 After	 washing	 in	 distilled	 water	 the	 etched	 meshes	 are	 heated	 in	 a	

solution	of	dissolved	precursor	 salts	 (Table	2)	 in	distilled	water	 (20ml/mesh)	at	

80°C	and	60	rpm	for	2	hours.			

Precursor		 Formula	
Weight	added	per	
8	meshes	[g]	

Nickel	Nitrate	Hexahydrate	 Ni(NO3)2.6H2O	 1.8615	

Cobalt	(II)	Nitrate	Hexahydrate	 CoN2O6.6H2O	 0.4657	

Lanthanum	Nitrate	Hexahydrate	 LaN3O9.6H2O	 3.2904	

Magnesium	Nitrate	Hexahydrate	 Mg(NO3)2.6H2O	 0.10256	

Table	2	‐	Quantities	and	type	of	Perovskite	precursors	used.	
	

(4) Evaporation:	The	solution	is	raised	to	100°C	and	1g/mesh	of	citric	acid	are	added.		

The	 solution	 is	 allowed	 to	 slowly	 evaporate	 until	 a	 thick	 green	 syrup	 results	

(approximately	1.5	hours).		

(5) Calcination:	The	solution	and	meshes	are	transferred	to	a	horizontal	tube	furnace	

and	heated	 from	ambient	 temperature	 to	800°C	 for	1	hour,	maintained	at	800°C	

for	two	hours,	and	then	allowed	to	cool	to	ambient	temperature	within	the	furnace	
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(approximately	18	hours).	 	 	One	side	of	 the	 furnace	 tube	 is	 sealed	and	 the	other	

was	open	to	air	(Figure	9).			

	

Figure	 9	 ‐	 Diagram	 showing	 the	 positions	 of	 the	 loaded	meshes	 and	 passive	 catalysts	 within	 the	
calcination	tube	furnace.		

The	 passive	 meshes	 are	 pre‐washed	 and	 placed	 in	 the	 calcination	 tray	 alongside	 the	

loaded	 catalysts	 (Figure	 9).	 	 These	meshes	 do	 not	 have	 direct	 contact	 with	 the	 loading	

syrup	but	are	subjected	to	the	same	atmospheric	conditions	caused	by	the	evaporation	of	

the	loading	syrup	during	calcination.	The	calcined	meshes	are	calcined	separately	from	the	

loaded	catalyst,	and	the	untreated	meshes	have	not	undergone	any	calcination	treatment.	

5.1.1.1.2. The	TCMD	Procedure	

All	catalysts	are	tested	using	a	purpose	built	triple	reactor	facility	described	in	section	4.1.		

The	 rolled	 catalysts	 are	 held	 in	 place	 within	 the	 reactors	 by	 stainless	 steel	 sheathed	

thermocouples	(Figure	10).	 	The	reactors	are	heated	to	the	operating	temperature	(800‐

900C)	under	nitrogen	flow	(20sccm,	99.9%,	BOC)	to	ensure	that	methane	decomposition	

does	not	occur	at	temperatures	below	the	required	operating	temperature.		After	reaching	

the	operating	 temperature,	undiluted	methane	 (UHP	99.999%,	BOC)	 is	passed	 into	each	

reactor.	 	 Where	 possible	 the	 system	 is	 purged	 with	 nitrogen	 at	 the	 termination	 of	 the	

experiment.	

5.1.1.2. Results	and	Discussion	

This	section	details	 the	results	of	 this	work,	 including	a	characterization	of	 the	catalysts	

pre‐reaction,	 the	 catalyst	 performances	 of	 these	 catalysts	 post‐reaction,	 and	 the	

characterization	 of	 the	 resulting	 carbon.	 	 It	 also	 discusses	 other	 effects	 on	 the	 catalyst	

performance,	 including	 the	 effect	 the	 type	of	 reducing	 gas,	metal	 dusting	 for	bulk	metal	

catalysts,	and	reactor	blockages	caused	by	excessive	carbon	deposition.	

	

Loaded catalyst 

Passive mesh 
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Figure	 10	 ‐	 Reactor	 layout	 for	 a	 plug	 flow	mesh‐based	 catalyst	 where	 a	 thermocouple	 is	 used	 to	
support	the	catalyst	within	the	temperature	zone.	

5.1.1.2.1. Pre‐reaction	Catalyst	Characterization	

SEM	analyses	of	the	loaded	catalysts	and	meshes	pre‐reaction	reveal	 large	differences	 in	

their	 surface	 topography	 as	 a	 result	 of	 their	 calcination	 conditions.	 	 	 The	 surface	 of	 the	

calcined	mesh	(Figure	11b)	appears	similar	to	the	untreated	mesh	(Figure	11a),	indicating	

that	the	calcination	conditions	on	their	own	do	little	effect	on	the	surface	oxidation	of	the	

samples.	However,	the	meshes	calcined	in	the	presence	of	the	loading	syrup	(loaded	and	

passive	mesh)	have	significant	whisker	growth	(Figure	11c	and	Figure	11d	respectively);	

with	the	passive	loaded	catalyst	containing	comparatively	higher	growth	density	than	the	

loaded	 catalyst.	 	 Thus	 it	 is	 clear	 that	 the	 gaseous	 atmosphere	 in	 the	 calcination	 furnace	

(caused	by	the	evaporation	of	the	loading	syrup)	causes	these	surface	effects.		The	larger	

amount	of	surface	effects	on	the	passive	mesh,	compared	to	the	loaded	catalyst,	seems	to	

suggest	 that	 the	 direct	 contact	 of	 the	 loading	 syrup	may	 actually	 inhibit	 the	 growth	 of	

these	surface	features	by	potentially	being	a	contact	barrier	to	this	gas.		
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(a)	

	 		
(b)		

	 		
(c)		

	 	
(d)	

Figure	11	‐	SEM	images	of	catalysts	and	meshes	pre‐reaction,	including:	untreated	meshes	(a),	calcined	
meshes	(b),	loaded	catalysts	(c),	and	passive	meshes	(d).	 	Images	on	the	right	are	5X	magnification	of	
the	images	on	the	left.	
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An	Energy	Dispersive	X‐ray	Spectrometry	(EDS)	analysis	of	these	catalysts	reveals	that	the	

surface	effects	are	predominately	 iron	oxide.	 	The	untreated	and	calcined	mesh	catalysts	

(Figure	 12a	 and	Figure	 12b	 respectively)	 show	 a	 homogeneous	distribution	 of	 stainless	

steel	elements	on	the	surface,	whereas	the	loaded	and	passive	mesh	catalysts	(Figure	12c	

and	Figure	12d	respectively)	show	significant	elemental	segregation,	with	the	 iron	maps	

identifying	the	regions	with	more	prominent	surface	effects.	Conversely	the	areas	with	a	

higher	proportion	of	 chromium	have	 less	 surface	 effects	 or	 are	only	 visible	 through	 the	

cracks	 in	the	 iron	surface.	This	 indicates	that	the	outer	 layer	of	 these	meshes	are	rich	 in	

iron	 oxide	 (oxygen	 EDS	 not	 shown)	 and	 the	 under	 layers	 are	 more	 rich	 in	 the	 other	

stainless	steel	constituents.	

	 	 		
	(a)	

	 	 		
	(b)	

	 	 		
	(c)	

	 	 	
(d)	

Figure	12	 ‐	EDS	mapping	of	catalysts	pre‐reaction,	 including:	untreated	mesh	(a),	calcined	mesh	(b),	
loaded	catalyst	(c),	and	passive	mesh	(d).	
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The	high	 iron	oxide	coverage	on	 the	 loaded	catalyst	and	passive	mesh	suggests	 that	 the	

oxidation	process	 is	accelerated	by	 the	gases	 that	are	emitted	by	 the	evaporation	of	 the	

loading	 syrup.	 	 These	 gases	 are	 known	 to	 include	 water	 vapour,	 CO2	 (from	 the	

decomposition	 of	 citric	 acid)	 and	 traces	 of	NOx	 (from	 the	 decomposition	 of	 the	 nitrates	

within	the	precursor).		Of	these,	water	vapour	is	the	most	likely	accelerant	with	numerous	

studies	showing	 the	enhanced	 formation	of	oxide	scale	on	austenitic	 steels	whilst	 in	 the	

presence	of	oxygen	and	water	at	elevated	temperature	(Goutier	et	al.,	2010,	Saunders	et	

al.,	2008).	 	Corrosion	is	accelerated	on	stainless	steels	under	these	conditions	because	of	

their	 propensity	 to	 vaporize	 the	 chromium	 oxide	 protective	 layer	 into	 chromium	 (VI)	

oxyhydroxide	gas,	thereby	exposing	the	iron	to	the	oxidizing	environment	(Quadakkers	et	

al.,	 2009).	 Water	 is	 believed	 to	 increase	 the	 dissociation	 rate	 of	 oxygen	 and	 therefore	

accelerate	 this	 reaction	 (Saunders	 et	 al.,	 2008).	 	 Iron	 oxide	 scale	 forms	 only	 when	 the	

evaporation	rate	of	the	chromium	is	higher	than	its	replenishment	via	solid	diffusion	from	

the	unsupported	 steel.	 	This	 theory	 correlates	well	with	 these	 findings.	 	 Figure	13	 (left)	

shows	a	SEM	image	of	a	cross‐section	of	 the	surface	 iron	oxide	 layer	and	the	underlying	

stainless	 steel	 mesh.	 	 Figure	 13	 (right)	 is	 a	 schematic	 of	 the	 chromium	 replenishing	

process,	where	chromium	evaporation	causes	oxidation	of	the	iron	surface,	and	chromium	

diffusion	from	the	underlying	layers	of	stainless	steel.	

	
Figure	13	‐	Iron	oxide	scale	on	meshes:	An	SEM	image	of	a	cross‐section	of	a	section	of	iron	oxide	scale	
formed	on	the	surface	of	the	passive	mesh	(left),	and	its	formation	mechanism	(right).	

	

5.1.1.2.2. Catalyst	activities	

All	 these	catalysts	are	analysed	under	the	same	reaction	conditions	(800C,	atmospheric	

pressure,	 1.5	 sccm	undiluted	methane)	 pre‐reduced	with	 hydrogen	 reduction	 (20	 sccm,	

atmospheric	pressure,	800C,	for	1	hour).		All	reactions	are	initially	purged	with	nitrogen	

(20sccm)	 whilst	 the	 furnace	 is	 warming‐up	 and	 cooling	 down	 (where	 possible).	 	 The	

activities	 (Figure	 14)	 of	 the	 catalysts	 are	 found	 to	 be	 in	 good	 correlation	with	 the	 pre‐

cracked	surface	area	and	topography	observations.	The	catalysts	with	the	highest	surface	
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area,	 namely	 the	 passive	 and	 loaded	 mesh	 catalysts,	 performed	 the	 best,	 whereas	 the	

calcined	and	untreated	meshes	performed	only	marginally	better	 than	an	empty	reactor	

tube	(not	shown).			

	

Both	 passive	 and	 loaded	 catalysts	 sustain	 methane	 conversions	 of	 approximately	 25%	

before	 carbon	 blockages	 occur	 at	 approximately	 20	 hours	 on	 stream	 (shown	 as	 white	

circles	 in	 Figure	 14).	 	 This	 blockage	 results	 in	 a	 dramatic	 increase	 in	 the	 methane	

conversion.		This	effect	is	discussed	further	in	section	5.1.1.2.5.			

5.1.1.2.3. Effect	of	the	reduction	gas	

The	 gas	 medium	 for	 catalyst	 reduction	 (generally	 hydrogen	 or	 methane)	 has	 a	 large	

bearing	on	the	performance	and	economic	of	this	process.		From	a	large‐scale	commercial	

standpoint,	catalyst	reduction	with	methane	(termed	‘auto‐reduction’	herein)	is	preferred	

to	more	typical	hydrogen	reduction	because	of	the	higher	value	of	hydrogen	gas	as	an	end	

product.	 	 Methane	 is	 used	 as	 a	 reducing	 agent	 in	 a	 number	 of	 processes	 such	 as	 the	

production	of	pure	metal	 from	metal	oxides,	 including	chromium	(Ebrahimi‐Kahrizsangi	

et	 al.,	 2010),	 manganese	 (Ostrovski	 and	 Zhang,	 2006),	 iron	 (Chatterjee	 et	 al.,	 2001,	

Longbottom	et	 al.,	 2007,	Nakagawa	 et	 al.,	 1996,	 Zhang	 and	Ostrovski,	 2001),	 and	 cobalt	

(Khoshandam	 et	 al.,	 2004).	 Methane	 reduction	 has	 also	 been	 shown	 to	 improve	 the	

catalytic	 performance	 (compared	 to	 hydrogen	 reduction)	 for	 a	 number	 of	 studies	 using	

supported	catalysts	in	the	TCMD	process	(Qian	et	al.,	2004,	Konieczny	et	al.,	2008).	

Figure	14	 ‐	Catalyst	performance	 for	 loaded	and	passive	catalysts	with	hydrogen	pre‐reduction,	and
decomposition	 reaction	 conditions	 of	 800˚C,	 1.5sccm	 CH4	 at	 atmospheric	 pressure.	 White	 circles
signify	the	start	of	a	reactor	blockage.	
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To	 test	 this	 in	 the	 current	work,	 the	passive	 and	 loaded	mesh	 catalysts	 are	 trailed	with	

methane	 reduction	 and	 compared	 against	 those	 reduced	 with	 hydrogen.	 	 All	 other	

conditions	remain	the	same	as	the	precious	section.		The	results	are	shown	in	Figure	15.	

	

The	results	show	that	the	catalytic	activity	is	vastly	improved	when	reducing	the	catalyst	

with	 methane	 instead	 of	 hydrogen.	 Both	 passive	 and	 loaded	 catalysts	 approximately	

double	 their	methane	conversion	rates	under	auto‐reduction,	 thereby	nearly	halving	the	

reaction	time	needed	to	block	their	reaction	tube	(as	shown	as	white	circles	in	Figure	15).	

Other	 researchers	 reported	 similar	 performance	 improvements	 using	 a	 number	 of	

different	 catalysts.	 	 (Qian	 et	 al.,	 2004)	 reported	 a	 dramatic	 increase	 in	 catalyst	 activity	

when	 auto‐reducing	 supported	 Ni/Cu	 and	Mo/Co	 catalysts	 and	 attributed	 this	 effect	 to	

reaction	synergies	between	the	concurrent	reduction	and	decomposition	reactions.	Non‐

catalytic	 pyrolysis	 is	 believed	 to	 initiate	 this	 reaction	 by	 providing	 the	 initial	 hydrogen	

needed	to	begin	this	cyclical	process,	as	suggested	by	(Liu	et	al.,	2009)	for	the	growth	of	

CNTs	 on	 chemically	 inert	 SiO2	 with	 no	 catalytic	 species.	 It	 can	 be	 deduced	 that	 the	

hydrogen	produced	by	the	decomposition	reaction	accelerates	the	reduction	reaction,	and	

in	 turn,	 the	 exothermic	 reduction	 reaction	 accelerates	 the	 decomposition	 reaction	 by	

providing:	 (1)	 more	 active	 catalytic	 sites,	 (2)	 additional	 energy	 for	 the	 endothermic	

decomposition	reaction	and	(3)	water	vapour.			

Figure	15	‐	Effect	of	the	reducing	gas	on	the	catalyst	performance.		White	circles	signify	the	point	where
the	reactor	begins	to	block	with	carbon.	
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Water	vapour	produced	by	the	reduction	process	could	in	theory	aid	in	the	production	of	

CNTs	and	retard	catalyst	deactivation	caused	by	carbon	encapsulation.		Many	studies	have	

demonstrated	 that	 the	 addition	 of	 a	 small	 and	 controlled	 amount	 of	 water	 to	methane	

decomposition	reactions	enhances	and	retains	the	activity	and	lifetime	of	the	(often	iron)	

catalyst	particles,	resulting	in	longer	CNTs	(Zhang	et	al.,	2009,	Yamada	et	al.,	2008,	Liu	et	

al.,	2010,	Patole	et	al.,	2008,	Bystrzejewski	et	al.,	2008,	Hata	et	al.,	2004,	Hu	et	al.,	2008,	

Futaba	et	al.,	2006,	Yoshihara	et	al.,	2007).			Water	acts	as	a	weak	oxidizer	that	selectively	

removes	the	amorphous	carbon	deposited	at	the	graphene	catalyst	interface	and	enhances	

the	activity	and	lifetime	of	the	catalyst.		These	synergistic	effects	are	illustrated	in	Figure	

16.			

	

Figure	 16	 ‐	 The	 synergetic	 relationship	 between	 the	 simultaneous	 reduction	 and	 decomposition	
reaction	for	auto‐reduced	catalysts.	

(Blanchard	et	al.,	2008)	suggests	 that	 this	effect	 is	more	pronounced	with	 iron	catalysts	

because	of	the	importance	of	catalytically	active	carbides.		They	suggest	that	the	formation	

of	 iron	 carbides	 is	 essential	 for	 the	 catalytic	 activity	 of	 iron	 and	 that	 this	 carbide	

(cementite)	forms	more	readily	from	iron	oxide	than	from	elemental	iron.			Therefore	the	

carbide	 formation	 is	 impeded	 by	 the	 pre‐reduction	 with	 hydrogen	 and	 this	 lowers	 the	

catalyst	activity	by	lowering	the	rate	of	carbide	production.				

In	 addition,	 the	 observation	 of	 the	 catalysts	 pre	 and	 post	 reaction	 within	 these	 works	

suggests	 that	 the	preservation	of	 catalyst	 surface	 integrity	may	be	another	 reason	auto‐

reduced	catalysts	have	elevated	catalytic	activity.	The	less	aggressive	methane	reduction	
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reaction	may	promote	higher	catalyst	performance	by	preserving	the	pre‐crack	structure	

and	surface	area.		After	performing	separate	reductions	with	hydrogen	and	methane	for	2	

hours	(at	20sccm	and	800C)	it	is	observed	that	the	topography	of	the	passive	mesh	shows	

significantly	more	structural	deterioration	after	hydrogen	reduction	compared	to	methane	

reduction	 (Figure	 17).	 It	 appears	 that	 the	 hydrogen‐reduced	 catalyst	 completely	 sinters	

the	 iron	 oxide	 whiskers	 into	 loosely	 anchored	 iron	 flakes	 (Figure	 17b),	 whereas	 the	

methane	reduced	catalyst	maintains	much	more	of	 its	original	whisker	structure	(Figure	

17c).		

	 		
(a)	

	 		
(b)	

	 	
(c)	

Figure	17	 ‐	 SEM	 images	of	passive	 catalysts	under	different	 reduction	 conditions:	no	 reduction	 (a),	
hydrogen	reduction	for	2	hours	at	900˚C	(b),	methane	reduction	for	2	hours	at	900˚C	(c).	
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The	differences	in	the	surface	structures	between	these	two	reduction	gases	are	likely	to	

be	due	to	the	stepwise	nature	of	the	auto‐reduction	reactions.	 	Reduction	with	hydrogen	

reduction	removes	all	 the	oxide	in	a	single	step,	which	leaves	the	resulting	iron	metal	to	

agglomerate	because	of	 its	 lower	structural	stability	at	elevated	temperatures	compared	

to	 iron	 oxide.	 	 Reduction	 with	 methane	 on	 the	 other	 hand	 has	 the	 two	 reduction	 and	

decomposition	 reactions	 happening	 concurrently	 and	 is	 therefore	 able	 to	 maintain	 its	

structure	by	way	of	a	more	stable	carbide	iron	phase.		A	schematic	of	this	process	is	shown	

in	Figure	18.		The	methane	reduction	process	slowly	diminishes	the	external	areas	of	the	

whisker	oxide	structures,	which	once	reduced,	 immediately	catalyses	 the	decomposition	

of	 methane.	 	 The	 carbon	 resulting	 from	 this	 decomposition	 diffuses	 into	 the	 reduced	

catalyst	 forming	 a	 stable	 carbide	 structure,	 which	 helps	 to	 maintain	 the	 surface	

topography	of	the	catalyst.		The	hydrogen	produced	in	this	reaction	immediately	reduces	

the	adjacent	unreduced	catalyst,	producing	water	and	heat,	which	further	accelerates	the	

decomposition	process	as	described	earlier.	 	 	Depending	on	the	thickness	of	 the	catalyst	

there	can	be	a	number	of	different	phases	present	within	the	catalyst;	including	an	outer	

carbide	phase,	followed	by	a	reduced	catalyst	phase	and	an	unreduced	catalyst	oxide	core.	

	

Figure	18	‐	The	surface	structure	effects	of	hydrogen	reduction	compared	to	methane	reduction.	
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In	summary,	methane	reduction	(auto‐reduction)	is	found	to	be	not	only	more	economical	

for	upscale	commercialization	but	also	significantly	increases	the	catalytic	performance.		It	

is	 for	 these	reasons	that	 the	remainder	of	 the	reactions	 in	 this	work	 is	done	using	auto‐

reduction.	

5.1.1.2.4. Metal	Dusting	

Bulk	metallic	 catalysts,	 such	 as	wire	meshes,	 are	 able	 to	 prolong	 the	 TCMD	 reaction	 by	

exposing	 fresh	catalyst	 through	a	phenomenon	called	metal	dusting.	Metal	dusting	 is	 an	

industry	 term	 used	 to	 describe	 a	 reaction	 that	 disintegrates	 metallic	 material	 (often	

ferrous)	 into	 fragments	 and	 graphite	 within	 a	 carburizing	 environment	 (Young	 et	 al.,	

2011).	This	effect	begins	by	methane	molecules	(or	other	carbonaceous	gases)	adsorbing	

and	dissociating	on	the	surface	of	the	catalyst	and	the	resulting	carbon	diffusing	into	the	

surface	of	 the	bulk	metal.	 	Once	 this	outer	 layer	 is	 saturated	with	carbon	 it	 forms	metal	

carbide	 and	 then	 precipitates	 from	 the	 metallic	 grain	 boundaries	 as	 graphitic	 carbon.		

Over	 time	 this	 causes	 inter‐granular	pressure	 that	 separates	 the	metal	 carbide	particles	

from	 the	 parent	 bulk	metal,	 and	 causes	 the	metal	 structure	 to	 disintegrate	 by	 ‘dusting’	

(Figure	19).			

Carbide 
formation

Carbon 
diffusion

Graphite 
precipitation

Metal dusting

Time 	

Figure	19	‐	Schematic	of	the	dusting	process	for	bulk	metals.	

Although	metal	 dusting	 is	 a	 serious	 problem	 for	 the	 integrity	 of	 structural	 components,	

such	as	pipes	and	structural	members,	it	can	be	beneficial	for	bulk	metal	catalysis	because	

it	 extends	 their	 longevity	 and	 yield.	 	 Only	 a	 small	 fraction	 of	 bulk	 catalysts	 are	 utilized	

during	 the	 initial	 stages	 of	 decomposition	 because	 the	 outer	 layers	 (and	 any	 carbon	

deposits)	 insulate	 the	underlying	 catalyst	 from	methane	 contact	 (Figure	20a	 and	Figure	

20b).	 	However	the	continual	 fracturing	of	 these	outer	 layers	by	metal	dusting	 increases	

the	catalytic	surface	area	by	uncovering	fresh	underlying	catalyst	and	therefore	increases	



CATALYST	DEVELOPMENT	 	 43	
	

the	overall	yield	(Figure	20c).		This	effect	is	shown	via	an	SEM	image	of	a	cross	section	of	a	

bulk	particle	after	a	period	of	dusting	(Figure	20d)	

	

											(a)																																																(b)																																												(c)						

																																																												 	
(d)	

Figure	20	‐	Stages	of	metal	dusting	for	a	bulk	catalyst	particle:	(a)	pre‐reaction	bulk	catalyst	particle,	
(b)	 carbon	 encapsulated	 bulk	 catalyst	 particle	 with	 no	 dusting,	 (c)	 catalyst	 particle	 with	 partial	
dusting,	(d)	SEM	image	showing	a	cross‐section	of	a	partially	dusted	particle.	

This	dusting	phenomenon	is	better	 illustrated	using	a	powdered	bulk	catalyst.	Figure	21	

shows	the	metal	dusting	phenomenon	using	fragments	of	the	passive	mesh	surface	oxide.	

In	 this	 case	 fragments	 of	 the	 passive	 catalyst	 (Figure	 21a)	 are	 reacted	with	methane	 at	

800C	 and	 atmospheric	 pressure	 until	 complete	 deactivation.	 	 The	 resulting	 carbon‐

encapsulated	catalyst	 (Figure	21b)	 is	shown	to	be	 the	same	shape	but	multiple	 times	as	

large	as	the	pre‐reaction	catalyst	fragments.		This	suggests	that	the	surface	of	the	catalyst	

fragment	 has	 dusted;	 however	 because	 the	 shape	 was	 retained,	 the	 dusting	 does	 not	

extend	through	the	whole	catalyst	particle	and	therefore	the	catalyst	is	underutilized.		The	

dusted	fragments	are	observed	embedded	within	carbon	structures	via	TEM	in	Figure	21c.	

Un‐reacted catalyst core

Carbon and dusted catalyst
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(a) 	

	
(b) 	

	
(c)	

Figure	 21	 ‐	 (a)	 Pre‐reaction	 catalyst	 fragments,	 (b)	 the	 same	 fragment	 post‐reaction	 (800˚C	 at	
atmospheric	pressure,	(c)	TEM	image	of	catalyst	particles	embedded	within	a	carbon	structure	due	to	
metal	dusting.	

	

The	level	of	metal	dusting	for	iron‐based	materials	is	found	to	be	dependent	upon	(1)	the	

activity	of	the	carburizing	environment	(Maier	et	al.,	1998);	including	the	composition	of	

carbon	containing	gas,	 temperature	and	pressure;	 (2)	material	 characteristics;	 including	

alloy	 content,	 unsupported	 and	 grain	 size	 and	 surface	 condition;	 and	 (3)	 the	 exposure	

time.	Studies	have	shown	that	the	optimum	temperature	range	for	metal	dusting	is	related	

Catalyst initial shape

Retained shape after 
dusting 

Encapsulating 
carbon 

Catalyst core

Graphite layers

Catalyst particle
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to	the	meta‐stability	of	the	cementite	phase	(Chun	et	al.,	2002).	 	Elevated	pressures	have	

also	 been	 shown	 to	 increase	 the	 level	 of	 metal	 dusting	 because	 of	 the	 process	 being	

partially	catalytically	driven	(Maier	et	al.,	1998).	 	Virtually	all	 literature	on	metal	dusting	

has	 been	 aimed	 at	 understanding	 ways	 of	 reducing	 its	 detrimental	 effect	 on	 structural	

elements.	 	 These	 effects	will	 be	 examined	 further	 in	 later	 sections	with	 the	 intention	of	

increasing	metal	dusting	and	therefore	promoting	catalyst	utility.	

5.1.1.2.5. Blockage	Induced	Elevated	Activity	(BIEA)	

An	inherent	problem	with	fixed	bed	plug	flow	reactors	for	TCMD	is	the	propensity	for	self‐

pressurization	 by	 blockages	 caused	 by	 excessive	 carbon	 deposition.	 	 However	 one	

unexpected	result	from	these	carbon	blockages	is	a	large	rise	in	the	methane	conversion.	

This	phenomenon	is	herein	referred	to	as	Blockage	Induced	Elevated	Activity	(BIEA).	To	

better	 illustrate	 this	 phenomenon	 and	 its	 implications,	 each	 stage	 of	 the	 profile	will	 be	

explained	 for	 an	 earlier	 experiment	 using	 an	 auto‐reduced	 passive	 mesh	 (800C,	

atmospheric	pressure,	1.5	sccm	CH4	feed).		Figure	22	shows	the	methane	conversion	(blue	

circles	 with	 labelled	 stages),	 upstream	 reactor	 pressure	 (orange	 triangles)	 and	 the	

corresponding	thermodynamic	equilibrium	limit	(dashed	red	line)	of	this	reaction	trial.		

	

	

The	 reaction	 begins	with	 a	 relatively	 stable	methane	 conversion	 of	 approximately	 58%	

while	 the	 system	 is	 in	 an	 un‐blocked	 state	 (point	 A	 in	 Figure	 22).	 	 A	 carbon	 blockage	

begins	 to	 increase	 the	 upstream	 reaction	 pressure	 (and	 consequently	 the	 methane	

conversion)	at	about	12	hrs	Time	On	Stream	(TOS),	however	this	increase	in	pressure	also	

results	 in	 a	 lowering	 the	 TEL	 of	 the	 reaction.	 	 At	 point	 B	 in	 Figure	 22	 the	 methane	

Figure	22	‐	BIEA	profile	for	an	example	using	a	passive	mesh:	methane	conversion	(blue	circles),	TEL
(dashed	red	 line),	and	upstream	pressure	profile	 (orange	 triangles).	 	The	white	circles	signify	 the	
start	of	the	reactor	blocking.	
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conversion	begins	to	exceed	the	TEL	and	continues	to	increase	until	point	C.		At	this	point	

the	methane	conversion	plateaus	and	is	unaffected	by	further	increases	in	pressure.		The	

pressure	 continues	 to	 rise	 until	 the	 reactor	 pressure	 equals	 the	 delivery	pressure	 (11.5	

bar	absolute)	and	the	methane	flow	begins	to	diminish.			

The	 methane	 conversion	 rate	 appears	 to	 disobey	 the	 laws	 of	 thermodynamics	 by	

exceeding	the	TEL	by	approximately	30%	by	the	end	of	the	reaction.		Similar	effects	were	

also	 witnessed	 by	 (Konieczny	 et	 al.,	 2008)	 however	 no	 explanation	 was	 given	 for	 its	

occurrence.	The	hypothesized	reason	in	this	current	work	for	this	apparent	inconsistency	

is	that	the	blockage	creates	two	pressure	regions:	an	upstream	high‐pressure	region	with	

higher	activity,	and	a	downstream	lower	pressure	region	that	allows	the	reaction	to	attain	

even	 higher	 levels	 of	 methane	 conversion.	 	 The	 high‐pressure	 region	 has	 an	 elevated	

activity	because	of	the	elevated	system	kinetics	and	increased	rate	of	metal	dusting	of	the	

mesh	catalyst	(and	reactor	tubing)	upstream	of	the	blockage.		However,	the	TEL	is	lower	

in	 this	 higher	 pressure	 environment	 and	 therefore	 the	 methane	 conversion	 is	 limited	

within	this	region.		The	methane	conversion	is	able	to	increase	beyond	this	limit	once	this	

gas	 diffuses	 through	 the	 blockage	 into	 the	 low	 pressure	 region.	 	 Here	 the	 partially	

converted	gas	is	able	to	continue	reacting	with	the	downstream	catalyst	within	this	higher	

equilibrium	 condition	 and	 increase	 the	 methane	 conversion	 into	 seemingly	 impossible	

levels.			

Reaction	profiles	of	key	stages	 in	 this	reaction	are	shown	below	to	 further	describe	 this	

effect.		Figure	23	shows	the	profile	plots	for	a	moment	in	the	reaction	similar	to	stage	A	in	

Figure	22.		It	shows	the	methane	conversion,	TEL	and	furnace	temperature	with	respect	to	

their	 location	within	 the	reactor	 tube.	 	This	represents	 the	condition	before	 the	onset	of	

pressurization	caused	by	a	carbon	blockage.	 It	shows	that	the	TEL	profile	 is	the	same	as	

the	furnace	temperature	profile	because	the	reaction	pressure	is	approximately	the	same	

across	the	reaction	zone.		The	methane	conversion	at	this	time	is	not	limited	by	the	TEL	at	

any	location	due	to	the	relatively	low	activity	at	this	time.	

The	profile	plots	in	Figure	24	(stage	D	in	Figure	22)	correspond	to	a	moment	just	before	

maximum	pressure	and	the	reduction	of	gas	flow.	The	elevated	pressure	upstream	of	the	

blockage	 increases	 the	 reaction	 activity	 within	 the	 region;	 however	 the	 methane	

conversion	is	limited	to	the	TEL	(approximately	50%).		This	gas	is	able	to	reach	the	final	

methane	 conversion	 of	 86%	 after	 passing	 through	 the	 blockage	 and	 entering	 the	 low	

pressure	region	(with	a	higher	TEL	of	approximately	92%).			
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Figure	23	‐	The	furnace	temperature	profile,	TEL	profile,	methane	conversion	profile	and	reactor	tube	
cross‐section	of	point	A	in	Figure	22.	
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Figure	24	 ‐	The	TEL	profile,	methane	conversion	profile	and	reactor	 tube	cross‐section	of	point	D	 in	
Figure	22.		

Occasionally	methane	can	partially	re‐compose	at	the	edge	of	the	furnace	reaction	zone	if	

the	conditions	are	favourable.	The	TEL	is	lower	at	the	furnace	reaction	zone	edge	than	the	

centre	of	this	zone	because	of	the	lower	temperatures.		Therefore	if	the	gas	composition	at	

After blockage 
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the	 centre	of	 the	 reaction	 zone	 is	 at	 the	TEL,	methane	 can	 recompose	within	 this	 lower	

TEL	 region	 at	 the	 reaction	 zone	 edge	 if	 there	 is	 solid	 carbon	 present.	 	 This	means	 that	

carbon	deposited	at	the	edge	of	the	reaction	zone	at	an	earlier	stage	(say	stage	A	in	Figure	

22)	 may	 recompose	 back	 into	 methane	 at	 a	 later	 stage	 (stage	 D	 in	 Figure	 22)	 if	 the	

conversion	 of	 methane	 exceeds	 the	 TEL	 at	 this	 point.	 	 This	 may	 explain	 why	 the	 final	

methane	conversion	is	86%	instead	of	92%	in	the	prior	example.	Evidence	of	this	can	also	

be	seen	in	the	reactor	tube	after	reaction.	Figure	25a	shows	a	cross‐section	of	the	reactor	

tube	 downstream	 of	 the	 blockage	 with	 a	 region	 that	 is	 completely	 void	 of	 any	 carbon	

deposits	(white	section).		A	similar	effect	can	be	seen	on	the	surface	of	the	thermocouple	

(Figure	25b).	 	The	white	sections	in	these	images	indicate	the	regions	where	the	surface	

deposited	carbon	is	converted	back	into	methane	because	the	effluent	mixture	was	above	

the	equilibrium	state.			

	
(a)	

	

(b)	

Figure	25	‐	Evidence	of	methane	re‐composition	downstream	of	the	reactor	blockage.		Areas	of	missing	
carbon	are	shown	within	a	reactor	tube	cross‐section	(a),	and	on	the	thermocouple	(b).	

5.1.1.2.6. Carbon	Characterization	

The	passive	and	 loaded	catalysts	all	produce	a	wide	range	of	carbon	morphologies	post‐

reaction.		These	carbons	can	be	categorized	into	three	main	types:	CNOs,	CFs,	and	graphite	

flakes.	The	CNOs	(Figure	26)	are	globular	particles	ranging	from	10	to	300nm,	comprising	

of	concentric	 layers	of	graphene	radiating	from	a	central	catalyst	particle,	and	are	by	far	

the	most	 common	 carbon	morphology	present	within	 these	 samples.	 	 The	 far	 field	 SEM	

image	Figure	26a	highlights	the	extensive	range	of	sizes	and	shapes	produced.	Figure	26b	

Carbon rich region Carbon rich region Methane re-composition 
zone 
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is	 a	 HRTEM	 image	 of	 an	 individual	 CNO	 showing	 the	 concentric	 graphitic	 layers	

encapsulating	a	catalyst	particle.	

	 	
(a) 		 	 					 	 	 					(b)	 	 	 	

Figure	26	‐	CNOs:	(a)	a	wide‐field	SEM	image	of	CNO	particles,	and	(b)	a	single	CNO	particle	as	viewed	
by	HRTEM.	

The	 CFs	 observed	 in	 these	 samples	 can	 be	 categorized	 into	 three	 main	 types:	 carbon	

nanotubes	 (Figure	 27a	 and	 Figure	 27b),	 dense	 fibres	 (Figure	 27c	 and	 Figure	 27d)	 and	

sequenced	 graphitic	 shells	 (Figure	 27e	 and	 Figure	 27f).	 	 The	 CNTs	 are	 multi‐walled	

ranging	 from	 50nm	 to	 several	 micrometres	 in	 length	 and	 5‐50nm	 in	 diameter.	 	 They	

appear	to	comprise	only	a	small	proportion	of	the	total	carbon	produced	and	tend	to	grow	

in	 island	 clusters.	 The	 dense	 fibres	 and	 sequenced	 graphitic	 shells	 are	 unique	 and	 rare	

fibre‐like	graphitic	particles	that	can	range	50nm	to	>1um.		

	 	
(a)	 	 	 	 	 	 (b)	

	 	
(c)	 	 	 	 	 	 (d)	
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(e)	 	 	 	 	 	 (f)	

Figure	 27	 ‐	 CFs:	 SEM	 image	 of	 CNTs	 (a),	 dense	 fibers	 (c),	 sequenced	 graphite	 shells	 (e),	 and	 their	
respective	HRTEM	images	(b,	d,	f).	

Graphite	 flakes	 (Figure	 28)	 are	 micron	 sized	 sheets	 of	 graphene	 which	 appear	 to	 be	

globular	(Figure	28a	and	Figure	28b)	or	planar	(Figure	28c	and	Figure	28d)	in	structure.		

	 	
(a)	 	 	 	 	 	 (b)	

	 	
(c)	 	 	 	 	 	 (d)	

Figure	 28	 ‐	 Graphite	 flakes:	 SEM	 image	 of	 globular	 (a)	 and	 planar	 (b)	 graphite	 flakes,	 and	 their	
respective	HRTEM	images	(c	and	d).	

