
 

Oxidative coupling of methane over lithium promoted
magnesia
Citation for published version (APA):
Kasteren, van, J. M. N. (1990). Oxidative coupling of methane over lithium promoted magnesia. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR339832

DOI:
10.6100/IR339832

Document status and date:
Published: 01/01/1990

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR339832
https://doi.org/10.6100/IR339832
https://research.tue.nl/en/publications/e3c662b5-9db2-4872-a251-b30a58b28e28


OXIDATIVE COUPLING 

OF METHANE OVER 

LITIDUM PROMOTED MAGNESIA 

J.M.N. VAN KASTEREN 

CH ·· 4 

CH4 

.. CH · 
. 4 ·. 

. ... ·. .. . 
~-- ... . . . .... .... 

• 0 • • 
"-~ u• -..... u.• 

CH . 3 

CH3 

CH . 
3 CH4 .••. 

·· eH .. . 
. . . · CH~ 

•.. C:H,. 
. . 

...... . u lOl! . . . . . . . . 
·-w• u• u• ·u• · 

CH . • 

.. .. -· ...... ...... 
... . ...... .... . 

. . . ... . 
u• t.~• u• u• 

0\ . 
. . ... :0\ ... 0 . . 

u '• u• 

CH3 
. CH3 

0-1. 

.. u• ·-- ""'! . u• u• • • · L· ,· Mg.· . 0 
v•• .,... .,•,. ~·.. Y• .... •,. ... • ..... • .. 

. .. 
lol ..... • .. .. . .... "' .. 

...,• .. .. ~ ... · .. ~.~· .. 

. ... . . . ..... .... 
. · 0 0 . 

u• u• 
. • • 0 • • 

.,.. ..... u .. ., .. 

. ·. . ... ......... . . . ..... ... .. . . . . u• .,,. _.,,. ~.~ .. 

. . 
u• u• 

0 .. • • ..... ..... ... ....... 



OXIDATIVE COUPLING 

OF METHANE OVER 

LITHIUM PROMOTED MAGNESIA 

Proefschrift 

ter verkrijging van de graad van doctor aan 
de Technische Universiteit Eindhoven, op gezag 
van de Rector Magnificus, prof. ir. M. Tels, voor 
een commissie aangewezen door het College 
van Dekanen in het openbaar te verdedigen 

op vrijdag 2 november 1990 te 16.00 uur 

door 

Johannes Maria Nicolaas van Kasteren 

geboren te Heerlen 

druk: wibro dissertatiedrukkerij, helrnond. 



Dit proefschrift is goedgekeurd door de promotoren: 

Prof. dr. ir. K. van der Wiele 
Prof. dr. ir. G.B.M.M. Marin 

copromotor: 

Dr. ir. J.H.BJ. Hoebink 





Wze zal zeggen wat hij wi~ zal horen wat hij niet wiL 

Terentius Andr. 920 



SAMENVATI1NG 

Het besef van de eindigheid van de aardolievoorraden en het toegenomen aantal 
vindplaatsen van aardgas hebben geleid tot een sterke belangstelling voor het gebruik 
van aardgas als grondstof voor de chemische industrie. De meeste locaties van de grote 
aardgasvelden zijn van dien aard dat transport over zeer grote afstanden nodig is. Dit 
transport van aardgas is gecompliceerd en duur en maakt het zoeken naar methoden 
om aardgas bij de bron om te zetten in makkelijker te transporteren chemicaliën 
interessant. Aangezien aardgas hoofdzakelijk uit methaan bestaat, kan de chemische 
omzetting van aardgas zich voornamelijk beperken tot het bestuderen van de chemische 
omzetting van methaan. 

Omzetting van aardgas tot bruikbare componenten (zoals methanol of benzine) 
geschiedt momenteel vrijwel uitsluitend via de zogenaamde indirecte route die de 
productie van synthese gas (CO/H2) door middel van steam reforming bevat. Dit 
synthese gas is om te zetten in methanol. etheen of benzine. Echter, directe conversie 
van methaan tot deze nuttige koolwaterstoffen, waarbij de omslachtige en energetisch 
ongunstige steam reformingsstap vermeden wordt, vormt een veel aantrekkelijker 
alternatief. 

Dit proefschrift betreft een studie naar de directe omzetting van methaan tot etheen 
via de zogenaamde oxydatieve koppeling: methaan wordt met behulp van zuurstof in 
aanwezigheid van een katalysator direct geconverteerd naar etheen en water. Centraal 
in dit onderzoek staat de lithium gedoteerde magnesiumoxyde (li/MgO) katalysator. 
Naast aandacht voor de bereidingswijze is de werking en invloed van de katalysator op 
de methaanomzetting uitvoerig onderzocht. 

De bereidingswijze van de li/MgO - katalysator blijkt vooral een sterke invloed uit te 
oefenen op het initiële aktiviteitsverloop van het koppelingsproces. Dit effekt is toe te 
schrijven aan het lithiumgehalte, het specifieke oppervlak ( m2 

/ g) en de poriënstruktuur. 
lithium is duidelijk verantwoordelijk voor de hoge Cz+ opbrengst. Reeds zeer kleine 
hoeveelheden lithium (0.2wt%) toegevoegd aan het MgO blijken voldoende te zijn voor 
een hoge Cz+ yield. Speciaal de aanwezigheid van de lithiumcarbonaatfase blijkt hierbij 
een sleutelrol te vervullen. 

Desaktivering van de li/MgO katalysator treedt op door verlies van lithium. Dit verlies 
wordt hoofdzakelijk veroorzaakt door reactie van de aanwezige lithiumfasen met water 
waarbij lithiumhydroxyde gevormd wordt. Dit lithiumhydroxyde is zeer vluchtig onder 
reactie omstandigheden (soo•q en dampt zodoende uit de katalysator om "downstream" 
weer neer te slaan. Daarnaast treedt lithiumverlies op door reactie van het lithium met 
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de quartz reactorwand. De ontstane lithiumsillkaten verhinderen het lithium verder deel 
te nemen aan het katalytische proces. 

Het mechanisme van de werking van de U/MgO katalysator is bestudeerd met behulp 
van de steady-state isotopic transiênt kinetic analysis (SSITKA) techniek met 13CH4 and 
180z als isotoop. Deze metingen zijn uitgevoerd in een speciaal daarvoor ontworpen 
proefopstelling. Deze experimenten tonen aan dat bij soo·c de zuurstofadsorptie een 
belangrijke rol speelt en dat de methaanadsorptie verwaarloosbaar is. Tevens blijkt er 
ook geen noemenswaardige hoeveelheid 13C te worden in gebouwd in de katalysator. 
Dit toont aan dat de lithiumcarbonaatontleding geen deel uitmaakt van de katalytische 
cyclus. De aktieve zuurstofspecies wordt waarschijnlijk gevormd via een oxydische 
lithiumfase. Het verlies van de aktieve (lithium)fase wordt aangevuld vanuit de 
lithiumcarbonaatfase door lithiumcarbonaatontleding. Het mechanism van de methaan 
aktivering kan beschreven worden met een ELEY - RIDEAL mechanisme waarbij 
methaan vanuit de gasfase reageert met een aktieve zuurstofspecies op het oppervlak 
van de katalysator. 

Het mechanisme van ethaan- en etheenvorming vanuit methaan is uitvoerig bestudeerd 
in een lage druk reactor (100 Pa). Het proces blijkt te bestaan uit een gecompliceerd 
reactienetwerkvan homogene radicaal reacties en heterogene aktiveringsreacties. Ethaan 
wordt primair gevormd uit de koppeling van twee methylradicalen in de gasfase. Deze 
methylradicalen worden gevormd door waterstofabstractie van methaan aan het 
katalysatoroppervlak. Zowel aan het katalysatoroppervlak als in de gasfase reageert 
ethaan tot etheen en etheen tot koolmonoxyde (CO). Koolmonoxyde wordt voornamelijk 
aan het katalysatoroppervlak geoxydeerd tot C01• De gasfasereacties zijn essentiee~ 
omdat de methylradicalen aan het katalysatoroppervlak hoofdzakelijk oxyderen tot CO. 

Met behulp van een gelijkspanningsontlading in argon is de invloed van de U/MgO 
katalysator op radicaalrecombineringsreacties onderzocht In de positieve zuil van het 
argon plasma wordt de functie van de katalysator als versneller van de 
methaandissociatie overgenomen door argon metastabielen. Met deze techniek is het 
mogelijk CH3 en CHz radicalen direct vanuit methaan te produceren. De U/MgO 
katalysator blijkt radicaalrecombineringsreacties nauwelijks te beïnvloeden. De rol van 
de U/MgO katalysator in het methaankoppelingsproces kan samengevat worden als een 
methaanaktivator die grote hoeveelheden methylradicalen in de gasfase veroorzaakt. Dit 
levert automatisch een verhoogde ethaanvorming op. 

Met behulp van bijmengexperimenten bij lage druk (100 Pa) is het verschil tussen de 
aktivering van methaan, ethaan en etheen door U/MgO bepaald. Het blijkt dat ethaan 
een faktor 1,5 makkelijker te oxyderen is dan etheen en etheen weer een faktor 2,6 
makkelijker dan methaan. Met behulp van computersimulaties van het volgreactie -
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model en deze onderlinge reactiviteiten blijkt een (theoretische) <;+ opbrengst van 
ongeveer 35% mogelijk te zijn. In de praktijk zijn echter de homogene gasfase reacties 
de oorzaak van een veellagere <;+ opbrengst. Modellering van het selectiviteitsverloop 
van een sterk verouderde katalysator, dat sterk lijkt op het selectiviteitspatroon van de 
homogene gasfase oxydatieve methaankoppeling, resulteerde in een aktiviteitsverschil 
tussen ethaan en methaan van 57 en tussen etheen en methaan van 19. De maximale 
<;+opbrengst die met deze getallen te behalen is bedraagt 6%. Met een verse U/MgO 
katalysator blijkt in de praktijk een <;+ opbrengst mogelijk van 16 - 18% onder 
identieke omstandigheden. Verdergaande optimalisatie van de wisselwerking tussen de 
homogene en heterogene reacties moet een <;+ opbrengst van 25% bij een <;+ 
selectiviteit van 60% mogelijk maken. Deze laatste getallen zijn waarden waarbij de 
directe omzetting van methaan tot etheen commercieel aantrekkelijk wordt ten opzichte 
van de huidige etheen productie uit aardolie. 

Concluderend is met dit onderzoek een goed inzicht verkregen in de werking van de 
U/MgO katalysator voor de directe conversie van methaan tot etheen. De U/MgO 
katalysator blijkt perspectief te bieden voor verder onderzoek. waarbij de nadruk vooral 
zal moeten liggen op verbetering van de stabiliteit. 



SUMMARY 

The awareness of the limited reserves of oil and the increased number of finding spots 
of natural gas have led to an increased interest for the use of natural gas as feedstock 
for the chemical industry. The locations of the large natural gas fields are often found 
in remote areas necessitating the need for transport of natural gas over long distances. 
This transport of natural gas is complicated and expensive and is one of the reasoos that 
methods to convert natural gas into more easily transportable chemieals at the well are 
enjoying great attention. As natural gas primarily contains methane, the conversion of 
nattiral gas can be restricted to the study of the conversion of methane into useful 
chemicals. 

Nowadays the conversion of natural gas into components like methanol or gasoline is 
almost exclusively carried out via the so-called indirect route which comprises the 
production of synthesis gas (CO/HJ via steam reforming. Synthesis gas in turn can be 
converted readily into useful hydrocarbons like methanol, ethylene or gasoline. However, 
the direct conversion of methane into useful bydrocarbons, avoiding the cumhersome 
and energetically unfavoured steam reforming process, forms a much more attractive 
altemative. 

This thesis is concemed with the study of the direct conversion of methane into 
ethylene via the so-called oxidative coupling process: methane is converted into ethylene 
and water with the aid of oxygen in the presence of a catalyst. This study is focussed on 
the lithium doped magnesia (Li/MgO) catalyst. Beside attention for the preparation 
metbod of this catalyst, the working principle and the influence of this catalyst on the 
methane conversion have been studied extensively. 

The synthesis metbod of the Li/MgO catalyst especially influences the initial activity 
of the catalyst This effect is due to the lithium content, specific surface area (m'-fg) and 
pore structure. Lithium is clearly responsible for the high c,_+ yield observed with this 
catalyst. Already very smalt amounts of lithium added to MgO are sufficient for a high 
c,_+ yield. The presence of the lithium carbonate phase appears to fulfit a keyrote in 
this. 

Deactivation of the Li/MgO catalyst is caused by toss of lithium. This toss is mainly 
caused by reaction of the lithium phases present in the catalyst with the water vapour 
resulting in lithium hydroxide (LiOH). This LiOH is votatile under the applied reaction 
temperatures of soo·c teading to evaporation and transport of the lithium with the gas 
stream out of the reactor. Beside this evaporation effect a part of the lithium gets lost 
via reaction with the quartz reactor wall. The lithium silicates thus formed prevent 
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further participation of the lithium in the catalytic process. 

The working principle of the U/MgO catalyst bas been elucidated with the so-called 
steady-state isotopic transient kinetic analysis technique (SSITKA) using 1~ and tso2 
as isotopes. These experiments were carried out in a specially designed set-up. From 
these experiments it is concluded that at soo·c only oxygen adsorption was significant 
and that methane adsorption was negligible. Hardly any uc is built into the catalyst 
indicating that there exists no large pool of a carbon containing species at the catalyst 
surface, wbich is taking part in the catalytic cycle. The active oxygen species is created 
via an oxidic lithium phase. The lithium carbonale phase present acts as a souree of 
lithium by replenishing the active lithium phase, wbich is lost by evaporation of the 
hydroxide. The mechanism of the methane activation can be described by an ELEY -
RIDEAL mechanism in wbich methane reacts from the gas phase with an adsorbed 
active oxygen species to a methyl radical, wbich is released into the gas phase. 