	

There	is	no	accepted	standard	amongst	researchers	for	the	quantification	of	the	different	

types	of	carbon.		This	is	because	of	the	difficulties	in	separating	these	structures	from	one	

another	 without	 causing	 damage	 (Abbas	 and	 Wan	 Daud,	 2010).	 Many	 researchers	

approximate	 the	 composition	 of	 carbon	 morphologies	 by	 using	 averages	 and	 standard	

deviations	 based	 on	 randomly	 selected	 images	 (Duan	 et	 al.,	 2010).	 	 However	 these	

methods	can	be	inaccurate	because	of	the	non‐representative	nature	of	the	small	sample	
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size.	Nevertheless,	using	this	method	for	this	current	work	suggests	that	the	carbons	from	

both	 the	 passive	 and	 loaded	 catalysts	 are	 predominantly	 CNOs,	with	 trace	 quantities	 of	

CFs	and	graphite	flakes.	Figure	29	shows	far	field	SEM	images	of	carbon	from	the	loaded	

and	passive	catalysts	 that	are	hydrogen	reduced	(Figure	29a	and	Figure	29b),	and	auto‐

reduced	(Figure	29c	&	Figure	29d).		The	majority	of	the	carbon	for	all	cracks	appears	to	be	

CNOs	of	various	shapes	and	sizes,	however	the	hydrogen‐reduced	carbon	appears	to	have	

slightly	 more	 CNTs.	 	 It	 must	 be	 noted	 however	 that	 these	 images	 are	 not	 entirely	

representative	of	the	whole	sample	due	to	the	limited	depth	of	view.		

	 	
(a)	 	 	 	 	 	 (b)	

	 	
(c)	 	 	 	 	 	 (d)	

Figure	29	‐	Carbon	produced	from	the	loaded	catalyst	with	hydrogen	reduction	(a),	passive	mesh	with	
hydrogen	reduction	(b),	 loaded	catalyst	with	methane	reduction	(c),	and	passive	mesh	with	methane	
reduction	(d).	

All	carbon	types	produced	in	each	sample	are	proven	to	be	highly	graphitic	via	a	number	

of	 techniques.	 	 Firstly,	 direct	 measurement	 of	 the	 (002)	 graphitic	 planes	 using	 High	

Resolution	 TEM	 (HRTEM)	 and	 Selected	 Area	 Diffraction	 (SAD)	 reveals	 the	 interlayer	

spacing	to	be	between	0.332	–	0.337nm	(Figure	30	and	Figure	31),	which	are	close	to	ideal	

graphite	 of	 0.336nm	 (Jackets	 and	 Dyson,	 1962).	 	 This	 indicates	 this	 carbon	 is	 highly	

crystalline	and	contains	low	disorder.	Variations	from	this	standard	value	for	graphite	are	

said	 to	 be	 due	 to	 the	 effects	 of	 curvature,	 rotation	 and/or	 translation	 of	 the	 graphene	

sheets	(Endo	et	al.,	1997).	The	SAD	analyses	of	the	CF	and	graphite	flakes	(Figure	31)	also	
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reveal	 the	 polycrystalline	 and	 single	 crystal	 nature	 of	 the	 CF	 and	 graphite	 flake	

respectively.		The	crystal	planes	are	marked	as	per	JCPDS	96‐900‐8570.	

	

(a)	

	

	

	

	

	

	

												(b)	 	 	 	 	 									(c)	

	

	 	 	

3.37 

Figure	30	‐	Graphitic	degree	of	carbon:	HRTEM	image	of	a	CNO	(a),	inset	in	'a'	magnified	3.5x,	line
intensity	profile	of	graphite	layer	spacing	(c).	



CATALYST	DEVELOPMENT	 	 53	
	

	 	

(a)	 	 	 	 	 	 (b)	

	 	

(c)	 	 	 	 	 	 (d)	

Figure	31	‐	HRTEM	of	graphite:	single	crystal	graphite	flake	(a),	carbon	fibre	(c),	and	their	associated	
SAD	(b)	and	(d).		These	carbon	morphologies	are	common	to	both	the	passive	and	loaded	catalysts.	

Secondly,	the	high	carbon	crystallinity	of	the	carbon	is	supported	by	Thermo‐Gravimetric	

Analysis	 (TGA).	 	 The	 temperature	 at	 which	 50%	 of	 the	 carbon	 is	 burned‐off	 is	

approximately	 570C	 and	 500°C	 for	 the	 carbon	 produced	 using	 the	 passive	 and	 loaded	

catalysts	 respectively	 (Figure	 32).	 The	 purification	 process	 is	 detailed	 in	 Appendix	 D.	

Burn‐off	 temperatures	 greater	 than	 550C	 are	 associated	 with	 well‐graphitized	 carbon	

(Harbec	et	al.,	2007,	Baddour	et	al.,	2010).		The	carbon	produced	using	the	passive	catalyst	

is	shown	to	be	slightly	more	graphitic	than	the	loaded	catalyst.			

XRD	 analyses	 of	 the	 samples	 also	 confirm	 that	 the	 samples	 are	 composed	 mainly	 of	

graphite	 with	 high	 crystallinity	 (Figure	 33).	 Braggs	 law	 of	 the	 graphite	 (002)	 plane	

suggests	that	the	interlayer	spacing	is	close	to	that	of	graphite,	approximating	0.34	nm	for	

both	the	passive	and	loaded	catalysts.		The	XRD	profile	also	shows	the	catalyst	within	the	

carbon	is	composed	mainly	of	austenite,	and	ferrite	with	a	trace	of	cementite.	
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An	analysis	of	the	carbon	samples	using	Raman	analysis	indicates	the	strong	presence	of	

graphite	 with	 low	 disorder	 (Figure	 34).	 	 Both	 samples	 have	 peaks	 at	 wavenumbers	

corresponding	 to	 the	 G,	 D	 and	 D’	 bands	 of	 graphite.	 	 The	 disorder	 ratio	 (ID/IG)	 for	 the	

passive	and	loaded	samples	(approximately	0.68	and	1.05	respectively)	suggests	that	the	

passive	 sample	has	XXX	disorder	 than	 the	 loaded	catalysts.	However	Raman	analyses	of	

these	 samples	 are	 not	 entirely	 representative	 because	 of	 the	 small	 sample	 size	 and	 the	

non‐homogeneous	nature	of	the	carbon	distribution.	

	

Figure	33	‐	XRD	profiles	of	the	passive	and	loaded	catalysts	post‐reaction.		

Figure	32 ‐ TGA	of	carbon	from	passive	and	loaded	catalyst.		
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Figure	34	‐	A	representative	Raman	spectra	of	the	carbon	produced	by	each	sample.	

5.1.1.3. Loaded	Mesh	Summary	

In	 summary,	 the	 results	 show	 that	 stainless	 steel	 meshes	 with	 the	 highest	 degree	 of	

surface	oxidation	exhibit	 the	highest	catalytic	performances.	Water	vapour,	produced	by	

the	evaporation	of	the	loading	syrup	during	calcination,	accelerates	the	oxidation	of	these	

meshes	 by	 removing	 their	 chromium	 passivation	 layer	 and	 exposing	 the	 iron	 to	 a	

corrosive	 atmosphere.	 	 The	 resulting	 surface	 iron	 oxide	 growth	 increases	 the	 active	

surface	area	of	the	mesh	and	therefore	increases	the	catalytic	activity.		

These	 bulk	 mesh	 catalysts	 are	 shown	 to	 perform	 twice	 as	 good	 when	 reduced	 with	

methane	instead	of	hydrogen.		This	is	thought	to	be	because	of	the	synergies	between	the	

parallel	reduction	and	decomposition	reactions;	resulting	in	more	active	catalyst	sites	and	

greater	 energy	 efficiencies	 between	 the	 endothermic	 decomposition	 and	 exothermic	

reduction	 reactions.	 	 Methane	 reduction	 is	 also	 more	 desirable	 from	 a	 commercial	

perspective	because	of	the	value	of	the	hydrogen	as	an	end	product,	and	therefore	is	used	

for	the	remainder	of	this	work.	

Bulk	catalysts	are	able	to	maintain	high	reaction	longevities	due	to	the	continual	creation	

of	new	active	sites	because	of	metal	dusting.		Elevated	pressures	are	shown	to	accelerate	

this	metal	 dusting	 reaction	 and	 therefore	 increase	 the	 catalytic	 performance.	 	 This	was	

evident	 by	 the	 increased	 catalytic	 activity	 caused	 by	 carbon	 blocking	 the	 reactor	 and	

increasing	the	system	pressure	(termed	BIEA).	 	 	This	self‐pressurizing	system	causes	the	

methane	 conversion	 to	 increase	 beyond	 the	 TEL,	 seemingly	 opposing	 the	 reaction	

D peak 

G peak 

D’ peak 
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thermodynamics	for	expanding	gas	reactions.		The	theory	behind	this	phenomenon	is	that	

the	blockage	creates	two	different	pressure	regions;	a	high‐pressure	upstream	region	with	

a	 low	 TEL	 and	 low	 pressure	 downstream	 with	 a	 high	 TEL.	 	 The	 high‐pressure	 region	

increases	the	activity	of	the	catalyst	in	this	region;	thou	bounded	by	a	lower	TEL.		The	low‐

pressure	 region	 downstream	 allows	 the	 gas	 to	 continue	 reacting	 and	 increases	 the	

methane	 conversion	 beyond	 this	 limit.	 	 This	 natural	 dual	 pressure	 system	 therefore	

increases	the	catalyst	utility	as	well	as	maintaining	a	high	conversion	efficiency.		

The	carbon	produced	by	these	mesh	catalysts	 is	shown	to	be	mainly	composed	of	CNOs,	

with	 traces	 of	 CFs	 and	 graphite	 flakes.	 	 Using	 a	 number	 of	 techniques	 (including	 SEM,	

HRTEM,	TGA,	XRD	and	Raman	Spectroscopy)	these	carbon	morphologies	are	proven	to	be	

highly	graphitic	with	low	disorder,	thus	highlighting	their	potential	for	future	commercial	

applications.	

5.1.2. Oxidized	Mesh	Catalyst	

Oxidizing	 or	 pre‐treating	 bulk	metallic	 catalysts	 prior	 to	 reaction	 have	 been	 proven	 by	

many	 researchers	 to	 promote	 carbon	 growth	 and	 influence	 the	 carbon	 morphology	

(Baddour	 et	 al.,	 2009,	 Vander	Wal	 and	 Hall,	 2003,	 Zhou	 et	 al.,	 2008,	 Park	 et	 al.,	 2003,	

Karwa	et	al.,	2006a,	Masarapu	and	Wei,	2007).		

The	 previous	 section	 demonstrated	 that	 the	 stainless	 steel	 meshes	 calcined	 in	 the	

presence	 of	 water	 vapour	 have	 higher	 catalytic	 performances	 because	 of	 their	 higher	

proportion	 of	 surface	 iron	 oxides.	 The	water	 vapour	 accelerates	 corrosion	 by	 removing	

the	protective	chromium	layer	and	exposing	the	iron	to	the	oxidizing	environment.		These	

surface	 oxides	 increase	 the	 surface	 area	 of	 the	 mesh	 and	 result	 in	 higher	 catalytic	

performances.	

However	 these	 catalysts	 are	 prone	 to	 having	 inconsistent	 activities	 and	 poor	

reproducibility.		An	EDS	map	(Figure	35)	of	these	catalysts	indicate	that	this	is	likely	to	be	

the	 result	 of	 the	non‐uniform	distribution	of	 the	 surface	 iron	oxide.	 	 This	 is	 likely	 to	be	

improved	by	optimizing	the	calcination	method.		
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Figure	35	 ‐	EDA	mapping	of	 the	passive	mesh	showing	 the	non‐uniform	growth	of	 iron	oxide	on	 the	
mesh	surface.	

This	section	 investigates	 the	pre	and	post	reaction	effects	of	 calcining	 the	stainless	steel	

mesh	 within	 a	 continuous	 water	 saturated	 environment.	 	 These	 more	 reproducible	

catalysts	 are	 also	 used	 to	 prove	 the	 validity	 of	 the	 BIEA	 theory	 postulated	 in	 Section	

5.1.1.2.5	by	examining	the	effect	of	space	velocity	and	back‐pressure	on	reaction	activity	

after	 a	 reactor	blockage.	 	This	 catalyst	 is	 also	used	within	a	 larger	 version	of	 the	TCMD	

reaction	facility	to	determine:	(1)	the	level	of	carbonaceous	oxide	emissions	during	auto‐

reduction	 stage,	 and	 (2)	 the	 extent	 of	 catalytic	 activity	 at	 extremely	 low	 reaction	 space	

velocities.	

5.1.2.1. Experimental	

This	 section	 details	 the	 catalyst	 preparation	 procedure	 and	 reactor	 configuration	 to	

determine	their	catalytic	performances.	

5.1.2.1.1. Catalyst	Synthesis	

A	vapour	generator	semester	is	used	to	maintain	a	constant	water	saturated	environment	

within	a	calcination	furnace	(Figure	36).		This	system	saturates	air	with	water	by	bubbling	

it	 at	 2L/min	 thru	 a	 flask	 containing	 water	 at	 90C	 (heated	 by	 a	 thermal	 feedback	

controlled	hotplate).	 	The	saturated	air	 is	passed	through	the	calcining	tube	furnace	at	a	

temperature	of	850C	for	3	hours.		The	meshes	(20x40mm	rolled	SS316)	are	inserted	and	

removed	from	the	calcination	furnace	at	the	maximum	set	temperature	unless	otherwise	

stated.		
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Figure	36	 ‐	Schematic	of	 the	catalyst	preparation	 facility,	 including	a	water	vapour	generator	and	a	
calcination	tube	furnace	to	create	a	continuous	water	saturated	environment.	

For	 comparison,	 a	 mesh	 is	 oxidized	 under	 the	 same	 calcination	 conditions	 however	

instead	of	a	water	vapour	generator	a	static	bath	of	distilled	water	 is	placed	adjacent	 to	

the	mesh.	 Similar	 to	 the	 passive	mesh	 in	 the	 previous	 section,	 an	 oxidative	 condition	 is	

created	with	the	evaporation	of	the	water.		The	distilled	water	is	contained	within	a	70ml	

ceramic	crucible	alongside	the	catalyst	meshes.			

5.1.2.1.2. Methane	Decomposition	Procedure	

The	activity	of	the	catalysts	is	reacted	within	the	same	facility	used	in	the	previous	section	

(plug	flow	stainless	steel	1/4”	reactors	within	a	vertical	tube	furnace).	 	The	catalysts	are	

tested	at	900C	between	1‐6	bar	pressure	with	a	methane	flow	of	1.5‐10	sccm.	

5.1.2.2. Results	and	Discussion	

This	section	details	the	activity	of	the	water	vapour	generated	catalysts	and	discusses	the	

effect	of	BIEA	and	effluent	impurities	due	to	auto‐reduction.		

5.1.2.2.1. Pre‐reaction	Catalyst	Characterization	

The	 results	 show	 that	 the	 vapour‐generated	 catalysts	 produces	 a	much	more	 uniformly	

distributed	surface	oxide	scale	than	the	mesh	calcined	alongside	a	bath	of	distilled	water	

(Figure	37	and	Figure	38	respectively).		The	surface	scale	of	the	vapour	generated	catalyst	

mesh	is	approximately	5	um	thick	and	consists	of	agglomerated	oxide	crystals	with	dense	

nano‐pores	ranging	from	100‐500nm.		However,	the	meshes	calcined	in	the	presence	of	a	

static	water	bath	have	an	inconsistent	surface	oxide	distribution.		This	is	likely	due	to	the	

limited	quantity	of	water	vapour	available	to	the	meshes,	therefore	leaving	areas	of	mesh	
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unexposed.	Studies	have	shown	that	the	concentration	of	water	vapour	has	a	strong	effect	

on	the	corrosion	rates	for	austenitic	alloys	(Asteman	et	al.,	2000);	low	concentrations	have	

been	 shown	 to	 produce	 more	 porous	 oxides	 and	 whisker‐like	 structures,	 and	 larger	

concentrations	produce	more	compact	and	uniform	oxide	formations.			

	 	
Figure	37	‐	SEM	images	of	stainless	steel	meshes	calcined	at	850˚C	for	3	hours	in	the	presence	of	a	static	
bath	of	distilled	water.		Right	image	is	4x	magnification	of	the	right.	

	 	

Figure	38	 ‐	SEM	 images	of	stainless	steel	meshes	calcined	at	850˚C	 for	3	hours	 in	a	water	saturated	
environment	via	a	vapour	generator.		Right	image	is	4x	magnification	of	the	right.		

The	 surface	 oxides	 for	 these	meshes	 are	proven	 to	be	 iron	oxide	using	EDS	 analysis.	 	 A	

closer	 inspection	 of	 a	 section	 of	 a	 vapour	 generated	 catalyst	 (Figure	 39)	 illustrates	 the	

depth	of	 scale	and	 the	underlying	stainless	steel	 core.	 	EDS	map	(Figure	39c)	 shows	 the	

presence	of	only	iron	and	oxygen	at	the	surface,	with	all	the	other	stainless	steel	elements	

comprising	the	underlying	core.			

	 	

(b) 

(c) 
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(a)	 	 	 	 	 	 (b)	

	 	 	 	 	 	
Figure	39‐	Vapour	generated	stainless	steel	mesh:	 	SEM	 image	(a),	SEM	magnification	of	crack	 in	 the	
oxide	surface	(b),	and	EDS	maps	of	the	surface	oxide	and	underlying	constituents	(c).	

5.1.2.2.2. Catalyst	Activity	

Figure	 40	 proves	 the	 consistency	 and	 high	 activity	 of	 the	 vapour	 generated	 meshes	

compared	 to	 the	meshes	calcined	with	a	 static	water	bath.	 	The	 three	vapour	generated	

meshes	 have	 only	 mild	 variations	 in	 methane	 conversion	 efficiencies,	 with	 initial	

conversions	 of	 approximately	 85%	 and	 final	 conversions	 of	 just	 below	 the	 TEL	 (96%)	

after	 reactor	 blocking	 at	 approximately	 10	 hours	 TOS.	 	 Conversely	 the	meshes	 calcined	

adjacent	to	a	static	water	bath	have	large	variations	in	activities.		These	results	therefore	

prove	 the	effectiveness	of	 the	catalyst	production	method	using	a	vapour	generator	and	

these	catalysts	are	used	for	the	remainder	of	this	section.	

	

	

5.1.2.2.3. Validation	of	BIEA	

The	 BIEA	 effect	 was	 introduced	 in	 the	 previous	 section	 as	 a	 means	 of	 explaining	 why	

methane	conversions	increase	after	reactor	blockages.		It	is	hypothesized	to	be	the	result	

Fe O Cr Ni Mo 

Figure	40	‐	Methane	conversion	of	the	meshes	calcined	with	a	water	vapor	generator	and	static	water
bath	at	reaction	conditions	of	900°C,	atmospheric	pressure	and	1.5	sccm	of	methane.	 	White	circles
signify	the	start	of	reactor	blocking.		
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of	 the	 blockage	 creating	 two	 pressure	 regions.	 The	 upstream	 high‐pressure	 region	

enhances	the	conversion	rate	by	accelerating	metal	dusting	of	the	bulk	catalyst,	however	

is	 limited	 by	 a	 lower	 TEL.	 	 The	 downstream	 low‐pressure	 region	 allows	 the	 methane	

conversion	 to	 increase	beyond	 this	 limit,	 thus	allowing	 the	 system	 to	have	high	 catalyst	

utility	as	well	as	allowing	a	high	final	methane	conversion.	

Further	 experiments	 are	 undertaken	using	 the	 vapour	 generated	 catalysts	 to	 prove	 this	

theory	and	advance	the	understanding	of	this	effect	and	its	 implications.	These	are	done	

by	 analysing	 the	 effect	 of	 space	 velocity	 and	 elevated	 back‐pressure	 on	 the	 reaction.		

Firstly,	 for	 the	 BIEA	 theory	 to	 hold	 true,	 the	 TEL	 should	 remain	 the	 same	 for	 all	 space	

velocities.		Elevated	backpressures	however	should	reduce	the	final	conversion	because	of	

its	effect	of	the	downstream	TEL.	

The	space	velocity	trials	are	conducted	using	a	single	40	x	20mm	rolled	vapour	generated	

catalyst	in	a	¼	SS	reactor	tube.		The	samples	are	auto‐reduced	and	reacted	at	atmospheric	

pressure,	900C	at	1.5,	3,	5	and	10sccm	methane	flow.		

The	results	(plotted	 in	Figure	41)	show	that	the	space	velocity	has	no	effect	on	the	final	

methane	conversion,	thus	supporting	the	BIEA	theory.		The	initial	methane	conversion	is	

lower	for	higher	gas	flows	because	of	the	lower	residence	times,	however	upon	the	onset	

of	pressurization	by	carbon	blockage	(denoted	by	a	white	circle	in	Figure	41),	the	methane	

conversion	increases	to	the	TEL	for	an	atmospheric	pressure	condition	(96%).	

	
Figure	41	‐	Effect	of	space	velocity	on	methane	conversion	for	the	vapor	generated	catalyst.		Process
conditions:	auto‐reduction,	900˚C,	atmospheric	pressure,	methane	 flow	 range	1.5‐10sccm.	 	White
circles	signify	the	start	of	a	blockage.	
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The	 backpressure	 trials	 of	 the	 vapour	 generated	 catalyst	 (below)	 use	 the	 highest	 space	

velocity	 from	 above	 (10	 sccm	 methane)	 to	 delay	 the	 onset	 of	 blockage	 induced	

pressurization.	 All	 reactions	 are	 auto‐reduced	 and	 reacted	 at	 900°C	with	 back‐pressure	

conditions	of	1,	2,	4	and	6	bar	absolute.		All	reactors	are	pressurized	under	nitrogen	flow	

at	full	temperature	before	the	start	of	the	reaction.	

The	 results	 (Figure	 42)	 show	 strong	 agreement	with	 the	BIEA	 theory.	 	 All	 trials	 have	 a	

final	methane	 conversion	 equivalent	 to	 the	TEL	 corresponding	 to	 their	 respective	back‐

pressure	 conditions.	 In	 addition	 the	 back‐pressure	 increases	 the	 initial	 activity	 of	 the	

reaction	 prior	 to	 blockage	 induced	 pressurization	 (as	 indicated	 in	 Figure	 42	 by	 white	

circles),	further	proving	that	pressure	increases	the	catalytic	activity	by	accelerating	metal	

dusting.	For	instance,	the	initial	activity	of	the	2	bar	backpressure	trial	is	20%	larger	than	

the	atmospheric	pressure	trial,	and	the	onset	of	blockage	pressurization	is	approximately	

2.5	hours	earlier.		The	final	conversion	after	blockage	pressurization	however	is	4%	lower	

than	the	atmospheric	back‐pressure	trial	because	of	the	higher	back‐pressure	resulting	in	

a	lower	TEL.	

	

	

5.1.2.2.4. Auto‐reduction	effluent	impurities	

These	vapour	generated	catalysts	are	also	used	to	determine	the	level	of	oxides	produced	

during	 the	auto‐reduction	phase	of	 the	reaction.	 	The	system	 is	 scaled‐up	and	 the	space	

velocity	 reduced	 to	 allow	 sufficient	 resolution	 when	 monitoring	 the	 effluent	 gas.	 This	

Figure	42	‐	Effect	of	reaction	back‐pressure	on	methane	conversion	for	the	vapor	generated	catalysts.
Reaction	 conditions:	auto‐reduction,	900˚C,	10sccm	methane	 flow,	pressure	 range	1‐6	bara.	 	White
circles	signify	the	start	of	a	blockage.	
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experiment	also	serves	to	establish	if	(1)	the	catalyst	performance	can	be	affected	by	scale,	

and	(2)	if	the	TEL	can	be	reached	without	BIEA	is	the	space	velocity	is	sufficiently	low.	

This	 experiment	 utilizes	 a	1.5”	diameter	 reactor	 tube	 filled	with	 five	 110x70	mm	rolled	

vapour	generated	catalysts.		The	reaction	conditions	are	50	sccm	of	methane	at	900°C	and	

atmospheric	pressure.		

The	results	 (Figure	43)	 show	significant	quantities	of	CO	and	CO2	 in	 the	effluent	 stream	

within	 the	 first	5	hours,	 after	which	no	 traces	of	 any	gaseous	oxides	are	 found.	 	 Similar	

results	were	found	by	(Takenaka	et	al.,	2004),	with	water,	CO	and	CO2	being	found	within	

the	 first	hour	of	 the	reaction	and	no	 trace	 found	 thereafter.	 	These	carbonaceous	oxides	

are	the	result	of	the	reduction	of	iron	oxide	by	methane.	 	It	is	likely	that	water	vapour	is	

also	 present	 in	 the	 current	 studies	 however	 the	 GC	 column	 used	 is	 not	 conditioned	 to	

detect	 it.	 	 The	 implications	 of	 this	 oxide	 emission	 from	 a	 commercial	 point	 of	 view	 is	

analysed	in	section	6.1.5.	

These	results	also	show	that	the	methane	conversion	is	sustained	just	below	the	TEL	for	

approximately	 40	 hours	 before	 the	 onset	 of	 blockage	 induced	 pressurization.	 	 This	

pressure	 has	 no	 effect	 on	 the	methane	 conversion	 because	 the	 system	 is	 already	 at	 the	

maximum	possible	according	to	the	TEL.		Therefore	pressure	is	not	required	to	reach	the	

TEL	so	 long	as	 the	space	velocity	allows	sufficient	residence	time.	 	This	also	proves	 that	

scale‐up	has	little	effect	on	the	catalyst	performance.	

	
(a)	
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(b)	

	

	

5.1.3. Monolithic	Mesh	Summary	

The	 calcination	 of	 stainless	 steel	 meshes	 with	 a	 water	 vapour	 generator	 produces	

consistent	coverage	of	surface	oxides	and	highly	active	catalyst	with	good	reproducibility.		

The	analysis	of	the	effect	of	space	velocity	and	back‐pressure	with	these	catalysts	aided	to	

further	validate	the	BIEA	theory	suggested	in	the	previous	section.		It	is	found	that	(1)	the	

elevated	 methane	 flow	 does	 not	 influence	 the	 final	 methane	 conversion	 after	 blockage	

induced	 pressurization,	 and	 (2)	 the	 back‐pressure	 increases	 the	 initial	 activity	 of	 the	

reaction	by	accelerating	metal	dusting,	however	it	has	a	lower	final	methane	conversion	in	

line	with	 lower	TEL	 in	 the	 higher‐pressure	 region	 downstream.	 	 Scaling	 up	 this	 system	

also	proves	that	the	methane	conversion	can	be	sustained	at	the	TEL	without	the	need	for	

blockage	 induced	pressurization	so	 long	as	the	space	velocity	allows	sufficient	residence	

time	 for	 complete	 reaction.	 	 In	 addition	 it	 is	 shown	 that	 the	 auto‐reduction	 process	

produces	 carbonaceous	 oxides	 CO	 and	 CO2	 (and	 likely	 water	 vapour)	 during	 the	 initial	

stages	due	to	the	reduction	of	iron	oxides.	

5.2. Unsupported	iron	oxide	powder	catalysts	

The	 previous	 section	 identified	 iron	 oxide	 as	 the	 key	 to	 high	 catalytic	 activity	 for	 the	

vapour	generated	catalysts.	 	However	simpler	and	more	cost	efficient	ways	are	available	

to	obtain	iron	oxide.		The	purpose	of	this	section	is	to	compare	the	catalytic	performances	

of	 these	 vapour	 generated	 catalysts	 against	 other	 types	 of	 iron	 oxide	 to	 determine	 the	

most	active	and	cost	effective	option.	 	The	most	efficient	of	 these	oxides	are	 then	 tested	

over	a	range	of	reaction	temperatures	and	pressures	to	determine	their	optimum	process	

Figure	43	 ‐	Activity	and	 impurities	of	vapor	generated	catalysts	 in	a	 larger	scale	reactor.	 	Reaction
conditions:	 auto‐reduction,	 900˚C,	 10	 sccm	methane	 flow,	 pressure	 1‐6	 bara.	 	Methane	 conversion	
profile	(a),	reactor	pressure	and	effluent	impurities	(b).		
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conditions	 for	maximum	carbon	yield.	 	These	results	are	then	used	to	postulate	theories	

on	the	growth	mechanisms	of	the	various	resulting	carbon	morphologies.		

There	 are	 very	 few	 publications	 that	 utilize	 unsupported	 iron	 catalysts	 for	 the	 TCMD	

process,	and	even	 fewer	 that	provide	a	comprehensive	analysis	of	 these	catalysts	over	a	

range	of	reaction	temperatures	and	pressures.		Some	studies	that	use	unsupported	Fe2O3	

allude	 to	 there	 being	 a	 threshold	 reaction	 temperature	 that	 is	 necessary	 to	 initiate	 the	

TCMD	reaction	(Ermakova	et	al.,	2001,	Longbottom	et	al.,	2007).		Temperatures	in	excess	

of	 this	 threshold	are	 found	 to	 result	 in	higher	 reaction	rates,	however	at	 the	expense	of	

lower	total	carbon	yields	(Ermakova	et	al.,	2001,	Avdeeva	et	al.,	1999).		(Ermakova	et	al.,	

2001)	 for	 instance	 demonstrated	 a	 dramatic	 increase	 in	 carbon	 yield	 after	 a	 reaching	 a	

reaction	temperature	of	680C,	and	a	further	increase	in	temperature	resulted	in	a	gradual	

decline	 in	 yield.	 This	 threshold	 temperature	 is	 suggested	 to	 be	 the	 point	 of	 transition	

where	 iron	carbide	changes	 from	a	stable	phase	 to	a	metastable	phase	(Ermakova	et	al.,	

2001).	 It	 is	 thought	 that	 beyond	 this	 threshold	 temperature	 the	 carbon	 yield	 lowers	

because	the	condition	result	in	less	CFs	being	produced	and	more	encapsulating	forms	of	

carbon	such	as	CNOs	(Ermakova	et	al.,	2001,	Avdeeva	et	al.,	1999).		

The	 few	publications	 that	 examine	 the	 effect	 of	 pressure	 on	unsupported	bulk	 catalysts	

generally	show	a	negative	relationship	between	reaction	pressure	and	the	conversion	rate	

(Sun	et	al.,	2010,	Dunker	and	Ortmann,	2006,	Gao	et	al.,	2008b).		This	is	to	be	expected	for	

expanding	 gas	 reactions	 because	 elevated	 pressures	 lower	 the	 thermodynamic	

equilibrium.	 	 Some	 also	 attribute	 this	 to	 the	 production	 of	 more	 CNTs	 at	 lower	 partial	

pressures	 (Liu	 et	 al.,	 2003b,	 Pint	 et	 al.,	 2008,	 Hiraoka	 et	 al.,	 2006).	 Elevated	 pressures	

however	are	shown	to	 increase	 the	 total	carbon	yield	when	using	bulk	catalysts	such	as	

stainless	steel	with	ethanol	as	a	carbon	source	(Yang	et	al.,	2005).		(Steinberg,	1998)	also	

indicates	that	although	the	TCMD	reaction	is	bound	by	thermodynamic	equilibriums,	the	

rate	 is	 favoured	 by	 higher	 pressures,	 and	 attributes	 this	 to	 the	 carbon	 product	 further	

catalysing	the	reaction.	

	

The	 aim	 of	 this	 section	 is	 to	 examine	 the	 effects	 of	 these	 reaction	 conditions	 on	

unsupported	iron	oxide	catalysts.	This	section	will	be	comparing	the	total	carbon	yield	of	

powdered	 forms	of	 the	 vapour	 generated	 catalyst	 samples	 against	 other	 powdered	 iron	

oxide	 sources;	 including	 analytical	 grade	 Fe2O3	 and	 Fe3O4	 and	 iron	 ores	 (hematite	 and	

goethite).	 	 In	 addition,	 the	 effect	 of	 the	 aggregate	 particle	 size	 and	 crystallite	 size	 are	

investigated	in	order	to	determine	the	optimum	catalyst	properties	for	maximum	carbon	

yield.		
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5.2.1. Experimental	

This	 section	 details	 the	 catalyst	 preparation	 procedure	 for	 the	 powdered	 iron	 oxide	

catalysts	 and	 the	 modified	 reactor	 configuration	 used	 to	 determine	 their	 catalytic	

properties.	

5.2.1.1. Powdered	vapour	generated	catalyst	

It	was	established	in	the	previous	section	that	the	surface	iron	oxide	on	the	mesh	catalysts	

contributes	the	most	to	the	catalyst	performance.		To	accurately	assess	the	performance	of	

the	iron	oxide	it	must	be	analysed	in	isolation	to	the	stainless	steel	core.	Powdered	forms	

of	these	vapour	generated	catalysts	are	prepared	by	physically	removing	the	surface	oxide	

layer	(Figure	44a)	from	the	underlying	SS	core	and	crushing	it	to	a	size	of	<150um	(Figure	

44b).			

	 	

(a)	 	 	 	 	 								(b)	

Figure	44	‐	Vapour	generated	catalyst	mesh	with	surface	oxide	flake	missing	and	showing	underlying	
stainless	steel	core	(a),	and	the	resultant	crushed	and	sieved	powdered	vapour	generated	catalyst	(b).	

A	 number	 of	 vapour	 generated	 catalysts	 are	 prepared	 using	 different	 calcination	

temperatures	(700,	800,	900,	1000C)	and	durations	(1,	3	and	5	hours)	in	similar	manner	

to	section	5.1.2.1.1.		The	surface	topographies	of	these	samples	are	shown	in	Appendix	B.		

Five	 of	 these	 vapour	 generated	 catalysts	 are	 selected	 to	 analyse	 within	 these	 works,	

including	900C	at	3	and	5hrs,	and	1000C	at	1,	3	and	5	hrs).			

5.2.1.2. Other	Iron	oxide	powders	

This	 section	 assesses	 these	 powdered	 vapour	 generated	 catalysts	 against	 two	 types	 of	

analytical	 grade	 iron	 oxide:	 hematite	 (99%,	 <5um,	 Sigma‐Aldrich)	 and	magnetite	 (95%,	

<5um,	 Sigma‐Aldrich);	 as	 well	 as	 two	 iron	 ore	 samples:	 high	 grade	 hematite	 (Pilbara	

mine),	geothite	ore	(Yandi	mine).		The	ore	samples	were	received	as	milled	to	<150um	but	

otherwise	untreated.	 	The	‘as	received’	compositional	data,	particle	size	distribution,	and	

surface	area	of	all	the	samples	are	detailed	in	Table	3.	

Stainless steel 
core 

Iron oxide 
scale 
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Iron Oxide 

Type Fe P Si Al 
Ca 

Oxide 
Mn 

Oxide 
Mg 

Oxide 
Ti 

Dioxide S 
K 

Oxide Cl 
Balance 
Oxide D10 D50 D90 

Surface 
area 

  % % % % % % % % % % % % um um um m2/g 
Analytical 

Grade Fe2O3 69.9  - - -  -  -  -  -  -  -  -  30.1 0.2 0.4 1.65 5.37 
Analytical 

Grade Fe3O4  72.3  - -  -  -  -  -  -  -  -  -   27.7  0.17  1.42  3.24  6.24 
Hematite ore 

(Pilbrara) 62.9 0.1 4.0 2.2 0.0 0.1 0.0 0.1 0.0 0.0 0.0 30.5 3.2 44.5 141.0  7.62 
Goethite ore 
(Yandi mine) 57.9 0.0 5.5 1.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 34.9 3.1 47.8 156.8  29.76 

Table	3	‐	Compositional,	particle	size	and	surface	area	data	for	the	reference	iron	oxide	samples.	

The	effect	of	the	aggregate	size	of	the	catalyst	particle	is	examined	by	crushing	and	sieving	

large	pieces	of	analytical	grade	hematite	aggregate	(99%,	12mm,	Sigma‐Aldrich)	into	the	

following	size	ranges:	63‐150um,	150‐600um,	600‐1400um,	and	1400‐2360um.	

5.2.1.3. Methane	Decomposition	

The	 total	 carbon	 yields	 of	 these	 powdered	 catalysts	 are	 tested	 within	 a	 new	 reactor	

system.		The	plug‐flow	reactors	used	in	the	previous	experiments	are	unable	to	accurately	

determine	 this	yield	after	complete	 catalyst	deactivation	because	 the	system	 is	prone	 to	

blockages	by	excessive	carbon	deposition.	 	To	account	for	this,	modifications	were	made	

to	allow	 the	 reactor	assemblies	 to	utilize	powdered	catalysts	whilst	 also	eliminating	 the	

potential	 for	 carbon	 blockages.	 	 	 The	 total	 carbon	 yields	 of	 the	 powdered	 catalysts	 are	

determined	using	a	 ‘quartz	boat’	type	of	arrangement,	where	the	reaction	gasses	contact	

the	 catalyst	by	gas	diffusion	 (Figure	45).	 	This	 type	of	 arrangement	 is	unaffected	by	 the	

spatial	limitations	of	the	carbon	growth	within	the	reaction	chamber	(such	as	in	plug	flow	

arrangements)	 and	 thus	 is	 able	 to	 accurately	 determine	 the	 total	 carbon	 yield	 after	 the	

complete	deactivation	of	the	catalyst.	

The	reactors	comprised	of	a	vertical	½”	diameter	stainless	steel	 (SS316	Swagelok)	 tube,	

with	3/8”	quartz	tube	internal	liners.		The	purpose	of	the	quartz	tube	liners	is	to	minimize	

the	 catalytic	 effect	 of	 the	 stainless	 steel	 reactor	 walls	 by	 restricting	 contact	 with	 the	

reacting	methane	 gas.	 The	 catalyst	 powders	 are	 contained	within	 a	 3/8”	 ‘test‐tube	 like’	

quartz	vessel,	which	are	supported	 in	place	by	 the	 lower	quartz	 tube	 liner.	 	This	quartz	

vessel	creates	a	quiescent	atmosphere	surrounding	the	catalyst	similar	to	common	“quartz	

boat”	reactors	commonly	used.		This	quiescent	atmosphere	allows	the	methane	to	contact	

the	 catalyst	 by	 diffusion	 only,	 which	 eliminates	 reactor	 blockages	 and	 minimizes	 any	

flyaway	 carbon.	 	 The	 carbon	 is	 allowed	 to	 grow	 uninhibited	 by	 using	 sufficiently	 small	

amounts	(20	mg)	of	catalyst	so	that	the	carbon	does	not	excessively	fill	the	quartz	vessel.		
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The	 catalyst	 samples	 are	 auto‐reduced	 and	 reacted	 at	 temperatures	 ranging	 from	 750‐

950C,	 using	 10sccm	 pure	 methane	 (UHP),	 and	 a	 reaction	 pressure	 between	 1‐9	 bar	

(absolute).		After	complete	deactivation	(approximately	19hrs)	the	reaction	is	terminated	

and	 allowed	 to	 cool	 with	 20sccm	 of	 pure	 nitrogen	 (UHP).	 	 The	 resulting	 carbon	 (and	

embedded	catalyst	particles)	is	then	weighed	to	determine	the	total	carbon	yield	per	gram	

of	iron	catalyst	used.	

The	 total	 carbon	 yield	 is	 estimated	 via	 two	methods:	 (1)	 weighing	 the	 carbon,	 and	 (2)	

quantitative	XRD.	

The	 carbon	 weighing	 method	 involves	 weighing	 the	 carbon	 (and	 embedded	 catalyst	

particles)	after	the	reaction	and	calculating	the	carbon	yield	using	the	following	equation:	

																
FeM

FeMM
C

cat

catt

.%

).%(
 				 	 											 	 		(18)	

where	C	is	the	total	carbon	yield	(grams	of	carbon	per	gram	of	iron),	Mt	is	the	total	mass	of	

carbon	(and	embedded	catalyst),	Mcat	is	the	mass	of	catalyst	pre‐reaction,	and	%Fe	is	the	

weight	 fraction	 of	 iron	 in	 the	 pre‐reaction	 catalyst.	 	 This	 method	 is	 termed	 ‘weighed	

carbon	yield’.	

The	carbon	purity	is	calculated	using:	

	

½” Stainless 
Steel reactor tube 

3/8” Quartz 
tube liner  

3/8” Quartz 
tube vessel 

3/8” Quartz tube 
liner and spacer  

Methane feed 

Methane and 
hydrogen diffusion 

Methane and 
hydrogen effluent 

Catalyst and 
precipitated carbon 

Figure	45	‐	Schematic	of	the	quartz	boat	reactor	setup	for	powder	catalyst	samples.	
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																																	(19)	

Quantitative	XRD	 is	 also	 utilized	 to	 confirm	 the	 carbon	 yield	 and	purity	 (herein	 termed	

‘XRD	 carbon	 yield’).	 	 The	 composition	 of	 the	 carbon	 sample	 is	 determined	 using	 the	

Relative	Intensity	Ratio	(RIR)	of	each	phase	(as	per	the	Powder	Diffraction	File	(PDF)	for	

the	 phase),	 the	 area	 of	 a	 representative	 peak,	 and	 the	 peak	 intensity	 ratio.	 	 A	

representative	 peak	 is	 chosen	 for	 each	phase	 that	 is	 isolated	 from	all	 other	 peaks.	 	 The	

peak	scale	factor	is	used	to	normalize	peaks	to	the	equivalent	of	the	100%	intensity	peak.		

In	 a	 sample	with	A,	B,….,	 n	phases	 the	 composition	of	phase	 ‘A’	 is	determined	using	 the	

following	equation:	
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where	RIRmax	is	the	largest	relative	intensity	ratio	of	all	phases	A	to	n,	RIRx	is	the	relative	

intensity	ratio	for	a	specific	phase	‘x’,	IRx	is	the	intensity	ratio	for	each	chosen	peak	in	each	

present	phase	 ‘x’,	 and	Ax	 is	 the	area	 for	 each	 chosen	peak.	 	 The	 representative	peak	 for	

each	phase	is	chosen	by	virtue	of	its	signal	intensities	and	isolation	from	other	peaks.		The	

representative	 peak	 chosen	 for	 each	 phase	 is	 shown	 in	 Table	 4.	 The	 accuracy	 of	 the	

compositional	analysis	is	dependent	on	the	intensity	of	the	representative	peak	relative	to	

the	signal	noise,	 therefore	trace	phases	<2wt%	are	 inaccurate	to	be	estimated	using	this	

method.	

Phase 
Chemical 
Formula 

Chosen 
plane 

Peak (2θ) Intensity (%) RIR PDF 

Hematite Fe2O3 (024) 49.4 31.1 3.44 98-008-2134 

Magnetite Fe3O4 (022) 30.1 28.6 5.16 98-015-8740 

Wuestite Fe3.78O4 (022) 60.9 53.5 5.15 96-101-1168 

Geothite FeO2H (101) 21.2 100 2.83 98-007-7327 

Nickel Oxide NiO (111) 62.9 25.7 3.42 98-024-6910 

Chromium Oxide CrO (002) 43.5 100 5.17 98-010-9296 

Graphite C (002) 26.6 100 2.39 96-900-8570 

Iron Carbide Fe3C (221) 49.2 54.6 2.02 98-065-3949 

Austenite -Fe (002) 50.4 45.3 8.14 98-010-8132 

Iron -Fe (002) 64.9 13.6 11.71 96-901-3473 

Table	4	‐	Representative	peaks	and	corresponding	PDF	data	for	quantitative	XRD	assessment.	

The	average	crystal	size	of	the	phases	is	calculated	using	the	line	broadening	of	the	chosen	

diffraction	 peak	 via	 the	 Scherrer	 equation	 (Patterson,	 1939).	 Although	 these	 peaks	 are	

chosen	 because	 they	 are	 isolated	 from	 all	 other	 peaks	 it	 must	 be	 noted	 that	 the	 shape	

100.
).%(

%
t

catt

M

FeMM
C
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anisotropy	of	the	crystals	mean	that	this	equation	may	give	different	values	for	different	

peaks	(Liu	et	al.,	2007a,	Crosa	et	al.,	1999).		Therefore	these	values	are	only	indicative.	

The	graphite	crystal	size,	as	measured	using	the	Scherrer	equation	for	the	(002)	plane,	and	

the	degree	of	graphitization	is	used	to	estimate	how	ordered	the	carbon	structures	are	by	

using	 the	quantitative	XRD	data,	 as	 shown	 in	 section	4.2.3.	 	An	 interlayer	 spacing	 lower	

than	 the	 ideal	 spacing	 for	 graphite	 is	 attributed	 to	 higher	 surface	 tensions	 due	 to	 its	

curved	nature	(Choucair	and	Stride,	2012).			

5.2.2. Results	and	Discussion	

This	section	details	the	results	from	the	powdered	iron	oxide	catalysts,	including:	pre	and	

post	 reaction	 catalyst	 characterization,	 catalytic	 activity	 and	 effect	 of	 process	

temperatures	 and	 pressures.	 	 Decomposition	 and	 carbon	 growth	 mechanism	 are	 also	

proposed	to	explain	these	results.		

5.2.2.1. Pre‐reaction	Catalyst	Characterization	

5.2.2.1.1. Powdered	Vapour	Generated	Catalysts	

SEM	 and	 EDS	 analyses	 (Figure	 46)	 of	 the	 vapour	 generated	 catalysts	 prior	 to	 reaction	

reveal	 that	 iron	 oxide	 is	 the	 principle	 constituent	 of	 the	 scale	 flakes.	 Traces	 of	 other	

stainless	 steel	 elements,	 such	 as	 chromium	 and	 nickel,	 are	 also	 found	 adhered	 to	 the	

underside	of	the	flake,	as	shown	by	EDS	mapping	(Figure	46c).			

	 	

(a)	 	 	 	 	 	 (b)	

(b) 

Underside 
impurities 

Iron oxide 
Flake 
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(c)	

Figure	46	 ‐	Vapour	 treated	catalyst	scale	before	crushing	and	sieving	(VG	5hr	1000˚C):	SEM	at	x0.2K	
magnification	(a),	x9K	magnification	of	selected	area	in	‘a’	(b),	and	EDS	maps	of	image	‘a’	(c).	

XRD	of	these	samples	(Figure	47)	confirms	that	the	powdered	vapour	generated	catalysts	

are	mainly	iron	oxide	as	a	mixture	of	Fe2O3	and	Fe3O4.		These	samples	also	contain	traces	

of	 nickel	 oxide	 (NiO)	 and	 chromium	 oxide	 (CrO),	 with	 the	 vapour	 generated	 sample	

calcined	at	1000°C	(VG	5hr	1000°C)	for	five	hours	containing	noticeably	larger	amounts	of	

these	transition	metal	oxides.	Traces	of	Wuestite	(FexO)	may	be	present	in	these	samples	

but	are	difficult	to	identify	due	to	their	XRD	peaks	being	masked	by	the	other	iron	oxide	

phases.	 	 The	 proportion	 of	 the	 Fe2O3	 phase	 in	 the	 XRD	 plot	 is	 calculated	 using	 the	 RIR	

method	described	in	the	experiment	section.	 	The	balance	of	these	samples	is	essentially	

Fe3O4	as	 the	 trace	quantities	of	NiO	and	CrO	are	 too	small	 to	quantify.	The	results	show	

that	 the	proportion	of	 the	Fe2O3	phase	appears	 to	 increase	with	calcination	duration	 for	

the	samples	calcined	at	900C	(from	67‐71%	from	3	to	5	hrs	respectively),	however	 the	

opposite	trend	is	observed	for	the	1000C	calcined	sample	(from	64–59%	from	1	to	5	hrs	

respectively).		

	

	

Fe O Cr Ni 

Figure	47	‐	XRD	plots	of	the	powdered	vapour generated	catalyst	samples	showing	the	phases	present
are	mainly	Fe2O3	and	Fe3O4	with	trace	levels	of	NiO	and	CrO.	
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The	 average	 crystal	 size	 of	 the	 Fe2O3	 and	 Fe3O4	 phases	 are	 shown	 in	 Figure	 48.	 	 The	

average	 crystal	 size	 of	 Fe2O3	 decreases	 from	 115	 to	 95nm	 as	 the	 calcination	 duration	

increases	from	3	to	5	hrs	at	900C,	however	it	increases	from	80	to	125nm	from	1	to	5	hrs	

at	1000C.		The	average	crystal	size	of	the	Fe3O4	phases	remain	fairly	stable	(between	40‐

55nm)	 for	 all	 samples	 except	 for	 the	 sample	 calcined	at	1000°C	 for	 five	hours	 (VG	5hrs	

1000°C),	which	is	70nm.	

	

	

5.2.2.1.2. Reference	Iron	Oxide	powders	

The	XRD	plots	of	the	reference	iron	oxide	samples,	namely	analytical	grade	(hematite	and	

magnetite)	and	ore	grade	(high	grade	hematite	ore	and	goethite	ore)	are	shown	in	Figure	

49.		Quantitative	analyses	conclude	that	the	high	grade	hematite	ore	is	90%	hematite	and	

10%	goethite,	whereas	the	others	are	fairly	pure	forms	of	their	respective	oxides.	

The	 average	 crystal	 sizes	 of	 the	 main	 phases	 in	 these	 samples	 (Figure	 50)	 vary	

considerably	 compared	 to	 one	 another.	 	 The	 crystal	 size	 of	 the	 Fe2O3	 phase	 in	 the	

analytical	 grade	 hematite	 is	 larger	 than	 all	 the	 powdered	 vapour	 generated	 catalysts	

except	 for	 VG	 5hrs	 1000°C	 and	GC	 3hrs	 900°C,	which	 has	 a	 similar	 size	 of	 120nm.	 The	

crystal	 sizes	 of	 the	 main	 phases	 in	 the	 analytical	 grade	 magnetite	 and	 all	 the	 ores	 are	

significantly	 smaller	 than	 analytical	 grade	 hematite	 and	 all	 the	 powdered	 vapour	

generated	 catalysts.	 	The	geothite	ore	was	 the	 smallest	of	 these	with	 an	 average	 crystal	

size	of	~15nm,	whereas	the	others	have	a	main	phase	crystal	size	between	45‐60nm.		The	

small	crystal	size	of	the	goethite	ore	is	likely	to	be	highly	porous	nature,	as	shown	by	its	

high	surface	area.		

Figure	48	‐	XRD	average	crystal	sizes	for	the	Fe2O3 and	Fe3O4 phases	contained	within	the	powdered
vapour	 generated	 catalysts	 that	 have	 been	 produced	 at	 different	 calcination	 temperatures	 and
durations.		
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5.2.2.2. Catalyst	Activity:	Powder	Vapour	Generated		

All	 powdered	 vapour	 generated	 catalysts	 produces	 similar	 carbon	 yields	 with	 carbon	

purities	 between	 88	 and	89.5%	 and	 corresponding	 yields	 of	 between	 7.8	 and	8.1	 gc/gFe	

(grams	of	carbon	per	gram	of	iron),	as	shown	in	Figure	51.		These	values	are	confirmed	by	

XRD	compositional	analysis	(marked	as	hollow	symbols	within	Figure	51)	to	within	2%	of	

the	weighed	carbon	yields.	 	There	appears	to	be	no	distinguishable	relationship	between	

the	carbon	yield	and	the	vapour	generated	catalyst	compositions	or	average	oxide	crystal	

sizes.		

Figure	49	‐	XRD	plots	of	the analytical	grade	iron	oxides	and	iron	ore	samples.	

Figure	 50	 ‐	Average	 crystal	 size	 for	 the	 analytical	 and	 ore	 iron	 oxides	 derived	 from	 quantitative	 XRD
analysis	using	the	Scherrer	equation	for	the	following	peaks:	Fe2O3	(024),		Fe3O4	(022),	and	goethite	(101).
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The	 XRD	 signatures	 of	 the	 carbon	 produce	 by	 the	 powdered	 vapour	 generated	 catalyst	

samples	 (Figure	 52)	 are	 very	 similar,	 with	 only	 four	 distinct	 phases	 present:	 graphite,	

austenite	(‐iron)	and	minor	traces	of	cementite	(Fe3C)	and	ferrite	(α‐iron).			

	

	

The	compositions	of	these	samples	(Figure	53)	show	that	the	proportions	of	graphite	and	

austenite	 remain	 relatively	 constant	 (between	 10‐12wt%	 and	 88‐90wt%	 respectively).		

The	 quantities	 for	 ferrite	 and	 cementite	 are	 too	 small	 to	 be	 accurately	 estimated	 using	

XRD.	

Figure	51	‐	Carbon	purity	(wt%)	and	yield	(gram	of	carbon	per	gram	of	iron	–	Gc/GFe)	of	powdered	vapor
generated	 catalysts	 measured	 by	 weighing	 (filled	 markers)	 and	 quantitative	 XRD	 (empty	 markers).
Process	 conditions:	 850C,	 atmospheric	 pressure,	 10sccm	 CH4	 feed,	 20mg	 catalyst,	 auto‐reduced	 and
complete	deactivation	(19	hrs).	

Figure	 52	 ‐	 XRD	 plots	 of	 the	 powdered	 vapour	 generated	 catalysts	 with	 different	 calcination
temperatures	 and	 durations.	 Process	 conditions:	 850C,	 atmospheric	 pressure,	 10sccm	 CH4	 feed,
20mg	catalyst,	auto‐reduced	and	complete	deactivation	(19	hrs).		Plots	have	been	normalized	for	the
graphite	26°2θ	peak	intensity.	
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SEM	analysis	 (Figure	 54)	 reveals	 that	 the	majority	 of	 these	 samples	 are	 CNOs,	with	 the	

remainder	 being	 CFs	 and	 graphite	 flakes.	 	 Qualitatively	 the	 proportions	 of	 CFs	 and	

graphite	 flakes	 vary	 slightly	 across	 all	 samples,	 with	 VG5hr1000°C	 visually	 containing	

higher	proportion	of	CFs	in	discrete	clusters	(Figure	54e).	

	 	

(a)	VG3hr900.		Magnification:		x30K	(left)	and	x100K	(right)	

Figure	53	‐	Post‐reaction	compositional	analysis	of	the	powdered	vapour	generated	catalysts, as	measured	
by	 using	 qualitative	 XRD.	 	 Process	 conditions:	 850C,	 atmospheric	 pressure,	 10sccm	 CH4	 feed,	 20mg	
catalyst,	 auto‐reduced	 and	 complete	 deactivation	 (19	 hrs).	 	 Trace	 levels	 of	 α‐iron	 and	 cementite	 was	
detected	however	are	too	small	to	accurately	estimate	their	relative	composition.			
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(b)	VG5hr900.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(c)	VG1hr1000.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(d)	VG3hr1000.		Magnification:		x30K	(left)	and	x100K	(right)	
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(e)	VG5hr1000	(top),	areas	with	clusters	of	CF	(bottom).		Magnification:		x30K	(left)	and	x100K	(right).	

Figure	 54	 ‐	 SEM	 images	 of	 the	 carbon	 produced	 using	 the	 powdered	 vapour	 generated	 catalyst	
samples.	 Process	 conditions:	 850C,	 atmospheric	 pressure,	 10sccm	 CH4	 feed,	 20mg	 catalyst,	 auto‐
reduced	and	complete	deactivation	(19	hrs).			

TEM	images	of	 the	 three	main	carbon	morphologies	(CNOs,	CFs	and	graphite	 flakes)	are	

shown	 in	 Figure	 55.	 	 These	 images	 are	 representative	 of	 all	 the	 carbon	 morphologies	

present	 in	 all	 the	 post	 reaction	 powdered	 vapour	 generated	 catalyst	 samples.	 	 The	

leftmost	 image	 in	 Figure	 55a	 shows	 CNO	 particles	 with	 a	 ferrous	 core.	 	 The	 pristine	

parallel	 graphitic	 layers	 surrounding	 this	 core	 suggest	 that	 this	 structure	 has	 a	 high	

graphitic	 degree.	 	 These	 particles	 typically	 range	 between	 50‐200nm	 and	 are	 fairly	

consistent	across	all	the	samples.		The	graphite	flakes	(rightmost	in	Figure	55a)	are	thinly	

stacked	layers	of	graphene	often	several	microns	in	length.		Figure	55b	shows	two	types	of	

commonly	seen	CF	particles:	one	with	a	solid	structure	(left)	and	the	other	with	a	hollow	

CNT	structure	(right).		The	diameter	of	these	fibres	can	range	from	10	–	100nm	and	can	be	

many	microns	in	length.	

The	crystal	sizes	of	the	main	ferrous	phases	in	these	samples	seem	to	correlate	well	with	

the	 graphitic	 degree	 of	 the	 carbon,	 as	 shown	 in	 Figure	 56.	 	 These	 results	 suggest	 that	

smaller	ferrous	crystal	sizes	tend	to	form	smaller	graphite	crystals.	 	The	crystal	sizes	are	

fairly	constant	across	all	the	samples	except	for	VG5hr1000,	which	has	a	markedly	smaller	

size.		The	austenite	crystal	sizes,	graphite	crystal	sizes	and	the	graphitic	degree	values	for	

VG5hrs1000	 (approximately	18nm,	 9nm	and	62%	respectively)	 are	 lower	 than	 those	of	

the	other	samples	(approximately	20nm,	11nm	and	68%	respectively).	 	This	observation	

agrees	well	with	the	SEM	images	of	the	carbon	which	shows	a	higher	proportion	of	CFs	of	

this	sample	in	comparison	to	the	others.		CF	samples,	especially	CNTs,	are	known	to	have	

lower	graphitization	because	of	the	extreme	curvature	of	the	graphene	layers	(Ermakova	

et	al.,	2001),	and	generally	formed	from	smaller	catalyst	particles.	
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(a)	CNO	with	encapsulated	α‐	iron	core	(left)	and	graphite	flake	(right)	

	 	

(b)	Solid	CF	(left)	and	hollow	CF	(CNT)	(right)	

Figure	55	‐	Representative	TEM	images	of	the	carbon	morphologies	produced	by	the	powdered	vapour	
generated	catalyst	samples.	Process	conditions:	850C,	atmospheric	pressure,	10sccm	CH4	feed,	20mg	
catalyst,	auto‐reduced	and	complete	deactivation	(19	hrs).			

	

	

Figure	56	‐	Average	crystal	sizes	of	the	dominant	phases	and	graphitic	degree	of	the	carbon	produced	from
the	powdered	vapour	generated	catalyst	samples.	The	Scherrer	equation	 is	used	 to	determine	 the	average	
crystal	 sizes	 using	 the	 following	 peaks:	 Graphite	 26°2θ	 (002)	 and	 Austenite	 50°2θ	 (002).	 	 The	 graphitic
degree	is	calculated	using	the	Maire	and	Mering	formula	(Maire	and	Mering,	1960).		
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These	results	suggest	that	varying	the	calcination	temperatures	between	900	and	1000˚C	

has	 little	 effect	 on	 the	 performance	 of	 powdered	 vapour	 generated	 catalysts.	 	 All	 these	

catalysts	 are	 shown	 to	 produce	 similar	 yields	 and	 types	 of	 carbon	 (CNOs	 and	 minor	

amounts	of	CFs	and	graphite	 flakes)	despite	 their	pre‐reaction	compositions	and	crystal	

sizes	(of	Fe2O3	and	Fe3O4)	being	noticeably	different.	 	This	suggests	that	these	properties	

have	 little	 effect	 on	 the	 catalyst	 performance;	 however	 it	 is	 more	 likely	 that	 these	

properties	 do	 not	 differ	 by	 enough	 to	 elicit	 a	 significant	 change	 to	 the	 carbon	 yield	 or	

morphology.	 	The	only	notable	exception	 is	VG5hr1000,	which	contains	a	slightly	higher	

proportion	of	CFs,	as	shown	by	SEM	and	confirmed	by	having	a	lower	graphitic	degree	and	

graphite	crystal	size.				However	this	is	likely	to	be	because	this	sample	contains	a	higher	

proportion	of	Ni	 (a	well‐known	CNT	 catalyst)	 on	 the	underside	of	 the	oxide	 flake.	 	 This	

notion	is	supported	by	the	observation	of	sporadic	CF	clusters	within	the	carbon	sample.			

Iron	 carbide,	 in	 the	 form	 of	 cementite	 (Fe3C),	 is	 suggested	 by	many	 to	 be	 the	 essential	

phase	 of	 iron	 for	 catalytic	 activity	 and	 longevity	 in	 the	 TCMD	 process	 (McCaldin	 et	 al.,	

2006,	Sinclair	et	al.,	2002,	Yoshida	et	al.,	2008,	Philippe	et	al.,	2009).		A	wide	range	of	iron	

phases,	including	iron	oxides,	pure	iron	and	carbides	are	shown	to	dissociate	methane	into	

hydrogen	and	carbon,	however	only	cementite	 is	able	 to	maintain	 this	reaction	after	 the	

carbon	 has	 saturated	 the	 iron	 particle.	 	 This	 is	 because	 cementite	 is	 metastable	 above	

680°C	 and	 allows	 for	 this	 diffused	 carbon	 to	 periodically	 precipitate	 out	 via	 cementite	

decomposition	(Ermakova	et	al.,	2001).		This	ongoing	cycle	of	carbide	decomposition	and	

formation,	termed	the	‘carbide	cycle’,	 is	crucial	for	high	carbon	yields	as	it	allows	for	the	

iron	particle	to	remain	active	indefinitely,	so	long	as	it	has	access	to	the	reactant	gases	and	

has	room	for	graphite	precipitation.	This	fluctuation	(or	cycling)	is	supported	by	(Yoshida	

et	al.,	2008)	for	CNT	growth	and	is	the	hypothesis	behind	the	high	longevity	of	iron‐based	

catalytic	CF	growth	in	the	TCMD	process.		

The	 formation	of	CNO	structures	 is	 also	dependent	on	 the	 carbide	 cycle;	however	 these	

carbon	 structures	 generally	 have	 lower	 longevities	 compared	 to	 CFs	 because	 of	 the	

encapsulating	nature	of	 their	graphite	 layers.	 	With	each	cycle	of	 carbide	 formation	and	

decomposition,	 the	adsorption	of	methane	onto	 the	surface	of	 the	 iron	particle	becomes	

further	restricted	because	of	the	gas	diffusion	barrier	as	the	carbon	layers	increase.		Thus	

a	point	is	eventually	reached	in	this	cycle	where	the	number	of	graphite	layers	exceed	the	

diffusion	 potential	 of	 methane	 through	 this	 medium,	 and	 the	 reaction	 dramatically	

diminishes	(catalyst	deactivation).		A	schematic	of	this	process	is	shown	in	Figure	57.	
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Figure	57	‐	Schematic	of	the	carbide	cycle	for	a	single	crystal	iron	catalyst	particle.	
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The	absence	of	significant	quantities	of	iron	carbide	(Fe3C	cementite)	in	all	of	the	carbon	

samples	 suggests	 that	 it	 decomposes	 after	 the	 particle	 has	 deactivated.	 	 Cementite	

decomposition	 is	 thought	 to	 be	 nucleated	 by	 a	 deposition	 of	 disordered	 carbon	 on	 the	

surface	of	the	cementite	particle	(Longbottom	et	al.,	2007).		The	low	activity	of	this	surface	

carbon	provides	a	 lower	energy	pathway	 for	 the	diffused	carbon	to	emerge	 from	within	

the	 cementite	 particle,	 thus	 initiating	 the	 decomposition	 process	 (Longbottom	 et	 al.,	

2007).		Without	continual	methane	supply	the	cementite	phase	generally	decomposes	into	

ferrite	and	graphite.			

However	 the	 samples	 in	 these	 works	 consist	 mainly	 of	 austenite,	 with	 only	 a	 trace	 of	

ferrite	 and	 cementite.	 	 Austenite	 is	 rarely	 seen	 in	 published	 studies	 on	 iron	 catalysed	

TCMD	or	industrial	iron	carbide	production.		Of	the	few	papers	that	do	reveal	an	austenite	

phase,	most	suggest	that	its	formation	requires	a	reaction	temperature	in	excess	of	727°C	

(Longbottom	 et	 al.,	 2007)	 and	 a	 Fe2O3	 crystal	 size	 greater	 than	 30nm	 (Takenaka	 et	 al.,	

2004).	 	 However	 there	 are	 numerous	 cases	 in	 publication	 that	 meet	 both	 of	 these	

requirements	 without	 yielding	 an	 austenite	 phase.	 	 Therefore	 the	 root	 cause	 of	 the	

presence	of	an	austenite	is	still	open	for	debate.			

It	is	likely	that	reaction	duration	and	internal	CNO	pressures	play	a	role	in	the	nucleation	

and	growth	 of	 this	 austenite	phase.	 	 Both	 (Takenaka	 et	 al.,	 2004)	 and	 the	 current	work	

have	 excessively	 long	 reaction	 times	 of	 16	 and	 19	hrs	 respectively,	whereas	 the	 papers	

that	do	not	have	austenite	(but	sufficiently	high	temperatures	and	large	crystal	sizes)	have	

relatively	short	reaction	times	(less	than	2	hours).			

It	 is	 possible	 that	 these	 prolonged	 reaction	 durations	 may	 promote	 the	 formation	 and	

stability	of	 an	austenite	phase	by	 increasing	 the	CNO	 internal	pressure	onto	 the	 ferrous	

core.	 	 Cementite	 is	 produced	 at	 higher	 pressures	 than	 austenite	 where	 there	 is	 excess	

graphite	and	iron	present	(Tsuzuki	et	al.,	1984)	however	it	 is	known	to	decompose	back	

into	these	primary	constituents	because	it	is	metastable	at	elevated	reaction	temperatures	

(Longbottom	et	al.,	2007,	Nakagawa	et	al.,	1996,	Zhang	and	Ostrovski,	2001).		Austenite	is	

also	metastable	and	unless	it	is	kept	in	its	stable	temperature	range	between	912	–	1394°C	

(Fang	et	al.,	2012)	 it	also	restructures	back	 into	 ferrite	when	 the	elevated	pressures	are	

restored	 to	 atmospheric	 pressure	 (Bowden	 and	Kelly,	 1967).	 	 It	 is	 known	 that	 elevated	

pressures	 strongly	 influence	 the	 stability	 and	 growth	 of	 austenite	 and	 cementite	 iron	

phases	 by	 lowering	 the	 eutectoid	 temperature	 and	 carbon	 content	 for	 Fe‐C	 equilibrium	

states	(Kuteliya	et	al.,	1970).		Elevated	pressures	are	also	proven	empirically	(Lyubov	and	

Tsyganenko,	 1968)	 and	 experimentally	 (Kuteliya	 et	 al.,	 1970,	 Rouquette	 et	 al.,	 2008)	 to	
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increase	 the	 nucleation	 and	 stability	 of	 austenite	 and	 cementite	 phases	 within	 ferrite‐

carbon	mixtures.			

Theoretically	 the	 growth	mechanism	 of	 CNO	 particles	 can	 contribute	 to	 the	 stability	 of	

these	 metastable	 phases	 by	 pressurizing	 the	 iron	 core.	 The	 carbide	 cycle	 growth	

mechanism	for	CNOs	suggests	that	graphite	 layers	precipitate	from	the	iron	surface,	and	

after	the	first	cycle,	this	precipitation	takes	place	underneath	existing	graphite	layers.		Any	

existing	external	layers	must	therefore	be	ruptured	or	reformed	to	allow	for	new	graphite	

layers	 to	 form	underneath.	 	During	 this	growth	 the	 iron	core	 is	 subjected	 to	a	period	of	

elevated	pressure	(peak	cycle	pressure)	until	the	external	layers	succumb	and	restructure.	

After	this	restructure	a	residual	pressure	remains	within	the	CNO	that	is	higher	than	the	

pressure	 at	 the	 start	 of	 the	 cycle	 because	 each	 graphite	 layer	 increases	 the	 CNO	 shell	

strength.		This	is	termed	the	‘CNO	residual	pressure’	herein	and	is	shown	schematically	in	

Figure	58.		
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Figure	58	 ‐	Schematic	of	the	periodic	pressurization	of	iron	catalyst	core	by	graphite	precipitation	in	
CNOs	via	the	carbide	cycle.	

It	 can	be	expected	 that	 successive	cycles	 induce	 incrementally	higher	 internal	pressures	

(peak	 and	 residual)	 because	 of	 the	 higher	 strength	 of	 the	 additional	 external	 layers.			

Therefore,	 for	 a	 particle	 of	 the	 same	 size	 and	 shape,	 the	 internal	 residual	 pressure	 of	 a	

CNO	core	is	directly	dependent	on	the	number	of	cycles	it	has	undergone.		For	isothermal	

reactions	 at	 atmospheric	 pressure	 the	 number	 of	 cycles	 (and	 hence	 the	 number	 of	

graphite	 layers)	 is	 solely	 dependent	 on	 the	 reaction	 duration	 because	 the	 reaction	 is	

controlled	 by	 methane	 diffusion	 through	 the	 encapsulating	 layers	 of	 graphite.	 	 These	
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cycles	would	be	less	frequent	as	the	reaction	progresses	because	of	the	increased	diffusion	

restriction	of	methane	through	more	layers	of	graphite.			

It	 can	 therefore	 be	 hypothesized	 that	 the	 internal	 residual	 pressure	 of	 a	 particle	 is	

dependent	on	such	factors	as	methane	diffusion	and	carbon	strength.		Larger/less	uniform	

iron	particles	produce	less	stable	carbon	structures	than	smaller/more	uniform	particles	

because	of	their	lower	specific	surface	area	and	their	higher	tendency	for	dislocations	to	

appear	 within	 the	 graphite	 layers.	 	 These	 larger/less	 uniform	 particles	 therefore	 have	

smaller	peak	and	residual	pressures	for	the	same	reaction	duration.			In	addition,	smaller	

particles	have	a	faster	cycle	rate	because	of	their	higher	specific	surface	area	and	therefore	

reach	 a	 higher	 pressure	 in	 a	 shorter	 reaction	 time.	 	 A	 representative	 reaction	 pressure	

profile	is	shown	in	Figure	59	for	small	particles	(red)	and	larger	particles	(black).	
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Figure	59	 ‐	Plot	showing	the	 internal	pressures	of	a	CNO	particle	due	to	the	cyclic	pressure	 increase	
over	time.	

Thus	 it	 can	be	 expected	 that	 small	 iron	 catalyst	 particles	 that	 have	been	deactivated	by	

carbon	encapsulation	will	have	cementite	iron	cores	(labelled	as	‘S1’	in	Figure	59)	because	

of	the	short	reaction	times	needed	to	pressurize	the	shell	core.	 	However	larger	particles	

(or	 small	 particles	 that	 are	 growing	 CFs	 and	 have	 not	 yet	 deactivated)	 under	 the	 same	

conditions	would	remain	as	ferrite	because	they	require	more	reaction	time	to	attain	the	

same	internal	pressures	(labelled	as	‘S2’	in	Figure	59).		Conversely	longer	duration	times,	

such	as	those	used	in	the	current	work	and	undertaken	in	(Takenaka	et	al.,	2004)	are	more	



CATALYST	DEVELOPMENT	 	 84	
	

likely	to	be	exclusively	austenite	or	cementite	(L2	and	L1	respectively	in	Figure	59).		Both	

austenite	and	cementite	phases	were	witnessed	by	(Takenaka	et	al.,	2004),	suggesting	that	

the	catalyst	utilized	contained	a	wide	crystal	size	distribution.		The	high	austenite	fraction	

in	all	powdered	vapour	generated	catalyst	samples	in	the	current	work	therefore	suggests	

that	these	catalysts	have	a	comparatively	large	crystal	size	with	a	more	narrow	crystal	size	

distribution.				

In	 summary,	 the	 calcination	 conditions	 for	 the	 powdered	 vapour	 generated	 catalysts	

between	 900	 ‐	 1000C	 do	 not	 alter	 the	 iron	 oxide	 structure	 sufficiently	 to	 elicit	 a	

noticeable	 change	 in	 the	 carbon	 yield	 or	 carbon	 structure.	 	 However	 the	 presence	 of	

impurities	such	as	Ni	and	Cr	can	promote	the	growth	of	CFs.		The	key	behind	the	catalytic	

longevity	 of	 iron	 catalysts	 is	 the	 metastable	 nature	 of	 the	 cementite	 phase	 at	 elevated	

temperatures,	by	its	ability	to	cyclically	decompose	and	precipitating	graphite,	as	termed	

the	 ‘carbide	 cycle’.	 	 Deactivation	 occurs	 when	 a	 sufficiently	 large	 number	 of	 graphite	

layers	 encapsulate	 the	 iron	 particle	 and	 restrict	 further	 methane	 contact	 by	 creating	 a	

diffusion	 barrier.	 	 The	 high	 proportion	 of	 austenite	 in	 the	 powdered	 vapour	 generated	

samples	after	deactivation	 is	due	to	 the	prolonged	reaction	time	 in	conjunction	with	 the	

size	 of	 the	 iron	 oxide	 crystals.	 	 These	 extended	 reactions	 result	 in	 higher	 residual	

pressures	within	 the	CNOs	because	of	 the	carbon	growth	mechanism,	which	 initiate	and	

stabilize	the	otherwise	metastable	austenite	phase.			

5.2.2.3. Catalyst	Activity:	Reference	iron	oxides	

The	reference	 iron	oxide	samples	are	shown	to	produce	similar	 total	carbon	yields	 than	

the	 powdered	 vapour	 generated	 catalyst	 samples	 under	 the	 same	 reaction	 conditions	

(Figure	60).		Within	these	samples	the	analytical	grade	oxides	perform	slightly	better	than	

the	 ore	 grade	 samples,	with	 carbon	 yields	 of	 approximately	 9.2	 and	 8.9g/g,	 and	 carbon	

purities	of	90wt%	and	89wt%	respectively.	 	These	values	are	shown	to	closely	correlate	

with	the	quantitative	XRD	derived	values,	with	differences	of	less	than	2wt%	(represented	

as	hollow	shapes	in	Figure	60).			

The	XRD	plots	of	the	reference	iron	oxide	samples	(Figure	61)	reveal	the	presence	of	the	

same	 four	 phases	 as	 the	 powdered	 vapour	 generated	 samples;	 with	 the	 majority	

comprising	 of	 graphite	 and	 austenite	 and	 trace	 amounts	 of	 cementite	 and	 ferrite.	 	 The	

analytical	grade	hematite	is	shown	to	contain	a	higher	proportion	of	ferrite	than	the	other	

samples	(due	to	the	larger	peaks	at	44°2θ	and	64°2θ),	however	the	quantification	of	this	

difference	is	difficult	to	be	accurately	determined	using	XRD	because	(1)	the	44°2θ	peak	is	

greatly	influenced	by	many	neighbouring	peaks	and	(2)	the	secondary	peak	at	64°2θ	is	too	
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faint	to	accurately	quantify.		Therefore	only	the	compositions	of	the	graphite	and	austenite	

phases	are	illustrated	in	Figure	62.	

	

	

	

	

	

Figure	60	‐	Carbon	purity	(wt%)	and	yield	(GC/GFe)	of	iron	oxide	catalysts	measured	by	weighing	(filled	
markers)	 and	 quantitative	XRD	 (empty	markers).	 	 Process	 conditions:	 850C,	 atmospheric	 pressure,	
10sccm	CH4	feed,	20mg	catalyst,	auto‐reduced	and	complete	deactivation	(19	hrs).		