The mechanism of ethane and ethylene formation bas been elucidated by experiments 
at reduced pressures (100 Pa). The mechanism consists of a complicated networkof 
homogeneaus gas phase and heterogeneaus surface reactions. Ethane is primarily formed 
via the coupling of two methyl radicals in the gas phase. The methyl radicals are formed 
by hydragen abstraction from methane at the catalyst surface. The dehydrogenation of 
ethane into ethylene and the oxidation of ethylene into carbon monoxide are taking 
place both in the gas phase and on the catalyst surface. The reaction of CO into C02 

is predominantly a catalytic reaction. The gas phase reactions are essential, because at 
the catalyst surface mainly total oxidation of the methyl radicals into CO takes place. 

The influence of the li/MgO catalyst on radical recombination reactions bas been 
studied with the aid of a d.c. electrical discharge in argon. In the positive column of the 
argon plasma, argon metastables take over the methane dissociation function of the 
catalyst. In this way ~ and CH2 radicals are created directly from methane. The 
li/MgO catalyst does not appear to influence the radical coupling reactions strongly. 
The role of the li/MgO catalyst can be summarized as a methane activator releasing 
large amounts of methyl radicals into the gas phase. This stimulates the formation of 
ethane. 

The difference in activity of ethane, ethylene and methane for hydrogen abstraction by 
U/MgO bas been studied by admix.ing experiments at reduced pressures (100 Pa). lt 
appears that ethane is activated a factor 1.5 faster than ethylene and that ethylene in 
turn is activated a factor 2.6 faster than methane. Based on these measured activity 
differences and a computer simulation of the consecutive reaction model it is shown 
that a Ch yield of 35% is (theoretically) possible. In reality however, homogeneaus gas 
phase reactions are the cause of much lower <;+ yields. Modelling of the selectivity 
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pattem of an aged catalyst, whicb selectivity pattem strongly resembles tbat of the 
homogeneaus gas phase methane coupling process, resulted in a reactivity difference 
between ethane and metbane of 57 and between ethylene and metbane of 19. These 
numbers reduce the maximum attainable Cz+ yield to 6%. Witb a fresh U/MgO catalyst 
Cz+ yields of 16 - 18% have been acbieved under the same conditions. Further 
optimization of the interaction between bomogeneaus gas pbase and heterogenous 
surface reactions sbould make Cz+ yields of 25% at 60% Cz+ selectivity attainable. 
These numbers are the values at wbich the methane coupling process beoomes 
commercially attractive ooropared to the present ethylene production metbod via 
napbtha cracking. 

Summarizing tbis study bas provided a good insight in the working principle of the 
U/MgO catalyst for the direct conversion of methane into etbylene. It is shown that the 
U/MgO offers perspectives for future use provided that impravement of the stability of 
the catalyst is achieved. 
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CHAPTER 1 

INTRODUCI'ION 

1.1 CONVERSION OF NATURAL GAS INTO USEFUL CHEMieALS 

The prospective sbortage of oil as carbon feedstock for the chemical industry bas 
started renewed attention for tbe use of natural gas. On a global basis, both oil and 
natural gas have limited reserves, but on current usage patterns a shortage of oil will 
occur first1 (Table 1.1.1). 

Table 1.1.1. Proven world reserves ond consumption for oil ond gas in J98S. 

1988 Oil Natural Gas 
(Uf tons) (10" ton oil equivalent) 

Reserves' (R) 134.5 100.6 

Production (P) 3 1.7 

R/P (years) 45 57 

') Estimated 

In addition to this shortage perspective of oil, natural gas is found quite often in remote 
areas. As it is very difficult and expensive to transport natural gas it is desirabie to 
convert it into easier transportable forms like methanol or higher hydrocarbons. 
Natural gas is primarily methane. Thermodynamically methane is the most stabie 
hydrocarbon, which means that its conversion into higher hydrocarbons requires a 
considerable effort. Figure 1.1.1 shows the main strategies for methane conversion. The 
routes can be divided into two groups: direct conversion and indirect conversion into 
hydrocarbons. The indirect conversion of methane is performed via steam reforming of 
metbane into synthesis gas (CO/H2). This can be converted into hydrocarbons either 
directly via the Fischer • Tropsch process or indirectly via methanol. A plant for the 
conversion of natural gas into middle distillates via a Fischer • Tropsch like process is 
projected in Malaysia by Shell (SMDS process).2 The conversion of natural gas via 
synthesis gas and methanol bas been commercialized in New Zealand: The Methane
To-Gasoline (MTG) process. It is economically attractive due to the local circumstances: 
a remote area and the total lack of oil. 
The direct methane conversion into hydrocarbons cao be carried out in various ways. 

Practical applications have been found in the acetylene production via either the electric 
are or the thermal cracking process. The disadvantage of both processes is the large 
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HYDROCARBONS 

Figure 1.1.1. Possible routes for metJume conversion to hydrocalbons. 

generation of carbon as by-product and the low yield to acetylene ( < 30% ). Moreover, 
the electric are process is only attractive if eheap electricity is available. The acetylene 
production from methane bas also been carried out by partial oxidation at 1500"C. 
Again the c;+ yield never exceeded 30%, the remaioder being CO, C02 and Hz. The 
disadvantage of this process is the extremely high temperature at which it bas to be 
carried out and the formation of soot which cannot be avoided. A very effective heat 
recovery is economically essential for these processes. 
A more attractive route for the direct conversion of methane into c;+ hydrocarbons is 

the oxidative coupling of methane. Methane is directly converted into ethylene in the 
presence of oxygen: 

2CH4 + 0 2 ----> c;H4 + 2H20 

This reaction is thermodynamically feasible at all useful temperatures. Problems are 
associated with the formation of thermodynamically more favoured total oxidation 
products (CO,COJ. Challenging is to minimize these total oxidation reactions by 
kinetically controlling the reaction, i.e. by applying a suitable catalyst. 
Economie evaluation studies of this process3 revealed. that c;+ yields of 25% with a 

minimum c;+ selectivity of 65% are needed to have a commercial process which can 
compete with the established teehnology of napbtha cracking into ethylene. 
The catalytic oxidative coupling process should preferably be carried out in a tluidized 

bed reactor, because of the good heat exchange that is needed to control the highly 
exothermie oxidation reactions. The best catalysts developed so far produce c;+ yields 
of about 20%. Despite the fact that these results are promising, still the development 
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of catalysts with higher <;+ yields is needed. 

1.2 THERMODYNAMICS 

17 

Before the direct conversion of methane with oxygen into useful hydracarbons can be 
considered the thermodynamics of the methane pyrolysis should be examined. Figure 
1.2.1 shows the Gibbs free energy of formation of possible pyrolysis products from 
methane as tunetion of the temperature. 
lt is clear from Figure 1.2.1 that very high temperatures are needed to favour the higher 

hydracarbon production from methane. Since carbon formation is possible at 
considerably lower temperatures, it is challenging to optimize the hydracarbon formation 
via kinetics. Recently Chevron workers4 claim an inbibiting effect of catalytic material 
on the coke formation during methane pyrolysis. Van der Zwet et al.5 reported that the 
coke formation does not depend on the kind of catalytic material, but on the surface 
area. They concluded that the lowest surface area to reactor volume produced the lowest 
amount of coke, i.e. the empty tube reactor! In practice methane pyrolysis is not a very 
attractive process due to the formation of large amounts of coke, which are very difficult 
to prevent 

400 r------------, 
1: a-t, ---> 0.5CJ1. + 0.51-1,. 

2: a-t, ---> O.SC,H, + H,. 
3: a-t, --> 0.5C,.H. + 1.51-1,. 
4: a-., --> o.15C,.H. + u;H,. 
5: a-t, --> c ... 21-l. 

3 

2 
4 
5 ---~ 
1~~~~~~~-

-:200 L...-~-L-~-'---''---'-~-L-~-'--' 
0 400 800 1200 1600 

T"""""attre IK] 

Figure 1.2.1. Standord Gibbs free energy of reaction for methane pyrolysis. 
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Reaction of methane with oxygen results in a completely different picture (Figure 1.2.2). 
The conversion of methane into ethylene is thermodynamically favoured at much lower 
temperatures by the presence of oxygen. However, carbon oxide formation is favoured 
even more, which makes it also a challenge to control the hydrocarbon production 
ldnetically. One way of controlling the product formation is by the use of catalysts. Since 
the first catalytic systems have been reported (1982) much progress bas been made in 
catalyst development resulting in quite active and selective catalysts. The next paragraph 
wilt describe the most important trends in catalyst development for the oxidative 
coupling of methane. 

0,------------------. 
1: 4CH, + o, --> 2C,.H. ... 21-1,0 
2: 2a-l, ... o, ---> c,.H, + 2H.p 
3: 1.3CH, + o, --> 0.65CJ-l. + 

-100 4: 0.5a-l, ... o, --> 0.5CO, + KP er 5: a-~ .... o, ---> c ... 21-1,0 
&. 0.66CH, + o, ---> 0.66CO + 1 

! -200 

-400 

-500 c.......~-'-~~,____~_._~_,__; 

0 400 800 1200 1600 

Ten'Qen•ll..re IK] 

Figure 1.2.2. Standord Gibbs free energy of reaction for the reocdon of methmte with ~ 

1.3 LITERATURE SUMMARY 

Quite a number of catalyst systems have been reported for oxidative coupling of 
methane during the last 10 years6

• Roughly, the catalyst systems can be divided into 
three groups: reducible metal oxides, irreducible metal oxides and rare earth metal 
oxides. The first catalyst systems reported belonged to the reducible metal oxides. They 
were operated not as true catalysts, but as oxygen transfer agents in a cyclic mode of 
operation in which methane and air were successively fed over the catalyst at ambient 
pressures. In 1978 Mitchell and Wagbome (Exxon Research & Engineering Co., USA)' 
reported Pt on carriers like MgAlp3 or BaAlp3 as a catalyst system for the conversion 
of methane into <;+ hydrocarbons at 600 to 1oo·c. They claimed a <;+ yield of 25.4% 
(<;+ selectivity (s<;+) =57%), of which the largest part consisted of C6~ (32%). 
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Related to this work was the work of Fang et al8• They investigated the catalytic 
methane pyrolysis reaction and found ThOJSi02 as an active and selective catalyst for 
the meiliane conversion into ~+ (Yield ~+ = 3.15%). They claimed that most of the 
ethane was produced by coupling of methyl radicals in the gas pbase. 
In 1982 Keller and Bbasin9 publisbed the results of extended catalyst testing in a cyclic 

mode of operation. They tested various metal oxides at 100• to 900•c and found Bi, Sb, 
Sn, Pb, Ta, Mn and Cd supported on Alp3 as matenals wbicb sbowed the bigbest 
activity for ~+ hydracarbon formation. Workers at the Atlantic Richfield Company 
(ARCO, USA) carried out analogous experiment&, wbicb resulted in various patents10 

claiming catalysts suitable for methane conversion into ~+ hydrocarbons via the cyclic 
mode of operation. These catalyst included supported oxides of Mn, In, Sb, Sn, Bi, Pb11

• 

The best catalyst system found was 5%Na4P 20 7/15%Mn/Si02 with wbicb ~+ yields of 
20% were acbieved (s~+ =70%)12• Keiler and Bbasin also tested their catalysts in the 
cofeed mode of operation in wbich methane and oxygen were fed simultaneously to the 
reactor. This resulted in a decrease of~+ selectivity mainly due to total oxidation 
reactions catalyzed by the stainless steel reactor wall. Change of the reactor wall to 
quartz eliminated tbis unwanted catalytic effect. 
Hinsen and Baerns13 were the first to report on the truly catalytic reactions of methane 

with oxygen (cofeed mode) with good selectivity and activity. A Pb0/Al20 3 catalyst 
resulted in a ~+ yield of 4.3% with ~+ selectivity of 58%. The serious disadvantage of 
this catalytic system appeared to be the volatilization of tbe PbO at tbe reaction 
temperatures of 750" resulting in a rapid deactivation.l4 

The second group of catalysts oomprises alkali - alkaline eartb metal oxides wbich are 
irreducible under normal catalytic reaction conditions. Fox et al.15 reported good results 
with Na/CaO for the cyclic mode of operation. They attributed the working of this 
catalyst system to the super basicity of alkali - alkaline combinations. Ito et al.16 (from 
the group of Lunsford, A&M University, Texas, USA) reported excellent coupling results 
(~. yield = 19%) with U doped MgO. Ito claimed u•o- eentres as the reactive eentres 
for methane activation. These eentres are stabilized in the MgO matrix., because U+ ions 
fit exactly at the lattice site normally occupied by Mi+. Analogous combinations also 
appear active and selective for methane conversion e.g. Na/CaO, K/BaO 17

• 

The third group of catalysts oomprises the rare earth metal oxides first reported by 
Otsuka et al.18 S~03 and Dy20 3 appeared to be the most promising systems for 
methane conversion into ethane and ethylene (~+ = yield 12.4%, s~+ =41.2%). Otsuka 
further discovered that doping of these catalysts with alkali carbonates resulted in even 
better coupling performances19 (~+ yield = 22.3%, s~+ =54.1%). Doping with UO 
improved the ethylene yield significantly. This is due to the · interaction of chlorine 
radicals wbich are very effective in methane activation20

• The highest ~+ yield (30.6% 
at s~+ = 64.7%) reported was achieved with UCl/Mn-oxide21

• However, this catalyst 
rapidly deactivated due to the loss of the chlorine. Also this yield was acbieved at very 
diluted conditions. Without dilution of the gas phase with helium the ~.yield dropped 
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to 15.7% (s<;+ = 48.9%). Table 1.3.1 summarizes the important catalyst systems 
reported for oxidative coupling of methane in the cofeed mode of operation. zz 23 2' 25 

Most of the catalysts maintain their reported optimal Cz+ yields only for a lim.ited time 
and deactivate rather rapidly. 
Of the reported catalyst systems U doped MgO, first reported by the Lunsford group, 

belongs to one of the best catalyst systems with high Cz+ selectivity (>65%) at high Cz+ 
yields. In 1986 when we started this investigation U doped MgO was certainly the best 
choice for further study and optimization. 
Concerning the nature of the active site for methane activation. contradictions still need 

to be · solved. Most investigations concern the U/MgO catalyst, which will be discussed 
frrst As already mentioned, U+ o· eentres have been proposed by Ito et al.16 as the 
reactive sites for methane activation. 