Figure	61	‐	XRD	plots	of	various	iron	oxide	samples.	Process	conditions:	850C,	atmospheric	pressure,	
10sccm	CH4	 feed,	20mg	 catalyst,	auto‐reduced	and	 complete	deactivation	 (19	hrs).	 	Plots	have	been
normalized	for	the	graphite	26°2θ	peak	intensity.		
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Analyses	of	these	samples	using	SEM	show	that	they	all	consist	mainly	of	CNOs	similar	to	

the	powdered	vapour	generated	catalyst	samples.		However	the	presence	of	other	carbon	

types	varies	across	these	samples.	 	The	two	analytical	grade	oxide	samples	are	shown	to	

generally	 contain	 a	 higher	 proportion	 of	 graphite	 flakes,	 whereas	 the	 two	 ore	 samples	

contain	more	CFs	(Figure	63).	 	Within	the	analytical	grade	samples,	the	hematite	sample	

(Figure	 63a)	 appears	 to	 contain	 relatively	 higher	 quantities	 of	 larger	 graphite	 flakes	

compared	 to	 the	magnetite	 sample	 (Figure	63b),	 however	both	have	very	 few	CFs.	 	The	

hematite	 ore	 on	 the	 other	 hand	 (Figure	 63c)	 has	 very	 few	 graphite	 flakes	 and	 a	 higher	

proportion	of	CFs	of	moderate	thickness.		The	carbon	from	the	goethite	ore	(Figure	63d)	is	

similar	to	the	hematite	ore	except	it	seems	to	have	a	higher	proportion	of	CFs,	which	are	

thinner	and	longer	in	size.	It	is	believed	this	is	the	first	time	raw	iron	ore	has	been	used	to	

produce	CFs.	

Quantitative	XRD	analysis	reveals	 that	 the	analytical	grade	samples	have	higher	average	

graphite	 crystal	 sizes	 and	 graphitic	 degree	 than	 the	 ore	 samples	 (Figure	 64),	 with	 an	

average	of	15nm	and	73%	compared	 to	11nm	and	63%	respectively.	 	This	 is	 consistent	

with	the	SEM	observations,	which	show	a	higher	proportion	of	larger	graphitic	structures	

within	the	analytical	samples	and	smaller	CF	structures	in	the	ore	samples.		These	smaller	

values	 for	 the	ore	 samples	are	 consistent	with	higher	proportions	of	CFs	owing	 to	 their	

nano‐size	and	the	extreme	curvature	of	the	graphene	layers	(Ermakova	et	al.,	2001).		

Figure	 62	 ‐	Post‐reaction	 compositional	 analysis	 of	 the	 iron	 oxide	 samples,	 as	measured	by	using
quantitative	XRD.		Process	conditions:	850C,	atmospheric	pressure,	10sccm	CH4	feed,	20mg	catalyst,
auto‐reduced	and	complete	deactivation	(19	hrs).	Trace	levels	of	ferrite	and	cementite	are	not	shown
as	they	are	too	small	to	accurately	estimate.			
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(a)	Analytical	grade	hematite.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(b)	Analytical	grade	magnetite.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(c)	High	grade	hematite	ore.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(d)	Geothite	ore.		Magnification:		x30K	(left)	and	x100K	(right).	

Figure	 63	 ‐	 SEM	 images	 of	 the	 carbon	 produced	 using	 the	 various	 iron	 oxide	 samples.	 Process	
conditions:	850C,	atmospheric	pressure,	10sccm	CH4	feed,	20mg	catalyst,	auto‐reduced	and	complete	
deactivation	(19	hrs).			
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The	austenite	average	crystal	size	however	does	not	follow	a	consistent	trend	and	thus	is	

likely	 not	 influenced	 by	 the	 original	 oxide	 crystal	 size.	 	 All	 samples	 show	 an	 average	

austenite	 crystal	 size	 of	 ~20‐21nm	 regardless	 of	 the	 oxide	 crystal	 size	 or	 carbon	

morphology	 (Figure	64).	 	This	 is	especially	unusual	 for	 the	goethite	ore	sample	because	

the	 original	 average	 oxide	 crystal	 size	 is	 smaller	 than	 the	 austenite	 average	 crystal	 size	

(approximately	 15	 and	 20nm	 respectively).	 	 This	 is	 likely	 due	 to	 the	 effect	 of	 particle	

sintering.	 	 Another	 possible	 explanation	 for	 this	 incongruence	 may	 be	 the	 errors	

associated	with	 the	 Scherrer	 equation	 for	 anisotropic	 crystals;	where	 crystal	 planes	 are	

affected	differently	by	the	strain	induced	line	broadening	(Liu	et	al.,	2007a).	

	

	

The	differences	in	yield	between	all	these	samples	cannot	be	attributed	to	the	variances	in	

their	 aggregate	 polycrystalline	 particle	 sizes.	 	 An	 analysis	 of	 similar	 reactions	 using	

different	particle	sizes	(<5um,	63‐150um,	150‐600um,	600‐1400um	and	1400‐2360um)	of	

the	 same	material	 (i.e.	 analytical	 grade	hematite)	 results	 in	 no	 significant	 differences	 in	

yield,	 iron	 phase	 composition	 or	 post‐reaction	 crystal	 sizes.	 	 Therefore	 the	 different	

aggregate	particle	size	of	the	samples	can	be	neglected.	 	However	evidence	suggests	that	

the	 different	 catalyst	 aggregate	 particle	 size	may	 slightly	 affect	 the	 carbon	morphology,	

with	larger	particles	resulting	in	slightly	higher	average	graphite	crystal	sizes	and	visually	

higher	proportions	of	graphite	flakes.		All	these	results	are	shown	in	Appendix	C.	

These	 results	 imply	 that	 the	 carbon	morphology	 produced	 is	 directly	 dependent	 on	 the	

size	of	the	oxide	crystals	in	the	sample.		For	instance,	the	analytical	grade	hematite	sample	

contains	the	 largest	average	oxide	crystal	size	(~125nm)	and	also	produces	the	greatest	

Figure	 64	 ‐	 Average	 crystal	 sizes	 of	 the	 dominant	 phases	 and	 graphitic	 degree	 of	 the	 post‐reaction	
carbon	using	 the	 iron	oxide	samples.	The	Scherrer	equation	 is	used	 to	determine	 the	average	crystal
sizes	using	the	following	peaks:	Graphite	26°2θ	(002)	and	Austenite	50°2θ	(002).		The	graphitic	degree
is	calculated	using	the	Maire	and	Mering	formula	(Maire	and	Mering,	1960).		
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quantities	 of	 large	 graphite	 flakes	 in	 comparison	 to	 the	 other	 oxides	 (with	 the	 primary	

form	 of	 carbon	 in	 all	 samples	 being	 CNOs).	 	 In	 addition,	 samples	 containing	 iron	 oxide	

phases	with	small	crystal	sizes	(<25nm)	tend	to	produce	higher	proportions	of	CFs.	 	The	

goethite	 ore,	 for	 example,	 has	 the	 smallest	 average	 oxide	 crystal	 size	 (~15nm)	 and	

correspondingly	 contains	 the	highest	proportion	of	CF,	 as	 confirmed	by	SEM	and	values	

for	graphite	crystal	size	and	graphitic	degree	that	are	consistent	with	higher	proportions	

of	CFs	(Ermakova	et	al.,	2001).	Hematite	ore	is	also	shown	to	produce	a	small	amount	of	

thick	CFs,	 likely	because	of	 the	presence	of	 a	 small	 amount	 (~10wt%)	of	goethite	oxide	

with	 low	 average	 crystal	 size	 (~25nm).	 	 The	 analytical	 magnetite	 sample	 on	 the	 other	

hand,	 almost	 produces	 CNOs	 exclusively	 because	 its	 average	 oxide	 crystal	 size	 is	 mid‐

range	(25‐80nm).	

Each	 of	 the	 three	main	 forms	of	 carbon	produced	 in	 this	work	 can	 therefore	 be	 said	 to	

form	from	an	approximate	range	of	oxide	crystal	sizes:	<~25nm	for	CF,	25‐80nm	for	CNOs	

and	>80nm	 for	 graphite	 flakes.	 	 This	 is	 consistent	with	 the	 findings	 of	 (Takenaka	 et	 al.,	

2004,	 Huang	 et	 al.,	 2002)	 who	 found	 that	 smaller	 crystal	 sizes	 (<30nm)	 produce	 CF	

whereas	larger	sizes	produce	encapsulating	forms	of	carbon	such	as	CNOs.		In	contrast	to	

these	findings,	(Ermakova	et	al.,	2001)	found	that	oxide	crystal	sizes	of	unsupported	iron	

oxide	have	little	effect	on	the	carbon	yield,	and	suggested	that	the	reduction	temperature	

is	more	 influential.	 	 However	 it	 is	 likely	 that	 this	 is	 because	 of	 their	 use	 of	 a	 hydrogen	

reduction	stage	instead	of	auto‐reduction	with	methane,	which	may	influence	the	size	of	

the	iron	crystals	after	reduction.		

The	 selectivity	of	 the	 carbon	morphologies	produced	 is	 therefore	dependent	on	 the	 size	

distribution	 of	 the	 oxide	 crystals	 within	 the	 aggregate	 polycrystalline	 particles.	 	 Oxides	

with	a	broad	range	of	crystal	sizes	produce	all	the	primary	type	of	carbon	(CFs,	CNOs	and	

graphite	 flakes)	 in	 proportions	 that	 correspond	 to	 their	 respective	 oxide	 crystal	 sizes	

(Figure	65).	 	 	 It	can	therefore	be	 theorized	that	 the	carbon	selectivity	can	be	tailored	by	

modifying	 the	 oxide	 crystal	 size	 distribution	 of	 the	 iron	 oxide	 crystalline	 particle.	 	 This	

could	 be	 done	 by	 either	 modifying	 the	 precipitation	 of	 synthetic	 iron	 oxide	 or	 heat‐	

treating	 iron	 ores.	 Unsupported	 catalysts	 can	 therefore	 become	 a	 novel	 and	 extremely	

cheap	method	of	producing	a	number	of	carbon	types	in	large‐scale.		

It	 is	evident	 from	these	results	that	the	type	of	 iron	oxide	does	not	greatly	 influence	the	

total	 carbon	 yield	 of	 these	 samples.	 	 The	 three	 oxide	 types	 comprising	 these	 samples,	

namely	Fe2O3,	Fe3O4	and	FeO2H,	all	produce	very	similar	yields,	varying	by	as	little	as	7%.		

This	 is	 likely	 to	be	because	 the	only	difference	between	 the	oxide	 types	 is	 the	reduction	

duration,	 which	 is	 only	 a	 small	 fraction	 of	 the	 reaction	 duration	 (as	 shown	 in	 Section	
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5.1.2.2.4).		Thus	the	varying	degrees	of	oxidation	of	the	catalyst	samples	result	in	slightly	

different	 reduction	 rates;	however	 the	extended	duration	of	 the	decomposition	 reaction	

dampens	 any	 noticeable	 effect.	 	 After	 this	 reduction	 phase	 these	 samples	 only	 differ	 by	

crystal	 size	 and	 are	 then	 subjected	 to	 the	 same	 methane	 decomposition	 and	 carbon	

growth	mechanisms.		Therefore	the	oxide	crystal	size	is	more	influential	to	the	reaction	by	

virtue	of	its	effect	on	the	carbon	morphology	rather	than	the	oxide	type.			
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Figure	65	‐	Iron	oxide	crystal	size	distribution	and	its	effects	on	the	type	and	selectivity	of	the	carbon	
produced.		
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The	 narrow	 range	 of	 sizes	 of	 these	 austenite	 crystals	 suggests	 that	 the	 carburization	

process	re‐crystallizes	the	iron	single	crystal	into	smaller	crystals.		Each	sample	is	shown	

to	 contain	 a	 narrow	 range	 of	 austenite	 crystal	 sizes	 (~20‐21nm)	 despite	 the	 large	

differences	in	the	initial	oxide	crystal	sizes	(~18‐125nm).	 	Similar	crystal	size	ranges	are	

seen	 across	 all	 forms	of	 iron	 oxide,	 including	 the	powdered	 vapour	 generated	 catalysts,	

suggesting	that	the	austenite	crystal	size	is	independent	of	the	initial	oxide	crystal	size	and	

type.	 	 	Therefore	 it	 is	hypothesized	that	 the	carburization	process	recrystallizes	 the	 iron	

single	crystals	into	smaller	cementite	crystals	and	these	crystals	are	partially	decomposed	

into	 austenite.	 	 Smaller	 or	 more	 uniform	 particles	 generate	 higher	 pressures	 in	 less	

reaction	 time	 and	 subsequently	 remain	 as	 cementite	 instead	 of	 austenite	 (as	 shown	 in	

Figure	59).		Large	ferrite	crystals,	such	as	those	of	the	analytical	grade	hematite	sample,	do	

not	have	enough	pressure	to	recrystallize	all	the	ferrite	and	therefore	are	left	with	a	ferrite	

core.		This	is	shown	schematically	in	Figure	66.	

Aggregate	 size	 of	 polycrystalline	 particles	 was	 shown	 to	 have	 little	 effect	 on	 the	 total	

carbon	yield	because	of	the	effect	of	metal	dusting.		The	sufficiently	long	reaction	duration	

allows	 the	 particles	 sufficient	 time	 to	 break	 into	 smaller	 fragments,	 thus	 equilibrating	

catalyst	utilization	for	each	sample.		However	the	rate	of	carbon	production	is	likely	to	be	

slower	 for	 the	 larger	 aggregate	 sizes	 and	 thus	 is	 important	 to	 consider	 for	downstream	

reaction	 design	 (beyond	 the	 scope	 of	 this	 work).	 	 The	 slightly	 larger	 graphite	 flakes	 is	

likely	to	be	due	to	the	carbon	growth	mechanism	for	unsupported	catalysts,	which	will	be	

explained	in	the	‘temperature	effect’	section.		

These	 studies	 highlight	 that	 raw	 iron	 ore	 has	 similar	 performance	 to	 various	 synthetic	

iron	 oxides	 and	 therefore	 are	 a	 more	 practical	 and	 economical	 choice	 for	 catalysts	 in	

TCMD.		In	fact,	ores	with	less	economic	value	such	as	dust	fines	and	low	grade	ore	may	be	

more	 cost	 effective	 for	 this	 process	 due	 to	 their	 impurities	 (such	 as	 silica)	 potentially	

acting	as	a	natural	catalyst	support	and	promoting	elevated	yields	(Ermakova	et	al.,	2001).		

The	metal	dusting	of	 these	ores	allows	 for	 full	utilization	of	 these	polycrystalline	oxides	

regardless	of	their	aggregate	size	and	also	allows	the	type	of	nano‐carbon	to	be	tailored	by	

modifying	their	internal	oxide	crystal	size.	Novel	carbon	production	from	metal	dusting	of	

bulk	 particles	 can	 therefore	 be	 a	 significantly	 cheaper	 alternative	 to	 common	 CF	

production	 techniques,	 such	 as	 loading	 catalytic	 elements	 onto	 inert	 supports,	 which	

require	costly	production	and	purification	processes	(Yang	et	al.,	2005).		A	comparison	of	

these	processes	is	shown	schematically	in	Figure	67.	
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Figure	66	‐	Schematic	showing	the	process	of	cementite	decomposition	and	austenite	production	from	
TCMD	using	iron	based	catalysts.	
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Figure	67	‐	CF	synthesis:	Typical	supported	catalyst	(left),	novel	heat	treated	iron	ore	catalyst	(right).	

In	summary,	all	 iron	oxide	 types	 (including	 the	powdered	vapour	generated	catalysts	 in	

the	previous	section)	produced	similar	carbon	yields	at	850C	and	atmospheric	pressure	

reaction	conditions.		The	degree	of	iron	oxidation	is	shown	to	have	little	effect	on	catalytic	

performance,	 however	 the	 average	 crystal	 size	 is	 demonstrated	 to	 affect	 the	 carbon	

morphology	and	iron	phases	after	the	reaction.		All	oxides	produced	mainly	CNOs	however	

those	with	small	crystal	sizes	(<25nm)	tend	to	also	produce	comparatively	more	CFs,	and	

larger	 sizes	 (>80nm)	 contain	more	 graphite	 flakes.	 	 Therefore,	 theoretically	 the	 catalyst	

can	 be	 tailored	 to	 produce	 a	 desired	 form	 of	 carbon	 by	 altering	 the	 crystal	 size	

distribution.	 	The	oxide	crystal	size	 is	also	shown	to	affect	the	post	reaction	iron	phases,	

confirming	the	hypothesis	in	the	last	section.		Small	and	medium	crystal	sizes	are	able	to	

generate	sufficient	residual	pressure	from	the	growth	of	CNOs	to	recrystallise	the	crystal	

into	 smaller	 cementite	 crystals,	 whereas	 larger	 crystals	 are	 only	 able	 to	 partially	 re‐

crystallise.		The	final	iron	phase	is	dependent	on	the	post	reaction	residual	pressure.		CNOs	

that	can	generate	high	residual	pressures	through	the	carbon	growth	mechanism	are	able	

to	maintain	 as	 cementite,	 whereas	 low	 residual	 pressures	 decompose	 into	 austenite	 or	

ferrite.	 	Aggregate	oxide	sizes	are	shown	not	 to	have	a	significant	effect	on	carbon	yield	

because	 of	 the	 rapid	 effect	 of	 metal	 dusting,	 however	 larger	 aggregates	 are	 shown	 to	

produce	more	graphite	flakes	due	to	the	dusting	mechanism,	which	is	detailed	in	the	next	

section.	
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5.2.2.4. Catalyst	Activity:	Process	condition	effects	

This	section	assesses	the	effect	of	reaction	temperature	and	pressure	on	the	total	carbon	

yield	to	 further	understand	the	carbon	growth	and	reaction	mechanisms.	 	The	analytical	

grade	 hematite	 sample	 (>5um)	 will	 be	 used	 instead	 of	 the	 more	 economical	 iron	 ore	

samples	 because	 it	 has	 a	more	 consistent	 composition	 and	 is	 therefore	 less	 likely	 to	 be	

affected	by	impurities.		This	sample	will	be	used	for	the	remainder	of	this	work.		

5.2.2.4.1. Temperature	effects	

The	 reaction	 temperature	 effects	 were	 tested	 using	 20mg	 of	 analytical	 grade	 hematite	

(<5um)	at	temperature	intervals	of	25°C,	with	all	other	reaction	conditions	remaining	the	

same	 as	per	 the	previous	 experiments	 (namely	 atmospheric	 pressure,	 20sccm	methane,	

auto‐reduction,	19	hr	duration).			

The	results	indicate	that	there	is	a	threshold	reaction	temperature	at	about	800°C	where	

the	carbon	yield	increases	rapidly	(Figure	68).	 	A	temperature	only	25°C	lower	than	this	

threshold	temperature	results	in	significantly	lower	carbon	yield	(from	6	to	<	1	gc/gFe).		A	

similar	 temperature	 transition	 for	 unsupported	 Fe2O3	 catalysts	 were	 reported	 by	

(Ermakova	et	al.,	2001)	to	be	between	670	and	680°C,	and	is	suggested	to	be	the	point	of	

transition	for	iron	carbide	(cementite)	from	a	stable	to	metastable	state.		

The	resulting	carbon	yields	at	temperatures	above	900°C	in	Figure	68	are	shown	to	differ	

depending	 on	 the	 method	 of	 calculation.	 	 Using	 the	 method	 of	 carbon	 weighing	 (filled	

triangle	markers	in	Figure	68)	the	carbon	yield	reaches	a	maximum	of	10gc/gFe	at	825°C	

and	 remains	 relatively	 constant	 between	 8.5‐10gc/gFe	 up	 until	 950°C.	 	 The	 quantitative	

XRD	 measurement	 for	 carbon	 yield	 (empty	 triangle	 markers	 in	 Figure	 68)	 however	

declines	 from	900°C,	dropping	 from	~8.5	to	4.5gc/gFe	until	950°C.	 	These	differences	are	

likely	to	be	the	result	of	the	presence	of	amorphous	carbon	in	varying	degree	in	the	900	

and	 950°C	 samples	 and	 the	 different	 accuracies	 these	 two	methods	 have	 in	 quantifying	

this	 type	 of	 carbon.	 	 The	 carbon	weighing	method	 can	 be	 considered	 to	 be	 an	 accurate	

measure	of	all	 types	of	carbon	because	it	relies	on	mass	only,	however	quantitative	XRD	

analysis	relies	on	the	crystallinity	of	the	species	and	therefore	is	not	appropriate	for	low	

crystalline	 amorphous	 substances.	 	 Thus	 the	 XRD	 method	 can	 be	 considered	 to	 be	 an	

approximate	 measure	 of	 the	 quantity	 of	 graphite	 in	 the	 carbon,	 whereas	 the	 carbon	

weighing	 method	 accounts	 for	 the	 total	 carbon	 in	 the	 sample.	 	 SEM	 imaging	 of	 these	

samples	 supports	 this	 proposition	 (Figure	 71),	 with	 increasing	 levels	 of	 amorphous	

carbon	being	visible	in	the	925	and	950°C	samples.		This	suggests	that	although	the	total	

carbon	remains	relatively	stable	between	825‐950°C	the	quantity	of	high	quality	graphite	

begins	to	rapidly	decline	after	900°C.	
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The	XRD	plots	of	 the	carbon	samples	(Figure	69)	show	the	same	 four	phases	present	as	

per	the	previous	sections	(namely	graphite,	austenite,	cementite	and	ferrite),	however	in	

varying	proportions.	 	 The	plots	 are	 normalized	 against	 the	 graphite	 peak	 at	 the	 (0	 0	 2)	

plane	to	allow	a	visual	comparison	between	the	magnitude	of	the	iron	phases.		Inspection	

of	the	plots	reveals	that	the	iron	phase	in	the	samples	below	800°C	are	made	entirely	of	

ferrite,	with	 only	minor	 traces	 of	 graphite	 at	 775°C.	 	 At	 reaction	 temperatures	 between	

800	and	900°C	more	ferrite	 is	converted	 into	austenite	and	trace	 levels	of	cementite	are	

present.		However	beyond	900°C	progressively	less	ferrite	is	converted	into	austenite.			

XRD	 compositional	 analyses	 of	 these	 samples	 (Figure	 70)	 confirm	 these	 iron	 phase	

transitions,	 and	 indicate	 a	 correlation	 between	 the	 austenite	 content	 and	 carbon	 yield.		

Both	 the	 carbon	 content	 and	 austenite	 content	 are	 at	 a	 maximum	 of	 90	 and	 9wt%	

respectively	 between	 reaction	 temperatures	 of	 825	 and	 900°C.	 	 Reaction	 temperatures	

outside	 this	 range	 is	 shown	 to	 result	 in	 a	 lowering	 of	 both	 the	 graphite	 and	 austenite	

content,	but	also	an	increase	in	the	ferrite	content	(8,	4	and	7wt%	at	800,	925	and	950°C	

respectively).		Minor	traces	of	ferrite	and	cementite	between	825	and	900°C	are	detected	

but	their	quantification	are	inaccurate	at	these	trace	levels	and	are	therefore	not	included	

in	this	plot.		

	

Figure	68	 ‐	Carbon	purity	(wt%)	and	yield	(GC/GFe)	of	analytical	grade	hematite	catalyst	 for	different	
reaction	 temperatures,	measured	by	weight	 (filled	markers)	and	quantitative	XRD	 (empty	markers).
Process	conditions:	atmospheric	pressure,	10sccm	CH4	feed,	20mg	catalyst,	auto‐reduced	and	complete	
deactivation	(19	hrs).	
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Figure	69	‐	XRD	plots	of	different	reaction	temperatures	for	analytical	grade	hematite	(<5um).		Process
conditions:	 atmospheric	 pressure,	 10sccm	 CH4	 feed,	 20mg	 catalyst,	 auto‐reduced	 and	 complete
deactivation	(19	hrs).		Plots	have	been	normalized	for	the	graphite	26°2θ	peak	intensity	where	possible.

Figure	 70	 ‐	 Post‐reaction	 compositional	 analysis	 of	 the	 analytical	 grade	 hematite	 at	 different	 reaction
temperatures,	as	measured	by	using	quantitative	XRD.		Process	conditions:	atmospheric	pressure,	10sccm
CH4	 feed,	20mg	 catalyst,	auto‐reduced	and	 complete	deactivation	 (19	hrs).	 	The	proportion	of	 ferrite	 is
indicated	 for	 the	 samples	 that	 have	 sufficient	 levels,	 the	 rest	 only	 have	 trace	 levels.	 	 Trace	 levels	 of
cementite	are	also	detected	however	are	too	small	to	accurately	estimate	their	relative	composition.			
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SEM	 imaging	 reveals	 that	 the	 carbon	 morphologies	 vary	 greatly	 across	 these	 samples	

(Figure	71).		The	sample	at	750°C	shows	large	iron	agglomerates	with	carbon	in	sporadic	

islands	on	the	surface	of	these	structures	(as	confirmed	by	EDS).		The	775°C	sample	shows	

skin‐like	surface	graphite	encasing	these	large	iron	particles	and	also	the	presence	of	some	

CNOs.		This	graphite	skin	is	less	frequent	in	the	800°C	sample,	and	even	less	conspicuous	

at	850°C,	however	more	CNOs	are	present	in	both	these	samples.		The	types	of	carbon	in	

the	 900°C	 sample	 appear	 similar	 to	 the	 850°C	 sample	 however	 with	 the	 amorphous	

carbon	traces	on	the	surfaces	of	the	CNO	structures.	 	The	sample	at	950°C	appears	to	be	

almost	entirely	composed	of	amorphous	carbon,	in	aggregated	micron	sized	clumps.	

	 	

	 (a)	750°C.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(b)	775°C.		Magnification:		x30K	(left)	and	x100K	(right)	

	 		

(c)	800°C.		Magnification:		x30K	(left)	and	x100K	(right)	
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(d)	850°C.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(e)	900°C.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(f)	950°C.		Magnification:		x30K	(left)	and	x100K	(right)	

Figure	71	‐	SEM	images	of	the	carbon	produced	at	different	reaction	temperatures	using	the	analytical	
grade	 hematite	 sample	 (<5um).	 Process	 conditions:	 atmospheric	 pressure,	 10sccm	 CH4	 feed,	 20mg	
catalyst,	auto‐reduced	and	complete	deactivation	(19	hrs).			

TEM	 imaging	 of	 the	 950°C	 sample	 (Figure	 72)	 reveals	 that	 the	 amorphous	 carbon	

agglomerates	have	a	graphitic	core,	suggesting	that	the	amorphous	carbon	grows	from	the	

surface	of	the	CNO	particles.		The	thickness	of	the	amorphous	carbon	outer	layer	suggests	

that	the	majority	of	carbon	in	this	sample	is	amorphous.	
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Figure	72	 ‐	TEM	 image	of	 the	carbon	produced	at	950°C	showing	an	underlying	CNO	particle	within	
thick	layers	of	amorphous	carbon.	Process	conditions:	atmospheric	pressure,	10sccm	CH4	feed,	20mg	
analytical	grade	hematite,	auto‐reduced	and	complete	deactivation	(19	hrs).			

The	crystalline	structure	of	the	carbon	in	the	samples	as	measured	by	XRD	seems	also	to	

confirm	the	increasing	presence	of	amorphous	carbon	in	the	samples	from	900	to	950˚C.		

The	graphitic	degree	follows	a	similar	profile	as	the	average	graphite	crystal	size	from	775	

to	900°C,	(Figure	73),	but	the	graphitic	degree	of	samples	from	reaction	temperatures	of	

925	and	950°C	diverge	 from	this	 trend	and	 increase	to	~80	and	85%	respectively.	 	This	

divergence	is	 likely	to	be	the	result	of	the	differing	ability	of	each	method	to	account	for	

amorphous	 carbon.	 	 Peak	 broadening	 in	 XRD	 analyses	 is	 typical	 for	 low	 crystalline	

materials	 such	as	 amorphous	 carbon	and	 therefore	more	 likely	 to	 affect	 the	 crystal	 size	

measurements	 (which	 use	 FWHM)	 rather	 than	 graphitic	 degree	 (which	 uses	 the	 Bragg	

angle).	 	Therefore	the	graphitic	degree	formula	 in	this	case	 is	more	of	a	reflection	of	 the	

graphite	at	the	core	of	the	amorphous	carbon	layers,	whereas	the	low	average	crystal	size	

measurement	 captures	 the	 additional	 disorder	 that	 the	 amorphous	 carbon	 adds	 to	 the	

carbon	sample	as	a	whole.		

An	analysis	of	the	average	crystal	sizes	of	the	iron	phases	in	the	samples	(Figure	74)	reveal	

that	 the	 average	 ferrite	 crystal	 size	 is	 greatly	 affected	 by	 the	 reaction	 temperature	

whereas	the	austenite	crystal	size	remains	relatively	stable.		The	size	of	the	ferrite	crystal	

is	significantly	larger	at	750°C	than	at	800°C	(~140	and	~25nm	respectively),	and	is	even	

CNO	with	
iron	core	

Amorphous	
carbon	
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smaller	at	900	and	950°C	(~12nm).		The	austenite	crystal	size	however	remains	at	about	

19‐21nm	throughout	the	temperature	range	of	800‐950°C.			

	

	

		

The	800°C	threshold	temperature	in	this	work	is	likely	to	be	the	point	where	the	catalyst	

utilization	 is	 accelerated	 by	 metal	 dusting.	 	 Metal	 dusting	 is	 important	 to	 enhance	 the	

performance	 of	 unsupported	 polycrystalline	 catalysts	 because	 of	 the	 increase	 in	 active	

Figure	73	 ‐	Average	 crystal	 size	and	 graphitic	degree	of	 the	 carbon	post‐reaction	using	 the	analytical	
grade	 hematite	 at	 various	 reaction	 temperatures.	 The	 Scherrer	 equation	 is	 used	 to	 determine	 the
average	 crystal	 size	 of	 graphite	 using	 the	main	 graphite	 peak	 26°2θ	 (002).	 	 The	 graphitic	 degree	 is
calculated	using	the	Maire	and	Mering	formula	(Maire	and	Mering,	1960).	

Figure	 74	 ‐	 Average	 crystal	 sizes	 of	 the	 dominant	 phases	 post‐reaction	 using	 the	 analytical	 grade	
hematite	at	various	 reaction	 temperatures.	The	Scherrer	equation	 is	used	 to	determine	 the	average
crystal	sizes	using	the	following	peaks:	Austenite	50°2θ	(002)	and	α‐iron	64°2θ	(002).			
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surface	 area	 by	 the	 disintegration	 of	 the	 bulk	 particles.	 	 This	 theory	 is	 supported	 by	

observing	abundant	large	iron	structures	in	the	samples	below	the	threshold	temperature	

(Figure	71a	and	b),	and	by	the	larger	ferrite	crystal	sizes	as	in	the	XRD	plot	(Figure	74).	

Metal	dusting	requires	a	sufficiently	high	reaction	temperature	to	(1)	allow	carbon	atoms	

to	fully	diffuse	into	and	saturate	the	iron	agglomerate,	and	(2)	promote	metastable	carbide	

decomposition	(Ermakova	et	al.,	2001).	 	A	deficiency	 in	either	of	 these	 factors	results	 in	

premature	deactivation	of	the	bulk	catalyst	structures.	 	Both	these	factors	are	dependent	

on	the	aggregate	particle	and	crystal	sizes:		larger	particles	require	higher	temperatures	to	

drive	 full	 carbon	 diffusion,	 and	 it	 can	 also	 be	 argued	 that	 the	 particle	 crystal	 size	may	

affect	 the	 temperature	 required	 by	 carbide	 to	 be	 metastable	 (it	 is	 known	 that	 small	

particle	 sizes	 have	 lower	 melting	 temperatures	 (Jiang	 et	 al.,	 2006,	 Allen	 et	 al.,	 1986,	

Kofman	et	al.,	1994).	The	threshold	temperature	is	therefore	the	minimum	temperature	to	

ensure	 full	 diffusion	 and	 metastable	 carbide	 decomposition.	 	 Therefore	 the	 lower	

threshold	temperature	(680°C)	reported	in	(Ermakova	et	al.,	2001)	for	unsupported	iron	

catalysts	are	likely	to	be	the	result	of	having	smaller	ferrite	crystals,	due	to	either	having	

smaller	 initial	 oxide	 crystal	 sizes	 (100nm	 compared	 to	 120nm	 in	 the	 current	work)	 or	

more	likely	a	different	reduction	process	(700°C	in	hydrogen	compared	to	auto‐reduction	

at	850°C	in	the	current	work).		This	difference	is	represented	in	Figure	75.	

	

	

	

	

	

	

	

The	 results	 also	 show	 that	 less	 graphite	 and	more	 amorphous	 carbon	 is	 yielded	 when	

reaction	temperatures	are	significantly	higher	than	this	threshold	temperature.	 	Samples	

greater	than	900°C	are	shown	to	have	more	amorphous	carbon	because	of	the	higher	rates	

of	 methane	 pyrolysis	 (non‐catalytic	 methane	 decomposition)	 at	 these	 higher	

temperatures.	 	When	 deposited	 on	 the	 surface	 of	 graphite	 particles,	 amorphous	 carbon	

prematurely	deactivates	 the	 reaction	 (and	 the	production	of	 graphite)	by	 restricting	 the	
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Figure	 75	 ‐	Graphical	 representation	 of	 the	 threshold	 temperature	 for	 an	 auto‐reduced	 sample	
(current	work)	and	a	hydrogen	reduced	sample	by	(Ermakova	et	al.,	2001).	
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adsorption	of	methane	onto	the	iron	core.		These	results	are	in	line	with	most	publications	

which	 show	 lower	 total	 carbon	 yields	 with	 higher	 temperatures	 despite	 having	 higher	

conversion	rates	due	 to	higher	 rates	of	methane	dissociation	and	 increase	 in	 the	atomic	

mobility	of	 the	catalyst	particles	(McCaldin	et	al.,	2006,	Avdeeva	et	al.,	1999).	 	 	However	

different	mechanisms	 to	 the	 current	work	 are	 the	 reasons	why	 these	 studies	produce	 a	

lower	yield	of	graphite.		Higher	temperatures	in	these	studies	produce	undesirable	carbon	

types;	namely	CNOs	instead	of	CFs,	which	are	known	to	have	comparatively	lower	carbon	

yields	due	to	their	encapsulating	nature.		The	low	temperature	ranges	undertaken	in	these	

studies	(<800°C)	are	insufficient	to	produce	amorphous	carbon	needed	to	further	restrict	

graphite	production	as	revealed	in	the	current	work.	

The	reaction	of	unsupported	polycrystalline	catalysts	for	TCMD	is	complex	in	comparison	

to	 typical	 supported	 catalysts	 because	 of	 the	 multitude	 of	 interactions.	 	 This	 unique	

reaction	can	be	described	using	a	series	of	known	solid‐fluid	reactions	models,	including:	

the	 Shrinking	 Core	 Model	 (SCM)	 (Wen	 and	 Wang,	 1970),	 Crackling	 Core	 Model	 (CCM)	

(Park	 and	 Levenspiel,	 1975),	 and	 the	 Cracking	 Shrinking	 Model	 (CSM)	 (Martins	 and	

Margarido,	 1996).	 	 The	 dusting	 mechanism	 starts	 with	 methane	 dissociation	 on	 the	

surface	 of	 the	 polycrystalline	 ferrite	 particle	 (after	 full	 iron	 oxide	 reduction).	 	 The	

resulting	surface	carbon	atoms	diffuse	into	the	periphery	of	the	polycrystalline	particle	in	

similar	fashion	to	the	SCM.	 	This	is	represented	schematically	in	Figure	76a	(left)	and	an	

SEM	image	(right).		This	sub‐surface	layer	of	diffused	carbon	eventually	reaches	saturation	

and	precipitates	as	graphite	 layers	on	 the	surface	of	 the	polycrystalline	particle	 (termed	

graphite	 skin).	 	 This	 second	 stage	 has	 been	 termed	 ‘the	 surface	 carbide	 decomposition’	

stage	(SCD)	and	is	shown	in	Figure	76b.		The	deposited	layer	of	graphite	reduces	the	rate	

of	 reaction	 by	 forming	 a	 diffusion	 barrier	 between	methane	 and	 the	 iron	 surface.	 	 This	

slower	rate	allows	the	carbon	atoms	from	further	methane	dissociation	to	diffuse	deeper	

into	 the	 polycrystalline	 particle	 and	 saturate	 the	 crystal	 clusters.	 	 The	 saturation	 and	

subsequent	 precipitation	 of	 graphite	 from	 these	 crystal	 clusters	 along	 the	 grain	

boundaries	forces	the	polycrystalline	particle	apart,	as	per	the	CCM.		This	stage	concludes	

the	first	cycle	of	metal	dusting	and	is	shown	in	Figure	76c.			
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Carbon diffusion 

																			 	

(a)	 Stage	 1:	 Shrinking	 core	model	 –	 first	 cycle	 (SCM1)	 of	methane	 dissociation	 and	 carbon	 diffusion	within	 the	
periphery	of	the	reduced	polycrystalline	iron	particle.	

												 	

(b)	Stage	2:	Surface	carbide	decomposition	–	first	cycle	(SCD1):	Precipitated	graphite	forms	a	graphite	skin	around	
the	polycrystalline	particle	

							 	

c)	 Stage	 3:	 Crackling	 core	model	 –	 first	 cycle	 (CCM1):	 Saturated	 crystal	 cluster	 of	 the	 polycrystalline	 particle	
precipitates	graphite	from	the	grain	boundaries	and	forces	thus	forcing	the	sections	apart	(metal	dusting).	

Figure	76	–	Three	stage	reaction	model	of	the	first	cycle	of	the	metal	dusting	process	for	polycrystalline	
iron	catalysts	in	TCMD.	

This	 metal	 dusting	 cycle	 is	 repeated	 numerous	 times	 until	 either	 (1)	 the	 particle	 has	

dusted	 into	 single	 crystals,	 or	 (2)	 insufficient	kinetics	 results	 in	premature	deactivation.		

Therefore	the	number	of	cycles	is	dependent	on	the	reaction	conditions	(temperature	and	

reaction	 duration),	 the	 aggregate	 size	 of	 the	 poly‐crystal	 and	 the	 size	 of	 the	 individual	

single	crystals.		Figure	77	is	a	representation	of	the	metal	dusting	process	cycles	and	their	

dependence	on	the	aggregate	poly‐crystal	sizes.		
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Figure	77	‐	Metal	dusting	cycle	for	polycrystalline	catalysts	and	their	dependence	on	aggregate	particle	
size.	

The	proportion	of	 the	 four	 types	of	 carbon	produced	 in	 atmospheric	pressure	 reactions	

(CNOs,	CFs,	graphite	flakes	and	cluster	CNOs)	are	determined	by	(1)	the	degree	of	metal	

dusting,	 (2)	 the	 size	 of	 the	 single	 crystals,	 and	 (3)	 the	 rate	 of	 the	 reaction.	 	 The	 single	

crystals	 resulting	 from	 full	metal	dusting	produce	either	CNOs	or	CFs	dependent	on	 the	

crystal	 size,	 as	 discussed	 in	 Section	 5.2.2.2.	 	 Larger	 CNOs,	 termed	 ‘cluster	 CNOs’,	 are	

witnessed	when	the	crystal	clusters	have	not	 fully	dusted.	 	Graphite	 flakes	are	produced	

by	the	exfoliation	of	the	graphite	skin	produced	during	the	SCD	stages	of	the	metal	dusting	

cycle.	 	Larger	single	crystals	 tend	to	produce	more	graphite	 flakes	because	of	 the	higher	

tendency	for	surface	carbide	decomposition	instead	of	full	crystal	carbon	saturation.		The	

final	 metal	 dusting	 cycle	 and	 the	 corresponding	 carbon	 types	 produced	 are	 shown	 in	

Figure	78.	
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Figure	78	‐	Final	cycle	of	the	metal	dusting	cycle	showing	the	four	primary	carbon	types	produced	from	
polycrystalline	catalyst	particles.	

The	crystal	structure	and	iron	phase	composition	of	the	iron	particle	after	metal	dusting	is	

also	shown	to	be	affected	by	the	reaction	temperature.		The	iron	in	the	samples	below	the	

800°C	threshold	temperature	is	exclusively	ferrite	with	large	crystal	sizes.		As	the	reaction	

temperature	 rises	 there	 is	 a	 higher	proportion	of	 austenite	with	 smaller	 crystal	 sizes	 in	

place	 of	 ferrite.	 	 After	 900°C	 the	 formation	 of	 amorphous	 carbon	 initiates	 and	 the	

proportion	 of	 austenite	 begin	 to	 decline	 in	 favour	 of	 ferrite,	 however	 in	 smaller	 crystal	

sizes.		This	is	shown	schematically	in	Figure	79.		Similar	phase	changes	with	temperature	

were	shown	by	(Zhang	and	Ostrovski,	2001)	for	cementite	production	by	carburizing	iron	

ore.		
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CCM2	
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CNO		 CNO	
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Figure	79	 ‐	Temperature	 effects	 of	 the	 recrystallization	 of	 a	 single	 crystal	 iron	particle	 after	metal	
dusting.			

For	 post	 metal	 dusting	 samples	 (at	 reaction	 temperatures	 above	 the	 threshold	

temperature)	 this	 phenomenon	 can	 be	 explained	 using	 the	 cyclical	 pressure	 elevation	
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cycle	mechanism	described	 in	 earlier	 sections.	 	 Samples	 at,	 or	 just	 above,	 the	 threshold	

temperature	 (800‐825°C)	 are	 only	 able	 to	 generate	 sufficient	 residual	 pressures	within	

the	CNO	 to	partially	 recrystallize	 the	single	crystal	 ferrite	crystal,	 thus	 remaining	with	a	

single	 crystal	 ferrite	 core	 (Figure	70).	 	At	 reaction	 temperatures	of	850‐900°C	sufficient	

residual	 pressures	 are	 generated	 to	 fully	 recrystallize	 the	 ferrite	 into	 smaller	 cementite	

crystals,	which	eventually	decompose	into	austenite	crystals	(Figure	74).		Higher	reaction	

temperatures	 (925‐950°C),	 result	 in	 sufficient	 residual	 pressure	 to	 recrystallize	 into	

cementite	 however	 over	 time	 the	 residual	 pressure	 is	 alleviated	 (due	 to	 the	 stress	

relieving	 effect	 these	 temperatures	 have	 on	 the	 graphite	 shell)	 and	 this	 metastable	

cementite	 in	 turn	decomposes	 into	 ferrite	 and	 austenite,	 turning	 the	once	 single	 crystal	

ferrite	 particle	 into	 a	 polycrystalline	 particle.	 	 It	 is	 thought	 that	 this	 relieving	 of	 the	

residual	 pressure	 is	 because	 (1)	 the	 high	 temperature	 anneals	 and	 reforms	 the	 CNO	

structure	 into	 a	 less	 stressed	 state,	 and	 (2)	 the	 amorphous	 carbon	 layer	 limits	 the	CNO	

growth	and	subsequent	re‐pressurization.			

In	 summary,	unsupported	polycrystalline	analytical	hematite	 catalysts	 (<5um)	 require	 a	

minimum	 reaction	 temperature	 of	 800C	 to	 initiate	 the	 TCMD	 reaction.	 	 This	 threshold	

temperature	 is	 the	 point	where	metal	 dusting	 of	 the	 aggregate	 particles	 is	 accelerated;	

thereby	enhancing	the	catalyst	utility	by	increasing	the	active	catalyst	surface	area.	 	This	

temperature	is	therefore	(1)	promotes	full	carbon	diffusion	into	the	iron	particle	and	(2)	

enables	 the	 decomposition	 of	metastable	 cementite	 and	 initiate	 the	 carbide	 cycle,	 as	 in	

Figure	66.	 	Reaction	temperatures	well	 in	excess	of	this	threshold	temperature	(>900C)	

result	 in	higher	 amounts	of	 amorphous	 carbon	production	via	non‐catalytic	pyrolysis	of	

methane.	 	These	amorphous	carbon	 layers	deposit	on	 top	of	 the	graphite/iron	structure	

and	prematurely	deactivate	 the	 reaction	by	 restricting	 the	methane	 from	contacting	 the	

iron	 core	 and	 further	 metal	 dusting.	 	 The	 metal	 dusting	 mechanism	 of	 unsupported	

polycrystalline	iron	catalysts	can	be	explained	using	a	series	of	solid‐fluid	reaction	models	

in	iterative	cycles.		The	initial	stage	of	the	first	cycle	involves	carbon	diffusion	at	saturation	

into	the	upper	layer	of	the	particle	(following	the	shrinking	core	model),	due	to	the	rapid	

methane	 dissociation	 rate	 on	 the	 bare	 iron	 surface.	 	 Graphite	 layers	 are	 subsequently	

precipitated	 on	 to	 the	 surface	 of	 the	 entire	 polycrystalline	 particle	 during	 carbide	

formation	 and	decomposition	 stage	 (SCD).	 	Metal	 dusting	 is	 eventually	 promoted	 in	 the	

final	stage	by	these	graphite	layers	which	retard	the	interaction	between	methane	and	the	

surface	 of	 the	 iron	 and	 thus	 slowing	 the	 reaction	 rate	 sufficiently	 to	 allow	 full	 particle	

carbon	 diffusion.	 	 This	 ruptures	 the	 particle	 as	 per	 the	 CCM,	 and	 thus	 forming	 smaller	

polycrystalline	 iron	 fragments	 and	 graphite	 flakes.	 	 These	 stages	 are	 repeated	 until	 the	

particle	 has	 dusted	 into	 single	 crystals	 or	 the	 reaction	 deactivates	 due	 to	 insufficient	
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system	kinetics.		The	reaction	temperature	also	affects	the	phase	or	the	iron	particles	after	

metal	 dusting	 due	 to	 its	 influence	 on	 the	 CNO	 shell	 strength	 and	 their	 internal	 residual	

pressures.	 	Temperatures	at	or	just	above	the	threshold	temperature	produce	CNOs	with	

sufficient	 strength	 to	 sustain	 the	 residual	 pressures	 needed	 to	 recrystallise	 the	 ferrite	

particle	 eventually	 into	 smaller	 and	 stable	 austenite	 crystals.	 	 Reactions	 at	 higher	

temperatures	(>900C)	on	the	other	hand	recrystallises	ferrite	into	smaller	austenite	and	

ferrite	 crystals.	 	 This	 is	 believed	 to	 be	 due	 to	 a	 low	 residual	 pressure	 that	 cannot	 fully	

support	the	austenite	phase,	which	is	a	result	of	the	temperature	annealing	effect	on	the	

CNO	shell	strength.	

5.2.2.4.2. Pressure	effects	

The	reaction	pressure	effects	were	tested	using	20mg	of	analytical	grade	hematite	(<5um)	

at	pressure	intervals	of	1	bar,	with	all	other	reaction	conditions	remaining	the	same	as	the	

previous	experiments	 (namely	850°C,	20sccm	methane,	 auto‐reduction,	19	hr	duration).		

The	 reaction	 temperature	of	850°C	was	 chosen	because	 it	 is	 the	midway	point	between	

the	 threshold	 temperature	 (800°C)	 and	 the	 onset	 of	 amorphous	 carbon	 production	

(900°C).	

The	 results	 indicate	 that	 there	 is	 a	 positive	 linear	 relationship	 between	 the	 reaction	

pressure	and	the	total	carbon	yield.	 	The	profile	(Figure	80)	shows	that	the	carbon	yield	

increases	 from	 ~9g/g	 at	 atmospheric	 pressure	 to	 over	 22	 g/g	 at	 9	 bar	 absolute,	

corresponding	 to	 carbon	 purities	 of	 ~90‐96%	 respectively.	 	 The	 two	 methods	 of	

determining	 carbon	 yield	 (the	 weighing	 and	 XRD	 methods,	 shown	 as	 filled	 and	 empty	

triangle	markers	 respectively	 in	Figure	80)	provide	 increasingly	divergent	values	 as	 the	

reaction	 pressure	 rises.	 	 This	 is	 likely	 to	 be	 due	 to	 higher	 inaccuracies	 with	 the	 XRD	

measurements	as	the	carbon	yield	increases	and	the	trace	level	of	iron	diminishes.		These	

trace	 quantities	 of	 iron	 are	 more	 influenced	 by	 signal	 noise	 in	 XRD	 and	 are	 therefore	

overestimated;	leading	to	an	underestimation	of	the	total	carbon	yield.	

The	XRD	plots	(normalized	against	the	graphite	26°2θ	peak	intensity	in	Figure	81)	show	

that	 the	 iron	 phase	 progressively	 transition	 from	 ferrite	 to	 austenite	 and	 finally	 to	

cementite	as	 the	reaction	pressure	 increases.	 	All	 trace	quantities	of	 ferrite	disappear	 in	

the	 samples	 exceeding	 1	 bara,	 after	 which	 only	 austenite	 is	 present	 until	 traces	 of	

cementite	appear	at	4	bara.		The	quantity	of	austenite	progressively	diminishes	in	favour	

of	 cementite	until	7	bara,	where	only	cementite	 is	present.	 	Further	 increasing	pressure	

from	7‐9	bara	does	not	seem	to	further	influence	this	final	iron	phase.	
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A	compositional	analysis	of	the	samples	by	quantitative	XRD	(Figure	82)	confirms	that	the	

iron	phase	transitions	gradually	between	the	pressure	range.	 	Austenite	 is	the	main	iron	

phase	between	1	and	3	bara,	which	gradually	 converts	 into	 cementite	 from	5	 to	7	bara.		

Only	cementite	is	present	thereafter.			

Figure	80	‐	Carbon	purity	(wt%)	and	yield	(GC/GFe)	of	analytical	grade	hematite	catalyst	for	different
reaction	 pressures,	measured	 by	weight	 (filled	markers)	 and	 quantitative	 XRD	 (empty	markers).
Process	conditions:	850°C,	10sccm	CH4	 feed,	20mg	catalyst,	auto‐reduced	and	complete	deactivation
(19hrs).		

Figure	81	‐	XRD	plots	for	analytical	grade	hematite	(<5um)	at	different	reaction	pressures	(atmospheric
to	 9	 bar	 absolute).	 	 Process	 conditions:	 850C,	 10sccm	 CH4	 feed,	 20mg	 catalyst,	 auto‐reduced	 and
complete	deactivation	(19	hrs).			
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SEM	 imaging	 of	 the	 carbon	 samples	 (Figure	 83)	 reveal	 that	 elevated	 reaction	pressures	

increase	the	presence	and	size	of	 larger	graphite	structures.	 	Graphite	flakes	appear	thin	

and	 sheet‐like	 between	 1‐4	 bara,	 and	 become	 larger	 and	 more	 shell‐like	 as	 pressures	

increases	further.		These	shell‐like	structures	are	referred	herein	as	‘Carbon	Micro	Shells’	

(CMS),	 measure	 in	 excess	 of	 1	micron	 in	 the	 higher	 pressure	 samples.	 	 	 CNOs	 are	 also	

observed	in	high	quantities	in	all	pressures	samples,	however	they	appear	to	decrease	in	

size	with	higher	pressures.	

	 	

(a)	Atmospheric	pressure.		Magnification:		x30K	(left)	and	x100K	(right)	

Figure	82	‐	Post‐reaction	compositional	analysis	of	the	analytical	grade	hematite	at	different	reaction
pressures,	as	measured	by	using	qualitative	XRD.		Process	conditions:	850C,	10sccm	CH4	feed,	20mg	
catalyst,	 auto‐reduced	 and	 complete	 deactivation	 (19	 hrs).	 	 Trace	 levels	 of	 ferrite	 was	 detected	
however	are	too	small	to	accurately	estimate	their	relative	composition.			
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(b)	3	bar	absolute.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(c)	5	bar	absolute.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(d)	7	bar	absolute.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	

(e)	9	bar	absolute.		Magnification:		x30K	(left)	and	x100K	(right)	

Figure	83	–	SEM	 images	of	 the	 carbon	produced	at	different	 reaction	pressures	using	 the	analytical	
grade	 hematite	 sample	 (<5um).	 	 Process	 conditions:	 850˚C,	 10sccm	 CH4	 feed,	 20mg	 catalyst,	 auto‐
reduced	and	complete	deactivation	(19hrs).	
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CMS	 are	 hollow	 (Figure	 84a	 and	 b)	 and	 graphitic	 (Figure	 84d)	with	 sizes	 several	 times	

larger	 than	 typical	 CNOs.	 	 Most	 of	 these	 shells	 are	 agglomerated	 together	 in	 sequence	

suggesting	 that	 they	 have	 a	 common	 catalytic	 origin.	 	 Figure	 84c	 shows	 a	 typical	

agglomerated	shell	with	a	large	catalyst	particle	(~500nm)	on	one	end.		

	
(a)	

	
(b)	

	
(c)	

CNOs	

CMS

Catalyst	particle
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(d)	

Figure	84	‐	CMS	images:	(a)	TEM	of	CMS	in	comparison	to	a	typical	CNO,	(b)	SEM	of	a	CMS	revealing	its	
hollow	nature,	 (c)	TEM	of	a	 sequenced	CMS	with	an	embedded	 catalyst	particle,	 (d)	HRTEM	of	CMS	
section	with	a	magnified	inset	showing	the	graphitic	layers.	

The	 graphite	 crystal	 size	 and	 graphitic	 degree	 (as	 measured	 by	 XRD)	 shows	 good	

correlation	with	the	proportion	of	carbon	structures	witnessed	in	the	SEM	analysis.		Both	

of	these	properties	are	shown	to	have	a	slight	increase	with	higher	reaction	pressures,	in	

line	with	the	observation	of	larger	carbon	structures	(Figure	85).	

	

	

Further	XRD	measurements	show	that	the	average	crystal	size	of	the	iron	phases	in	the	

samples	are	not	influenced	by	the	reaction	pressure	(Figure	86).		Both	austenite	and	

cementite	phases	appear	to	have	a	constant	crystal	size	regardless	of	the	reaction	

pressure	(~21	nm	and	~43nm	respectively).	

Figure	85	‐	Average	crystal	size	and	graphitic	degree	of	the	carbon	post‐reaction	using	the	analytical
grade	 hematite	 at	 various	 reaction	 pressures.	 The	 Scherrer	 equation	 is	 used	 to	 determine	 the
average	crystal	size	of	graphite	using	the	main	graphite	peak	26°2θ	(002).	 	The	graphitic	degree	is
calculated	using	the	Maire	and	Mering	formula	(Maire	and	Mering,	1960).		
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The	surface	area	of	the	carbon	shows	a	positive	trend	with	reaction	pressure	from	~14	to	

23	m2/g	at	1	and	9	bara	pressure	respectively	(Figure	87).	 	The	dashed	trendline	in	this	

figure	is	the	surface	area	after	the	effect	of	the	iron	impurities	are	removed,	proving	that	

this	trend	is	not	related	to	carbon	purity	(Figure	80).			

	

Figure	 87	 ‐	BET	 surface	 area	 scatter	 plot	 and	 trendline	 (solid	 line)	 of	 carbon	 samples	 at	 different	
pressures.	 	The	dashed	 trendline	 is	 the	surface	area	of	 the	carbon	only	after	accounting	 for	 the	 iron	
impurities.	

Figure	86	‐	Average	crystal	sizes	of	the	dominant	phases	using	the	analytical	grade	hematite	at	various
reaction	temperatures.	The	Scherrer	equation	is	used	to	determine	the	average	crystal	sizes	using	the
following	peaks:	Austenite	50°2θ	(002)	and	cementite	49°2θ	(221).			
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From	these	results	it	can	be	deduced	that	elevated	pressures	are	able	to	increase	the	total	

carbon	 yield	 of	 polycrystalline	 iron	 catalysts	 by	 (1)	 enhancing	 metal	 dusting,	 and	 (2)	

promoting	the	growth	of	large	graphite	structures.		

	

Enhancing	metal	dusting	

Studies	 have	 shown	 that	 ferrous	 alloys	 undergo	 accelerated	 metal	 dusting	 within	

carbonaceous	 atmospheres	 at	 elevated	 pressures	 (Maier	 et	 al.,	 1998,	 Levi	 et	 al.,	 2002).		

This	 effect	 is	 especially	 beneficial	 for	 larger	 polycrystalline	 catalyst	 particles	 because	

dusting	 increases	 the	 active	 catalyst.	 surface	 area.	 	 The	 effect	 of	 this	 enhanced	 metal	

dusting	is	evidenced	by	smaller	CNOs	(Figure	88)	and	higher	surface	areas	(Figure	87)	for	

reactions	at	elevated	pressures.		The	positive	trend	between	the	carbon	surface	area	and	

pressure	also	suggests	that	there	is	more	carbon	as	CNOs	rather	than	CMSs	in	all	pressure	

stages,	 otherwise	 the	 opposite	 trend	 would	 be	 observed	 because	 of	 the	 expected	 low	

surface	area	of	the	CMS	structures	due	to	their	high	graphitic	degree	and	size.	

	

				 					

	

Figure	88	‐	Significantly	larger	CNO	sizes	at	atmospheric	pressure	(left)	than	at	9	bara	(right)	
	

The	 significantly	 smaller	 sizes	 of	 the	 CNOs	 produced	 at	 elevated	 pressure	 reactions	

compared	 to	 lower	pressure	 samples	 suggest	 that	 these	 samples	may	undergo	a	 second	

stage	 of	 metal	 dusting	 beyond	 the	 complete	 separation	 of	 the	 single	 crystals	 in	 the	

polycrystalline	 particle.	 	 The	 elevated	 pressures	 may	 in	 fact	 also	 allow	 the	 dusting	 of	

formerly	 single	 crystal	 particles	 after	 re‐crystallisation	 into	 austenite.	 As	 discussed	 in	

earlier	sections,	single	crystals	of	ferrite	recrystallise	into	smaller	crystals	of	austenite	due	

to	 the	 high	 residual	 pressures	 caused	 by	 CNO	 growth	 via	 the	 carbide	 cycle.	 Further	

increase	 in	pressure	 causes	 these	austenite	 single	 crystals	 to	 form	 into	 cementite	 single	

crystals	and	dust	the	particle	causing	the	CNO	to	rupture.		This	theory	is	supported	by	the	

crystal	 sizes	of	austenite	and	cementite	 (~21	and	43nm	respectively)	being	consistently	
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smaller	than	the	oxide	crystal	size	(~120nm),	as	in	Figure	50.		Therefore	elevated	reactor	

pressures	 are	 able	 to	 dust	 the	 catalyst	 into	 poly‐crystals	 smaller	 than	 the	 initial	

polycrystalline	particle	crystals,	resulting	in	higher	active	catalyst	and	carbon	surface	area	

and	consequently	higher	total	carbon	yield.		This	is	shown	schematically	in	Figure	89.	

	

	

Figure	89	 ‐	Schematic	of	elevated	pressures	dusting	polycrystalline	particles	 to	crystal	sizes	smaller	
than	the	original	particle.	

Growth	of	large	graphite	structures	

Elevated	 pressures	 are	 able	 to	 extend	 the	 longevity	 of	 polycrystalline	 catalysts	 by	

extending	 the	 growth	 of	 surface	 carbide	 carbon	 structures	 that	 do	 not	 deactivate	 the	

catalyst.	 	 These	 carbon	 structures,	 such	 as	 graphite	 flakes	 or	 CMS,	 envelope	 the	

polycrystalline	 catalyst	 however	 they	 do	 not	 inhibit	 methane	 contact	 permanently	

because	 their	 size	 makes	 them	 susceptible	 to	 being	 ruptured.	 Once	 ruptured,	 the	

polycrystalline	particles	either	continue	producing	surface	carbon	structures	or	eventually	

dust	 into	 single	 crystal	 particles;	 thus	 forming	 CNOs	 and	 other	 structures	 as	 per	



CATALYST	DEVELOPMENT	 	 117	
	

atmospheric	pressure	 conditions.	 	Therefore	elevated	pressures	are	able	 to	 increase	 the	

total	 carbon	 yield	 by	 extending	 the	 period	 of	 surface	 carbide	 carbon	 growth	whilst	 not	

affecting	the	eventual	CNO	production.		A	schematic	of	this	is	shown	in	Figure	90.		

	

Figure	90	‐	Pressure	effects	on	carbon	formation	from	surface	carbide	reactions	on	polycrystalline	iron	
particles.	

These	surface	carbide	carbon	structures	 form	when	the	methane	dissociation	rate	 is	 too	

high	to	allow	bulk	saturation	and	dusting	of	the	polycrystalline	iron	particle.		What	results	

is	 the	 carburization	 of	 the	 periphery	 of	 the	 iron	 structure	 and	 the	 subsequent	

decomposition	of	the	metastable	cementite	iron	phase	into	graphite	layers	that	envelope	

the	entire	structure;	creating	a	diffusion	barrier	for	further	methane‐iron	adsorption.		For	

lower	 pressure	 reactions	 this	 can	 result	 in	 a	 lowering	 of	 the	 reaction	 rate,	 full	 particle	

dusting	and	a	rupturing	of	the	structure	(observed	as	graphite	flakes).		Elevated	pressures	

on	 the	 other	 hand	 produce	 larger	 carbon	 structures,	 such	 as	 CMS,	 by	 sustaining	 higher	

reaction	 rates	 despite	 the	 higher	 diffusion	 barriers	 by	 the	 graphite	 layers.	 	 These	 CMS	

structures	are	therefore	essentially	larger	and	more	stable	forms	of	graphite	flakes.	
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At	elevated	pressure	conditions	these	CMS	structures	continue	to	grow,	as	per	the	surface	

carbide	cycle	described	earlier,	until	 sufficient	 internal	pressure	 is	developed	 to	rupture	

the	shell.		This	either	causes	the	polycrystalline	iron	core	to	dust	and	be	expelled	from	the	

structure,	or	allows	 for	 further	surface	carbide	carbon	 to	develop	on	 the	newly	exposed	

catalyst	 surface.	 	 Evidence	 for	 both	 of	 these	 effects	 can	 be	 seen	 in	 most	 high‐pressure	

reactions.		Figure	91a	(a)	is	a	schematic	showing	the	expulsion	of	the	internal	iron	crystals	

and	their	formation	into	CNOs,	(b)	shows	a	hollow	CMS	after	expulsion	and	(c)	evidence	of	

CNOs	within	a	CMS.			

	

	
(a)	

	 	
(a)	 	 	 	 	 	 (c)	

Figure	 91	 ‐	 CMS	 caused	 by	 inner	 polycrystalline	 dusting	 and	 being	 expelled	 from	 the	 shell.	 	 a:	
Schematic	 of	 dusting	 expulsion	 and	 the	 subsequent	 formation	 of	 CNOs.	 	 b:	 TEM	 image	 of	 CMS	
completely	void	of	internal	material.		c:	TEM	image	of	CMS	with	internal	CNOs.	

The	majority	of	CMS	particles	in	the	elevated	pressure	reactions	appear	agglomerated	in	a	

hollow	 chain‐like	 structure	 (Figure	 92b),	 suggesting	 that	 the	 surface	 carbide	 reaction	

often	continues	after	rupture.		These	agglomerated	CMS	structures	are	always	hollow	and	

sometimes	contain	a	large	catalyst	particle	on	one	end	(Figure	92c),	suggesting	that	their	

growth	 stems	 from	 a	 common	 origin	 similar	 to	 CFs.	 The	 growth	 mechanism	 for	 these	

structures	is	likely	to	follow	a	stepwise	process	involving	periodic	surface	graphite	growth	

and	 rupture,	 with	 each	 ruptured	 section	 adhering	 to	 the	 previous	 (Figure	 92a).	 	 The	

rupture	of	the	graphite	structure	allows	methane	to	contact	the	surface	of	the	iron	particle	

uninhibited	and	 thus	maintain	 the	high	 reaction	 rate	needed	 for	 surface	 carbide	growth	

CMS	

CNOs	

CNOs
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indefinitely.	 	The	shell	must	rupture	before	the	reaction	rate	 lowers	sufficiently	to	allow	

metal	 dusting;	 either	 by	 very	 high	 pressures,	 weak	 carbon	 structures,	 or	 iron	 particle	

geometry	 (polycrystalline	 size,	 single	 crystal	 size	 and	 shape).	 	 The	 large	 sizes	 of	 the	

embedded	 catalyst	 particles	 (~0.5um)	 suggest	 that	 they	 are	 not	 single	 crystal	 (average	

crystal	 size	 for	 the	 iron	 oxide	 is	 ~120nm	 as	 measured	 by	 XRD,	 Figure	 50)	 and	 thus	

supports	this	theory.	 	The	rarity	of	embedded	particles	in	these	images	suggests	that	the	

iron	core	eventually	breaks	up	over	time,	either	by	attrition	or	dusting.	

	

(a)	

	 	
(b)	 	 	 	 	 	 (c)	

Figure	92	‐	Agglomerated	CMS	caused	by	a	partial	rupture	of	the	CMS	leading	to	ingress	of	methane	and	
continual	growth	of	agglomerated	graphite	layers	on	the	particle	surface.		a:	Schematic	of	the	growth	of	
an	agglomerated	CMS.	 	b:	SEM	 image	of	an	agglomerated	CMS.	 	c:	TEM	of	agglomerated	CMS	with	an	
internal	catalyst	particle.	

To	the	authors	knowledge	these	novel	graphitic	structures	have	never	been	synthesized	in	

publication.	 Published	 research	 on	 TCMD	 are	 unlikely	 to	 have	 found	 such	 structures	

because	 the	 majority	 support	 the	 catalyst	 to	 reduce	 their	 size	 instead	 of	 using	 large	

polycrystals.		Increasing	pressure	with	small	catalyst	particles	do	not	yield	this	structure.		

The	 closest	 resemblance	 in	 carbon	 structure	 to	 CMS	 in	 publication	have	been	 extracted	

from	 pre‐solar	 carbonaceous	 meteorites	 (Fraundorf	 and	Wackenhut,	 2002,	 Croat	 et	 al.,	

2005,	 Croat	 et	 al.,	 2008)	 that	 occurs	 in	 nature	within	meteorites	 and	 are	 thought	 to	 be	

catalysed	 with	 carbides	 of	 Ti,	 Zr,	 Mo	 or	 Ru.	 	 A	 TEM	 image	 of	 this	 carbon	 structure	

published	by	(Fraundorf	and	Wackenhut,	2002)	is	included	in	Figure	93	for	comparison.			

Catalyst	
particle	
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Figure	93	–	Adapted	TEM	image	of	similar	graphite	structures	found	within	a	meteorite	as	published	
by	(Fraundorf	and	Wackenhut,	2002).	

In	summary,	the	positive	effect	of	elevated	reaction	pressures	on	the	total	carbon	yield	is	

likely	due	to	more	thorough	dusting	of	the	polycrystalline	iron	particles	and	the	growth	of	

large	graphite	structures	such	as	CMS.		Elevated	pressures	increase	the	active	surface	area	

of	 the	catalyst	by	promoting	 full	primary	and	potentially	secondary	metal	dusting	of	 the	

iron	particles,	potentially	beyond	the	original	crystal	sizes	because	of	the	re‐crystallisation	

of	the	single	crystals	into	smaller	austenite	crystals,	and	thus	increase	the	catalytic	active	

surface	 area.	The	high	methane	diffusion	potential	 at	 elevated	pressures	 also	 allows	 for	

larger	carbon	structures	to	develop	(such	as	CMS)	by	maintaining	a	high	reaction	rate	to	

continue	surface	carbide	carbon	growth.		These	larger	structures	increase	the	total	carbon	

yield	because	they	are	easily	ruptured	and	therefore	do	not	deactivate	the	catalyst.		These	

effects	would	be	less	pronounced	on	supported	catalysts	that	are	often	used	in	literature	

and	therefore	may	be	the	reason	why	similar	positive	trends	in	publications	are	rare.	

5.3. Powdered	Catalyst	Summary	

This	chapter	demonstrates	the	activity,	reaction	mechanisms	and	implication	of	using	bulk	

iron	oxide	as	a	 ‘consumable’	catalyst	 for	 the	TCMD	process.	 	Raw	iron	ores	are	 found	to	

have	similar	activity	to	synthetic	forms	of	 iron	oxide	such	as	oxidized	stainless	steel	and	

precipitated	iron	oxides.		The	degree	of	oxidation	of	the	iron	species	is	shown	to	have	little	

effect	on	catalytic	performance,	however	 the	average	 iron	crystal	 size	 is	 shown	to	affect	
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the	 carbon	morphology	 and	 iron	 phases	 after	 the	 reaction.	 	 Ultimately	 the	 type	 of	 iron	

oxide	chosen	depends	on	such	factors	as	cost,	yield	and	types	of	carbon	produced.			

The	 reduction	 of	 these	 catalyst	 oxides	with	methane	 is	 shown	 to	 considerably	 increase	

their	 catalytic	 performance	 compared	 to	more	 traditional	 hydrogen	 reduction	methods.		

This	 is	 likely	 to	 be	 because	 of	 the	 synergies	 between	 the	 simultaneous	 reactions	 of	

reduction	 and	decomposition,	 resulting	 in	more	 active	 catalyst	 sites	 and	 greater	 energy	

efficiencies	between	the	endothermic	decomposition	and	exothermic	reduction	reactions.		

However	 this	 ‘auto‐reduction’	 process	 produces	 trace	 amounts	 of	 carbonaceous	 oxides,	

including	CO,	which	will	need	to	be	addressed	for	certain	hydrogen	usages.	

The	 key	 behind	 the	 catalytic	 longevity	 of	 iron	 catalysts	 is	 the	 ‘carbide’	 cycle’,	 which	

exploits	the	metastable	nature	of	the	cementite	phase	at	elevated	temperatures,	so	that	it	

cyclically	 decomposes	 and	 precipitates	 graphite.	 	Without	 this	 cycle	 the	 catalyst	 rapidly	

deactivates	 when	 a	 sufficiently	 large	 number	 of	 graphite	 layers	 encapsulate	 the	 iron	

particle,	restricting	further	methane	contact	by	creating	a	diffusion	barrier.		Unsupported	

polycrystalline	 analytical	 hematite	 catalysts	 (<5um)	 require	 a	 minimum	 reaction	

temperature	 of	 800C	 to	 initiate	 this	 cycle.	 	 This	 threshold	 temperature	 is	 the	 point	 at	

which	 metal	 dusting	 of	 the	 aggregate	 particles	 is	 accelerated,	 thereby	 enhancing	 the	

catalyst	 utility	 by	 increasing	 the	 active	 catalyst	 surface	 area.	 	 This	 temperature	 (1)	

promotes	full	carbon	diffusion	into	the	iron	particle	and	(2)	enables	the	decomposition	of	

metastable	cementite	and	initiates	the	carbide	cycle.		Reaction	temperatures	well	in	excess	

of	 this	 threshold	 temperature	 (>900C)	 result	 in	 higher	 amounts	 of	 amorphous	 carbon	

production	 via	 non‐catalytic	 pyrolysis	 of	 methane.	 	 These	 amorphous	 carbon	 layers	

deposit	on	top	of	the	graphite/iron	structure	and	prematurely	deactivate	the	reaction	by	

restricting	the	methane	from	contacting	the	iron	core	and	impeding	further	metal	dusting.			

The	 longevity	 of	 large	 unsupported	 polycrystalline	 iron	 catalysts	 lies	 in	 metal	 dusting.		

Metal	dusting	increases	the	surface	area	of	the	catalyst	and	therefore	increases	the	carbon	

yield.		The	metal	dusting	mechanism	of	unsupported	polycrystalline	iron	catalysts	can	be	

explained	using	a	series	of	solid‐fluid	reaction	models	in	iterative	cycles.		The	initial	stage	

of	 the	 first	 cycle	 involves	 carbon	 diffusion	 and	 saturation	within	 the	 upper	 layer	 of	 the	

particle	(following	the	shrinking	core	model)	due	to	the	rapid	methane	dissociation	rate	

on	the	bare	iron	surface.	 	Graphite	layers	are	subsequently	precipitated	on	to	the	surface	

of	 the	 particle	 via	 the	 carbide	 decomposition	 stage	 of	 the	 carbide	 cycle	 (SCD).	 	 Metal	

dusting	 is	 initiated	 as	 the	 growth	 of	 these	 surface	 graphite	 layers	 begin	 to	 slow	 the	

reaction	rate	by	progressively	restricting	methane	contact	with	the	surface	of	the	particle.		

This	metal	dusting	ruptures	 the	particle	as	per	 the	crackling	core	model	 (CCM),	 forming	
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smaller	 polycrystalline	 iron	 fragments	 and	 graphite	 flakes.	 	 These	 stages	 are	 repeated	

until	methane	is	no	longer	able	to	contact	the	surface	of	the	particle.		This	can	occur	after	

the	particle	has	fully	dusted	into	single	crystals	or	when	the	system	kinetics	is	insufficient	

to	continue	the	reaction.			

Elevated	 reaction	 pressures	 are	 shown	 to	 linearly	 increase	 the	 carbon	 yield	 of	 these	

catalysts	 by	 accelerating	 metal	 dusting	 and	 promoting	 the	 growth	 of	 large	 carbon	

structures.	 	The	higher	gas	diffusion	potential	caused	by	these	elevated	pressures	allows	

the	 methane	 to	 penetrate	 through	 more	 encapsulating	 carbon	 layers,	 and	 therefore	

maintain	 the	 reaction	 for	 longer.	 	 These	 prolonged	 durations	 eventually	 promote	 the	

dusting	of	iron	single	crystals	into	smaller	crystals	via	recrystallization	of	the	original	iron	

crystals.		This	‘secondary	dusting’	further	increases	the	active	surface	area	of	the	catalyst	

and	therefore	the	total	carbon	yield.		In	addition	elevated	reaction	pressures	promote	the	

growth	of	larger	carbon	structures	(such	as	CMS).		The	higher	methane	diffusion	potential	

through	the	encapsulating	carbon	layers	increase	the	growth	of	surface	carbide	carbon	by	

extending	 the	 duration	 of	 high	 reaction	 rates.	 These	 larger	 structures	 increase	 the	 total	

carbon	yield	because	they	are	easily	ruptured	and	therefore	do	not	deactivate	the	catalyst	

as	readily.			

The	iron	phases	after	reaction	deactivation	are	dependent	on	the	residual	pressure	within	

the	 CNO	 structures.	 	 These	 constricting	 pressures	 (caused	 by	 the	 carbon	 growth	

mechanism)	aid	 in	maintaining	metastable	 iron	phases	 such	as	 cementite	 and	austenite.	

Cementite	 results	 when	 the	 internal	 pressures	 are	 high	 enough	 to	 restrict	 the	

precipitation	of	carbon	from	the	carbide	core.	 	Slightly	lower	pressures	allow	the	carbon	

to	precipitate	out,	but	sufficiently	high	 to	retain	 the	structure	of	 the	austenite	 iron	core.		

Even	lower	internal	pressures	allow	the	cementite	core	to	further	decompose	into	ferrite	

as	per	the	carbide	cycle.		These	iron	phases	are	also	indirectly	affected	by	the	iron	crystal	

sizes	and	reaction	temperatures	which	exert	an	influence	on	the	CNO	shell	strength.			

The	carbon	produced	by	these	catalysts	is	proven	to	be	mainly	CNOs	with	traces	of	CF	and	

graphitic	flakes.	 	All	these	morphologies	demonstrate	high	graphitic	degree,	as	shown	by	

HRTEM,	 TGA,	 XRD	 and	Raman,	 thus	 highlighting	 their	 potential	 commercial	 value.	 	 The	

type	of	carbon	morphology	is	shown	to	be	influenced	by	the	iron	oxide	crystal	sizes,	with	

small	 crystal	 sizes	 (<25nm)	 producing	 a	 higher	 proportion	 of	 CFs	 and	 larger	 sizes	

(>80nm)	 producing	 more	 graphite	 flakes.	 	 Therefore,	 theoretically	 the	 catalyst	 can	 be	

tailored	to	produce	a	desired	form	of	carbon	by	altering	the	crystal	size	distribution	of	the	

catalyst	 prior	 to	 reaction.	 	 However	 the	 aggregate	 oxide	 sizes	 are	 shown	 not	 to	 have	 a	

significant	effect	on	carbon	yield	because	of	the	rapid	effect	of	metal	dusting.			
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In	 addition,	 the	production	of	novel	 CMS	carbon	 structures	 is	 also	 a	unique	 commercial	

opportunity.	 	 CMSs	 are	 hollow	 graphite	 structures	 one	 order	 of	 magnitude	 larger	 than	

typical	CNOs.	 	These	structures	grow	because	of	 the	high	rate	of	 surface	carbide	carbon	

growth	 in	 elevated	 pressure	 reactions.	 It	 is	 believed	 that	 this	 is	 the	 first	 time	 these	

structures	 have	 been	 synthesized,	 previously	 only	 being	 observed	 in	 meteorites	

(Fraundorf	and	Wackenhut,	2002,	Croat	et	al.,	2005).	 	Further	 investigation	 is	needed	to	

determine	their	properties	and	potential	for	novel	applications.	