Tilbie 1.3.1. Results of Wl1ious CQ/Qlyst systems used for oxidolive coupling of metlulne ût co/eed mode. 

Cata.lyst system <;+ Yield <;+ Sel P-/P"" Temp. Ref. 
(%) (%) (K) 

Pb0/~03 4.3 58 0.33 1023 13 
15%Mn5%Na,.P :A/Si02 14.5 66 0.40 1173 27 
12.5% NaMnOJSi02 15.7 70 0.40 993 27 
3%Li/Mg0 18.4 50 0.57 993 22,26 
7%Li/Mg0 15 65 0.40 1073 This work 
10%Li/Ca0 25.9 53 0.96 1073 25 
Na/MgO 22.4 57 0.96 1073 23 
KfBaO 20.2 42 0.96 1073 17 
smza, 12.4. 41 0.93 1023 19 
LiCI/SmzO, 19.9 69 0.93 1023 19 
LiO/Mn-oxide 30.6 65 0.93 1023 21 
Li/ZnO 18 61 0 1013 24 

These eentres are created in the presence of gas phase oxygen at high temperatures via 
migration of U+ into the MgO lattice. The U+ ions replace the Mgl+ cations or 
vacancies. In order to maintain charge neutrality the substitutional U+ ions capture 
holes (•) provided by the dissociation of di-oxygen through the following process: 

The u+o- sites react with CH4 releasing methyl radicals into the gas phase: 

The reoxidation of the active site is believed to praeeed via the following scheme: 



ru+oH· --> u+Ql- + u+. + H20 
u+Ql- + 002 + u+. ---> ru+o· 
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Roos et al.26 suggested, COntradietory to lto, that a weakly bonded di-atomie oxygen 
species was responsible for the methane activation over U/MgO. This suggestion was 
based on kinetie investigations. The active sites might be created on the surface of 
U/MgO by gradualloss of C02 from lithium carbonate species in the presenee of gas 
pbase oxygen. This reaction mechanism will be discussed in detail in Chapter 3. 
For the reducible metal oxide catalysts a Mars - Van Krevelen kind of reaction 

meehanism is believed to be applicable. 2'7.28 Metbane is activated by the lattice oxygen, 
whieh is removed from the lattice as water. This site is filled again with gas phase 
oxygen: 

2CH4 + 2M<211>+o
11 

-> 2CH3• + 2M(211-Z)+0
11

•1 + 20H(a) 
2M<Z~~-2>+o.1 + 0 2 --> 2W211>+on 

For the tbird group of catalysts, the rare eartb metal oxides, Otsuka29 suggested a di
atomie oxygen species as the active oxygen species based on kinetie investigations. Un 
et al.30 detected Oi ions as the dominant species on the catalyst surface of l..a:z03• 

Together with these species they detected a lot of methyl radicals in the gas phase. On 
the other hand Lee and Oyama6 speculate that an o· species could still be the active 
oxygen species, because the 0" species cannot be detected by EPR spectroseopy, beeause 
the resting form is the dimer Oi species. 

CH4 

+0 11 
/CH, 

+0 1 
co 

+0 ! 
Figure 1.3.1. ReliCtion scheme for axidtUive coupling of methtu~e. 
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Most of the mechanistic publications in the literature agree on the occurrence of methyl 
radicals. They play the key role in the formation of~+ hydrocarbons and total oxidation 
products. The important reaction steps of the methane coupling process can be 
summarized by the scheme shown in Figure 1.3.1. Dependent on the catalyst system and 
the process condition the direct oxidation of methane to COx products may be 
insignificant or quite important. Over Li/MgO this reaction plays a minor role. Main 
primary product is ethane, wbich is dehydrogenated to ethylene. The ethylene is 
subjected to further oxidation, inevitably leading to COr Much discussion takes place 
concerning the role of homogeneaus (gas phase) and heterogeneaus ( catalytic) reactions 
in the reaction mechanism. Still, the relative importance of surface and gas phase 
reactions bas received only little attention in literature. Labinger et al. 31 reported the 
predominanee of gas phase reactions in the reaction mechanism of methane coupling 
over NaMnOJMgO at temperatures above soo•c. Generally, it bas beoome accepted 
that above soo·c gas phase reactions are dominating. However, basedon the striking 
resemblance between product selectivity patterns reported in the presence of a catalyst 
and those obtained in an empty tube a common type of branched chain propagation may 
be responsible for the overall product selectivity in the system despite the difference in 
initiadon reactions32

• 

We have shown that the product selectivity of the oxidative coupling of methane over 
Li/MgO can be simulated by adapting the initiation reaction in a kinetic model 
describîns the homogeneaus gas phase oxidative coupling. The role of the catalyst may 
thus be restricted to that of a methyl radical producer increasing the methyl radical 
concentration in the gas phase33 (Chapter 5). 
The simultaneaus occurrence of homogeneaus gas phase and heterogeneaus catalytic 

reactions seriously complicates the study of the catalytic methane oxidation process. An 
impression of the importance of homogeneaus gas phase reactions can be obtained from 
catalytic experiments at strongly reduced pressures. This reduces the reaction rates and 
increases the contribution of heterogeneaus relative to homogeneaus reactions. In 
Chapter 4 low pressure experiments are used to de termine the relationsbip between the 
surface and the gas phase reactions. 
Kinetic investigations are complicated by the occurrence of heterogeneaus and 

homogeneaus reactions at the same time. A point of discussion is the presence or the 
absence of methane adsorption. Labinger and Ott34 claimed a Rideal type of mechanism 
wherein methyl radicals are produced at the oxide surface and hydracarbon formation 
takes place in the gas phase. On the other hand Otsuka and Jinno29 claimed a Langmuir 
- Hinshelwood type of mechanism invalving CH.. and 0 2 adsorption on different sites 
over S~03 to be applicable, wbich was based on kinetic measurements. The methane 
adsorption on S~03 was confirnled by Ekstrom and LapszewiczlS by isotopic putse 
experiments. Roos et a1.22. 16 found a Langmuir - Hinshelwood type of mechanism to be 
suitable also for Li/MgO at 720"C. Iwamatsu and Aika36 could not discrimiDate between 
a Rideal and a l..angmuir - Hinshelwood type of mechanism for methane coupling over 
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Na/MgO. Tbey proposed the Rideal mechanism as more likely. In Chapter 3 
experiments are described, which elucidate the occurrence of methane adsorption on 
U/MgO by the so-called steady-state isotopic transient kinetic analysis (SSITKA) 
technique. lt is shown that methane adsorption on U/MgO is not significant compared 
to oxygen adsorption. Based on this, a Rideal type of mechanism is selected to describe 
the kinetics ( Chapter 5). 
Geerts et al3 have carried out an economie evaluation study for the production of 

ethylene from natural gas via oxidative coupling. Tbis process was compared to a 
conventional process for ethylene production: naphtha cracking. Three different kind of 
reactor types were compared: a multi-tubular, a multi-stage and a fluidized bed reactor. 
Tbe fluidized bed reactor seems the most suitable one, mainly due to its superior heat 
transfer properties. Tbe oxidative coupling of methane into r ethylene appears to be a 
profitable process, when a c;+ yield of 25% is possible at a c;+ selectivity of at least 
65%. 
Edwards and Tyle~ confirmed the performance of the fluidized bed reactor 

experimentally using U doped MgO. Tbey also considered the simultaneous conversion 
of ethane into ethylene a key factor in favour of the use of the fluidized bed reactor. We 
have also shown that cracking of ethane into ethylene can be effectively integrated into 
the coupling process.38 The post-catalytic space of the coupling reactor can act as an 
ethane cracker running on the energy produced in the coupling process. Edwards and 
Tyler concluded that the catalyst development should be aimed at 25-30% methane 
conversion with a c;+ hydrocarbon selectivity of 75-80%. Kuo et al.39 compared the 
indirect route of conversion of natural gas into hydrocarbons via synthesis gas and 
methanol to the direct conversion route. They concluded that a methane conversion of 
35% at 88% c;+ selectivity is required for an attractive process. However, they did not 
evaluate the economics of the process, but only the thermal efficiencies. 
Summarizing it can be concluded that the catalytic oxidative coupling of methane is a 

very promising process with a high potential, but that the catalyst performances still 
need improvement to get catalysts which are suited for a commercial process. Therefore, 
further research is necessary. 

1.4 AIMS AND OUTLINE OF miS TIIESIS 

The catalytic oxidative coupling of methane is a promising, new route for the conversion 
of natural gas into hydrocarbons. Methane is converted directly into ethylene by partial 
oxidation. Tbis is an attractive alternative for the indirect route which comprises the 
cumbersome and energetically unfavoured production of synthesis gas via steam 
reforming of methane and the Fischer - Tropsch process to produce hydrocarbons. 
Tbis thesis is focussed on the catalytic oxidative coupling of methane with Li doped 
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MgO. Aim is to achleve a better onderstanding of the oxidative coupling process, the 
working principle of the Li/MgO catalyst and the reaction mecbanism. 
Cbapter 2 deals with the influence of the catalyst preparation metbod and the catalyst 

pretteatment on the <;+ bydrocarbon production. Especially the influence of the litbium 
salt, used for the Li/MgO catalyst synthesis and the influence of oxygen pretteatment 
were investigated. 
Cbapter 3 describes the catalyst deactivation mechanism. The interaction of methane 

and oxygen with the Li/MgO catalyst i.s investigated by means of the so-called steady
state isotopic transient kinetic analysis (SSITKA) technique with labelled methane 
ew .. ) and labelled oxygen esoJ. This resulted in a model for the working principle 
of the catalyst. 
Cbapter 4 is focussed on the elucidation of the important reaction steps and the 

mecbanism of the methane conversion into ethylene. Experiments at reduced total 
pressure are described, wbicb reveal the interaction of bomogenous and beterogeneous 
reaction steps. Admixing experiments with methane/ethane/oxygen and 
methanefethylenefoxygen mixtures elucidate the relative reactivity of methane, ethane 
and ethylene over Li/MgO. Based on these reactivities it is sbown that the <;+ yield 
over U/MgO is restricted to a maximum. 
As radicals, especially methyl radicals, play an important role in the reaction mechanism 

the interaction of radicals with Li/MgO could be important. By means of an alternative 
radical source: a glow discharge in argon, the influence of Li/MgO on radical reactions 
is investigated. 
Chapter 5 describes kinetic investigations in wbicb the influence of methane and oxygen 

pressure on the product selectivity is determined. The product selectivity of the catalytic 
o:xidative coupling of methane is described by a consecutive model in wbicb methane is 
converted mainly to ethane, ethane to ethylene and ethylene to COr 
Chapter 6, finally, gives general conclusions and perspectives for the future development 

of catalysts suitable for the o:xidative coupling of methane. 
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CHAPI'ERl 

U/MlO CATALYST PREPARATION AND PERFORMANCE 

l.l INTRODUeTION 

Li doped MgO appeared to be a very good catalytic system for tbe oxidative coupling 
of metbane. Ito et al} reported Cz+ yields up to 19% for Li/MgO in a continuons 
process. They prepared Li/MgO by stirring and heating a slurry of LizC03 and MgO in 
water until a thick paste remained. The paste wastben air-driedover night at 140"C. 
The Li2COJMgO tbns obtained was converted to Li promoted MgO at 465•c for 1 
hour under an oxygen flow of 0.83 ml/s. Based on this preparation recipe we developed 
our own preparation metbod and investigated tbe influence of this metbod on tbe 
catalytic performance in a continuous methane activation process. 
Driscoll et al.2 proposed u+o- eentres stabilized in tbe MgO matrix as tbe eentres 

responsible for tbe high activity and selectivity in tbe methane activation process. These 
eentres were formed in Li/MgO at high temperatures in tbe presence of gas phase 
oxygen. According to bis theory an oxygen pretTeatment of tbe catalyst would be 
beneficia! for tbe catalytic performance. The influence of an oxygen pretreatment on the 
performance of tbe Li/MgO catalyst was investigated by carrying out experiments in 
which tbe catalyst was heated to tbe reaction temperature under a flow of helium and 
brought into contact witb a flow of an oxygen -helium mixture prior to reaction. 

l.l CATALYST PREPARATION AND CONTINUOUS OXIDATION EQUIPMENT 

The experiments described in tbis chapter were carried out in a continuons flow 
oxidation set-up operated at atmospheric pressure3

• This Iabaratory set-up can be divided 
into three parts: tbe feed section, tbe reactor section and the analytical section (Figure 
2.2.1). The heart of tbe setup is a quartz micro fixed bed reactor (Figure 2.2.2). This 
reactor contained a quartz porous filter to carry tbe catalyst and a quartz tbermocouple 
tube which prevents tbe occurrence of undesired catalytic oxidation reactions at a steel 
or metal surface as reported by Keiler and Bhasin4

• 

After heating up of tbe catalyst ( typically 0.5 g) to tbe desired reaction temperature 
(typically 800 "C) under a flow of helium, the reaction gas was introduced. The flow rate 
was adjnsted witb separate mass flow controllers {Hitec) (typically 50-500 Nml/min) for 
metbane (Hoekloos 99.6%), oxygen (Hoekloos 99.9%) and helium (Hoekloos 
>99.995%). Oxygen pretreatment experiments consistedof flushing tbe catalyst (at the 
reaction temperature (800 "C)) witb artificial air (He 80%, 0 2 20%) duringa variabie 
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number of minutes foliowed by a flush (5 minutes) with pure helium to remove all the 
excess oxygen. After the pretteatment the reaction was carried out under standard 
conditions (T= 800 •c, W/F= 300 g.s./l. ~/02=5, CHJHe=1.25) 

a-1, o, He 

Figure 2.21. Flow scheme of the micro flow reactor set-up. 
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The product gases were analyzed by gas chromatography. 
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The column packings were Porapak R (3m) for the 
separation of CH.., CO:z, <;H.., <;1\. CJ\;, CJI8 and H20 
and a5-A molecular sieve (3m) for the separation of Hz, 
0 2, ~ and CO. The porapak was operated at 70*C and 
the molecular sieve at no·c. Both columns were connec
ted to a Thermal Conductivity Detector (TCD) in a Carlo 
Erba 4300 gaschromatograph with helium as the carrier 
gas. The analysis was carried out automatically with the 
aid of two pneumatically controlled sampling valves. A 
complete product analysis needed about 20 min. With this 
metbod a carbon balance of at least 98% was achieved. 
The different Li doped MgO catalysts were made by ~:;:,~22 Quartz micro ftxed bed 

heating a slurry of a lithium salt and MgO in water until 
a thick paste remained. The quantities of the lithium salt and the MgO were calculated 
to produce a 7 wt% Li/(Li + MgO) catalyst. The paste was dried at 12o•c for 24 hours. 
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Finally the catalyst was calcined at 900•c for 4 hours, crosbed and sieved to the desired 
partiele size (preferably 0.4-0.6 mm). The high caldnadon temperature assured that no 
addidonal sintering could occur under the reaction condidons applied. In contrast with 
the preparadon metbod of lto et al. 1, who calcined the catalyst in the reactor just before 
the start-up of the reaction, we know the catalyst weight under reaction condidons. 
Figure 2.2.3. depiets the pore size distribudon graph of a U 2COJMgO catalyst as 

measured by the mercury penetradon method. It can be seen clearly that the catalyst 
does not contain any pores below 1000 Á At 900•c almost complete sintering bas 
occurred resulting in a specific surface area of less than 1 m2

/ g. The main cause of the 
sintering is the U 2C03 phase which me lts above 723 • C. 
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Figure 2.2.3. Pore dklmeter of a fruh U/MgO catolyst metlSUMI by mercwy penetradon method. 