These	works	allowed	the	discovery	of	 the	BIEA	phenomenon	which	can	be	exploited	 for	

further	 up‐scale	works.	 	 Elevated	 pressures	 are	 shown	 to	 accelerate	 this	metal	 dusting	

reaction	for	bulk	catalysts	and	therefore	increase	the	catalytic	performance	by	continually	

creating	new	active	catalytic	sites.		This	was	evidenced	by	the	increased	catalytic	activity	

caused	 by	 carbon	 blocking	 the	 reactor	 and	 increasing	 the	 system	 pressure.	 	 	 This	 self‐

pressurizing	 system	 causes	 the	 methane	 conversion	 to	 increase	 beyond	 the	 TEL,	

seemingly	opposing	the	reaction	thermodynamics	for	expanding	gas	reactions.		The	theory	

behind	 this	 phenomenon	 is	 that	 the	 blockage	 creates	 two	 different	 pressure	 regions;	 a	

high‐pressure	upstream	region	with	a	low	TEL	and	low	pressure	downstream	with	a	high	

TEL.		The	high‐pressure	region	increases	the	activity	of	the	catalyst	in	this	region;	though	

bounded	 by	 the	 lower	 TEL.	 	 The	 low‐pressure	 region	 downstream	 allows	 the	 gas	 to	

continue	 reacting	 and	 increase	 the	methane	 conversion	 beyond	 this	 limit.	 	 This	 natural	

dual	 pressure	 system	 therefore	 increases	 the	 catalyst	 utility	 as	 well	 as	 maintains	 high	

conversion	efficiency.	The	analysis	of	the	effect	of	space	velocity	and	back‐pressure	with	

these	catalysts	aided	to	further	validate	the	BIEA	theory	suggested	in	the	previous	section.		

It	 was	 found	 that	 (1)	 the	 elevated	 methane	 flow	 does	 not	 influence	 the	 final	 methane	

conversion	after	blockage	induced	pressurization,	and	(2)	the	back‐pressure	increases	the	

initial	 activity	 of	 the	 reaction	by	 accelerating	metal	 dusting,	 however	 it	 lowers	 the	 final	

methane	 conversion	 in	 line	with	 lower	 TEL	 in	 the	 higher‐pressure	 region	 downstream.		

Scaling	up	 this	 system	also	proves	 that	 the	methane	 conversion	 can	be	 sustained	at	 the	

TEL	without	 the	need	 for	blockage	 induced	pressurization	 so	 long	 as	 the	 space	 velocity	

allows	sufficient	residence	time	for	complete	reaction.			
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6. Process scale‐up techno‐economic feasibility 

This	chapter	provides	a	preliminary	overview	of	the	main	technical	and	economic	aspects	

of	 the	 TCMD	 process	 for	 large‐scale	 commercial	 hydrogen	 production.	 	 It	 begins	 with	

experimental	 and	 empirical	 analyses	 of	 two	 main	 reactor	 configurations	 and	 a	 full	

thermodynamic	 analysis	 of	 this	 process	 for	 clean	 energy	 production.	 Secondly,	 purified	

forms	of	 the	 carbon	product	 are	 tested	 for	 their	 applicability	 in	 fuel	 cells	 and	batteries.		

Finally,	 a	 basic	 economic	 assessment	 of	 the	 catalyst	 turnover	 costs	 of	 this	 process	 is	

undertaken	in	comparison	to	the	highest	performing	catalysts	in	publication	to	ascertain	

its	commercial	potential.	

6.1. Technical	Feasibility	at	elevated	pressures	

The	previous	chapter	shows	that	cheap	iron	ore	fines	can	provide	significant	carbon	yields	

when	 reacted	 at	 elevated	 pressures;	 however	 these	 conditions	 are	 known	 to	 limit	 the	

conversion	 rate	 for	 expanding	 gas	 reactions	 due	 to	 their	 lower	 thermodynamic	

equilibrium.	 	 Commercially,	 these	 lower	 conversion	 rates	will	 require	 larger	 facilities	 if	

scaled‐up	 due	 to	 the	 greater	 volumes	 of	 gasses	 being	 re‐circulated,	 and	 may	 therefore	

diminish	 any	 economic	 advantage	 from	 this	 process	 (Dunker	 and	 Ortmann,	 2006).	 For	

instance,	 a	 reaction	 pressure	 of	 50	 bar	 would	 limit	 the	 TCMD	 reaction	 to	 a	 maximum	

methane	 conversion	 efficiency	 of	 42%	 (at	 900C),	 compared	 to	 96%	 at	 atmospheric	

pressure.	Therefore	 the	size	of	 the	pressurized	plant	would	need	 to	be	 twice	as	 large	as	

the	atmospheric	plant	for	the	same	level	of	hydrogen	capacity.	

However	the	findings	in	earlier	chapters	on	BIEA	suggest	that	it	is	possible	to	attain	both	

high	 carbon	 yield	 and	 methane	 conversions	 by	 using	 reactors	 with	 multiple	 pressure	

zones.	 	 It	was	 discovered	 in	 Section	 5.1.1.2.5	 that	 elevated	 reactor	 pressures	 caused	 by	

blockages	 in	 the	 reactor	 increase	 the	 carbon	 yield	 as	 well	 as	 the	 methane	 conversion	

efficiency	despite	 exceeding	 the	 thermodynamic	 limit	 for	 expanding	 gas	 reactions.	 	 This	

phenomenon	 can	 be	 explained	 by	 the	 blockage	 creating	 two	 pressure	 zones	within	 the	

reaction	tube;	an	elevated	pressures	zone	upstream	of	the	blockage,	and	an	atmospheric	

pressure	zone	downstream.		The	elevated	kinetics	caused	by	the	higher	pressures	increase	

the	 catalyst	 utility	upstream	of	 the	 blockage	by	 accelerating	metal	 dusting,	whereas	 the	

system	 downstream	 allows	 the	 methane	 conversion	 to	 increase	 beyond	 the	 reaction	

equilibrium	 limitations	 within	 the	 higher‐pressure	 zone.	 	 	 This	 natural	 dual‐pressure	

system	therefore	allows	the	system	to	simultaneously	increase	catalyst	yield	and	methane	

conversion	with	the	use	of	elevated	pressures.	
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A	system	can	be	designed	that	utilizes	the	basic	ideas	behind	this	phenomenon	to	obtain	

similar	results	under	continuous	flows	conditions.	A	reactor	design	that	uses	two	or	more	

pressure	 regions	 to	 mimic	 this	 phenomenon	 is	 referred	 to	 in	 this	 work	 as	 a	 Multiple	

Pressure	Reactor	(MPR).		Figure	94b	is	a	schematic	of	a	simplified	example	of	an	MPR	in	

comparison	to	the	natural	blockage	induced	pressure	situation	(Figure	94a).		This	example	

uses	 two	 vessels	 at	 different	 reaction	 pressures,	where	 the	 feed	 gas	 is	 passed	 in	 series	

from	the	high‐pressure	vessel	to	the	low‐pressure	vessel	via	a	pressure	regulator.		

(a)	

NG
High pressure 

reactor
Low pressure 

reactor
Pressure
Regulator

High purity hydrogen

(b)	

Figure	94	 ‐	 (a)	The	natural	dual‐pressure	reactor	 resulting	 from	carbon	deposits	blocking	 the	plug‐
flow	reactor,	and	(b)	Multiple	Pressure	Reactor	(MPR)	based	on	this	concept.	

To	be	economically	scalable,	this	MPR	process	requires	the	catalyst	and	carbon	product	to	

continuously	 transfer	 catalyst	 and	 carbon	 product	 into	 and	 out	 of	 the	 reaction	 vessels	

without	interruption	to	the	process.			There	are	two	proposed	catalyst	flow‐paths;	parallel	

and	counter	 flow.	The	parallel	 flow‐path	option	(Figure	95a)	has	a	continuous	supply	of	

fresh	 catalyst	 independently	 charged	 into	 each	 reactor.	 	 This	 option	 is	 inherently	 less	

complex	 in	 design	 and	 to	 operate	 than	 the	 counter	 feed	 option	 however	 it	 requires	

considerably	more	catalyst	per	unit	hydrogen	(high	catalyst	turnover)	and	also	results	in	

variable	carbon	quality.	The	counter	flow‐path	option	(Figure	95b)	is	when	the	catalyst	is	

transferred	between	the	reactors	in	a	counter‐flow	direction	to	the	gas	(namely	from	low	

to	high	pressure).		This	option	uses	less	catalyst	than	the	parallel	flow‐path	option	because	

all	the	catalyst	passes	through	the	high‐pressure	reactor	and	is	therefore	fully	utilized.	The	

complexities	of	the	counter	flow‐path	option	lie	in	the	balancing	of	the	catalyst	flow	rate	

through	each	stage,	which	is	dependent	on	the	catalyst	reaction	rate,	deactivation	rate	and	

the	 pressure	 range.	 This	 requirement	 imposes	 constraints	 on	 the	 system,	 such	 as	 the	

number	of	stages	and	operating	pressures,	as	well	as	the	spatial	and	structural	design	of	

the	facility.			
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(a)	

	
(b)	

Figure	95	‐	MPR	with	parallel	flow‐path	(a),	and	counter	flow‐path	(b).	

The	aims	of	this	section	are	to	experimentally	and	empirically	investigate	the	feasibility	of	

the	MPR	process	for	the	two	continuous	catalyst	flow‐paths.		Only	approximations	can	be	

made	for	each	flow‐path	because	the	construction	of	a	continuous	flow	reactor	is	beyond	

the	scope	of	this	current	work.		Therefore	the	aim	of	this	work	is	to	estimate	aspects	of	the	

steady	state	performance	of	a	continuous	flow	reactor	using	the	existing	fixed	bed	reactor	

system.	 	For	 instance	 it	will	be	used	to	(1)	determine	the	ability	to	produce	hydrogen	at	

the	TEL	under	a	simulated	reactor	environment	with	high	 inlet	hydrogen	concentration,	

and	 (2)	 test	 the	 effect	 of	 numerous	 pressure	 stages	 on	 the	 catalyst	 carbon	 capacity.		

Empirical	mass	balance	calculations	 from	basic	principles	are	also	used	to	 further	prove	

this	 process	 and	 determine	 the	 possible	 pressure	 ranges,	 reaction	 stages,	 and	 their	

associated	 catalyst	 consumption	 rates.	 	 In	 addition,	 scale	 up	 considerations	 such	 as	 gas	

purity	effects,	reactor	design	details	and	carbon	purity	are	also	discussed	to	determine	the	

technical	feasibility	of	this	novel	process.		

6.1.1. Experimental	

Although	the	construction	or	use	of	an	alternative	reactor	is	out	of	the	scope	of	this	study,	

approximations	 can	 be	 made	 by	 experimentation	 using	 the	 current	 plug	 flow	 reactor	
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system.	Testing	this	process	entirely	using	the	current	fixed	bed	plug	flow	reactor	system	

is	 not	 possible	 because	 of	 its	 inability	 to	 continually	 transfer	 the	 catalyst	 through	 or	

between	 the	 reactor	 stages.	 	However	 aspects	 of	 these	options	 can	be	proven	using	 the	

current	fixed	bed	system.	

6.1.1.1. Catalyst	synthesis	

The	catalyst	used	in	this	experiment	is	vapour‐generated	stainless	steel	(SS316)	made	in	

similar	 fashion	 to	Section	5.1.2.1.1.	 	This	monolithic	 type	catalyst	was	 chosen	 instead	of	

iron	 oxide	 powder	 because	 it	 better	 suits	 the	 existing	 fixed	 bed	 plug	 flow	 system.	 	 An	

excessive	amount	(6	off	40	x	100mm)	of	catalyst	 is	used	to	simulate	continuous	catalyst	

flow	conditions	within	 this	 static	 system	 to	 allow	a	momentary	 glimpse	of	 the	 expected	

steady‐state	continuous	operation.	

6.1.1.2. Methane	Decomposition	Procedure	

The	 reactor	 set‐up	 comprises	 of	 three	 independent	 reactor	 stages	 (3x	 1/2”	 OD	 316SS	

Swagelok,	 700mm	 length)	 with	 different	 set	 back‐pressures	 (12	 bar,	 4	 bar	 and	

atmospheric)	and	an	 isothermal	 temperature	of	850C.	 Instead	of	 linking	the	reactors	 in	

series	 each	 is	 fed	 and	 analysed	 independently	 in	 order	 to	 assess	 their	 individual	

performances.	 	 The	 feed	 gas	 compositions	 of	 each	 reactor	 are	 set	 to	 simulate	 their	

operation	 in	 series,	 where	 each	 of	 the	 reactors	 is	 operating	 at	 their	maximum	 possible	

conversion	 at	 the	 reaction	 pressure	 (Table	 5).	 	 The	 performance	 of	 each	 stage	 is	

determined	by	monitoring	the	effluent	from	each	reactor	using	a	GC.		A	block	diagram	and	

schematic	of	this	process	is	shown	in	Figure	96a	and	b	respectively.	

Reactor	Stage	 R1 R2 R3	

Pressure	(bar)	 1 4 12	

Temperature	(C)	 850 850 850	

Theoretical	TEL	(%)	 91.9 72.3 54.4	

Methane	input	flow	(sccm)	 2.8 4.8 10	

Hydrogen	input	flow	(sccm)	 14.4 10.4 0	

Table	5	‐	Process	conditions	for	the	MPR	experimental	trial	
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(a)	

	

(b)	

Figure	96	‐	(a)	Theoretical	MPR	reactor	conditions	(b)	Experimental	set‐up	based	on	these	theoretical	
values.		

6.1.2. Results	and	discussion	

The	 results	 obtained	 from	 this	 experiment	 were	 in	 good	 correlation	 with	 theoretical	

expectations	 and	 validate	 the	 theory	 (Figure	 97).	 All	 three	 reactor	 stages	 correlate	well	

with	 the	 expected	 TEL	 (shown	 as	 dashed	 lines	 of	 the	 same	 colour)	 for	 a	 duration	

exceeding	 20	 hours,	 after‐which	 the	 reaction	 was	 prematurely	 terminated.	 	 The	 result	

from	 stage	 R3	 is	 a	 fraction	 higher	 than	 the	 TEL	 however	 this	 is	 because	 the	 actual	

measured	reactor	pressure	readings	were	0.5	bar	lower	than	the	set	values.		In	addition	it	
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is	 clear	 that	 the	 high	 hydrogen	 concentration	 (R1)	 does	 not	 affect	 the	 ability	 for	 the	

reaction	to	attain	conversions	at	the	TEL.	

	

	

These	 results	 indicate	 that	 a	 continuous	 MPR	 system	 will	 be	 able	 to	 sustain	 stable	

conversions	at	the	TEL	regardless	of	the	level	of	hydrogen	so	long	as	the	catalyst	feed	rate	

is	sufficient	to	maintain	the	required	activity.	 	The	MPR	process	is	therefore	proven	on	a	

conceptual	basis	for	the	parallel	flow	option,	where	fresh	catalyst	is	fed	into	each	reactor.			

6.1.3. Catalyst	flow	rate	calculations	

The	 overall	 feasibility	 of	 each	 reactor	 design	 is	 highly	 dependent	 on	 the	 balance	 of	 the	

mass	flows.		This	is	of	particular	importance	for	the	counter	flow	MPR	because	of	the	strict	

interdependence	of	the	catalyst	mass	flow	with	(1)	the	number	of	reactor	pressure	stages,	

(2)	the	range	of	pressures,	and	(3)	the	catalyst	carbon	capacity	profile.	An	empirical	mass	

balance	calculation	was	done	to	determine	the	feasibility	of	attaining	balance.		

The	 catalyst	 flow	 rate	 within	 each	 reactor	 can	 be	 determined	 by	 dividing	 the	 carbon	

deposition	rate	by	the	catalyst	carbon	capacity	for	each	reactor;	which	are	both	bounded	

by	the	reactor	pressure	range.	

M


cat(Rn ) 
Mc(Rn )



C(Rn )

		 	 	 	 	 	 	 	 													(21)	

Figure	 97	 ‐	Methane	 conversion	 for	MPR	 simulated	 trial	 using	 static	 fixed	 bed	 reactors.	 	Reaction
conditions:	850°C,	flows	as	per	Table	1.		

TEL at 850°C and atm 

TEL at 850°C and 4 bara 

TEL at 850°C and 12 bara
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Where	 M


cat(Rn ) 	is	the	mass	flow	rate	of	catalyst,	M


c(Rn )	is	the	carbon	deposition	rate,	and	

C(Rn )	is	the	catalyst	carbon	capacity	through	reactor	‘Rn’.	

Carbon	deposition	rate	

The	MPR	system	design	and	operation	is	simplified	when	each	reactor	stage	is	converting	

methane	at	the	TEL.	 	This	conversion	‘ceiling’	allows	for	precise	derivation	of	the	carbon	

deposition	 at	 each	 stage	 and	 the	 output	 hydrogen	 concentration.	 	 Seeing	 that	 the	 space	

velocity	is	the	major	determinant	on	methane	conversion,	this	assumption	is	valid	so	long	

as	either	the	catalyst	flow	rate	is	sufficiently	high	or	the	methane	feed	rate	sufficiently	low.		

This	was	proven	experimentally	earlier	in	this	chapter.	

When	cracking	at	the	TEL	the	hydrogen	flow	rate	exiting	reactor	‘n’	can	be	represented	by	

the	following:	

2..)()( 42 RnICHnH QQ 


 		 	 	 	 	 	 	 														(22)	

Where	‘n’	is	the	reactor	number	(n	=	1	is	the	lowest	pressure	reactor,	which	in	this	case	is	

atmospheric),	 )(4 ICHQ


is	 the	 initial	 methane	 feed	 rate,	 Rn is	 the	 TEL	 at	 reactor	 ‘n’,	 and	

)(2 nHQ


	is	the	hydrogen	flow	rate	exiting	reactor	‘n’.	

The	 hydrogen	 production	 rate	 at	 reactor	 ‘n’,


)(2 RnHQ ,	 is	 the	 difference	 between	 the	

hydrogen	rate	entering	and	exiting	the	reactor:	

].[.2 1)()1()()( 4222 







 RnRnICHnHnHRnH QQQQ  		 	 	 	 														(23)	

Therefore	the	mass	of	carbon	produced	at	reactor	‘n’	is:	

2
.)(

)(
2 c

STP

RnH
RnC

MM

RT

QP
M





















		 	 	 	 	 	 													(24)	

Where	P,	R,	and	T	are	 the	STP	pressure,	gas	constant	and	temperature	respectively,	and	

MMc	is	the	atomic	mass	of	carbon.	

Substituting	Equation	23	into	Equation	24:	
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 RnRnICH

STP
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RT

P
M  			 	 	 	 														(25)	

Catalyst	carbon	capacity	

The	 total	 catalyst	 carbon	 capacity	has	been	 shown	 in	previous	 chapters	 to	vary	 linearly	

with	pressure	for	the	pressure	range	1‐12	bar.	

  PC . 		 	 	 	 	 	 	 	 	 														(26)	

Where	C	is	the	catalyst	carbon	capacity	(grams	of	carbon	per	gram	of	catalyst)	and	α	and	β	

are	constants.	

The	catalyst	carbon	capacity	for	this	work	is	assumed	to	follow	the	linear	carbon	yield	for	

elevated	pressures	 and	 it	 is	 linearly	 extrapolated	 to	pressures	 exceeding	 the	 9	bar(abs)	

tested.		The	assumed	carbon	capacity	for	iron	ore	at	850°C	is	shown	in	Figure	98.	

	

	

Rearranging	the	TEL	equation	shown	earlier	(Equation	14)	to	give	pressure:	

PRn 
KT

4
.

1

Rn
2
1









		 	 	 	 	 	 	 	 													(27)	

Substituting	Equation	27	into	Equation	26	gives:	

Figure	 98	 ‐	 Carbon	 capacity	 vs	 reaction	 pressure	 of	 hematite	 based	 powdered	 catalyst	 at	 850°C.
Values	are	extrapolated	linearly	beyond	9	bara.	
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Parallel	flow	MPR		

Parallel	 flow	 MPRs	 (Figure	 99)	 have	 the	 advantage	 of	 design	 simplicity	 and	 fewer	

constraints	determining	the	number	of	stages	and	pressure	limits.		However,	as	discussed	

earlier,	 this	 comes	 at	 a	 cost	 of	 higher	 catalyst	 feed	 requirements	 as	 the	 utility	 of	 the	

maximum	catalyst	carbon	capacity	is	limited	to	only	the	highest	pressure	stage.		All	other	

lower	pressure	stages	will	be	underutilizing	the	catalyst,	which	unless	recycled	back	into	a	

higher	 pressure	 stage,	 will	 result	 in	 higher	 catalyst	 turnover	 and	 lower	 quality	 carbon	

products	(higher	catalyst	impurities).	
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Figure	99	‐	Parallel	flow	MPR	flow	diagram.	

The	 total	 catalyst	 feed	 rate	 (consumption)	 is	 determined	by	 the	 addition	 of	 the	 catalyst	

mass	flow	rate	through	each	reactor	stage	(Equation	21):	

M


cat 
Mc(R1)



C(R1)


Mc(R 2)



C(R 2)

 .....
Mc(Rn )



C(Rn )

		 	 	 	 	 													(29)	

Thus	substituting	Equation	28	and	Equation	25	into	Equation	29	gives:	
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Which	simplifies	to:	
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Counter	flow	MPR	

The	 biggest	 constraint	 for	 the	 counter	 flow	MPR	 (Figure	 100)	 is	 balancing	 the	 catalyst	

mass	 flow	 between	 all	 reactor	 stages	 in	 order	 to	 enable	 continuous	 operation.	 	 The	

catalyst	flow	rate	required	at	each	stage	is	dependent	on	(1)	the	number	of	reactor	stages	

and	(2)	the	catalyst	carbon	capacity	profile	relative	to	pressure.	

The	 purpose	 of	 this	 calculation	 is	 to	 determine	 the	 number	 of	 pressure	 stages	 that	

balances	 the	 catalyst	 flow	 rate	 between	 all	 stages,	 for	 a	 given	 catalyst	 carbon	 capacity	

profile	and	reaction	temperature	(assuming	isothermal	conditions).	
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Figure	100	‐	Counter	flow	MPR	flow	diagram.	

If	the	catalyst	mass	flow	rate	is	set	so	that	it	is	fully	deactivated	when	exiting	each	reactor	

stage,	the	catalyst	carbon	capacity	at	each	stage	is	the	difference	between	the	total	catalyst	

carbon	capacity	at	the	reactor	pressure	and	the	adjacent	lower	pressure	reactor.		Thus:	

CRn  Cn Cn1		 	 	 	 	 	 	 	 												(32)	

Substituting	with	Equation	26:	

].[].[ 1   RnRnRn PPC 		 	 	 	 	 	 												(33)	

Substituting	Equation	27	into	Equation	33	gives:	
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Substituting	Equation	34	and	Equation	25	into	Equation	21	gives	the	catalyst	mass	flow	

rate	through	each	reactor	stage:	
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For	a	reactor	system	with	only	one	reactor	(n=1),	reactor	(n‐1)	and	(n+1)	reactor	stages	

do	not	exist;	thus	Equation	35	simplifies	to:	
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Similarly	for	a	two	stage	reactor,	reactor	(n‐1)	and	(n+2)	reactors	do	not	exist,	and	for	a	

three	stage	reactor	(n‐1)	and	(n+3)	reactors	do	not	exist.		

Catalyst	mass	flow	balance	

For	a	multistage	process	to	be	continuous	the	catalyst	flow	rate	must	equate:	

M


cat(R1)  M


cat(R 2)		 	 	 	 	 	 	 	 													(37)	

Thus	for	a	two	stage	reactor:	
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For	isothermal	conditions	this	can	be	simplified	to:	
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If	 reactor	 ‘R1’	 is	operating	at	atmospheric	pressure	and	operating	at	 the	TEL	 then	R1	 is	

known,	 and	 R2	 can	 be	 solved	 using	 Equation	 39.	 	 This	 solution	 would	 solve	 for	 the	

pressure	required	for	reactor	2	to	equate	the	catalyst	flow	rate	as	in	Equation	27.	

This	can	similarly	be	done	for	larger	numbers	of	reactors:	

Three	reactor	stages:	
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Four	reactor	stages:	
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And	so	on…	

Results	and	discussion	

The	 results	 (Figure	 101)	 using	 the	 linear	 extrapolated	 values	 for	 pressures	 above	 9	

bar(abs)	show	that	the	counter	flow	MPR	would	consume	considerably	less	catalyst	than	

the	parallel	 flow	process	under	 all	 scenarios.	 	 The	 counter‐flow	process	with	5	 reaction	

stages	 requires	 only	 19%	 of	 the	 catalyst	 required	 for	 a	 single	 reactor,	 whereas	 the	

parallel‐flow	 process	 requires	 42%	with	 the	 same	 number	 of	 stages.	 	 The	 counter‐flow	

process	however	is	only	able	to	have	a	maximum	of	5	reactor	stages	for	the	catalyst	mass	

flow	to	be	constant	for	all	stages.		In	contrast,	the	number	of	parallel‐flow	process	stages	is	

limitless;	 however	 it	 can	 be	 seen	 that	 each	 stage	 has	 diminishing	 returns	 and	 overall	

require	 significantly	more	 catalyst	 than	 the	 counter‐flow	option.	The	 catalyst	mass	 flow	

rates	are	calculated	based	on	an	assumed	hydrogen	output	flow	rate	of	2000	m3/hr.		
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The	 counter‐flow	 process	 also	 requires	 significantly	 less	 reaction	 pressures	 than	 the	

parallel‐flow	option	(Figure	102).	 	The	parallel‐flow	option	requires	156	bar	of	pressure	

for	 the	highest	pressure	 reactor	 stage	of	 the	5	 stage	 scenario,	whereas	 the	 counter‐flow	

process	only	requires	28	bar	for	the	same.	

	

(b)	

Figure	101	‐	Total	catalyst	turnover	for	parallel	flow	and	counter	flow	MPR	with	different	number	of
reactor	stages.		Assumed	hydrogen	output	of	2000	m3/hr.	
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(a)	

The	counter‐flow	MPR	option	 is	shown	to	be	superior	 to	 the	parallel	 flow	option	 from	a	

catalyst	turnover	and	reactor	pressure	perspective.		Ultimately,	the	choice	between	these	

two	 options	 is	 dependent	 on	 the	 downstream	 cost	 implications	 and	 logistics,	 which	 is	

beyond	the	scope	of	this	work.	

6.1.4. Reactor	type	and	configuration	

The	plug	 flow	 fixed	bed	 reactor	 used	 in	 these	 experiments	 are	 not	 suited	 to	 large	 scale	

hydrogen	 production	 because	 all	 TCMD	 processes	 require	 the	 continual	 transfer	 of	

material	 from	 the	 reactor	 in	 order	 to	 impede	 carbon	 blockages	 (Muradov,	 2001).	 	MPR	

systems	 in	 particular	 require	 the	 catalyst	 and	 carbon	 to	 be	 easily	 transferred	 between	

reactor	stages	at	different	pressures	and	therefore	require	a	more	suitable	reactor	system.	

Fluidized	bed	reactors	 (FBR)s	are	 the	most	promising	reactor	 type	amongst	researchers	

(Pinilla	et	al.,	2007,	Muradov	and	Veziroǧlu,	2005,	Steinberg,	1999).	 	This	 is	because	the	

catalyst	particles	behave	like	a	well‐mixed	body	of	liquid	giving	rise	to	high	gas‐to‐particle	

heat	 and	 mass	 transfer.	 In	 FBRs,	 a	 bed	 of	 fine	 catalysts	 particles	 are	 suspended	 by	 a	

passing	stream	of	gas,	creating	a	well‐mixed	liquid	with	high	gas‐to‐particle	mass	and	heat	

transfer	rates.		The	state	and	qualities	of	the	fluidized	bed	of	particles	is	dependent	on	the	

flow	and	properties	 of	 the	 gas	 and	 the	 rheology	 of	 the	 catalysts	particles.	 	Of	 particular	

advantage	for	TCMD	is	that	it	allows	continuous	removal	of	the	carbon	product	from	the	

reactor,	 eliminates	 carbon	 blockages	 and	 increases	 the	 heat	 transfer	 (Guil‐Lopez	 et	 al.,	

2011).			FBRs	are	commonly	used	in	chemical,	metallurgical	and	petroleum	industries	for	

Figure	102	 ‐	Required	pressure	 levels	for	each	stage	of	a	MPR	for	(a)	parallel	flow,	and	(b)	counter‐
flow	models.		Assumed	conditions:	850°C	(isothermal).	
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heterogeneous	catalytic	reactions,	with	many	large‐scale	facilities	in	operation	worldwide	

(Baddour	et	al.,	2010).	

The	mechanism	 to	 continuously	withdraw	 carbon	 from	 an	 active	 reactor	 is	 common	 in	

large‐scale	 units	 such	 as	 fluid	 catalytic	 cracking,	 fluid	 coking	 or	 flexicoking	 (Muradov,	

2001)	and	therefore	will	not	be	detailed	further	here.	

A	schematic	of	a	3	stage	MPR	counter‐flow	system	is	shown	in	Figure	103	using	FBRs	as	

the	reactor	stages.		The	fluidity	of	the	catalyst/carbon	particles	in	a	FBR	would	be	ideal	for	

MPR	 systems,	 especially	 if	 situated	 at	 different	 elevations	 in	 a	 cascaded	 fashion	 so	 that	

gravity	can	assist	the	transfer	of	solid	material	between	reactor	stages.	 	A schematic of a 

simple TCMD process using a consumable catalyst is shown in Figure	104. 

	

Figure	103	‐	Three stage cascading counter-flow system schematic.  
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Figure	104	‐	Schematic	of	TCMD	process.		

6.1.5. Feed	and	effluent	impurities 

It	 is	widely	 known	 that	 some	 feed	 and	 effluent	 impurities	 can	 affect	 TCMD	 catalysts	 or	

downstream	processes.		This	section	provides	a	cursory	review	of	the	types	of	impurities	

expected,	their	effects	on	the	process,	and	proposes	some	solutions.		

The	 most	 damaging	 feed	 impurity	 for	 TCMD	 and	 SMR	 processes	 are	 sulphurous	

compounds	such	as	hydrogen	sulphide	(H2S),	which	is	present	in	NG	in	trace	quantities.		It	

is	 known	 that	 H2S	 poisons	 metallic	 catalysts	 by	 adhering	 to	 the	 surface	 and	 inhibiting	

methane‐catalyst	 contact.	 It	 is	 so	 efficient	 at	 inhibiting	 catalysts	 that	 the	 iron	 carbide	

industry	 introduces	H2S	 in	 small	 amounts	 to	 suppress	 the	precipitation	of	 carbon	when	

methane	is	reacted	with	iron	ore	(Iguchi	et	al.,	2001,	Hayashi	et	al.,	2000).	It	is	also	known	

that	Proton	Exchange	Membrane	Fuel	Cell	(PEMFC)	catalysts	are	poisoned	by	minor	traces	

of	H2S	as	small	as	10	ppb	(Muradov	et	al.,	2010).	 	Common	industrial	treatments	such	as	

amine	gas	treating	and	zinc	oxide	based	catalysts	are	often	used	to	remove	H2S	from	NG	

streams	before	introducing	into	these	processes	(Ehrfeld	et	al.,	1999).	

The	carbonaceous	emissions	produced	by	this	process	may	also	need	to	be	removed	from	

the	hydrogen	effluent	downstream	depending	on	downstream	use.		The	use	of	un‐reduced	

iron	ore	in	this	process	results	in	the	release	of	minor	amounts	of	CO,	CO2	and	H2O	in	the	

initial	stages	of	the	process	via	the	reduction	of	this	oxide	into	iron.		The	quantity	of	these	

emissions	can	vary	depending	on	the	catalyst	yield	and	system	design.			

CH4 and trace H2 
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The	 proportion	 of	 these	 emissions	 is	 dependent	 on	 the	 following	 auto‐reduction	

equations:	

2Fe2O3	+	3CH4	‐>	3CO2	+	6H2	+	4Fe	 	 	 	 	 	 														(42)	

Fe2O3	+	3CH4	‐>	3CO	+	6H2	+2Fe	 	 	 	 	 	 														(43)	

2Fe2O3	+	3CH4	‐>	6H2O	+	4Fe	+	3C	 	 	 	 	 	 														(44)	

Assuming	the	worst	case	(where	all	the	oxygen	is	converted	into	CO	and	the	lowest	carbon	

yields	from	methane	decomposition)	an	iron	ore	catalyst	would	emit	240g	of	CO	per	tonne	

of	 hydrogen	 produced	 (<2vol%).	 	 Although	 the	 levels	 of	 these	 impurities	 are	 extremely	

low,	it	is	known	that	downstream	applications	such	as	PEM	fuel	cells	can	be	poisoned	by	

trace	 amounts	 of	 CO	 (Abdollahi	 et	 al.,	 2012).	 	 Therefore	 purification	may	 be	 needed	 to	

remove	these	trace	impurities.		Conversely	the	system	can	be	designed	to	eliminate	these	

impurities,	such	as	(1)	system	pressurization	reduces	these	levels	to	well	below	0.1v%	by	

increasing	 carbon	 yield,	 and/or	 (2)	 introducing	 a	 standalone	 reduction	 reactor	 stage,	

whose	effluent	is	not	incorporated	into	the	main	hydrogen	stream.			

6.1.6. Zero	emission	hydrogen	and	energy	

The	 TCMD	 process	 can	 be	 used	 as	 a	means	 of	 generating	 electricity	with	 no	 emissions	

when	 a	 portion	 of	 the	 hydrogen	 produced	 is	 burnt	 to	 sustain	 the	 mildly	 endothermic	

reaction.		The	following	section	calculates	the	approximate	amount	of	hydrogen	needed	to	

sustain	the	reaction,	including	the	energy	needed	for	heating	as	well	as	allowing	for	losses	

and	power	for	ancillary	equipment,	as	depicted	in	the	schematic	(Figure	105).	 	The	item	

description	and	conditions	are	detailed	in	Table	6.	

	

Figure	105	‐	Schematic	of	a	process	to	provide	zero	emission	energy	from	the	TCMD	process.	
	

t 
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Blower	1	 30	Pa;	72	W;	efficiency:	80%.	
Blower	2	 100	Pa;	653W;	efficiency:	80%.
Blower	3	 50	Pa;	96W;	efficiency:	80%.
Blower	4	 50	Pa;	96	W;	efficiency:	80%.

Economizer Inlet	temperature:	25°C;	outlet	temperature:	cracking	temperature;	efficiency:	95%.
Cooling	fans Energy	consumption:	3%	of	cooling	capacity;	Temperature:	down	to	40°C.
Compressor From	1	bar	to	10	bar;	efficiency:	70%.

PSA	 From	10	bar	down	to	3	bar;	efficiency:	75%	,	conservative,	three‐bed	(Yang,	2003).
Fuel	cell	 efficiency:	40%		(conservative).

Table	6	‐	Ancillary	items	and	their	assumed	conditions	in	the	calculation	

The	heat	released	by	burning	hydrogen	in	air	is	given	by:	
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where	 i	 refers	 to	 H2O,	 O2,	 and	 N2,	 respectively,	 Ai,	 Bi	 and	 Di	 are	 their	 thermodynamic	

coefficients,	and	 1OH2
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In	 order	 to	 cater	 for	 conduction	 and	 radiation	 heat	 losses	 it	 is	 assumed	 that	 the	

combustion	 temperature	 T	 is	 100°C	 higher	 than	 the	 cracking	 temperature,	 QT	 has	 to	

provide	 for	 115%	 of	 the	 heat	 of	 catalytic	 cracking	 for	 the	 cracking	 process,	 and	 10%	

excess	air	 (by	 stoichiometry)	 is	used	 for	 complete	 combustion	of	hydrogen.	 	 In	addition	

this	calculation	assumes	TCMD	at	the	TEL.	

The	amount	of	hydrogen	needed	to	support	the	combustion,	
2Hn 	can	be	calculated	as	

 K100T

T,cracking
H Q

h15.1
n
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This	quantity	of	hydrogen	is	needed	for	combustion,	whereas	the	balance	is	converted	into	

electrical	energy	via	a	proton	exchange	membrane	fuel	cell	with	an	assumed	efficiency	of	

40%.	 	 The	methane	 rich	 stream	 from	 the	 separation	process	 is	 recycled	 so	 that	 only	T	

moles	 of	 methane	 are	 needed	 from	 an	 external	 source	 for	 the	 entire	 process.	 The	

mechanical	 work	 needed	 for	 the	 compression	 is	 calculated	 according	 to	 a	 polytropic	

process	with	70%	mechanical	efficiency.		

The	 results	 (Figure	106)	 show	a	broad	optimum	overall	 chained	efficiency	around	20%	

between	700‐900C	with	a	maximum	of	22%	at	808C.		This	suggests	that	approximately	

39%	 of	 the	 hydrogen	 produced	 is	 needed	 to	 sustain	 the	 process.	 	 The	 broad	 optimum	

means	that	the	process	has	room	to	move	for	optimization	on	the	process	and	carbon	side.			
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Figure	 106	 ‐	 Conversion	 efficiency,	 chain	 efficiency	 and	 fraction	 of	 hydrogen	 used	 for	 combustion	
versus	cracking	temperature.	