2.3 INFLUENCE OF CATALYST PREPARATION ON THE COUPLING 
PERFORMANCE 

U/MgO catalysts with a lithium content of 7 wt% U/(U + MgO) were prepared from 
different lithium salts and magnesium oxide. The use of different lithium salts can result 
in catalysts with different structure and with different catalytic properties5

• Table 2.3.1 
shows the various catalysts prepared and their pore volume as determined by the 
mercucy penetradon method. 
From Table 2.3.1 it is clear that the lithium nitrate catalyst bas the highest pore 

volume; much higher than all other catalysts prepared. As a result the surface area is 
much higher. Therefore, the methane conversion is also expected to be much higher. 
The UF /MgO catalyst was the only catalyst, which did not contain the U 2C03 phase 
after calcination as measured by XRD. UF is stabie up to 93o•c while the other salts 
decompose to U 20 (at 900•q. U 20 is notstabie at room temperature in the presence 
of gas phase C02: it rapidly reacts to U 2C03• Starting the catalyst preparadon with a 
lithium salt, which decomposes at temperatures below 9oo•c to U 20 will always result 
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in a U 2COJMgO catalyst, when exposed to 002 at lower temperatures. Therefore, the 
difference between the differently prepared U/MgO catalysts (except UF/MgO) can 
be reduced to differences in pore structure, lithium content and lithium dispersion. 

Table 2.3.1. U/MgO catolysts and theiT pore volume after cakitultWn lil 900"C. 

StartiDg Salts 

ll.tC03/MgO 
UN03/Mg0 
LiOH/MgO 
LiFfMgO 

Pore Volume (ml/g) 

0.018 
0.164 
0.012 
0.018 

All catalysts prepared were tested in a micro fixed bed reactor at soo·c with a 
continuons feed of methane (50 Nml/min), oxygen (10 Nml/min) and helium (40 
Nml/min). The contact time (W /F) was 300 g.s/1 and the methanefoxygen ratio was 5. 
Figure 2.3.1 shows the methane and oxygen conversion as a function of the time on 

stream (h) for three different U/MgO catalysts. 
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Figwe 23.1. Methone and ~n conversioo. as 
function of time on mam for diffmmt Li/MgO 
cotalyst. T=lJ()(J"C, CH/02=5, W /F•0.3 g.sjml. 
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Figwe 23.2 C2+ yield as function of time on sll'eam 
for different Li/MgO catalysts. T=800"C, 
CH/02=:5, W/F=0.3 g.sjml. 

The UF /MgO catalyst could not be measured for a long time, because the reactor broke 
during the first hour of the experiment. The fluoride is very aggressive towards the 
quartz glass and destroys its structure. lts initially measured activity and <;+ selectivity 
were very poor. This indicates that lithium added as lithium fluoride does not lead to 
a active and selective catalyst. Apparently lithium fluoride is too stabie to allow the 
lithium ion to be integrated in the magnesium oxide and form active eentres like 
u+o-. 
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During reaction time the oxygen conversion shows a maximum (Figure 23.1). This is 
typical for the Li/MgO cataJysts calcined at temperatures higher than the reaction 
temperature. Tbe Li/MgO catalysts calcined at temperatures lower than the reaction 
temperature show a decrease in activity from start-up of the reaction.1 Tbis behaviour 
is mainly caused by a sintering process. Li/MgO catalysts, which have been calcined at 
temperatures much higher than the reaction temperature are already completely sintered 
before the start-up of the reaction. However, strildng is that the activity of a high 
temperature calcined catalyst increases during the first hours on stream. This can only 
mean that more active eentres are created during reaction. 
Tbe cataJyst morphology influences the catalytic behaviour. As expected the lithium 

nitrate catalyst bas the bigbest initial activity. However, a mucb more pronounced 
performance was expected, with respect to the porosity data. Instead the Li2COJMgO 
catalyst reacbed an even higher activity level and sbowed a mucb slower deactivation, 
once the first 8 bours were passed. 
A comparison of performance between the different catalysts can best be done by 

plotting the c;. yields versus time on stream. This is shown in Figure 2.3.2. The 
UNOJMgO catalyst rnaintaiDs a c;. yield of 15% for 10 bours, but than rapidly 
deactivates. Tbe Li2COJMgO bas a better stability in time, probably due to its lower 
surface area. Summarizing it can be said that the catalyst preparation metbod influences 
the course of the activity, especially during early reaction times, but that the differences 
in coupling performance in time diminish. All the Li/MgO catalysts deactivate to more 
or less the same performance level. This suggests that the same deactivation mecbanism 
is applicable to the different Li/MgO catalysts (see also Cbapter 3). 

2.4 THE INFLUENCE OF CATALYST PRETREATMENT ON THE COUPLING 
PERFORMANCE 

As mentioned in cbapter 1 the active eentres in Li/MgO (Li+o·) are believed to be 
created via migration of Li + i ons into the MgO lattice in the presence of gas pbase 
oxygen. According to Driscoll et al.2 the gas phase oxygen is adsorbed and built into the 
lattice. A pretteatment of the catalyst with gas pbase oxygen increases the amount of 
active eentres formed and should therefore influence the catalytic activity. This is 
investigated by carrying out experiments in whicb the Li/MgO catalyst was pretreated 
with and without oxygen, previous to start-up of the reaction. The Li/MgO catalyst used 
was prepared from Li2C03 and MgO as described in paragraph 2.2. The reaction 
conditions used were the standard reaction conditions (paragraph 2.2). 
Figure 2.4.1 shows the methane and oxygen conversion as a function of the reaction 

time for different oxygen pretteatment times. It shows that the methane conversion 
(activity) increases with increasing oxygen pretreatment time. A longer oxygen 
pretteatment time means a higher initial activity, in agreement with Driscoll's theory. 
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The catalyst with the longest oxygen pretteatment time (900 min.) shows an increased 
activity (methane conversion) durlog the whole experiment as compared to the catalysts 
with the short pretteatment times. An oxygen pretteatment of the catalyst prior to the 
start-up of the reaction is indeed beneficial for the activity of the catalyst. The influence 
of the oxygen pretteatment time on the product selectivity can be shown by plotting the 
<;+ yield as function of the reaction time. 

Figure 24.1. Metlume tmd ~ convenion as 
function of time on streom for different ~ 
pretrealmenl times. 
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Figure 24.2 C2+ yieJd as function of time on 
streom for different a:t)len pretrealmenl times. 

Figure 2.4.2 shows the influence of the oxygen pretreatment on the <;+ yield. Clearly, 
an oxygen pretteatment is beneficial for the <;+ yield, because no pretteatment results 
in a lower maximum<;+ yield However, after 20 hours the catalyst with the longest 
pretreatment time (the most active one) bas a lower <;+ yield than the catalyst witbout 
any oxygen pretteatment This means that the oxygen pretteatment lowers the <;+ 
selectivity. The longer the oxygen pretreatment time the more the <;+ selectivity is 
lowered. Therefore, there exists an optimal oxygen pretteatment time: this optimal 
pretteatment causes an increase in activity without a great loss in <;+ selectivity 
resulting in the highest <;+ yield Concluding it can be stated that an oxygen 
pretteatment of the U/MgO catalyst prior to the start-up of the reaction results in a 
more active, but less selective, coupling catalyst. 

2.5 CONCLUSIONS 

The catalyst structure bas an influence on the activity and selectivity. The same 
preparation metbod gives, starting with different lithium salts and magnesium oxide, in 
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principle the same catalyst concerning the phases existing : lithium carbonate and 
magnesium oxide. 
The U/MgO catalysts calcined at temperatures higher than the reaction temperature 

do not show a stabie catalytic performance during the first 50 hours on stteam. The 
catalyst synthesis metbod influences the <;+ yield.. which can be reached. The 
UNO:JMgO catalyst bas a high pore volume and a large surface area compared to the 
other prepared U/MgO catalyst. This appears to be favourable for the coupling 
reactions: a stabie <;+ yield of 15% for 10 hours. However, deactivation of this catalyst 
is a1so quite fast. Due to the higher surface area the active component apparently gets 
lost more easily. The differently prepared U/MgO catalysts deactivate all more or less 
to the same activity level indicating that the same deactivation mechanism is applicable 
for all U/MgO catalysts prepared. 
An oxygen pretteatment of the U/MgO catalyst is favourable for the activity of the 

catalyst, but not for the <;+ selectivity. There seems to exist an optimal oxygen 
pretteatment time with respect to the maximum achievable <;+ yield. 
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CATALVST DVNAMICS AND DEACfiVATION MECHANISM 

3.1 INTRODUCTION 

Essential for a catalytic process is not only the activity and selectivity of tbe catalyst, 
but especially the lifetime of a catalyst. The economics of a catalytic process often 
depend strongly on the catalyst stability. In Cbapter 2 it became clear that the U/MgO 
catalyst did not show a stabie coupling performance during the first 50 hours on stream. 
It is the purpose of this chapter to elucidate the mechanisms on which this unstable 
behaviour is based. This was done by monitoring the lithium toss of the U/MgO catalyst 
as function of the time on strearn and determine the influence of reactant gases on this 
lithium toss. 
The stability of the catalytic performance of the U/MgO catalyst was investigated by 

determining the influence of changes in process conditions and gas composition on the 
catalytic behaviour under a standard set of reaction conditions. 
The woricing principle of this catalyst was investigated by using the steady-state isotopic 

transient kinetic analysis (SSITKA) technique with which it is possible to determine the 
number of exchangeable oxygen atoms. These experiments give new insights into the 
catalytic mechanism whicb is occurring under steady state reaction conditions. 

3.2 EXPERIMENTAL 

The U/MgO catalyst used was prepared with ~C03 and MgO as starting salts 
according to the metbod described in paragraph 2.2. The lithium content of the U/MgO 
catalysts prepared was measured by flarne emission spectroscopy1

• The experiments to 
determine the catalyst stability and its deactivation behaviour were carried out in the 
continuous oxidation equipment described in Chapter 2. 
For the SSITKA experiments a special set-up was designed and built (Figure 3.2.1). 

With this set-up it is possible to create two chemically identical gas mixtures consisting 
of e.g. CH4/ 11iQJHe and CH4jl

80 2/He with a typical total flow rate of 100 Nml/min 
each. The isotope was fed to the system from a lecture bottle. The two gas mixtures 
were fed to the reactor via the 4 way valve Kt, which makes it possible to switch 
instantaneously. The catalyst (typically 0.25 g) was placed on aporous filter in the quartz 
reactor (Figure 2.2.2.) and the remaining dead volume was filled with quartz particles 
in order to eliminate back mixing effects. Under typical flow conditions at soo·c with 
a flow-rate of 50- 100 Nml/min the reactor proved to behave as a plug-flow reactor 
with an extremely low axial dispersion ( conesponding to approximately 500 "ideal mixed 



36 Cbapter3 

tanks" (CS1R) in series). 
Analysis of the gas mixture was performed with a quadrupole mass spectrometer 

(Balzers QMH 511) and a Carlo Erba 4200 gas chromatograph. The reactor outlet was 
directly oonnected via a fused silica capillary to the quadrupole, which enabled fast ion 
monitoring, rontrolled by a laboratory computer (typically 20 msfamu). Within a short 
time a series of up to 16 samples of the product gas cao he trapped in loops on a 34 
port sampling valve for subsequent GC analysis. The SSTIKA experiments require that 
the oompositions of the feed gas IIlÎxtl,l.res are identical and that there is no pressure 
difference between them. This was realized with electronk mass flow controllers. The 
pressure difference between the two gas flows was eliminated by adjusting a needie valve 
in the bypass. 

Figure 3.21. Reactor set-up for trtlnSient kinelk investigolions. 

Typical flow rates were 3.6 Nml/min methane, 9.15 Nml/min OJHe (1:4) and 45.4 
Nml/min He. The reaction temperature was soo·c and the catalyst amount 0.25 g 
li/MgO. The li/MgO catalyst used in the transient experiments was aged for 50 hours 
before experimentation in order to stabilize it and to eliminate the influence of catalyst 
deactivation. 
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3.3 CATALYST STABIUIY 

The constaDey of the U/MgO eatalyst against varlations in process conditions was 
investigated by earrying out ex:periments with varying process conditions. This is 
especially important for kinetic investigations and for the operation of the eatalytic 
system in a commercial unit 
A series of changes in the process conditions was performed after which the standard 

conditions were set again to check if the performance was influenced. The standard 
conditions are: Temperature soo•c, CH../02 =5, CHJHe=l.25, W/F= 0.30 
g.s/ml(S.T.P.). The eatalyst bed was diluted with quartz particles (50% on weight basis). 
Figure 3.3.1 shows the influence of changes in process conditions on the conversion 

and product selectivity. The following changes were applied: 
Temperature rise to 900•c 
Feed gas composition change to helium and to oxygen/helium 
CH../02 change from 2 to 10 
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Figure 3.3.1. Metlulne (xCH.J and ~ (xO:;) 
conversion and product selectivities as fundion of 
time on stmzm with periodk distwfHlnce of the 
steady sft.lte. T=80tl'C, CH/02 =5, 
W/F=0.3g.s/ml. 
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Figure 3.3.2 Metluule (xCH.J and ~n (xO:;) 
conversion and product selectivities as function of 
time on stteJmt with cool- off and Sllllt-flP 
procedure. T=80tl'C, CH/02 =5, W/F=0.3 
g.sjml. 

These changes were maintained each for 20 minutes. After one hour the standard 
conditions were set again and the product analysis started. 
From Figure 3.3.1 it is clear that the changes in process condition do not influence 

the steady state operation of the eatalyst. The eatalyst deactivation observed is not 
influenced by the changes applied. In Figure 3.3.2 the influence of cool down and start 
up on the eatalytic performance bas been investigated. This means that the eatalyst bas 
been cooled downtoroom temperature and bas been heated-up to soo·c again after 
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16 hours. Again no effect can be determined on the normal catalytic behaviour. It can 
be observed that catalyst deactivation continues even after prolonged reaction time (80 
hours). Note that in Figure 3.3.2., which was started with a fresh U/MgO catalyst, no 
increase in activity can be observed similar to the same experiments described in 
Chapter 2. In this case catalyst deactivation is occurring almost from the start of the 
reaction. The only difference between this experiment and the experiment in Chapter 
2 (Figure 2.3.1) is the addition of quartz particles to the catalyst bed. These quartz 
particles are used to eliminate temperature effects. The dilution of the catalyst bed with 
inert particles reduces the heat production per catalyst bed volume. However, the quartz 
particles seem to have a dramatic effect on the catalyst stability. The dèactivation of the 
catalyst is accelerated resulting in a rapid decline in catalytic activity. 
In order to test the detrimental effect of quartz on the catalyst stability we carried out 

experiments with varying quartz concentration in the catalyst bed. A fixed amount of 0.4 
grams of catalyst was diluted with different quantities of quartz on weight basis. These 
mixtures were tested under standard conditions (W /F= 250 g.s/1). 
Figure 3.33 shows the methane and oxygen conversion as a function of the reaction 

time for different degrees of dilution. It appears that quartz dilution bas a surprisingly 
strong influence on the activity of the catalyst. The higher the degree of dilution the 
faster the catalyst deactivates. At the highest degree of dilution the catalyst deactivates 
already from start-up of the reaction. The maximum oxygen conversion moves to shorter 
reaction times as function of the degree of quartz dilution. This deactivation is most 
probably due to loss of lithium, which is accelerated by quartz dilution. lithium is known 
to react with quartz and form lithium silicates2

• 
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quartzfLi-MgO caûllyst ratios. T=BOO"C, CH/02=5, W/F=0.25 g.sjml. 
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3.4 CATALYST DEACI'IVATION 

The U/MgO catalyst deactivation was investigated by monitoring the lithium loss as 
function of the reaction time. The process conditions applied were soo•c, CHJ02 = 
5, atmospheric pressure and a 1:1 dilution with helium. Starting with a 7 wt% 
U/U+ MgO catalyst a rapid loss of lithium is observed : 2 wt% in the first 15 hours 
(Figure 3.4.1). However, the catalytic activity is not decreasing in the first 10 hours; 
instead it even increases. This means that new active eentres are formed and that only 
part. of the lithium is active. lt appears that only a small amount of lithium is enough 
to create an active and selective catalyst, as shown by experiments with a 0.2 wt% 
U/U+ MgO catalyst (Figure 3.4.2). 

10 20 30 40 --

u-- (1.30 

--
Figure 3.4.2 Methane (xCHj and ~ (xOz) 
COIIvenion, C2+ sekctivity (sC2+) and lithium 
cOllient of a Li/MgO catalyst venus runtime. 
T=IJOO"C, CH/02=5, W /F =0.6 g.s/ml. 

In spite of the low lithium content this catalyst is reasonable active and selective. 
However, deactivation sets in from the start of the reaction proving that the presence 
of lithium is essential for the activity. 
To determine the main cause of the lithium toss the lithium loss was monitored during 

steady state methane coupling conditions. This was compared to the lithium loss under 
identical conditions, but without methane in the reactor feed. Figure 3.4.3 shows the 
lithium content of a U/MgO catalyst in both situations as function of time on stream. 
Clearly the reactant gases seem to have a much more pronounced influence on the 
lithium loss than an oxygenfhelium mixture. The main cause for the lithium loss during 
steady state operation is believed to be the presence of water. Water reacts with U 2C03 

to C02 and UOH, which is very volatile at soo·c. Korf et aJl have shown that addition 
of water vapour to the system indeed results in a dramatic loss of activity and lithium. 
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Figure 3.4.3. Lithium content of a Li/MgO calalyst as function of time on st1w1m fora CH/02 ( =5) 
and a 0/He ( =0.25) feed gas mixture. T=IJOfrC, W /F=0.6 g.s/ml. 

In condusion it can be stated that the loss of lithium is mainly due to reaction of 
lithium with water vapour to form UOH (volatile) andreaction with the quartz reactor 
wall to form catalytically rather inactive lithium silicate. 

3.5 WORKJNG PRINCIPLE OF THE Li/MgO CATALYST 

Korf et al4• have shown that carbon dioxide, continuously added to the gas phase, 
reduces the activity of the U/MgO catalyst, while a short treatment of a deactivated 
U/MgO catalyst with carbon dioxide restores the initial activity for some time. They 
claim that the U 2C03 phase plays an important role in the catalytic activity of U/MgO 
in contrast to Driscoll et al.5, who stated that u+o-eentres stabilized in the MgO matrix 
were the active eentres for the generation of methyl radicals from methane. Especially 
the role of MgO is essential in Driscolls' theory, because of the substitution of Mi+ ions 
(rM;+ =0.66 Á) in the MgO lattice by u+ ions (ru+ =0.68Á) from the UzC03 phase. 
To determine the influence of MgO on the catalytic behaviour of U/MgO we 

precipitated U 2C03 on an another carrier material: Zr02• The Zr02 used was totally 
sintered so that it had only an outer surface. Because of the low surface area of the 
Zr02 particles only a small amount of lithium could be precipitated upon the particles. 
Figure 3.5.1 shows the activity of U 2COJZr02 as tunetion of time on stream. Clearly 
the oxygen conversion increases to a maximum foliowed by a decrease to almost no 
activity. Indeed the performance of this catalyst is identical to U/MgO, except for a 
lower activity due to a lower surface area. The activity lasts as long as lithium is present. 
The interaction of Zr02 (r:za-4+ =0.79 Á) with U 2C03 (ru+ =0.68Á) at soo•c is far less 
than that of U 2C03 with MgO. Only at very high temperatures ( > tooo•q detectable 
amounts of lithium zirconate (U2Zr03) are formed. It is known that Zr02 is capable of 
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oxygen transport in its lattice6• However, pure Zr02 as used in these experiments does 
not show any activity. Addition of l.J2C03 leads to a spectacular increase in activity at 
reasonable selectivity. 1bis makes it likely that the active oxygen is fonned via the 
lithium phase. However, it is not the lithium carbonale phase itself, which is the active 
phase, because experiments with pure l.J2C03 resulted in low Cz+ selectivities7

• These 
experiments made clear that a carrier material is needed for a selective coupling catalyst 
based on l.J2C03• Probably the active oxygen species bas to be accommodated by the 
carrier material as mentioned by Driscoll et al5• 

lithium zirconate itself appears to be a good catalyst for the oxidative coupling of 
methane with a reasonable activity and a high Cz+ selectivity. Also the activity of 
UzZr03 can be increased temporarily by doping it with l.J2C03 (Figure 3.5.2). 1bis also 
indicates that very active eentres for methane activadon are created via the interaction 
of I.J2C03 with a carrier material like UzZr03• However, this catalyst a1so loses its 
activity more rapidly than U/MgO. Due to the interaction of UzC03 with MgO the loss 
of the lithium phase is retarded. In that respect the MgO plays an essential role: 
stabilization of the lithium phase. These results clearly show that the presence of a 
l.J2C03 (precursor) phase is essendal to form an active lithium catalyst. Combining of 
all this leads to a possible working principle of the li/MgO catalyst shown in Figure 
3.5.3. which is in agreement with Korf et al8• 

UzC03 decomposes in the presence of oxygen to an active centre and C02• This active 
centre reacts with methane to form a methyl radical. Deactivation of the catalyst occurs 
due to reaction of l.J2C03 with water to l.JOH, which evaporales or UzC03 reacts with 
quartz to lithium silicates which are almost inert towards methane activation9• 
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Figure 3.5.3. Worldng principle of the Li/MgO Clltlllyst. 

3.6 ELUCIDATION OF THE Li/MgO CATALYST WORKING PRINCIPLE BY 
STEADY-STATE ISOTOPIC TRANSJENT KJNETIC ANALYSIS 

lt is not known if the Li2C03 decomposition actually takes part in the formation of 
the active eentres or in the catalytic cycle. lntriguing to know is the fact whether mcygen 
actually helps the decomposition of Li2C03• The use of the steady state isotopic transient 
kinetic analysis (SSITKA) technique, in which one labelled reactant replaces the normal 
species without disturbing the steady state of reaction is a way to answer this question10

• 

We carried out experiments in which we switched from a CH4/
60JHe to a 

CH4/
80 2/He feed gas mixture. The resulting transient curves, obtained by the 

continuous monitoring of the relaxation and evolution of the labelled reactants and 
products can be used to determine surface coverages and concentradons of active 
intermediates and will elucidate the o:xygen pathway over Li/Mg011

• Analogous 
experiments with a switch from 1ZCHJOJHe to 13CHJOJHe will make it possible to 
determine the carbon pathway during oxidative coupling. 
Figure 3.6.1 shows the o:xygen response as function of the timeaftera switch from a 
CHJ1~JHe to a CHJ180JHe feed gas mixture. Clearly it can be seen that the 180 2 
response takes at least 50 seconds before it reaches its steady state level. This means 
that o:xygen adsorption and/or exchange with the catalyst is occurring. Also the mixed 
o:xygen form e60 180) is observed, which means that the 0=0 bond is broken at the 
catalyst surface and that atomie o:xygen is formed. During the course of the reaction the 
o:xygen is incorporated in water and carbon dioxide. The responses of these components 
were also monitored by scanning the mass numbers (m/e) 20 (H/80), 44 (C160 2), 46 
(C1~180) and 48 (C180.J. Figure 3.6.2 shows the measured response curves which result 
·in a remarkable difference compared to the o:xygen response. It takes at least 200 
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seconds for the C1S01 to reach its steady state level. 1bis can meao for instanee that 
slow col desorption is occurring or that slow carbonate decomposition is taking place. 
The latter agrees with the idea that the decomposition of Ii2C03 is essenrial in the 
worldng principle of the Ii/MgO catalyst. 
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Oxygen scrambling in C02 is occurring, because C1€Q180 is clearly observed. The 
scrambling is not at the statistical equilibrium ( the C160 1SO maximum should then be 
much higher). Peil et al12 carried out si.milar isotopic switching experiments with 
Ii/MgO, but at lower reaction temperatures, where only total oxidation reactions 
prevail. They found oxygen scrambling in C02 to be at equilibrium. In our case this is 
clearly not the case, probably due to the higher reaction rates at the higher reaction 
temperature. At these temperatures carbon dioxide is formed at a much higher reaction 
rate and its contact time with the catalyst surface is lowered. The water (H2

180) 
response is also very slow compared to the oxygen response, which can mean a slow 
water desorption from the catalyst surface or a slow rate of formation. 
Table 3.6.1 shows the total rate of product formation before and after the isotopic 

switch confirnring that no isotopic effects are occurring, which could alter the total 
reaction rate. Table 3.6.2 shows the total amount of 1€Q atorns which is replaced by 
180 atorns. These numbers are calculated by integration of the response curves of the 
oxygen containing products. The sum of these numbers is the total amount of replaced 
1€Q. This number can be related to the number of atomie layers of the catalyst which 
take part in the oxidation process. Assurning that the catalyst contains about 1019 

atorns/m2 and combiDing this with the surface area (1 m2/g) and the catalyst amount in 
the reactor (0.25g) it can be calculated that about 10 lattice layers of a pure MgO lattice 
are exchanged. This means that much more than a monolayer of oxygen is taking part 
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in the oxidation process and thus lattice oxygen ("bulk") is participating in the oxidation 
process. 

Table 3.6.1. Relldion rutes dwing metlul1u! 
coupling Ollfll' U/ltfgO before and ajtet' 1111 isotopic 
switch trom CH/0/He to CH/"0/He. 
ContUdons aa:OI'ding to fi!JUI't 3.6.1. 

Component Rate/10"' 
molefka tat.s. 

l'Q~ l'Q~ 

10 
2.8 
0.5 
3 

10 
2.8 
0.5 
4 

Component 

l'Q 
I'Qf'Q 
ct'o 
cl'Ql'o 
~l'Q 

Total 

Nwnber of 1'o 
10'9 atoma/g alt. 