6.2.Economic	feasibility	

This	 section	 looks	 into	 the	 economic	 feasibility	 of	 the	 proposed	 catalyst	 and	 reactor	

system	 in	 terms	of	 their	 potential	 revenue	 from	 the	 sale	 of	 the	 carbon	product	 and	 the	

catalyst	turnover	costs.	

6.2.1. Carbon	Product	

The	revenue	obtained	from	the	carbon	product	is	important	for	the	economic	production	

of	hydrogen	via	the	TCMD	process.		Revenues	of	$0.16‐0.6	per	kg	of	carbon	are	estimated	

to	 be	 needed	 for	 this	 process	 to	 be	 cost	 comparable	 with	 the	 SMR	 process	 because	 it	

requires	 double	 the	methane	 feed	 (Dufour	 et	 al.,	 2011,	Muradov,	 2003).	 	 For	 this	 to	 be	

achievable	for	large‐scale	production,	a	large	market	is	required	for	the	carbon	to	cater	for	

the	vast	quantities	of	carbon	produced	(three	times	that	of	hydrogen	on	a	mass	basis)	(Bai	

et	al.,	2007).	

The	 CNOs	 produced	 in	 this	 work	 have	 a	 wide	 range	 of	 applications	 because	 of	 their	

desirable	electrical	and	mechanical	properties.		These	carbon	structures	have	been	shown	

to	 be	 particularly	 promising	 for	 supercapacitors	 and	 other	 energy	 storage	 applications.		

Research	conducted	by	(Pech	et	al.,	2010)	on	using	CNOs	in	supercapacitors	demonstrated	

their	 ability	 to	 achieve	 comparable	 power	 densities	 to	 electrolytic	 capacitors,	 however	

with	multiple	orders	of	magnitude	higher	 energy	densities	 and	 capacitance.	 	 CNOs	have	

also	 been	 shown	 to	 have	 exceptional	 performance	 in	 batteries	 (Han	 et	 al.,	 2011),	 solid	
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lubrication	(Hirata	et	al.,	2004),	electromagnetic	shielding	(Shenderova	et	al.,	2008),	 fuel	

cells	(Xu	et	al.,	2006),	gas	storage	(Sano	et	al.,	2002)	and	electro‐optical	devices	.	

Preliminary	functional	testing	confirms	that	the	CNOs	produced	in	the	current	work	have	

potential	 uses	 in	 batteries	 and	 fuel	 cells.	 	 	 After	 purification	 to	 >99wt%	 these	 CNOs	

demonstrate	extremely	high	efficiencies	over	a	wide	range	of	charge/discharge	currents	in	

battery	 applications.	 	 Also,	 after	 decoration	 with	 Platinum	 (Pt)	 nanoparticles,	 these	

structures	are	able	to	attain	a	moderate	utilization	as	a	fuel	cell	catalyst	support.	The	full	

method	and	results	of	the	purification	and	functionalization	trails	are	shown	in	Appendix	

D	and	Appendix	E	respectively.	

Research	 suggests	 that	 the	 most	 common	 ways	 to	 synthesize	 CNOs	 are:	 arc	 discharge	

(Sano	et	al.,	2001),	energy	irradiation	(Ugarte,	1992,	Gorelik	et	al.,	2003),	annealing	nano‐

diamond	 (Kuznetsov	 et	 al.,	 1994,	 Pech	 et	 al.,	 2010),	 Carbon	 Vapour	 Deposition	 (CVD)	

(Chen	et	al.,	2001,	Nasibulin	et	al.,	2003,	Zhang	et	al.,	2010),	and	high	energy	ball	milling	

(Chen	et	al.,	2000,	Huang	et	al.,	1999).	 	However	the	majority	of	these	methods	have	low	

yield,	are	difficult	to	scale	up,	and	are	expensive.		The	CVD	method	is	considered	to	be	the	

cheapest	of	these	methods	(Chen	et	al.,	2012),	and	the	process/catalyst	system	suggested	

in	the	current	work	is	the	cheapest	of	all	these	CVD	methods	by	an	order	of	magnitude	(as	

will	be	detailed	 in	 section	6.2.2).	Therefore	 the	CNOs	produced	using	 the	method	 in	 the	

current	work	can	serve	as	a	cheap	large‐scale	alternative	for	these	applications.		

In	 addition,	 the	 carbon	market	 size	 for	 this	 process	 can	 also	be	 expanded	by	producing	

other	carbon	types	(such	as	CFs	and	CMS)	which	suit	other	applications.		The	selectivity	of	

these	 carbon	 types	 can	 be	 tailored	 by	modifying	 the	 iron	 oxide	 crystal	 size	 distribution	

prior	 to	 reaction,	 as	 suggested	 in	 Section	 5.2.2.3.	 	 CFs	 have	 been	 given	 much	 research	

attention	 because	 of	 their	 unique	 properties	 and	 potential	 application	 in	 a	 number	 of	

applications,	as	detailed	in	Section	2.4.	 	Therefore	their	production	can	add	considerably	

to	the	carbon	market	size	and	feasibility	of	the	TCMD	process.	

The	novel	CMS	structures	also	have	potential	in	different	carbon	markets	because	of	their	

high	graphitic	degree	and	high	purity.		It	is	believed	that	this	is	the	first	time	these	carbon	

structures	 have	 been	 synthesized,	 having	 only	 previously	 been	 seen	 in	 meteorites	 (as	

detailed	 in	 Section	 5.2.2.4.2).	 	 These	 structures	 may	 have	 properties	 suitable	 as	 a	

replacement	 for	 anode	 grade	 calcined	 petroleum	 coke	 for	 applications	 in	 electrodes	 for	

the	steel	and	aluminium	industries.		The	declining	quality	and	availability	of	anode	grade	

calcined	petroleum	coke	(Andrews	et	al.,	2010)	may	make	CMS	a	viable	alternative	for	this	

valuable	 commodity.	 	 However	 further	 research	 is	 needed	 to	 confirm	 its	 suitability	 and	

performance.	
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The	size	of	the	combined	markets	from	these	carbon	products	could	enable	this	hydrogen	

process	to	be	the	cost	effective	hydrogen	production	technology.		For	instance	the	market	

for	 supercapacitors	 is	expected	 to	 reach	a	value	of	$1.2	billion	by	2012	(BCC,	2011).	 	 In	

addition	the	market	for	graphite	in	2020	is	forecasted	to	rise	by	3Mt	per	year	(from	0.9	Mt	

in	2011)	for	usage	in	Li‐ion	batteries	in	hybrid	and	electric	vehicles	(USGS,	2013,	Im	et	al.,	

2006).		The	market	for	CNT	is	expected	to	rise	to	$7.7	billion	by	2015,	however,	studies	on	

their	 pulmonary	 toxicity	may	 represent	 a	 limitation	 to	 their	 applicability	 in	 some	 areas	

(Kayat	 et	 al.,	 2011).	 	 Also	 the	 potential	 usage	 of	 CMS	 as	 a	 replacement	 for	 calcined	

petroleum	coke,	such	as	electrodes	for	the	aluminum	and	steel	industry,	has	a	forecasted	

market	 of	 170	 Mt	 per	 year	 (MarketWatch,	 2012).	 	 These	 combined	 markets	 can	 have	

enough	market	size	and	value	to	enable	this	process	to	be	cost	competitive.	Also	having	a	

cheap	supply	can	accelerate	further	research	and	applications.			

6.2.2. Catalyst	turnover	costs	

The	process	of	producing	hydrogen	via	TCMD	has	yet	to	be	commercialized	successfully	in	

part	 because	 of	 the	 high	 cost	 of	 catalyst	 turnover.	 	 This	 process	 has	 a	 high	 catalyst	

turnover	because	of	(1)	the	high	deactivation	rate	from	carbon	encapsulation	and	(2)	the	

inability	 to	 recycle	 the	 catalyst	due	 to	 the	 complexity	of	 separating	 it	 from	 the	encasing	

carbon.	 	The	majority	of	past	research	has	only	focussed	on	reducing	the	rate	of	catalyst	

turnover	by	developing	catalysts	that	produce	higher	carbon	yields,	with	no	regard	for	any	

additional	costs	they	may	impose.		It	is	important	from	a	commercial	perspective	to	assess	

any	 catalytic	 improvements	 relative	 to	 their	 costs	 in	order	 to	 ascertain	 their	 true	value.	

Catalyst	improvements	will	only	increase	the	economic	competitiveness	of	the	process	if	it	

lowers	the	cost	of	hydrogen	production.			

This	 section	 compares	 the	 catalyst	 turnover	 costs	 of	 the	 best	 performing	 catalyst	 in	

publication	 against	 the	 simple	 catalysts	 developed	 in	 the	 current	work.	 	 These	 catalyst	

turnover	 costs	 are	 calculated	 in	 this	 work	 by	 estimating	 the	 catalyst	 material	 cost	 of	

producing	one	tonne	of	hydrogen.		These	costs	underestimate	the	true	costs	because	they	

do	not	take	into	account	the	assembly	costs	the	catalyst	production;	however	it	serves	as	a	

worst	case	comparison	for	the	current	work	because	the	assembly	costs	for	the	catalysts	

in	the	current	work	(unsupported	catalysts)	would	be	considerably	lower	than	their	more	

complex	 supported	 counterparts.	 	 The	 catalyst	 material	 costs	 are	 estimated	 from	

quotations	for	bulk	orders	of	all	the	catalytic	precursors;	including	metals,	promoters	and	

supports.		These	values	are	shown	in	Appendix	D.		The	total	carbon	yield	(after	complete	

deactivation)	 is	used	to	determine	the	quantity	of	catalyst	needed	to	produce	a	 tonne	of	

hydrogen.		The	results	are	shown	in	Table	7	and	plotted	in	Figure	107.	
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Catalyst

Carbon 
Yield 
(gc/gcat)* Ref

Active 
element 
cost ($/t 
cat)

Promoter cost 
($/t cat)

Support 
cost     
($/t cat)

Total material 
cost              
($/t cat)

Catalyst 
turnover 
cost     ($/t 
H2)

1 Precip Ni unsupported 10 1 29,024$ -$            -$     29,024$        8,707$     
2 Fe precipitated (unsupported) 16.8 2 4,098$   -$            -$     4,098$          732$       

3 90Ni-10Al2O3 (wt%) 145 1 29,024$ -$            75$      29,099$        602$       
4 9Ni-1Al (mol ratio) 244 3 29,024$ -$            2,060$ 31,084$        382$       
5 15Ni-85CF (wt%) 245 4 29,024$ -$            -$     29,024$        355$       
6 90Ni-10SiO2 (wt%) 384 5 29,024$ -$            2,359$ 31,383$        245$       
7 40Ni-60SiO2 (wt %) 491 6 29,024$ -$            317$    29,341$        179$       
8 90Fe/10SiO2 (wt%) 30 7 4,098$   -$            53$      4,151$          415$       
9 85Fe/15SiO2 (wt%) 45 8 4,098$   -$            84$      4,182$          279$       

10 50Fe/50Al2O3 (wt%) 53 9 4,098$   -$            680$    4,778$          270$       

11 0.05-0.05Pd/0.9SiO2 (mol%) 1188 6 10,333$ 16,602,422$ 4,275$ 16,617,030$  41,962$   
12 25Ni-25Pd/50Al2O3 (mol%) 1498 10 10,333$ 16,602,422$ 830$    16,613,584$  33,272$   
11 87Ni-3Cu-10Al2O3 (wt%) 240 1 27,863$ 442$           75$      28,380$        355$       
12 15Ni-3Cu-2Al (mol ratio) 630.6 11 29,024$ 2,947$         4,391$ 36,363$        173$       
13 60Ni-25Cu-15Si (mol %) 801 12 29,024$ 6,640$         5,489$ 41,153$        154$       
14 75Ni-15Cu-10Al (wt%) [alloy] 700 13 29,024$ 2,947$         2,434$ 34,406$        147$       
17 25Fe-25Pd/50Al2O3 (mol%) 331 10 1,410$   16,847,699$ 680$    16,849,789$  152,717$ 
15 50Fe-6Co/44Al2O3 (wt%) 105 9 4,098$   5,691$         598$    10,387$        297$       

Unsupported - Current work
16 Synthetic Fe2O3 - 1 bar 9.5 4,098$   -$            -$     4,098$          1,294$     
17 Synthetic Fe2O3 - 9 bar 23 4,098$   -$            -$     4,098$          535$       
18 Synthetic Fe2O3 - 30 bar (extrapolated) 60 4,098$   -$            -$     4,098$          205$       
19 High grade hematite ore - 1 bar (This work) 9 200$      -$            -$     200$             71$         
20 High grade hematite ore - 9 bar (This work) 23.5 200$      -$            -$     200$             18$         
21

g g
(extrapolated) 62 200$      -$            -$     200$             8$           
* gram of carbon per gram of active metal catalyst

Unsupported

Simply supported

Added promoter and supported

	

References	
1	 (Avdeeva	et	al.,	1996)		
2	 (Ermakova	et	al.,	2001)		
3	 (Li	et	al.,	2000)		
4	 (Shaikhutdinov	et	al.,	1997)		
5	 (Ermakova	et	al.,	1999)		
6	 (Takenaka	et	al.,	2003)	
7	 (Ermakova	and	Ermakov,	2002)		
8	 (Ermakova	et	al.,	2001)		
9	 (Avdeeva	et	al.,	2002)		
10	 (Ogihara	et	al.,	2006)		
11	 (Chen	et	al.,	2003)		
12	 (Ashok	et	al.,	2009)		
13	 (Reshetenko	et	al.,	2003)		
	
Table	7	 ‐	Estimation	of	catalyst	 turnover	cost	 for	published	catalysts	 in	comparison	 to	 the	catalysts	
produced	in	the	current	work.			

These	 results	 show	 that	 the	 majority	 of	 catalytic	 developments	 in	 the	 reviewed	

publications	are	successful	in	reducing	the	catalyst	turnover	costs.		Simply	supported	Ni	or	

Fe	 catalysts	 are	 shown	 to	 reduce	 the	 catalyst	 turnover	 costs	 significantly	 compared	 to	

their	unsupported	counterparts.		For	instance	(Ermakova	et	al.,	2001)	is	able	to	reduce	the	

catalyst	turnover	cost	of	iron	catalysts	by	~61%	by	supporting	the	iron	on	SiO2	(catalyst	2	

and	 9	 respectively	 in.	 	 This	 large	 reduction	 in	 catalyst	 turnover	 cost	 is	 because	 the	

supported	iron	catalyst	creates	a	large	increase	in	carbon	yield	(~181%)	with	only	a	small	

increase	in	catalyst	material	costs	(~2%).	Simply	supported	Ni	catalysts	are	also	shown	to	

have	an	even	greater	impact	compared	to	their	unsupported	counterpart,	with	a	reduction	

of	catalyst	turnover	costs	by	~98%.		This	is	because	it	is	able	to	increase	the	carbon	yield	

significantly	 more	 than	 the	 catalyst	 material	 costs	 (481%	 and	 1%	 respectively	 for	

catalysts	1	and	7	in	Table	7).		
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However,	 further	 catalyst	 developments	 are	 shown	 to	 have	 diminishing	 returns,	 and	 in	

some	 cases	 dramatically	 increase	 the	 catalyst	 turnover	 costs.	 The	 addition	 of	 metallic	

promoters	 such	 as	 palladium,	 copper	 or	 cobalt	 is	 shown	 to	 increase	 the	 carbon	 yield,	

however	it	 is	also	shown	to	significantly	increase	the	material	costs	of	the	catalyst.	 	This	

results	 in	only	a	marginal	 improvement	 in	 the	 catalyst	 turnover	 costs.	 	The	best	 copper	

promoted	nickel	catalyst	 is	shown	to	 increase	the	carbon	yield	by	42%	compared	to	 the	

simply	 supported	 catalyst	 (catalyst	 14	 and	 7	 respectively	 in	 Table	 7),	 however	 it	 only	

reduces	 the	 catalyst	 turnover	 costs	 by	 18%	 because	 of	 the	 18%	 increase	 in	 catalyst	

material	costs.		Some	catalyst	developments,	such	as	catalysts	promoted	with	Pd	(catalyst	

12	in	Table	7),	increase	the	catalyst	material	costs	so	much	that	the	catalyst	turnover	costs	

dramatically	increase	despite	having	the	highest	carbon	yield	on	record	(1498	gc/gNi).		In	

these	cases	the	cost	of	the	catalyst	does	not	justify	the	increase	in	carbon	yield.	

	
	

When	 comparing	 these	 published	 catalysts	 with	 the	 catalysts	 produced	 in	 the	 current	

work	 it	 is	 clear	 that	 the	 latter	 are	 considerably	 more	 cost	 effective.	 At	 atmospheric	

reaction	pressure,	the	iron	ore	catalyst	developed	in	this	current	work	has	half	the	catalyst	

turnover	cost	of	the	next	best	catalyst	 in	publication:	75Ni‐15Cu‐10Al	by	(Reshetenko	et	

al.,	2003).	 	This	cost	can	be	reduced	even	further	with	elevated	pressures:	at	9	bar	(abs)	

the	 catalyst	 turnover	 costs	 are	 12%	 of	 the	 next	 best	 catalyst,	 and	 if	 the	 yield	 is	

extrapolated	up	to	30	bara,	it	can	be	as	low	as	6%.				These	catalyst	turnover	costs	saving	

Figure	107	 ‐	Plot	of	catalyst	turnover	costs.	 	Top:	carbon	yield	and	catalyst	material	cost	per	tonne.
Bottom:	catalyst	turnover	cost	per	tonne	of	hydrogen	produced.		
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are	likely	to	be	even	larger	if	considering	the	costs	involved	in	the	catalyst	assembly	of	the	

complex	supported	catalysts.			

When	 accepting	 the	 inevitable	 catalyst	 turnover	 from	 this	 process	 it	 is	 evident	 that	 the	

cost	 of	 the	 catalyst	 is	 more	 influential	 on	 the	 process	 economics	 than	 the	 catalyst	

performance.	The	simple	unprocessed	iron	ore	catalysts	investigated	in	this	current	work	

are	 vastly	 more	 economical	 by	 way	 of	 catalyst	 turnover	 costs	 than	 all	 of	 the	 catalysts	

studied	 in	the	past	half	a	century.	 	 In	addition,	when	utilizing	this	catalyst	within	a	MPR	

further	 turnover	 costs	 can	be	 saved	whilst	maintaining	 the	 highest	methane	 conversion	

possible:	 the	 thermo‐dynamic	 equilibrium	 limit.	 	 This	 catalyst	 and	 process	 combination	

therefore	has	a	high	potential	to	make	the	TCMD	process	costs	effective	for	the	production	

of	hydrogen	gas.	

6.3. 	Chapter	summary	

The	MPR	is	a	novel	TCMD	reactor	system	that	uses	two	or	more	pressure	vessel	reactors	

in	series	to	minimize	catalyst	turnover	and	gas	recirculation.		This	system	passes	methane	

sequentially	 from	 the	 high‐pressure	 vessels	 to	 low‐pressure	 vessels	 in	 order	 to	 extract	

maximum	 yields	 from	 the	 catalyst	 whilst	 maintaining	 high	 methane	 conversions	

efficiencies.	 	 The	 higher‐pressure	 vessels	 are	 able	 to	 extract	 higher	 yields	 by	 (1)	

promoting	 methane	 diffusion	 through	 the	 encapsulating	 carbon	 layers	 surrounding	 the	

catalyst	 particles,	 and	 (2)	 accelerating	metal	 dusting	 of	 the	 catalyst	 particle.	 The	 lower	

pressure	vessels,	 on	 the	other	hand,	 are	 able	 to	 further	elevate	 the	methane	conversion	

beyond	 the	 thermodynamic	 limitations	 of	 the	 high‐pressure	 reactions	 upstream.	 	 This	

system	 maintains	 a	 constant	 methane	 conversion	 (and	 therefore	 gas	 recirculation)	

regardless	of	 the	configuration,	however	 the	extent	of	catalyst	 turnover	 is	dependent	on	

its	 flow‐path	between	the	reactors	and	the	system	operating	pressures.	 	Empirically,	 the	

counter‐flow	MPR	flow‐path	requires	only	one	fifth	of	catalyst	needed	for	the	parallel‐flow	

MPR	 for	 a	 given	 hydrogen	 capacity,	 assuming	 that	 the	 linear	 trend	 of	 carbon	 yield	

continues	beyond	the	lab	tested	9	bar	(abs)	limit.		However	the	counter‐flow	MPR	is	more	

complex	 and	 is	 limited	 to	 a	maximum	of	 5	 pressure	 stages	 and	30	 bar	 (abs)	 to	 achieve	

mass	balance.			

The	level	of	emissions	from	this	process	is	significantly	less	than	SMR	however	it	can	be	

reduced	even	further	through	system	design.		This	system	produces	minor	carbonaceous	

emissions	from	two	sources:	(1)	from	the	heat	source	and	(2)	the	reduction	of	the	catalyst	

oxides.		The	heat	source	emits	approximately	1	ton	of	CO2	per	tonne	of	hydrogen	if	derived	

from	burning	NG.		However	this	heat	source	can	be	emission	free	if	39%	of	the	hydrogen	

produced	is	used	as	the	heat	source.		A	thermodynamic	analysis	of	the	process	(assuming	
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methane	 conversions	 at	 the	 TEL	 and	 realistic	 heat	 losses)	 indicates	 that	 system	 has	 a	

broad	optimum	between	700‐900°C.		If	using	the	process	to	produce	electricity	the	overall	

chained	energy	efficiency	 is	22%	at	~800°C	when	accounting	for	the	energy	 losses	 from	

generating	electricity	using	a	PEMFC	and	ancillary	equipment.			

The	system	can	also	be	designed	to	reduce	the	minor	carbonaceous	oxide	gas	impurities	

produced	within	the	process	during	the	reduction	of	the	catalyst	oxides.		The	trace	levels	

of	CO	when	operating	at	atmospheric	pressure	(<2vol%)	will	need	to	be	removed	for	the	

hydrogen	 to	 be	 used	 in	 certain	 applications	 such	 as	 PEMFCs	 because	 of	 their	 poisoning	

effect	on	the	catalyst.	These	levels	can	be	reduced	or	eliminated	by	(1)	increasing	carbon	

yields	 by	 pressurization,	 (2)	 introducing	 a	 standalone	 reduction	 reactor	 stage,	 whose	

effluent	 is	 not	 incorporated	 into	 the	 main	 hydrogen	 stream,	 and/or	 (3)	 installing	 PSA	

purification	stages.			

An	 assessment	 of	 the	 economic	 potential	 of	 the	 carbon	product	 reveals	 a	wide	 array	 of	

suitable	 applications	 for	 their	 utilization.	 	 After	 purification	 to	 >99wt%	 using	 acid	

digestion	 (HNO3)	 and	 magnetic	 separation,	 the	 CNOs	 (which	 comprise	 the	 bulk	 of	 the	

carbon	product)	showed	promise	for	uses	in	PEMFCs	and	batteries.		Pt	loading	onto	these	

carbon	 structures	 illustrates	 the	 potential	 for	 its	 use	 after	 further	 development.	 	 In	

addition,	 these	 carbon	 structures	 show	extremely	high	 efficiencies	over	 a	wide	 range	of	

charge/discharge	 currents,	 which	 illustrate	 their	 potential	 for	 battery	 application.	 	 A	

number	of	published	articles	also	highlight	the	high	potential	for	CNO	structures	for	use	in	

batteries	(Han	et	al.,	2011)	and	supercapacitors	(Pech	et	al.,	2010).		This	process	therefore	

offers	 a	 cheap	 means	 of	 mass	 producing	 these	 carbon	 types	 to	 satisfy	 these	 growing	

markets.			

In	addition,	the	production	of	novel	CMS	structures	may	open	whole	new	applications	and	

markets.		CMSs	are	hollow	graphite	structures	one	order	of	magnitude	larger	than	typical	

CNOs.	 	 It	 is	 believed	 that	 this	 is	 the	 first	 time	 these	 structures	 have	 been	 synthesized,	

previously	only	being	observed	in	meteorites	(Fraundorf	and	Wackenhut,	2002,	Croat	et	

al.,	2005).		Further	investigation	is	needed	to	determine	their	properties	and	potential	for	

novel	applications.	

An	assessment	of	 the	economic	potential	of	 the	catalyst	developed	in	this	work	suggests	

that	it	is	significantly	better	than	all	catalysts	published	in	terms	of	catalyst	turnover	costs.		

When	 accepting	 the	 inevitable	 catalyst	 turnover	 from	 this	 process	 it	 is	 evident	 that	 the	

cost	 of	 the	 catalyst	 is	 more	 influential	 on	 the	 process	 economics	 than	 the	 catalyst	

performance.	The	simple	unprocessed	iron	ore	catalysts	investigated	in	this	current	work	

have	 less	 than	an	order	of	magnitude	of	 the	catalyst	 turnover	costs	of	 the	best	 catalysts	
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studied	in	the	past	half	a	century.		Therefore	this	catalyst,	process	and	carbon	combination	

has	 a	 high	 potential	 to	 make	 the	 TCMD	 process	 costs	 effective	 for	 the	 production	 of	

hydrogen	gas.	
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7. Conclusion 

This	thesis	demonstrates	the	activity,	reaction	mechanisms	and	implication	of	using	bulk	

iron	 oxide	 as	 a	 ‘consumable’	 catalyst	 for	 the	 Thermo‐Catalytic	 Methane	 Decomposition	

(TCMD)	process.	 	Raw	 iron	ores	 are	 found	 to	have	 similar	 activity	 to	 synthetic	 forms	of	

iron	 oxide	 such	 as	 oxidized	 stainless	 steel	 and	 precipitated	 iron	 oxides.	 	 The	 degree	 of	

oxidation	 of	 the	 iron	 species	 is	 shown	 to	 have	 little	 effect	 on	 catalytic	 performance,	

however	the	average	iron	crystal	size	is	shown	to	affect	the	carbon	morphology	and	iron	

phases	after	the	reaction.		Ultimately	the	type	of	iron	oxide	chosen	depends	on	factors	of	

cost,	yield	and	types	of	carbon	produced.			

The	 reduction	 of	 these	 catalyst	 oxides	with	methane	 is	 shown	 to	 considerably	 increase	

their	 catalytic	 performance	 compared	 to	more	 traditional	 hydrogen	 reduction	methods.		

This	 is	 likely	 to	 be	 because	 of	 the	 synergies	 between	 the	 simultaneous	 reactions	 of	

reduction	 and	decomposition,	 resulting	 in	more	 active	 catalyst	 sites	 and	 greater	 energy	

efficiencies	between	the	endothermic	decomposition	and	exothermic	reduction	reactions.		

However	 this	 ‘auto‐reduction’	 process	 produces	 trace	 amounts	 of	 carbonaceous	 oxides,	

including	CO,	which	will	need	to	be	addressed	for	certain	hydrogen	usages.	

The	 key	 behind	 the	 catalytic	 longevity	 of	 iron	 catalysts	 is	 the	metastable	 nature	 of	 the	

cementite	 phase	 at	 elevated	 temperatures,	 by	 its	 ability	 to	 cyclically	 decompose	 and	

precipitating	graphite,	as	termed	the	‘carbide	cycle’.		Without	this	cycle	the	catalyst	rapidly	

deactivates	 when	 a	 sufficiently	 large	 number	 of	 graphite	 layers	 encapsulate	 the	 iron	

particle,	 which	 restricts	 further	 methane	 contact	 by	 creating	 a	 diffusion	 barrier.		

Unsupported	 polycrystalline	 analytical	 hematite	 catalysts	 (<5um)	 require	 a	 minimum	

reaction	 temperature	 of	 800C	 to	 initiate	 this	 cycle.	 	 This	 threshold	 temperature	 is	 the	

point	where	metal	dusting	of	the	aggregate	particles	is	accelerated;	thereby	enhancing	the	

catalyst	utility	by	increasing	the	active	catalyst	surface	area.		This	temperature	is	therefore	

a	balance	between	 the	 system	kinetics	 and	 the	particle	 size	 (both	 aggregate	 and	 crystal	

sizes),	which	(1)	promotes	full	carbon	diffusion	into	the	iron	particle	and	(2)	enables	the	

decomposition	 of	 metastable	 cementite	 and	 initiate	 the	 carbide	 cycle.	 	 Reaction	

temperatures	 well	 in	 excess	 of	 this	 threshold	 temperature	 (>900C)	 result	 in	 higher	

amounts	of	amorphous	carbon	production	via	non‐catalytic	pyrolysis	of	methane.	 	These	

amorphous	carbon	layers	deposit	on	top	of	 the	graphite/iron	structure	and	prematurely	

deactivate	 the	 reaction	 by	 restricting	 the	 methane	 from	 contacting	 the	 iron	 core	 and	

further	metal	dusting.			
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The	 longevity	 of	 large	 unsupported	 polycrystalline	 iron	 catalysts	 lies	 in	 metal	 dusting.		

Metal	dusting	increases	the	surface	area	of	the	catalyst	and	therefore	increases	the	carbon	

yield.		The	metal	dusting	mechanism	of	unsupported	polycrystalline	iron	catalysts	can	be	

explained	using	a	series	of	solid‐fluid	reaction	models	in	iterative	cycles.		The	initial	stage	

of	 the	 first	 cycle	 involves	 carbon	 diffusion	 and	 saturation	within	 the	 upper	 layer	 of	 the	

particle	(following	the	shrinking	core	model)	due	to	the	rapid	methane	dissociation	rate	

on	the	bare	iron	surface.	 	Graphite	layers	are	subsequently	precipitated	on	to	the	surface	

of	the	entire	polycrystalline	particle	via	a	carbide	decomposition	stage	of	the	carbide	cycle.		

Eventually	 the	 growth	 of	 graphite	 layers	 begins	 to	 slow	 this	 cycle	 and	metal	 dusting	 is	

initiated.	 This	 ruptures	 the	 particle	 as	 per	 the	 Crackling	 Core	 Model	 (CCM),	 forming	

smaller	 polycrystalline	 iron	 fragments	 and	 graphite	 flakes.	 	 These	 stages	 are	 repeated	

until	 the	 particle	 has	 dusted	 into	 single	 crystals	 or	 the	 reaction	 deactivates	 due	 to	

insufficient	system	kinetics.			

The	carbon	yield	of	these	catalysts	 is	shown	to	increase	linearly	with	elevated	pressures	

by	 it	 accelerating	 metal	 dusting	 and	 promoting	 the	 growth	 of	 large	 carbon	 structures.		

Elevated	pressures	have	higher	methane	diffusion	potential	through	encapsulating	carbon	

layers	 and	 therefore	 are	 able	 to	 maintain	 the	 reaction	 for	 longer	 before	 deactivation.		

These	 longer	 reaction	 durations	 promote	 the	 dusting	 of	 single	 crystals	 into	 smaller	

crystals	via	carbide	recrystallization.		This	‘secondary	dusting’	increases	the	active	surface	

area	 of	 the	 catalyst	 and	 therefore	 the	 total	 carbon	 yield.	 	 In	 addition	 elevated	 reaction	

pressures	 promote	 the	 growth	 of	 larger	 carbon	 structures,	 such	 as	 Carbon	Micro	 Shells	

(CMS).	 	The	higher	methane	diffusion	potential	 through	 the	encapsulating	carbon	 layers	

allows	the	continuation	of	 the	surface	carbide	carbon	growth	by	maintaining	sufficiently	

high	surface	reaction	rates.	These	larger	structures	increase	the	total	carbon	yield	because	

they	are	easily	ruptured	and	therefore	do	not	deactivate	the	catalyst.			

The	iron	phases	after	reaction	deactivation	are	dependent	on	the	residual	pressure	within	

the	Carbon	Nano	Onions	 (CNO)	structures.	 	These	constricting	pressures	 (caused	by	 the	

carbon	growth	mechanism)	aid	in	maintaining	metastable	iron	phases	such	as	cementite	

and	austenite.	Cementite	results	when	the	internal	pressures	restrict	the	precipitation	of	

carbon	 from	 carbide	 core.	 	 Slightly	 lower	 pressures	 allow	 the	 carbon	 to	 precipitate.	

However	 it	 still	 maintains	 the	 iron	 core	 structure,	 and	 thus	 enabling	 the	 cementite	 to	

decompose	 into	 austenite.	 	 Even	 lower	 internal	 pressures	 allow	 full	 cementite	

decomposition	 into	 ferrite.	 	 These	 iron	 phases	 are	 also	 indirectly	 affected	 by	 the	 iron	

crystal	sizes	and	reaction	temperatures	by	their	influence	on	the	CNO	shell	strength.			
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The	carbon	produced	by	these	catalysts	is	proven	to	be	mainly	CNOs	with	traces	of	Carbon	

Fibres	 (CF)	 and	 graphitic	 flakes.	 	 All	 these	 morphologies	 demonstrate	 high	 graphitic	

degree,	 as	 shown	 by	 HRTEM,	 TGA,	 XRD	 and	 Raman,	 thus	 highlighting	 their	 potential	

commercial	 value.	 	 All	 oxides	 produced	mainly	 CNOs	 however	 those	with	 small	 crystal	

sizes	(<20nm)	tend	to	produce	comparatively	more	CFs,	and	larger	sizes	(>60nm)	contain	

more	graphite	flakes.		Therefore	theoretically	the	type	of	carbon	produced	can	be	tailored	

pre‐reaction	treatment	of	the	catalyst	so	that	it	has	the	required	crystal	size	distribution.		

Aggregate	oxide	sizes	are	shown	not	to	have	a	significant	effect	on	carbon	yield	because	of	

the	rapid	effect	of	metal	dusting,	however	 larger	aggregates	are	shown	to	produce	more	

graphite	 flakes	 due	 to	 the	 dusting	mechanism.	 	 The	 high	methane	 diffusion	 potential	 at	

elevated	pressures	also	allows	larger	carbon	structures	to	develop,	such	as	Carbon	Micro	

Shells	(CMS)	by	maintain	a	high	reaction	rate	to	continue	surface	carbide	carbon	growth.		

Higher	pressures	also	allow	secondary	dusting	which	produces	small	CNOs,	hence	why	the	

surface	area	gets	larger	as	pressure	increases.	

These	 works	 allowed	 the	 discovery	 of	 the	 Blockage	 Induced	 Elevated	 Activity	 (BIEA)	

phenomenon	which	can	be	exploited	for	 further	up‐scale	works.	 	Elevated	pressures	are	

shown	to	accelerate	this	metal	dusting	reaction	for	bulk	catalysts	and	therefore	increase	

the	 catalytic	 performance	 by	 continually	 creating	 new	 active	 catalytic	 sites.	 	 This	 was	

evidenced	by	 the	 increased	 catalytic	 activity	 caused	by	 carbon	blocking	 the	 reactor	 and	

increasing	 the	 system	 pressure.	 	 	 This	 self‐pressurizing	 system	 causes	 the	 methane	

conversion	to	increase	beyond	the	Thermodynamic	Equilibrium	Limit	(TEL)	calculated	at	

the	 upstream	 process,	 seemingly	 opposing	 the	 reaction	 thermodynamics	 for	 expanding	

gas	 reactions.	 	 The	 reason	 behind	 this	 phenomenon	 is	 that	 the	 blockage	 creates	 two	

different	 pressure	 regions;	 a	 high‐pressure	 upstream	 region	 with	 a	 low	 TEL	 and	 low	

pressure	downstream	with	a	high	TEL.		The	high‐pressure	region	increases	the	activity	of	

the	 catalyst	 in	 this	 region;	 though	bounded	by	 the	 lower	TEL.	 	The	 low‐pressure	 region	

downstream	 allows	 the	 gas	 to	 continue	 reacting	 and	 increase	 the	 methane	 conversion	

beyond	 this	 limit.	 	 This	 natural	 dual	 pressure	 system	 therefore	 increases	 the	 catalyst	

utility	as	well	as	maintains	high	conversion	efficiency.	The	analysis	of	 the	effect	of	space	

velocity	and	back‐pressure	with	these	catalysts	aided	to	further	validate	the	BIEA	theory	

suggested	earlier.		It	was	found	that	(1)	the	elevated	methane	flow	does	not	influence	the	

final	 methane	 conversion	 after	 blockage	 induced	 pressurization,	 and	 (2)	 the	 back‐

pressure	 increases	 the	 initial	 activity	 of	 the	 reaction	 by	 accelerating	 metal	 dusting,	

however	 has	 a	 lower	 final	 methane	 conversion	 in	 line	 with	 lower	 TEL	 in	 the	 higher‐

pressure	 region	 downstream.	 	 Scaling	 up	 this	 system	 also	 proves	 that	 the	 methane	

conversion	 can	 be	 sustained	 at	 the	 TEL	 without	 the	 need	 for	 blockage	 induced	
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pressurization	so	long	as	the	space	velocity	allows	sufficient	residence	time	for	complete	

reaction.			

The	Multiple	 Pressure	Reactor	 (MPR)	 is	 a	 novel	 TCMD	 reactor	 system	 that	 uses	 two	 or	

more	 pressure	 vessel	 reactors	 in	 series	 to	 minimize	 catalyst	 turnover	 and	 gas	

recirculation.		This	system	passes	methane	sequentially	from	the	high‐pressure	vessels	to	

low‐pressure	 vessels	 in	 order	 to	 extract	 maximum	 yields	 from	 the	 catalyst	 whilst	

maintaining	high	methane	conversions	efficiencies.	 	The	higher‐pressure	vessels	are	able	

to	 extract	 higher	 yields	 by	 (1)	 promoting	methane	 diffusion	 through	 the	 encapsulating	

carbon	layers	surrounding	the	catalyst	particles,	and	(2)	accelerating	metal	dusting	of	the	

catalyst	particle.	The	lower	pressure	vessels,	on	the	other	hand,	are	able	to	further	elevate	

the	 methane	 conversion	 beyond	 the	 thermodynamic	 limitations	 of	 the	 high‐pressure	

reactions	upstream.		This	system	maintains	a	constant	methane	conversion	(and	therefore	

gas	recirculation)	regardless	of	the	configuration;	however	the	extent	of	catalyst	turnover	

is	dependent	on	 its	 flow‐path	between	 the	reactors	and	 the	system	operating	pressures.		