3 
2.4 
1.6 
0.15 
3.2 

10.5 

The UCH4 switch experiments give information about the incorporation of 13C into the 
catalyst and into the coupling products (~C:zH4). Figure 3.6.3 shows the CH4 

response after the isotopic switch. Also a trace of argon was added to the feed to 
determine whether methane adsorption was occurring. As expected no measurable 
methane adsorption was occurri.ng. because the methane response is identical to the 
argon response ( not adsorbing ). This effect confirms our idea that methane reacts 
from the gas phase with adsorbed oxygen in a ELEY ·RIDEAL mechanism. Methyl 
radicals are released into the gas phase and couple there to form ethane. This is 
confirmed by the monitoring of mass (m/e) 26, which results mainly from 12C:zH4• The 
1~4 signal (not shown) appears exactly parallel to the 12CH4 signal. 
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'Ibis a1so means tbat the coupling produces are oot adsorbed at the catalyst surfaee. It 
is further interesting to examine the carbon dioxide response, whicb is monitoreel via 
mass (m/e) 44 (12COJ and mass 45 (UCOJ. Figure 3.6.4 shows the C01 response 
compareel to the argon trace. The responses do not differ significantly ind.icating that 
C01 is hardly adsorbed at soo·c. The 13C01 signal reaches its steady state level within 
a few seconds ind.icating tbat the carbon atom is not incorporated into the lattiee of the 
catalyst to a measurable extenL 'Ibis effect proves that the slow C180 1 response (200 s) 
shown previously, is not due to slow col desorption. The slow formation of C1802 can 
be explained by assuming that carbon dioxide is mainly formed at the catalyst surface 
by reaction with a reactive oxygen species. 'Ibis oxygen species is more reactive than the 
gas phase oxygen. Before C1S02 can be formed the 1S01 must be adsorbed at the catalyst 
surface and the reactive oxygen species must be formeel. The slow C180 1 response can 
so be brought back to the rate of refreshment of the active oxygen species, which is 
present in the U/MgO catalyst. 'Ibis phenomenon resembles the work of Van Santen 
and De Groot13, who investigated the mechanism of the ethylene epoxidation. They 
found that ethylene initially reacted more rapidly with preadsorbed oxygen atoms than 
with molecular oxygen adsorbed in the precursor state. An analogous situation seems to 
be the case during oxidative coupling of methane over U/MgO. 
These experiments prove tbat there is no large pool of a carbon containing species 

(like U2COJ taking part in the catalytic cycle during steady state operation. 'Ibis rejects 
the theory of Korf et al7 that the active eentres are involved in a continuons process of 
U 2C03 decomposition and formation. More likely is the theory that the active eentres 
are formed by reaction of an oxid.ic lithium phase, probably stabllized in the MgO 
matrix. 
Figure 3.6.5 gives a possible oxygen pathway which explains the observed experimental 

results. The oxygen is adsorbed at the catalyst surface and at the same time partly 
incorporated into the catalyst lattiee. C01 is formed from methane or methyl rad.icals 
colliding with the active oxygen at the catalyst surface. The C01 formed is not strongly 
bound to the surface, but released rather quickly into the gas phase. The water which 
is formeel during the methane activation is a1so desorbed fast into the gas phase. 'Ibis 
is concludeel from on-off switching experiments. These experiments show that the water 
response is identical to the methane response. It can be concluded that more than a 
monolayer of oxygen is taking part in the catalytic cycle. 
Figure 3.6.6 shows the working principle of the U/MgO catalyst during oxidative 

coupling of methane at soo·c. Active eentres are created by uptake of oxygen by the 
U/MgO catalyst. These eentres react with methane from the gas phase to create methyl 
rad.icals which combine in the gas phase to ethane. The U/MgO catalyst possesses active 
eentres which are very active in methane activation. The COl> which is formeel during 
reaction, can react with the catalyst and form extra U2C030 although under steady state 
of operation this reaction hardly takes place. The lithium carbonale in turn reacts with 
the water, a1so formed during reaction and forms lithium hydroxide which evaporales 
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easily at soo·c. The lithium carbonate also reacts with the quartz reactorwan and forms 
lithium silicates, which are inactive in methane activation. In this way the catalyst looses 
its lithium gradually, which in time results in deactivation of the catalyst. 

3.7 CONCLUSIONS 

Dilution of the catalyst bed with quartz particles increases the rate of deactivation. 
This is due to loss of lithium via reaction of lithium with the quartz particles onder 
formation of lithium silicates. This silicate holds the lithium tightly so that it can no 
longer be of use for the formation of active centres. The more quartz is present in the 
catalyst bed the more this reaction will take place. 
The deactivation experiments show that lithium is the active component in U/MgO 

and that it is lost quite rapidly during reaction. Only a small part of the total lithium 
content of the catalyst is responsible for the activity. Very small amounts of lithium are 
sufficient to create an active and selective U/MgO catalyst. The interaction of U 2C03 

with MgO is essential for the stability of the catalyst. lithium carbonale supported on 
an inert carrier like sintered Zr02 results also in an active and selective catalyst but less 
stable. The excellent coupling performance of the U/MgO catalysts is due to the 
formation of very reactive oxygen species which are capable of hydrogen abstraction 
from methane and releasing methyl radicals into the gas phase. 
Experiments with the steady-state isotopic transient kinetic analysis (SSITKA) technique 

have shown that there exists a pool of an oxygen containing species and that there is no 
large pool of a carbon containing species (e.g. carbonale) in the catalyst, which is taking 
part in the actual catalytic cycle for methane activation. The interaction of lithium with 
the carrier material (MgO) causes the oxygen uptake and transportinto the bulk of the 
catalyst. The driving force for this oxygen transport is the presence of vacancies in the 

. MgO lattice. These vacancies are created at high reaction temperatures, especially when 
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the MgO is doped with lithium. 

KEFERENCES 

1. E.E. Strange, AnaL Chem., 25,4,650-651 (1953). 

2. J.M.N. van Kasteren, J.W.M.H. Geerts and K. van der Wiele, Proceedings rJI' lat. Congr. Catal., 
Calgary, Canada, 2, 930 - 936 (1988). 

3. SJ. Korf, J.A. Roos, N.A. de Bruijn, J.G. van Ommen and J.R.H. Ross, Proc. EC. Congr.: 
"Hydrocarbons: Souree of Energy", Eds. G. lmarisio, M. Frias and J.M. Bemtgen, Lyon, FraiK.e, 
441 - 450 (1988). 

4. SJ. Korf, J.A. Roos, N.A. de Bruin, J.G. van Ommen, J.R.H. Ross, J. Chem. Commun. Chem. 
Soc., 1433-1434 (1987). 

5. DJ. Driaroll, W. Martir, J-X. Wang, J.H. Lunsford, J.Am.Chem.Soc., 107, 58-63 (1985). 

6. K. Otsuka, S. Yokoyama and A. Morikawa, Chem. Lett., 319-322, (1985). 

7. J.W.M.H. Geerts, J.M.N. van Kasteren and K. van der Waele, J. Chem. Soc., Chem. Commun., 
802 -803 (1990). 

8. SJ. Korf, J.A. Roos, N.A. de Bruijn, J.G. van Ommen and J.R.H. Ross, Catal. Today., 2, 535 
(1988). 

9. J.M.N. van Kasteren, J.W.M.H. Geerts and K.van der Wiele, Proc. 1• World Congress, New 
Developments in Selective Oxi.dation, Eds. G. Centi & F. Trifaro, Rimini, Italy 18- 22 september, 
1989, Stud. Surf. Sci. Catal., 55, 343 -352 (1990). 

10. J. Happel, E. Walter and Y. Lecourtier, Ind. Eng. Chem. Fundam., 25,704-712 (1986). 

11. P. Biloen, J.N. Helle, F.G.A. van den Berg, W.M.H. Sachtler, J. Catal. 81, 450- 463 (1983). 

12 K.P. Peil, J.G. Goodwin Jr;, and G. Marcelin, J. Phys. Chem., 63,5977-5979 (1989). 

13. R.A. van Santen and C.P.M. de Groot, J. of Catal., 98, 530- 539 (1986). 



48 



CHAPTER4 

ANALYSIS OF THE REACl'ION NE1WORK 

4.1 INTRODUCl'ION 

The reaction mechanism of the oxidative coupling of methane over lithium doped 
magnesia cumprises many elementary reactions including reactions at the catalyst surface 
and reactions taking place in the homogeneous gas phase.1 2 3 4 The reaction scheme is 
particularly complex, hecause a single reaction intermediale may be formed along 
various homogeneous and/or heterogeneous reaction pathways and hecause some 
reaction radicals are involved in a variety of elementary reactions. 
To overcome some of the complexity problems, two special experimental methods were 

applied: 
1) 
2) 

experiment& at strongly reduced pressures and 
experiment& with an artificial souree of metbyl radicals. 

The advantage of a reduced pressure is that catalytic reactions then predominate over 
gas phase reactions, because the chance of collision of molecules with the surface is 
enhanced relative to collisions between molecules in the gas phase. Moreover, 
consecutive reactions are strongly suppressed at low pressures, hecause of reduced 
reaction rates and hence low conversion levels. The low pressure reactor designed for 
these experiment& was coupled to a mass spectrometer and was operated at pressures 
in the range of 10 - 500 Pa. 
The artificial souree of methyl radicals was realized in a special reactor developed in 

cooperation with the Physics Department of our University. lt consisted of a d.c. glow 
discharge tube in which CH3 * and CH2 * radicals can he produced by interaction of 
argon me tastables with methane. The advantage of this kind of reactor is the possibility 
of making a controlled amount of radicals which can he brought into contact with the 
catalyst. In this way a possible role of the catalyst on radical reactions can he 
determined. 
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4.2 EXPERIMENTAL 

Low pressure reactor set-up 
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FJglm! 4.21. Reactor set-up for methane coupling experiments at low presSUF~!. (MS.= rtUISS spectrometer) 

The specially designed low pressure reactor set-up is shown in Figure 4.2.1. The set
up consistsof a feed secdon with which a gas mixture can be prepared and stored in a 
feed gas container. From this feed gas container the gas mixture is transported to the 
reactor via valve K2 and leak valve Rl. From there most of the gas is pumped off via 
threeway valve K4. Only a small amount of the product gas is used for analysis leaking 
via K5 and R2 to a quadrupole mass spectrometer (Leybold-Heraeus Q-200). Beside 
flow experiments also batch experiments were performed by closing valve K4 and K2 
and leaving only the small gas leak to the mass spectrometer. The gas diffusion at these 
temperatures and pressures relative to the rates of reaction (K,. *d/'/Dc <0.05; K,. is the 
first order reaction rate constant, dr is the reactor diameter and De is the effective 
diffusion coefficient) assured ideally mixed conditions5• The reactor used is the quartz 
micro fJXed bed reactor shown in Chapter 2. 

A fresh Li/MgO catalyst was evacuated at high temperatures under low pressure 
conditions for 16 hours before each experiment was started. This was done to remove 
adsorbed gases and to stabilize the catalyst under low pressure conditions. The 
experiment was started by introducing the reaction gas into the reactor section. Each 
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process condition was maintained for 2 hours to assure stabie reactivity measurements. 
The analysis is performed by the Q-200 which is controlled by a computer. The 

concentrations of the components in the gas mixture are determined via a multiple 
regression program. This program uses reference spectra of the pure components to 
determine which ones are present ( qualitative) in the gas mixture and to what extend 
( quantitative ). The program does this by linear regression analysis between a measured 
mass spectrum (y1, .. y11) and a set of reference spectra (xv . .x,.). The regressionbas the 
following form: 

I Ytl lx1 1 lxd I~ I 
I Y21 I "21 I~ I 1"21 
I I = ho+ b1 *I I + b • I I + ... + b • I I 2 p 

I I I I I I I I 
I Ynl I~IComp. I~IComp. I~IComp. 

1 2 p 

As a result of the regression the best fitting concentration coefficients (bO>···b.J are 
found, corresponding to molar fractions of the respective components. Non - significant 
concentration coefficients are stepwise removed in the regression procedure6

• 

Before the experiments can be carried out the quadrupole bas to be calibrated. This 
means that the mass spectra of the expected components in the reaction mixture have 
to be recorded. This was done with neon as internal standard. In this way it is posstöle 
to deterrnine a sensitivity factor for the different components. The "fingerprints" of the 
pure components are stored in a data file, which is used to fit the spectra of the reaction 
mixture7

• 

Plasma reactor set-up 

The methane activation experiments were carried out in a striated colnmn of a d.c. 
discharge in Ar. Figure 4.2.3 shows the reactor set-up. It consistsof a feed gas section 
by which an argon/methane (70:1) or a CHi02 mixture can be fed to the reactor. A 
typical flow rate used was 18 mi/min (S.T.P.). 

The reactor consistsof a quartz tube (L=60cm, d=2.2cm) to which a cathode, anode 
and gas inlet tube are connected. The glow discharge is created by applying a 3kV 
voltage between catbode and anode at a reactor pressure of 3.2 mbar. The electric 
current is limited to 8.3 mA by means of a series resistor. The influence of the negative 
glow (near the cathode) with its relatively high electtic field and high mean energy of 
the electroos is eliminated by placing the catbode in a separate chamber. The anode is 
shielded with a quartz tube to eliminale reactions at the anode surface. 1be gas inlet 
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position can be varled over the reactor length enabling the study of the influence of 
contact time. The wall of the reactor can be cooled down to liquid nitrogen temperature. 
In this way the reaction products are frozen at the reactor waU and a dissoclation of the 
reaction products by metastable atoms will be prevented. 

A plasma reaction was carried out by turning on the electric power for 1 minute during 
which the argon/methane was fed to the reactor via the variabie gas inlet. The influence 
of catalyst surfaces on radical coupling reactions was studied by placing an amount of 
catalyst into the reactor filling the space between gas inlet and anode. Activadon of the 
Li/MgO catalyst was performed by UV irradiation with a 500 W mercury vapour lamp 
in the presence of gas phase oxygen. The activated catalyst was exposed to the 
methane/argon mixture and the reaction was carried out as described above. 
The products formed are collected in a cold trap (17K) and analyzed after heating to 

room temperature and pressurizing with helium. The analysis is performed with a Carlo 
Erba 4200 gas chromatograph with a flame ionization detector connected to a 
phenylisocyanate column to separate CH4, ~14 ~H4, ~Hz, ~lig. ~6t and C4+. 

Lithium doped magnesia was prepared by heatinga slurry of MgO (Merck p.a.) and 
Li2C03 (Merck extra pure) in water to dryness (7 wt% Li/(Li+MgO)). The resulting 
paste was dried at 120"C for 16 hours and subsequently calcined 4 hours at 900•c. 
Finally the catalyst was ground and sieved to the desired partiele size of 0.3 - 0.5 mm 
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4.3 11IE ROLE OF 11IE CATALYST IN 11IE METliANE COUPLING PROCESS 

The role of the Li/MgO catalyst during methane coupling was investigated by 
continuous flow and batch experiments carried out at 50 - 150 Pa in the low pressure 
set-up described previously. 
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Figure 4.3.1. ÛltlllyfiC methane coupling ai 33 Pa 
over 0.25 g Li/MgO. 
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Figure 4.3.2 Gas plwse m:idutive coupling of 
methane ai 33 Pa. 

Figure 4.3.1 and 4.3.2 show the oxidative coupling of methane with and without a 7 
wt% Li/MgO catalyst at a total pressure of 33 Pa with a gas flow rate of 10·7 mole/s as 
a function of the reaction temperature. As expected the presence of a catalyst hardly 
matters at the short contact times applied. At low pressure the reaction rates are 
lowered so langer contact times are needed to detect conversion. This can be done by 
carrying out batch experiments and following the course of the reaction over a long 
period. 
Figure 4.3.3 and 4.3.4 show the methane batch oxidation with and without the presence 

of the Li/MgO catalyst. Again without catalyst almast no conversion can be detected 
during 1 hour reaction at soo·c. With catalyst clearly methane activation is occurring. 
Surprisingly, the <;+ product fraction is very low and the dominant products are the 
total oxidation products CO and C02• This means that coupling products are not formed 
in a first step or that they are rapidly converted to total oxidation products at the 
catalyst surface. More likely however, is that at the low pressure applied the methyl 
radicals formed by hydragen abstraction of methane can only react at the catalyst surface 
and cannot combine in the gas phase. For coupling they must loose their energy and this 
is ( at low pressure) only possible at the catalyst surface. The chance of being oxidized 
at the catalyst surface is greater than coupling with another methyl radical. This theory 
is confumed by atmospheric experiments with varying diluent gas concentration. Figure 
43.5 shows the change in product selectivity as function of the helium diluent 
concentradon during oxidative coupling of methane carried out at 100 kPa and soo·c. 
Clearly one can see the beneficial effect of more diluent on the <;+ selectivity. The 

partial pressores of methane and oxygen are lowered as in the low pressure experiments, 
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but the total pressure remains at lOOkPa. This means that gas phase coupling of methyl 
radicals is favoured. High concentrations of inert gas reduce the oxidation of the radicals 
in the gas phase and improve the radical coupling efficiency. This means that the 
homogeneaus radical gas phase reactions play a very important part in the <;+ 
selectivity, which can be reached. This also puts constraints on the comparison of 
different coupling catalysts. A different diluent concentration can mean a large 
difference in the <;+ selectivity. 
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The reactivity of ethane and ethylene was investigated in separate experiments with a 
ethane/oxygen and a ethylene/oxygen feed respedively. Figure 4.3.6 and 4.3.7 show the 
ethane oxidation with and without catalyst as function of the temperature for a 
c;HJOJNe (S/S/1) gas mixture, which was fed continuously. 
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ofthe temperature. P=33 Pa, F=1U1 molejs. 

Gas phase mddation does not occur, but with the Li/MgO catalyst oxidation sets in 
between 600•c- soo·c. Beside total oxidation produels ethylene is formed. It can be 
concluded that Li/MgO catalyses the conversion of ethane into ethylene. These 
experiments clearly prove that ethylene is also produced heterogeneously from ethane 
over Li/MgO. The same experiment carried out with an ethylene oxygen mixture showed 
that ethylene is catalytically oxidized to COx (Figure 4.3.8). 
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It is expected that CO and C02 in the ethane experiment stem from oxidation of the 
ethylene formed8

• The best way of showing that a consecutive reaction model is 
applicable in which ethane is converted to ethylene, ethylene to CO and CO to C02 is 
to carry out an ethane batch experiment. 
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Figure 4.3.10. Ethane gas plwse batch oxidmion at 
66 Pa. T•BOO"C. 

Figure 4.3.9 shows the product distribution of an ethane ox:ygen batch experiment over 
U/MgO. Oearly the fraction of ethylene is coming up first foliowed by C02• CO is 
hardly occurring indicating that CO is relatively rapid converted to C02• This last 
reaction is definitely catalyzed by the U/MgO catalyst, because the same experiment 
without catalyst shows that CO and ~H4 are the main products (Figure 4.3.10). This gas 
phase batch experiment shows that the consecutive reaction network is also valid in the 
gas phase, but that this takes place at a much slower rate than the heterogeneous 
oxidations. 

C02 

Figure 4.3.11. Reoction netwOlk of lhe metlume coupling over Li/MgO 
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The reaction network of the methane coupling over U/MgO can be summarized as 
shown in Figure 4.3.11. Methane is convertedat the catalyst surface tomethyl radicals 
which couple in the gas phase to ethane. At the same time the methyl radicals can be 
oxidized heterogeneously to COr The ethane dehydrogenation and the subsequent 
oxidation of the ethylene formed can take place both in the gas phase and on the 
catalyst in heterogeneous reaction steps. The conversion of the CO to C02 is definitely 
a fast heterogeneous process. 

4.4 THE ROLE OF THE CATALYST IN CONSECUTIVE REACI'IONS 

As described in paragraph 4.3 the main reaction path for the formation of ethylene in 
the oxidative coupling of methane over U/MgO catalysts is a consecutive path in which 
methane is catalytically activated to form methyl radicals which combine to ethane, 
foliowed by dehydrogenation of ethane to ethylene. It is often assumed that 
homogeneous reactions predominate at soo•c, apart from the initia! methyl radical 
formation. However, the catalyst may play an importani role as well, particular in 
activation of ethane and ethylene to take part in consecutive reactions. Comparison 
between the reactivity of methane, ethane and ethylene over U/MgO can be achieved 
with the aid of admixing experiments at low pressure. Therefore experiments with 
CHic;HJ02 and CHic;H4/0:z mixtures were carried out in the special micro-flow 
reactor operating at low pressores (10-150 Pa) as described in paragraph 4.2. 
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Figure 4.4.1 and 4.4.2 show CHJCJIJOz and CHJCzH4/02 admixing experiments 
carried out in the batch mode of operation at 66 Pa in the low pressure reactor set-up. 
The results confirm that ethane and ethylene are activated more easily than methane, 
in agreement with experiments with the separate components9

• The reacting ratios can 
be quantified by calculating rate coefficients from the data in Figures 4.4.1 and 4.4.2. For 
these calculations very simpte power law rate equations are applied in which a reaction 
order of 1 is assumed for both the hydracarbon and the oxygen. The rate equation bas 
the following form: 

in which i stands for CH4, CzH6 or CzH4• As stated in Chapter 3 Eley - Rideal type of 
equations are more appropriate, but at these low pressures they degenerate anyhow to 
the simpte form used bere. When using the simpte power law equations, it is assumed 
that methane, ethane and ethylene mridation rates are not influenced by each other 
otherwise than competing for the same active oxygen on the catalyst. The amount of 
Cz formed from methane in the experiments depicted in Figure 4.4.1 and 4.4.2 can be 
assumed negligible and is not accounted for. Table 4.4.1 shows the results of the 
calculations. 

Toble 4.4.1. k VDiue8 (mole/kg cat.s.(borf) basedon power /aw rate equillions. Consecutive model applied to 
metJume adt:/8lion over 0.25 g U/MgO at 66 Pa and BOO"C. 

0.16 0.64 0.42 4 2.6 

Comparison of these k-values clearly shows that ethane and ethylene are activated at 
least a factor 2 easier than methane. This is in agreement with the higher stability of the 
methane molecule compared to the Cz+ hydrocarbons. 
The results make also clear that ethane is converted a factor 1.5 faster than ethylene. 

This is in agreement with the results of admixing experiments carried out at atmospheric 
pressure10

, although the difference is much more pronounced in that case: at 
atmospheric pressure it hardly makes any difference whether ethane or ethylene is fed 
together with methane and oxygen: the product distribution is practically the same. 
Apparently there is a particularly large contribution of gas phase reactions in the ethane 
to ethylene conversion. 
The relatively high rate of ethylene oxidation with respect to the methane conversion 

restfiets the Cz yield that can be reached with U/MgO to a maximum. In fact, the factor 
2.6 for the ethylene oxidation is a lower limit based on catalytic reactions alone. At 
atmospheric pressure this factor is substantially higher due to the contribution of gas 
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phase reactions, as will be shown below, and acoordingly the attainable yields are then 
lower. 
The results presented bere confirm the reaction scheme for the methane oxidative 

coupling (at 1 bar and soo·q as proposed earlierll: 

catalytic activation/hydrogen abstraction 

rapid gas phase coupling 

catalytic activation and activation by various radicals 

rapid gas phase reactions 

catalytic activation and activation by various radicals 
followed by rapid consecutive gas phase reactions 

catalytic oxidation mainly 

The direct oxidation of CH3• to CO/C02 is omitted although it does occur both as a 
catalytic reaction (as shown above) and as a gas phase reaction; however, using U/MgO 
at favourable conditions, the reaction is of minor interest. 
Based on this simplified reaction scheme, a mathematical mod~l was set up to describe 

the reaction and to predict maximum attainable Cz yields. The rate equations are based 
on the power law equations described previously. Thus the hydrocarbons are assumed 
to react acoording to the k - ratios calculated from the low pressure experiments (Table 
4.4.1). 
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Figure 4.4.3 shows the <; ... yield as function of the contact time for different CHi02 

ratios. Dependent on this ratio the highest <; ... yield to be reached lies around 35%. 
This excellent value is enough for an economically attractive process11• In practice 
however, it is not possible to eliminate the non selective gas phase reactions which wi11 
lower the <; ... yield4

• The practical<; ... yield wi11 always be lower than the theoretical 
yield, but it should be possible to reacb the target value of 25%. 
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Figure 4.4.3. C2• Jield as function of the contoet tinu! /Of' different CH/02 ratios as result from model 
coladtltions based on a consecutive mlltkl /Of' met1ume coopling. 
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4.5 INTERACTION OF KADICALS WITH U/MgO 

Radical reactioos play a very important role in tbe oxidative coupling of methane over 
U/MgO catalysts. To investigate tbe influence of tbe catalyst on recombination reactioos 
tbe dissociation of metbane by tbe catalyst is replaced by producing radicals in a special 
way: by passing metbane tbrough a tube in which a striated column of a d.c. glow 
discharge in argon is generated. This technique offers tbe unique advantage of tbe sole 
production of CH3 and CH2 radicals without total destroelion of tbe metbane molecule. 
These radicals can be brought into contact witb a catalyst present in tbe reactor. Witb 
tbis technique tbe influence of high temperatures is eliminated and tbe amount of 
radicals produced can be controlled. 
Various types of dischargesexist dependent on tbe gas pressure and tbe voltage applied. 

Figure 4.5.1 shows a classification of discharges by means of voltage and electtic current 
applied12

• The discharge, which bas been used in this investigation, is tbe normal glow 
disdJar&e. It was operateel at ahout 3kV and 7 mA 

~ 

! 
g 

10.00 

7!;0 

<S-00 

2!;0 

0.00 
-9.00 

-I r--.. d-
\ 

-(Jt:Y-1# <hà'!t~QIIf 

V ,.."..,., ---
kc 

-

-1110 1.00 

F",- 4.5.1. D.C iÜdUIIJt cûwijkilliort 

a.s.:~ 

I 
i 

Kathode l L..,. 

Potential 

' I 
' ' i 
' 

i 
o.s.l 

F.-...y l 

I 
! 
I 
: 

Reactor length 

I Anode 

Fp 4.5.2 Evolul:ion ofthe potentilll fora d.c. glow 
discluuge. (D.S. dark space). 

The normal glow discharge coosists of zones witb different properties. Figure 4.5.2 
shows the potendal versus the distance between tbe catbode and anode. As can be seen 
tbe potential difference is large close to tbe cathode, whereas in tbe positive column 
hardly any potendal difference exists. The positive column contains so called striae: light 
layers in which electroos are accelerated to the excitation energy of the main gas. In the 
positive column the concentradon of high energy electroos is limited (and tbus tbeir 
influence ), because these electroos posses their high energy only for a very short time. 
The high energy electroos are only created in tbe active part of the striae which is an 
electric double layer. As such a layer is very narrow it assures that the electroos are 
accelerated almost without collisioos. After passage of tbe electroos tbrough this layer 
collisioos and excitation take place, resulting in Ar metastables. The remaining energy 
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of the electrons is small with respect to the energy of the excitation levels of interest. 
The formation of Ar ions in an interaction of an electron with a metastable is negligible. 
Therefore, only one souree of energy is present in the positive or striated column of Ar 
which we apply: a relatively high concentration of metastable atoms. 13 These argon 
metastables are the main energy souree which causes the dissociation of the methane 
molecules in the striated column. The coneentration of the metastable atoms may be 
calculated from the decay frequencies of several long living particles as measured and 
discussed by A. V. Phelps.14 In our case the coneentration of Ar metastables lies around 
0.1% of the gas molecules present at 3.2 mBar.15 

The Ar metastable atom is used to activate methane. The energy of the metastable 
atom is 11.5e V being too low to enable ionization of methane ( 12.6e V). Dissociation of 
one or two H atoms from methane is the main reaction resulting in CH3 and CH1 
radicals. 
Low pressure conditions in conneetion with a cooled wal1 (77K) assure that the radical 

reactions mainly take place at the reactor wall. This is due to the fact that the coupling 
of two radicals requires a third body to compensate for 1he kinetic energy and 
mecbanical impulse, provided that no chemiluminescenee occurs, as is the case. 
Figure 4.5.3 shows the product distribution of typical methane activation experiments 

at two reactor wall temperatures: 293 K and 77 K. Ethane and acetylene are the main 
products formed while minor amounts of ethylene, propylene, propane and butane were 
detected. 
Apparently etbane results from the coupling of methyl radicals. Aeetylene assumably 

stems from the reaction of CHz radicals under emission of hydrogen atoms or molecules. 