Empirically,	the	counter‐flow	MPR	flow‐path	requires	only	one	fifth	of	catalyst	needed	for	

the	 parallel‐flow	MPR	 for	 a	 given	 hydrogen	 capacity,	 assuming	 that	 the	 linear	 trend	 of	

carbon	 yield	 continues	 beyond	 lab	 tested	 9	 bar	 (abs)	 limit.	 	 However	 the	 counter‐flow	

MPR	is	more	complex	and	is	limited	to	a	maximum	of	5	pressure	stages	and	30	bar	(abs)	

to	achieve	mass	balance.			

The	level	of	emissions	from	this	process	is	significantly	less	than	SMR	however	it	can	be	

reduced	even	further	through	system	design.		This	system	produces	minor	carbonaceous	

emissions	from	two	sources:	from	the	heat	source	and	the	reduction	of	the	catalyst	oxides.		

The	 heat	 source	 emits	 approximately	 X	 tonnes	 of	 CO2	 per	 tonne	 of	 hydrogen	 if	 derived	

from	burning	NG.		However	this	heat	source	can	be	emission	free	if	39%	of	the	hydrogen	

produced	is	used	as	the	heat	source.		A	thermodynamic	analysis	of	the	process	(assuming	

the	methane	conversions	at	the	TEL	and	realistic	heat	losses)	indicated	the	system	has	a	

broad	optimum	between	700‐900°C.		If	using	the	process	to	produce	electricity	the	overall	

chained	energy	efficiency	 is	22%	at	~800°C	when	accounting	for	the	energy	 losses	 from	

generating	electricity	using	a	PEMFC	and	ancillary	equipment.			

The	system	can	also	be	designed	to	reduce	the	minor	carbonaceous	oxide	gas	impurities	

produced	within	the	process	during	the	reduction	of	the	catalyst	oxides.		The	trace	levels	

of	CO	when	operating	at	atmospheric	pressure	(<2vol%)	will	need	to	be	removed	for	the	

hydrogen	 to	 be	 used	 in	 certain	 applications	 such	 as	 PEMFCs	 because	 of	 their	 poisoning	

effect	on	the	catalyst.	These	 levels	can	be	reduced	or	eliminated	by	either	(1)	 increasing	

carbon	 yields	 by	 pressurization,	 (2)	 introducing	 a	 standalone	 reduction	 reactor	 stage,	
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whose	effluent	 is	not	 incorporated	 into	 the	main	hydrogen	stream,	or	 (2)	 installing	PSA	

purification	stages.			

An	 assessment	 of	 the	 economic	 potential	 of	 the	 carbon	product	 reveals	 a	wide	 array	 of	

suitable	 applications	 for	 their	 utilization.	 	 After	 purification	 to	 >99wt%	 using	 acid	

digestion	 (HNO3)	 and	 magnetic	 separation,	 the	 CNOs	 (which	 comprise	 the	 bulk	 of	 the	

carbon	 product)	 showed	 promise	 for	 uses	 in	 PEMFCs	 and	 batteries.	 	 In	 addition,	 these	

carbon	structures	show	extremely	high	efficiencies	over	a	wide	range	of	charge/discharge	

currents,	which	 illustrate	 their	potential	 for	battery	application.	 	A	number	of	published	

articles	also	highlight	the	high	potential	for	CNO	structures	for	use	in	batteries	(Han	et	al.,	

2011)	 and	 supercapacitors	 (Pech	 et	 al.,	 2010).	 	 This	 process	 therefore	 offers	 a	 cheap	

means	of	mass	producing	these	carbon	types	to	satisfy	these	growing	markets.			

In	 addition,	 the	 production	 of	 novel	 CMS	 carbon	 structures	 may	 open	 whole	 new	

applications	 and	markets.	 	 CMS	 are	 hollow	 graphite	 structures	 one	 order	 of	magnitude	

larger	than	typical	CNOs.		It	is	believed	that	this	is	the	first	time	these	structures	have	been	

synthesized,	 previously	 only	 being	 observed	 in	 meteorites	 (Fraundorf	 and	 Wackenhut,	

2002,	 Croat	 et	 al.,	 2005).	 	 Further	 investigation	 is	 needed	 to	determine	 their	 properties	

and	potential	for	novel	applications.	

An	assessment	of	 the	economic	potential	of	 the	catalyst	developed	in	this	work	suggests	

that	it	is	significantly	better	than	all	catalysts	published	in	terms	of	catalyst	turnover	costs.		

When	 accepting	 the	 inevitable	 catalyst	 turnover	 from	 this	 process	 it	 is	 evident	 that	 the	

cost	 of	 the	 catalyst	 is	 more	 influential	 on	 the	 process	 economics	 than	 the	 catalyst	

performance.	The	simple	unprocessed	iron	ore	catalysts	investigated	in	this	current	work	

have	 less	 than	an	order	of	magnitude	of	 the	catalyst	 turnover	costs	of	 the	best	 catalysts	

studied	in	the	past	half	a	century.		Therefore	this	catalyst,	process	and	carbon	combination	

has	 a	 high	 potential	 to	 make	 the	 TCMD	 process	 costs	 effective	 for	 the	 production	 of	

hydrogen	gas.	
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Appendix A Effects of stainless steel reactor material 

Before	examining	the	catalyst	performance	it	 is	 important	to	assess	the	influence	by	any	

other	 catalytic	 species	 within	 the	 reaction,	 for	 instance	 the	 effect	 of	 the	 stainless	 steel	

reactor	 tubing	 and	 thermocouples.	 As	 discussed	 earlier,	 safety	 and	 cost	 were	 the	main	

reasons	 for	 selecting	 stainless	 steel	 as	 the	 reactor	 tubing	 material	 when	 undertaking	

reactions	at	elevated	pressures.	To	determine	their	influence	on	the	catalytic	activity	the	

reaction	is	run	without	any	added	catalyst.	

Figure	108	below	depicts	the	influences	of	the	methane	conversion	at	800C	and	900C	by	

(1)	the	blank	reactor	tube:	no	added	catalyst	mesh	or	thermocouple	(“Blank”),	and	(2)	the	

reactor	tube	with	an	untreated	stainless	steel	mesh	and	thermocouple	(“SS	mesh	and	TC”).	

The	 system	 is	 “auto‐reduced”,	 meaning	 that	 it	 not	 pre‐reduced	 with	 hydrogen	 gas.	 	 A	

methane	 flow	of	1.5	sccm	 is	used	 for	both	 the	reduction	and	decomposition	stages	 for	a	

reaction	duration	of	40	hours.	

	

The	 results	 (Figure	 108)	 show	 that	 the	 blank	 reactor	 tube	 contributes	 on	 average	

approximately	4.3%	and	14.9%	to	the	methane	conversion	for	the	800°C	and	900°C	trails	

respectively.	 	 This	 is	 more	 pronounced	 in	 the	 initial	 stages,	 with	 conversion	 peaks	

approximately	2	and	3	times	these	average	conversions	respectively.		The	untreated	mesh	

and	 thermocouple	 sheath	contribute	approximately	1.1%	and	7.1%	 to	 the	blank	 reactor	

tube	conversion	for	800°C	and	900°C	respectively.		These	contributions	to	the	conversion	

of	methane	are	taken	into	account	in	all	analyses	in	this	work.	

Figure	 108	 ‐	Methane	 conversion	 at	 800°C	 and	 900°C	 for	 a	 blank	 316SS	 reactor	 tube	 and	 a	 tube
containing	an	untreated	316SS	mesh	and	thermocouple.		
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Appendix B Calcination Effects on VGC topography 

The	results	show	that	an	 increase	 in	calcination	temperature	and	duration	 increases	the	

thickness	 of	 the	 oxide	 scale	 (Figure	 109).	 No	 noticeable	 oxide	 growth	 is	 seen	 on	 the	

samples	 calcined	 below	 800C,	 however	 beyond	 this	 temperature	 the	 scale	 thickness	 is	

shown	 to	 incrementally	 increase	 with	 temperature.	 This	 implies	 that	 elevated	

temperatures	increase	the	extent	of	oxidation,	as	supported	by	the	findings	of	(Abuluwefa	

et	al.,	1997,	Chen	and	Yuen,	2003).		

	 	 	

	 	 	

	 	 	

	 	 	
Figure	109	 ‐	SEM	 images	portraying	scale	thickness	on	stainless	steel	mesh	after	calcination	under	a	
water	saturated	environment	at	700‐1000C	and	1‐5	hours	duration.		All	images	at	x3k	magnification.	
Ø	+	X%	signifies	the	expansion	of	the	mesh	diameter	due	to	scale	growth.	

The	mesh	surface	area	however	appears	to	have	an	optimum	temperature.		Magnification	

of	 the	 surface	 of	 the	 samples	 (Figure	 110)	 suggest	 that	 the	 surface	 area	 increases	 as	

calcination	 temperatures	 increase	 from	 700‐900°C	 but	 reduce	 from	 900‐1000°C	 due	 to	

sintering.	 	This	 is	 in	 line	with	the	findings	of	(Barbosa	et	al.,	2001,	Asteman	et	al.,	2000)	

which	showed	that	increasing	calcination	temperatures	results	in	lower	surface	areas.			
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Figure	 110	 ‐	 SEM	 images	 portraying	 surface	 effects	 on	 SS	 mesh	 after	 calcination	 under	 a	 water	
saturated	environment	at	700‐1000C	and	1‐5	hours	duration.		All	images	at	x30k	magnification.	
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Appendix C Effect of aggregate polycrystalline particle size 

	

Figure	111	‐	Carbon	purity	(wt%)	and	yield	(GC/GFe)	of	analytical	grade	hematite	catalysts	at	different	size	ranges	
(<5,	 63‐150,	 150‐600,	 600‐1400,	 1400‐2360um),	measured	 by	weighing	 (filled	markers)	 and	 quantitative	 XRD	
(empty	markers).		Process	conditions:	850C,	atmospheric	pressure,	10sccm	CH4	feed,	20	mg	sample,	auto‐reduced,	
complete	deactivation	(19	hrs).		

	

Figure	 112	 ‐	 XRD	 plots	 of	 analytical	 hematite	 catalyst	with	 different	 aggregate	 polycrystalline	 particle	 sizes.	
Process	 conditions:	 850C,	 atmospheric	 pressure,	 10sccm	 CH4	 feed,	 20mg	 catalyst,	 auto‐reduced	 and	 complete	
deactivation	(19	hrs).		Plots	have	been	normalized	for	the	graphite	26°2θ	peak	intensity.	
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Figure	 113	 ‐	 Post‐reaction	 compositional	 analysis	 of	 the	 different	 aggregate	 polycrystalline	 particle	 sizes	 of	
analytical	 grade	 hematite,	 as	 measured	 by	 using	 quantitative	 XRD.	 	 Process	 conditions:	 850C,	 atmospheric	
pressure,	10sccm	CH4	 feed,	20mg	catalyst,	auto‐reduced	and	complete	deactivation	(19	hrs).	 	Trace	 levels	 ferrite	
and	cementite	was	detected	however	they	are	too	small	to	accurately	estimate	their	relative	composition.			

	 	
(a)	<5um.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	
(b)	63‐150um.		Magnification:		x30K	(left)	and	x100K	(right)	
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(c)	150‐600um.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	
(d)	600‐1400um.		Magnification:		x30K	(left)	and	x100K	(right)	

	 	
(e)	1400‐2360um.		Magnification:		x30K	(left)	and	x100K	(right)	

Figure	114	‐	SEM	images	of	the	carbon	produced	using	analytical	grade	hematite	samples	with	different	aggregate	
polycrystalline	particle	 sizes.	Process	 conditions:	850C,	 atmospheric	pressure,	10sccm	CH4	 feed,	20mg	 catalyst,	
auto‐reduced	and	complete	deactivation	(19	hrs).			
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Figure	115	‐	Average	crystal	sizes	of	the	dominant	phases	and	graphitic	degree	of	the	post‐reaction	carbon	using	
different	aggregate	polycrystalline	particle	sizes	of	the	analytical	grade	hematite.	The	Scherrer	equation	is	used	to	
determine	 the	average	 crystal	 sizes	using	 the	 following	peaks:	Graphite	26°2θ	 (002)	and	Austenite	50°2θ	 (002).		
The	graphitic	degree	is	calculated	using	the	Maire	and	Mering	formula	(Maire	and	Mering,	1960).	
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Appendix D Carbon Purification 

The	majority	of	work	in	carbon	purification	in	literature	has	been	using	acid	digestion	for	

CFs.		The	dissolving	of	a	catalyst	particle	from	CNOs	is	generally	harder	than	CFs	because	

of	their	more	stable	graphitic	coatings,	higher	number	of	encapsulating	carbon	layers	and	

low	 surface	 curvature	 (Kim	 and	 Luzzi,	 2005).	 	 Purification	 of	 these	 types	 of	 carbons	

generally	 requires	 more	 aggressive	 methods	 of	 oxidation,	 generally	 at	 the	 expense	 of	

efficiency	and	carbon	degradation	(Hou	et	al.,	2008).			

The	main	methods	of	carbon	purification	are	broadly	defined	as	 (1)	physical	separation,	

(2)	liquid	oxidation,	or	(3)	gas	oxidation.		Physical	separation	is	the	least	damaging	of	the	

carbon	 structures	 and	 generally	 involves	 dispersing	 the	 nano‐carbons	 in	 solution	 and	

physically	 separating	 the	 carbon	 from	 the	 catalyst,	 often	with	 the	aid	of	 surfactants	 and	

sonication	(Hou	et	al.,	2008).		The	most	commonly	used	physical	separation	methods	are	

filtration	(Shelimov	et	al.,	1998),	centrifugation	(Hu	et	al.,	2005),	and	magnetic	separation	

(Kim	and	Luzzi,	2005).	 	However	these	methods	are	often	slow	and	inefficient	(Shelimov	

et	al.,	1998),	and	generally	are	more	suited	to	separating	vastly	different	carbon	structures	

than	the	removal	of	embedded	catalyst	particles	(Kim	and	Luzzi,	2005).	

Chemical	 oxidation	 often	 works	 to	 remove	 lower	 ordered	 carbon	 structures	 as	 well	 as	

removing	 the	 catalyst	 metal	 impurity	 embedded	 within	 the	 carbon	 structures.	 	 Liquid	

oxidization	 is	 the	most	common	in	 literature	and	involves	treating	the	carbon	in	an	acid	

solution	 under	 reflux	 conditions	 (generally	 either	 HNO3	 or	 HCL	 at	 70‐90°C)	 (Hu	 et	 al.,	

2003).	 	 Gas	 oxidation	 on	 the	 other	 hand	uses	 oxidation	media	 such	 as	 air	 and	 steam	at	

elevated	 temperatures.	 	 Both	 oxidation	 methods	 (liquid	 and	 gas)	 primarily	 work	 by	

gradually	 etching	 the	 surface	 carbon	 layers	 to	 expose	 and	 subsequently	 remove	 the	

embedded	 metal	 catalyst.	 	 However	 this	 harsher	 and	 deeper	 penetration	 through	 the	

carbon	layers	often	is	at	the	expense	of	higher	carbon	degradation.	

Three	 different	 purification	 methods	 were	 trailed	 in	 this	 work:	 (1)	 sequential	 gas	 and	

liquid	 phase	 oxidation,	 (2)	 liquid	 phase	 oxidation,	 and	 (3)	 liquid	 phase	 oxidation	 with	

magnetic	separation.	

Carbon	with	low	carbon/catalyst	purity	(67%	not	fully	deactivated	from	large	crack)	was	

used	to	determine	the	potential	for	this	purification	process,	even	though	the	purity	of	the	

carbon	from	fully	deactivated	catalysts	would	range	between	90‐96%.		
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Gas	and	liquid	phase	oxidation	

In	 these	 trials,	 the	 carbon	 is	 exposed	 to	gas	phase	oxidation	 (air	 at	500°C	 for	2hrs)	 and	

followed	by	a	HNO3	wash	(60wt%,	90C,	magnetically	stirred)	for	3	hours.		The	resulting	

solution	was	centrifuged	until	the	pH	was	neutralized.		

The	schematic	in	Figure	116	illustrates	the	mechanism	of	purification	using	this	method,	

where	 the	harsh	gas	oxidation	 ruptures	 the	CNO	exposing	 the	 catalyst	particles	 and	 the	

HNO3	dissolves	it	away.	

	

Figure	116	 ‐	Carbon	 formation	and	purification	model	where	 the	CNO	(a)	ruptures	due	 to	gas	phase	
oxidation	(b)	and	the	catalyst	particle	is	dissolved	using	acid	(c).	

This	 process	 resulted	 in	 moderate	 improvements	 in	 catalyst	 purity	 (64.6	 to	 92.3wt%),	

however	at	the	expense	of	producing	highly	defective	carbon	structures	(Figure	117)	and	

poor	attrition	with	losses	of	over	50%	of	the	carbon	as	CO2.	

	

Figure	117	‐	TEM	images	of	severely	damaged	CNOs	purified	using	gas	and	liquid	oxidation.	

	

	



APPENDIX	D	 	 179	

	

Liquid	Phase	Oxidation	

The	aim	of	this	trial	 is	to	minimize	the	carbon	deterioration	and	attrition	by	using	a	less	

harsh	and	more	controllable	means	of	oxidation.		This	method	relies	on	the	acid	to	contact	

and	dissolve	 the	catalyst	by	gradually	penetrating	the	carbon	 layers	either	via	pathways	

borne	 by	 exiting	 structural	 defects	 or	 by	 slowly	 etching	 the	 encapsulating	 layers	 away.		

Figure	 118	 shows	 a	 CNO	with	 a	 structural	 defect	 that	 allows	 the	 acid	 to	 penetrate	 the	

carbon	layers	and	dissolve	the	inner	catalyst.	

	

Figure	118	‐	Acid	pathway	into	CNO	due	to	a	structural	defect.	

These	 experiments	 were	 conducted	 by	 treating	 the	 carbon	 with	 60wt%	 HNO3	 at	 90C	

under	 reflux	 conditions	 for	40	hrs.	 	The	 resulting	 solution	was	 centrifuged	at	4000	rpm	

repeatedly	in	10	minute	intervals	until	the	solution	pH	was	neutralized.		The	results	taken	

at	various	intervals	during	the	purification	process	showed	that	the	rate	of	purification	is	

the	highest	during	the	first	6	hours,	after	which	the	catalyst	loss	rate	diminishes	and	the	

carbon	attrition	rate	increases	(Figure	119).			

	

Figure	119	‐	Liquid	phase	oxidation	purification	profile	
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This	high	initial	catalyst	loss	rate	indicates	that	the	majority	of	carbon	particles	are	small	

and/or	have	 sufficiently	defective	 structures	 to	 allow	acid	 to	penetrate	 and	dissolve	 the	

catalyst	within	6	hours.		Figure	120	is	a	TEM	image	of	the	carbon	at	this	time	illustrating	

the	range	of	carbon	defective	particles	and	their	effect	on	their	propensity	for	purification.		

	

Figure	120	‐	TEM	image	of	carbon	after	6	hours	of	purification	showing	catalyst	particles	within	CNOs	
with	less	defective	structures.	

Beyond	 this	 time	 there	 are	 diminishing	 returns	 and	 the	maximum	purity	 of	 the	 carbon	

does	not	exceed	97%	beyond	30	hours	of	acid	treatment.		This	is	because	the	attrition	rate	

of	the	carbon	becomes	higher	than	the	removal	rate	of	the	catalyst.	 	This	means	that	the	

majority	of	the	carbon	that	purifies	early	are	overexposed	to	the	acid	and	thus	needlessly	

deteriorate	during	this	time.		Figure	121	shows	TEM	images	of	trials	taken	after	80	hours	

of	 acid	 treatment	which	highlights	 the	 extensive	 damage	of	 the	 carbon	 structure	due	 to	

over	treatment.	

	

Figure	 121	 ‐	 TEM	 images	 of	 carbon	 pure	 carbon	 particles	 purified	 by	 HNO3	 treatment	 for	 80hrs	
showing	high	degrees	of	structural	damage	due	to	overexposure	to	acid.	 	Leftmost	is	an	image	of	a	CF	
with	severely	damaged	sections.	 	Middle	is	a	CNO	with	large	cavities.	 	Rightmost	is	a	wide‐field	image	
showing	the	consistency	across	a	larger	range	of	carbon.	
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Liquid	Phase	Oxidation	with	magnetic	separation	

A	 magnetic	 separator	 was	 subsequently	 used	 to	 reduce	 the	 level	 of	 carbon	

attrition/damage	 by	 intermittently	 removing	 the	 carbon	 as	 it	 is	 purified.	 This	 process	

involves	 intermittently	 stopping	 the	 carbon	 acid	 treatment	 and	 dispersing	 the	 partially	

purified	carbon	in	ethanol	while	a	neodymium	bar	magnet	 is	 inserted	into	the	beaker	to	

remove	the	un‐purified	carbon	(Figure	122a).	 	The	 idea	 is	 that	 the	un‐purified	carbon	 is	

attracted	 to	 the	 magnet	 due	 to	 the	 ferrous	 carbon	 embedded	 within,	 whilst	 the	 pure	

carbon	 remains	 in	 the	 solution.	 	 The	 carbon	 remaining	 in	 the	 beaker	 after	 numerous	

magnet	 insertions	 is	 considered	 pure	 and	 is	 centrifuged	 and	 dried.	 	 The	 carbon	 on	 the	

magnet	is	returned	to	the	liquid	phase	oxidation	and	the	process	is	repeated	until	all	the	

carbon	is	pure	(Figure	122b).		

	

(a)	 	 	 	 	 	 (b)	

Figure	122	‐	Schematic	of	magnetic	separation	with	impure	carbon	attached	to	the	sides	of	the	magnet	
(a)	and	a	flow	diagram	depicting	the	stages	of	carbon	purity	from	each	cycle	(b).	

The	 carbon	 produced	 by	 this	 method	 is	 extremely	 pure	 (>99wt%)	 and	 the	 carbon	

structures	are	 less	damaged	(Figure	123)	than	the	gas/liquid	and	 liquid	phase	oxidation	

methods	 because	 the	 carbons	 that	 purify	 early	 are	 not	 left	 in	 the	 oxidising	 solution	 for	

longer	than	they	need	to	be.			

The	purified	carbon	is	proven	to	contain	less	catalyst	species	than	the	un‐purified	sample;	

however	 it	 also	 contains	more	disordered	carbon.	 	An	XRD	analysis	 (Figure	124)	 shows	

significantly	 less	 intensity	 in	 the	 catalyst	 peaks	 compared	 to	 the	 un‐purified	 carbon.		

However	a	TGA	analysis	 (Figure	125)	shows	 that	 the	structure	of	 the	purified	carbon	 is	

compromised	 slightly	 by	 the	 purification	 process.	 	 The	 burn‐off	 temperature	 (the	

temperature	at	which	50%	of	the	carbon	is	burnt	off)	is	approximately	70˚C	lower	for	the	

purified	 carbon	 compared	 to	 the	 un‐purified	 sample,	 indicating	 that	 the	 carbon	 is	 less	

stable.	 	This	 increased	carbon	disorder	is	because	of	the	etching	effect	of	the	acid	on	the	

carbon	structure.				
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Figure	123	 ‐	TEM	 images	of	 carbon	purified	by	 the	 liquid	phase	oxidation	and	magnetic	 separation	
method	 showing	 pure	 carbon	 relatively	 free	 of	 acid	 damage.	 	 Left	 –	 high	 magnification	 of	 an	
undamaged	CNO	structure,	Right	–	wide	field	view	showing	the	representation	across	a	wider	range	of	
carbon.	

	
Figure	124	 ‐	XRD	 analysis	 of	unpurified	 carbon	 and	 carbon	purified	by	 liquid	phase	 oxidation	 and	
magnetic	separation.	

	

	

Figure	125	‐	TGA	plot	of	un‐purified	and	purified	carbon	(magnetically	separated).	

Un‐purified	

Purified	

Catalyst	peaks
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Theoretically	this	carbon	degradation	during	purification	can	be	reduced	by	removing	the	

carbon	from	the	acid	medium	as	soon	as	it	is	purified.		The	construction	of	such	a	device	is	

beyond	the	scope	of	this	work,	however	one	suggestion	is	to	continuously	flow	the	carbon‐

acid	solution	through	a	magnetic	field	and	allow	the	acid	flow	to	immediately	carry	away	

the	purified	carbon	into	a	solid/liquid	separator	such	as	a	centrifuge	(Figure	126).		Excess	

acid	 can	be	 reintroduced	 into	 the	 system	 to	 complete	 the	 cycle	 and	 reduce	wastage.	 	 In	

addition	an	induction	coil	can	also	be	included	to	gauge	the	purity	of	the	exiting	carbon	for	

feedback	 and	 quality	 control.	 This	 would	 not	 only	 reduce	 the	 carbon	 degradation	 but	

would	also	improve	the	scale‐up	economics	of	this	process.			

	

Figure	126	‐	Schematic	of	a	proposed	continuous	acid	purification	system	with	magnetic	separation.
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Appendix E Carbon Functionalization  

As	 mentioned	 earlier,	 there	 are	 a	 number	 of	 potential	 applications	 that	 have	 shown	

promise	 in	 research	 into	 CNOs,	 particularly	 in	 the	 fields	 of	 energy	 storage,	 catalyst	

supports	and	electrical	conductors.	 	Due	to	time	and	resource	limitations,	this	work	only	

conducts	preliminary	investigations	into	fuel	cells	and	batteries.			

Fuel	Cells	

Fuel	cells	have	received	much	attention	in	recent	times	as	a	means	of	extracting	electrical	

energy	at	high	efficiency	from	a	variety	of	fuels.		PEMFCs	for	instance	have	been	proven	to	

operate	 at	 energy	 efficiencies	 40‐50%	 higher	 than	 coal	 fire	 power	 station	 and	 internal	

combustion	 engines	 when	 chemically	 converting	 hydrogen	 gas	 into	 water	 (Sopian	 and	

Wan	Daud,	 2006).	 	 However	 the	 commercial	 potential	 of	 the	 PEMFC	 is	 limited	 by	 their	

need	 for	 relatively	 large	 amounts	 of	 expensive	 platinum	 (Pt)	 on	 the	 anode	 (Zhou	 et	 al.,	

2013).		To	reduce	the	amount	of	Pt	required,	one	approach	currently	being	investigated	is	

to	 increase	 its	 utilization	 by	 finely	 dispersing	 the	 Pt	 particles	 onto	 a	 stable	 catalyst	

support.	Carbon	nanostructures	have	been	identified	as	having	high	potential	as	a	catalyst	

supporting	 structure	 because	 of	 their	 unique	 surface	 structure,	 high	 electrical	

conductivity,	 large	 surface	 areas	 and	 their	 stacking	 formations	 allow	 for	maximum	 gas	

diffusion	to	the	catalyst	and	electrode‐electrolyte	interface	(Lee	et	al.,	2010).	

The	purified	carbon	produced	in	this	work	was	trialled	for	PEMFC	to	test	its	performance	

and	identify	areas	of	 improvement.	 	Pure	Pt	was	deposited	on	this	carbon	by	microwave	

heating	50ml	ethylene	glycol	solution	with	0.04M	H2PtCl6.6H2O	at	160C	for	4	min	(2	min	

ramp	up	time).		The	resulting	suspension	was	centrifuged,	washed	with	acetone	and	dried.		

The	resulting	Pt:C	weight	ratio	was	1:4	(20wt%	Pt/C).	

The	resulting	catalyst	was	shown	to	have	agglomerated	Pt	particles	on	the	surface	of	the	

carbon	 structures	 measuring	 approximately	 8nm	 in	 diameter	 (Figure	 127a).	 	 This	

approximate	size	is	 in	good	correlation	with	the	average	particle	size	estimates	from	the	

XRD	plot	(Figure	127b)	using	the	Scherrer	Formula	(7.9nm).		By	assuming	the	Pt	particles	

are	 spherical	 and	 uniform	 the	 specific	 surface	 area	 can	 be	 approximated	 to	 35.5m2/g.		

This	 value	 exceeds	 the	 minimum	 target	 of	 3.33m2/g	 (0.03mg	 Pt/cm2)	 set	 by	 the	 US	

department	of	Energy	to	meet	costs	targets,	however	it	still	2‐3	times	smaller	than	those	

done	 in	 literature	 using	 commercial	 activated	 carbon	 (Pozio	 et	 al.,	 2002).	 	 This	 is	 likely	

because	of	the	lower	surface	area	and	less	surface	defects	of	the	carbon	produced	in	this	

work,	which	cause	the	Pt	particles	to	agglomerate.	
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(a)	

	

(b)	

Figure	127	 ‐	Pt/C	catalyst	characterization,	(a)	TEM	 image	showing	agglomerated	Pt	particles	on	the	
surface	of	the	carbon	structures,	(b)	XRD	plot	of	the	catalyst.	

The	Electrochemical	Active	Surface	(EAS)	of	the	carbon	supported	Platinum	(Pt)	catalyst	

was	 tested	 in	 a	 three‐electrode	 cell	 cyclic	 voltammetry	 system	 using	 1M	 H2SO4	 as	 the	

anolyte.	 	The	counter	 electrode	was	a	Pt	plate	and	 the	 reference	electrode	was	Ag/AgCl	

with	3M	KCl	as	the	electrolyte.		The	working	electrode	was	prepared	by	suspending	50ug	

of	 the	Pt/C	 catalyst	 in	2ml	of	 ethanol	 solution,	 and	dispersing	10ul	of	 this	 solution	on	a	

5mm	diameter	 glassy	 carbon	 electrode.	 A	 linear	 potential	 ramp	was	 applied	 to	 the	 cell	

using	a	scan	rate	of	20mV/s.	

The	EAS,	calculated	from	the	cyclic	voltammogram	(Figure	128),	was	17.5m2/g	indicating	

that	 49.3%	 of	 the	 Pt/C	 catalyst	 is	 utilized	 if	 compared	 to	 the	 earlier	 Pt	 surface	 area	

approximations.	 	 This	 result	 is	 low	 in	 comparison	 to	 those	 produced	 in	 other	 studies,	

which	range	between	65‐98%	(Pozio	et	al.,	2002),	however	it	illustrates	the	potential	for	

its	use	after	further	development.	
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Figure	128	‐	Cyclic	voltammogram	of	Pt/C	catalyst. 

These	 results	 can	 be	 improved	 by	 increasing	 the	 surface	 area	 of	 the	 carbon	 whilst	

maintaining	the	crystalline	structure.		This	can	be	done	by	(1)	tailoring	the	TCMD	process	

to	 produce	 more	 surface	 defective	 structures	 with	 higher	 selectivity,	 and/or	 (2)	 post‐

treating	 the	 carbon	 with	 steam	 (Muradov,	 2003)	 or	 KOH	 (Frackowiak	 et	 al.,	 2002)	 to	

increase	selectivity	and	create	mesopores	on	the	surface.		

Batteries	

Carbon	nanostructures	have	long	been	investigated	for	use	in	dry	cell	batteries	because	of	

their	physical,	 electrical	 and	chemical	 characteristics.	 Investigations	done	by	 (Han	et	 al.,	

2011)	 showed	 excellent	 cycling	 performance	 for	 carbon	 onions	 (produced	 by	 reacting	

copper	dichloride	hydrate	 and	 calcium	carbide	at	600°C)	 as	 anode	materials	 for	 lithium	

ion	batteries.	These	trials	showed	a	reversible	capacity	of	391mAhg‐1,	with	a	Coulombic	

efficiency	 of	 95%	 at	 a	 rate	 of	 0.1C	 after	 60	 cycles,	 which	 exceeds	 the	 performance	 of	

graphite	anodes.		The	following	section	examines	the	use	of	the	purified	carbon	produced	

in	the	current	work	for	applications	in	dry	cell	Lithium	(Li)	ion	batteries.	

The	 purified	 carbon	 was	 mixed	 with	 conductive	 paste	 (Super‐P)	 and	 carboxyl	 methyl	

cellulose	 in	 the	weight	 ratio	80:10:10	and	pressed	onto	a	copper	 film.	 	After	drying,	 the	

film	was	cut	into	electrode	discs	(1.2	cm	diameter)	and	further	dried	in	a	vacuum	furnace	

at	105C	for	12	hours.		The	discs	were	used	as	the	anode	in	a	CR2032	type	half‐cell,	with	Li	

as	 the	 counter	 electrode,	 LBC	 305‐01	 as	 the	 electrolyte	 and	 Celgard	 2400	 PE	 as	 the	

separation	membrane.	 	 The	dry	 cell	was	 tested	with	5	 charge/discharge	 cycles	 for	 each	

H2 desorption	peak

Approximate	contribution	from	
the	capacitive	charging	current	

H2 adsorption	peak
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specific	capacity	of	0.2C	(1C	=	370	mA/g),	0.5C,	1C,	2C	and	5C	(total	of	30	cycles)	between	

0.005‐3.0	 V	 at	 ambient	 conditions.	 The	 utilization	 efficiency	 and	 the	 charge/discharge	

rates	were	also	recorded.	

The	 results	 (Figure	 129a	 and	 b)	 show	 that	 the	 specific	 capacity	 is	 slightly	 lower	 for	 all	

cycle	 rates	 (0.2C‐5C)	 in	 comparison	 to	 commercial	 forms	 of	 carbon,	 however	 the	

Coulombic	 efficiency	 is	 consistently	higher.	 	The	 results	 show	 that	 the	dry	 cell	 had	high	

Coulombic	efficiency	(average	99%)	for	the	range	0.2C	to	5C	however	generally	lacked	in	

specific	capacity	in	comparison	to	similar	CNO	works	by	(Han	et	al.,	2011)	and	commercial	

forms	 of	 graphite.	 	 	 The	 specific	 capacity	 at	 the	 charge/discharge	 typical	 for	 portable	

batteries	(0.1C	–	1C)	is	slightly	lower	than	natural	graphite	and	other	CNO	trials	(310,	350	

and	391mAh/g	respectively)	however	 it	 is	more	efficient	 (99,	95	and	95%	respectively)	

(Han	et	al.,	2011,	Yoshio	et	al.,	2004).		

These	slightly	lower	specific	capacities	are	likely	to	be	due	to	a	combination	between	the	

carbon	 properties	 and	 potentially	 the	 slight	 differences	 in	 the	 assembly	 of	 the	 dry	 cell.		

The	CNOs	produced	by	(Han	et	al.,	2011)	performed	better	than	the	CNOs	produced	in	this	

work	 despite	 displaying	 highly	 disordered	 turbostratic	 structure.	 	 Their	 differences	 are	

likely	to	lie	in	the	much	larger	surface	areas	(101	m2/g	(Han	et	al.,	2011)	vs	35m2/g)	and	

potentially	carbon	purity	in	comparison	to	the	current	CNO	work.		Further	investigation	is	

needed	 to	 understand	 the	 reason	 for	 the	 performance	 differences	 between	 these	 two	

forms	of	CNOs.	
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(a)	

 

 
(b)	

Figure	129	‐	Dry	cell	charge/discharge	plots	(a)	specific	capacity	for	0.2C	–	5C,	and	(b)	voltage/capacity	
profile	for	0.2C. 
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Appendix F Catalyst material costs 

Material Price 
(AU$/t) Date Reference 

Metal    
Nickel (Ni) $19,908 Jan-12 (IndexMundi, 2012) 
Palladium (Pd) $21,419,000 Feb-12 (PalladiumPrice, 2012) 

Cobalt (Co) $31,400 Feb-12 (LME, 2012) 

Iron ore fines - 62% (Fe2O3) $140 Jan-12 (IndexMundi, 2012) 

Iron (Fe) $222 Jan-12 Calculated from above 

Copper (Cu) $8,062 Jan-12 (IndexMundi, 2012) 

Support    

Silica (SiO2) $475 Feb-12 Quote ex China 

Alumina (Al2O3) $680 Jan-12 Quote ex China 

Precursor    

Co(NO3)2.6H2O $9,430 Jan-12 Quote ex Australia 

Ni(NO3)2.6H2O $5,690 Jan-12 Quote ex Australia 

PdCl2 $15,500,000 Jan-12 Quote ex China 

FeCl3.6H2O $710 Jan-12 Quote ex Australia 

Fe(NO3)3.9H2O $530 Jan-12 Quote ex China 

Cu(NO3)2.3H2O $3,670 Jan-12 Quote ex Australia 

Al(NO3)3.9H2O $1,060 Jan-12 Quote ex Australia 

Precipitator    

SiC8H2O4 $2,090 June-12  Quote ex Australia 

NH3OH $350 June-12  Quote ex China 

NaOH $614 June-12  Quote ex Australia 

Table	8	–	Catalyst	material	spot	prices	

	

Element t MM r MM Mol per precursor ($/tonne 
p

type
p

MM 
p

mole Precip 
p

($/tonne ($/tonne 
Co 58.9 291 16978 4.94 46,589.64$        NaOH 40 2 1.36 $833.96 47,423.60$        
Ni 58.7 290.79 17036 4.95 28,187.31$        NaOH 40 2 1.36 $836.80 29,024.11$        
Pd 106.42 177 9397 1.66 25,779,928.58$ NH3OH 35 2 0.66 $230.22 25,780,158.80$ 
Fe (chloride) 55.8 270.3 17921 4.84 3,439.30$         NH3OH 35 3 1.88 $658.60 4,097.90$         
Fe (Nitrate) 55.8 404 17921 7.24 3,837.28$         NaOH 40 3 2.15 $1,320.43 5,157.71$         
Cu 63.5 241.6 15748 3.80 13,963.34$        NaOH 40 2 1.26 $773.54 14,736.88$        
Al 27 357 37037 13.2 14,015.56$        NaOH 40 3 4.44 $4,711.11 18,726.67$        
Si 28.1 208.3 35587 7.4 15,492.78$        NaOH 40 2 2.85 $5,950.18 21,442.95$        	

Table	9	–	Precursor	cost	calculations	
	

	

	

	