P•3.2 mbar, Ar/CH4•70 

- T=293< llliiiiiJil T=77K 

C,H, CJ-1, C,ti, CJ1. CJ-i. CJ<~ 

Proà.lcts 

Figutf! 4.5.3. Product distributÎOII of light hydrocatbons fomu:d dwing metlume activation in the strimed column 
disduuge. 
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Ethylene ( and propylene) are clearly originating from con.secutive reaetions, e.g. . the 
attack of metastables on ethane and propane. This is proven by the fact that at 17 K 
alkenes are hardly formed, because the primary products then stick to the wall. 
Con.secutive reactions result not only in dehydrogenation, but also in the formation of 
higher hydrocarbons, as shown in Figures 4.5.4 and 4.5.5, which depiet experiments in 
which the position of the gas inlet tube and hence the reaetion time is varied. 
Figure 4.5.4 demonstrates that the methane conversion increases with reaetion time, but 

that most of the methane is converted into higher hydrocarbons ( >Cs+), which remain 
adsorbed at the tube wall at room temperature. This was also confirmed by performing 
a long time experiment. After a few hours a dark colonred deposit on the reactor wall 
can be seen. The same experiment at 11K resulted in a light colonred deposit on the 
reactor wall, which indicates that no elementa:ry carbon was formed. Figure 4.5.5 shows 
the product distribution of the light hydrocarbons as function of the position of the gas 
inlet tube. The amount of ethane decreases at longer contact times at the expense of the 
formation of higher hydrocarbons ( > <;). This clearly demonstrales the involvement of 
ethane in consecutive reactions. 

P=3.2 l'l't>ar, Ar/CH,=70. T=293K 
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Figure 4.5.4. Overuil metJume convenion und methane 
conversion to c2- 4 hydroctubons. 
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Figure 4.5.5. Product distribution of üghl 
hydrocaltions ver.su.r the gas ûUet position. 

The occurrence of a waxy deposit on the reactor wall implies the occurrence of a 
radical chain growth reaction mechanism. Such a mechanism can be described by a 
reaction model as applicable in the Fischer - Tropsch synthesis16

• Figure 4.5.6 shows the 
possible reaction mechanism for the chain growth propagation mechanism applicable for 
the striated column synthesis. If the chance of chain growth propagation (reaction with 
a CHi) is (a) and that of terminadon (reaction with a CH3· ·radical) is (1 - a) and 
independent from the chain length, the mole fraction of the products formed (F mol) can 
be determined according to the formula: 

Fmo~ = aa-2 • (1-a) 
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a=rate of chain growth propagadon/total rate 

1-a 

FiguTe 4.5.6. Reaction scheme of tnetlloM activolioll in 
a strioted column of llll Ar glow discharge. 
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Figure 4.5.7. The product mole fraction versus the 
ctllbon number. 

From the slope of the line in Figure 4.5.7, which shows the logarithmic plot of the mole 
fraction of the products formed versus the carbon number, it can be deduced that the 
a = 0.24. In this plot the F2 mole fraction does not contain CzH21 because the latter is 
assumed to be made via the coupling of two CH2 radicals. A slope of 0.24 means that 
mainly short (light) hydrocarbons are formed. In the absence of oxygen cbain growth 
takes place resulting in long hydrocarbons (> CS+). During oxidadve coupling of 
methane long hydrocarbons cannot be formed, because they are mainly oxidized to COr 
The oxidadve conversion of methane to higher hydrocarbons using a catalyst is also 

believed to proceed via a radical reaction mechanism. The function of the Li/MgO 
catalyst is to activate methane and form radicals which react further in the gas phase. 
Placing the Li/MgO catalyst in the plasma reactor may reveal a possible role in radical 
coupling reactions. According to Ito et al. 2 Li + o· eentres are the main souree for 
methane activadon. These eentres are formed at high temperatures in the presence of 
gas phase oxygen. The sarne eentres can also be formed at lOOK by UV irradiadon. 
Figure 4.5.8 shows the EPR spectra of a Li/MgO catalyst in liquid nitrogen irradiated 

with a mercury vapour lampor quenched from 1073 K. At a g=2.054 clearly a peak can 
be seen which can be ascribed to u+o- eentres stabilized in the MgO matrix17• The 
other peaks are due to the impurides Fe3+, c2+, Mn2+ and Cu2+ in the catalyst18• 

With the aid of UV irradiadon at 17K it is possible to test if methane activadon is 
possible by u+o- eentres at these low temperatures. This test is performed by irradiating 
the Li/MgO catalyst in situ at 17K and 1 bar in the presence of methane and oxygen for 
30 minutes. No coupling products were detected after heating to room temperature 
indicadng that no significant methane activadon had occurred. This seems in 
contradiction with Aika et al.19 who claim methane activation at room te~perature on 
MgO. However, they used N20 as reactant to create o· on large surface area MgO, 
which does not result in the sarne active eentres (Li+o-) created on Li/MgO by 
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Figure 4.5.8. EP/f. lfllldN of U/MJO allilly.t fiiMdted (A) llt /iqllitlllitropn 11/16 hetlting in ~ at 8IXJ"C 
or irradiated at J«JK (B ). 

irradiation in the presence of gas phase oxygen. They detected products from methane 
activa ti on only after applying very long contact times ( > 2 hours) and after heating the 
catalyst to 3oo•c. Further it is known that methane activation is the most difficult step 
in the oxidative coupling of methane20

• So at low temperatures it is expected that 
methane activation would be very difficult in contrast to Aika's results. Ceyer et al.21 

have shown from molecular beam experiments that methane activation occurs only when 
the methane molecule bas enough kinetic energy to deform when colliding with the 
catalyst surface. The deformation of the methane molecule ends the shielding of the 
carbon atom by the hydrogen atoms and makes surface interaction with the carbon atom 
possible. However, even at low temperatures there is always a small fraction of methane 
molecules, which bas this large energy content. In Aika's experiments it cannot be 
excluded that the low temperature activation of methane molecules is due to that small 
fraction of methane molecules, which bas an energy high enough to be activated at 
ootlision with the catalyst surface. A gas with a temperature of 77 K still contains 4% 
of molecules with a temperature velocity of 473K, assuming Maxwell velocity 
distribution. 
Table 4.5.1. Product distribution (mole %) of plosma reaction with and without Li/MgO catalyst. T=77K, 
Ar/CH4=70, P=3.2 mbar. 

Wall CA CJI. CJI2 c;Ha c;~ c.Hto 

Li/MgO 45 5 41 5 1 3 
LifMgO• 43 3 42 7 1 4 
Ouartz 46 1 33 14 2 4 
Ouartz .. 44 11 33 6 4. 2 

' ) UV irradiated Li/MgO. 
") T= 293 K. 
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'Ibis means tbat methane activadon witb o· is oot so easy as Aika claims. 
The effect of tbe Li/MgO catalyst on radical coupling reactions is invesdgated by 

carrying out metbane activadon experi:ments witb tbe striated column in tbe presence 
of activated Li/MgO. Table 4.5.1 shows tbe product distribudon of a plasma activadon 
experiment witb and witbout activated Li/MgO in the re~J,ctor. 
There are differences in product distribution which cao he ascn"bed to tbe presence of 

Li/MgO in tbe reactor. The catalyst produces more acetylene at tbe expense of propane, 
implying tbat tbe chain growth is retarded. 'Ibis means tbat tbe catalyst favours tbe 
coupling of CHi radicals provided tbat the assumption tbat <;H2 is formed by coupling 
of two CH2• radicals is correct. However, no difference was detected between activated 
and non activated Li/MgO. Probably the number of active sites is too low to detect any 
significant difference. Therefore no condusion cao he drawn concerning tbe role of 
u+o· eentres in radical coupling reactions. It is clear, tbough. tbat tbe nature of tbe 
catalyst surface cao have an effect on tbe radical reactions occurring. 

4.6 CONCLUSIONS 

Low pressure experi:ments give substantial informadon on tbe reaction mechanism of 
tbe catalytic oxidative coupling of metbane. lt makes discri:mination between 
homogeneous and heterogeneous reactions possible. The role of tbe Li/MgO catalyst 
during oxidadve coupling of methane is tbat of a metbane activator which produces 
methyl radicals which couple preferentially in tbe gas phase. The etbane and ethylene 
formed are rapidly oxidized to CO and C02 at tbe catalyst surface. A high diluent 
concentradon in tbe gas phase strongly influences tbe c;+ selectivity by favouring tbe 
coupling of methyl radicals in the gas phase and tbus preventing their oxidation. 
The importance of consecutive reactions in tbe oxidative coupling of methane over 

Li/MgO catalysts bas been demonstrated by admixing experi:ments carried out at low 
pressures (10 - 100 Pa). The relative reactivities for metbane, etbane and ethylene 
activadon by Li/MgO have been deterrnined. Etbane is clearly tbe least stable. It is 
converted 4 times faster than metbane, pri:marily to ethylene. Ethylene in turn is 
oxidized a factor 2.6 faster than metbane. 
The maximum achievable c;+ yield cao he calculated by using tbe relative reactivities 

in a consecutive reaction model. The highest tbeoretically achievable c;+ yield lies 
around 35%. In practice, however, tbis value is considerably lower, because of the 
occurrence of non selective gas phase reactions. Furtber optimization of the interaction 
of tbe homogeneous and heterogeneous reactions is tbe way to achieve high c;+ yields. 
A striated column of d.c. glow discharge in argon makes it possible to activate metbane 

and produce C~ and CH2 radicals. looization and dissociation of more tban two 
hydrogen atoms do oot occur as pri:mary process. 
Beside c;14 ~ is formed as primary product indicating tbat it is formed primarily 



via coupling of two CH2 radicals. The product formation in the striated column can be 
described by the Fischer • Tropsch chain growth propagation mechanism. 
A cold U/MgO wall obtained by coverlog the glow discharge tube with a thin layer of 

catalyst on the inside, bas little influence on the recombination reactions taking place, 
except for an inhibiting effect on the chain growth propagation. Activation of the 
U/MgO catalyst by UV irradiation in the presence of gas phase oxygen prior to the 
methane activation experiments does not influence the product distribution probably due 
to the low concentration of the active eentres (U+ o·) formed. 
Activation of methane with u+o- eentres created at low temperatures with aid of UV 

irradiation to give <;+ hydrocarbons without discharge appeared impossible. 
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CHAPTER5 

KINKTIC MODELUNG 

5.1 INTRODUCTION 

The experiments described in Chapter 4 resulted in kinetic data for the essential 
heterogeneaus reaction steps, which occur during oxidative coupling of methane over 
li/MgO. The homogeneaus reaction steps (gas phase) however, play an important role 
in the reaction mechanism, as the ethane formation mainly takes place in the gas phase 
by methyl radical coupling. Therefore kinetic measurements at realistic process 
conditions are indispensable. Moreover, the kinetic parameters are needed for the 
reactor design and process development. 
Any kinetic modelling is always based on an assumed reaction mechanism. The reaction 

mechanism used in this chapter is based on the results from Chapter 3 and 4. Methane 
reacts with adsorbed oxygen on the catalyst according to an Eley • Rideal mechanism. 
As aresult methyl radicals are released into the gas phase where ethane formation takes 
place by radical coupling reactions. The ethylene is formed by dehydrogenation of the 
ethane formed. CO and C02 are mainly a result of the oxidation of ethylene. The 
overall equations are: 

+ l/202(a) ------> ~H6 + H20 

+ 002(a) ------> ~H4 + H20 
+ 20:z(a) ---·-> 2CO + 2Hz0 
+ l/202(a) -----> C02 

The reaction mechanism is extensively being discussed in literature. Korf et al.1 propose 
a Langmuir - Rinshelwood type of mechanism as the best fit for their kinetic 
measurements. Methane, oxygen and carbon dioxide are competing for the same 
adsorption site, the reaction of adsorbed methane and oxygen being the rate determining 
step. The transient experiments (Chapter 3) have shown that methane adsorption is very 
weak at soo·c especially compared to the oxygen adsorption. Therefore an Eley -Rideal 
mechanism appears much more realistic. 
In this chapter differential kinetic measurements are described, carried out in a micro 

flow reactor at atmospheric pressure. To assure correct kinetic measurements we first 
carried out some experiments to check the absence of mass transfer limitations, which 
might disturb the kinetic analysis. 
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5.2 EXPERIMENTAL 

The differentlal kinetic experiments were carried out in the continuous oxidation set
up described in Chapter 2. 
The process con<litions applied were : temperature 800"C, pressure 1 bar, total flow rate 
= 8.33 Nml/s, catalyst weight = 0.25 g. The fresh catalyst contained 4.27% 
Li/(Li + MgO) and the partiele size used was 0.25 - 0.30 mm. 
The reaction rate was measured after the rate of deactivation of the catalyst had been 

decreased to an acceptable level (approximately after 40 hours on stream). The reaction 
rate was measured for four different methane and oxygen concentrations in the feed gas 
mixture. The reaction rate (rm) was calculated as mole/kg cat. s. : 

W = Catalyst weight (kg) 
Fm = Flow rate in mole CH4 /s 
X. = Methane conversion 

The catalyst deactivation continues even after prolonged reaction time. It is therefore 
necessary to carry out kinetic measurements within the shortest possible time range. The 
most accurate e~riments were carried out within the time range of a few hours. Even 
then repeated experiments at standard conditions were required to measure deactivation 
and to account for it in the interpretation of the results. 

5.3 MASS TRANSFER LIMITATIONS 

Mass transfer limitations regarding solid catalysts are divided into two areas: intemal 
and extemal. 
Intemal dilfusion limitation is related to the pore structure of the catalyst. The catalyst 

partiele size determines the pore length over which the gaseous reactants have to 
diffuse. The time that the reactants remain in the pores in relation to their reactivity 
is a measure for the occurrence of intemal dilfusion limitations. These limitations can 
have effects on the product selectivity. The occurrence of intemal transport limitations 
was investigated by carrying out catalytic experiments with varying catalyst partiele size 
(0.1 to 0.8 mm). The desired catalyst partiele sizes were obtained by grinding and sieving 
a batch of calcined catalyst. 
Figure 5.3.1 shows the conversion as function of time on stream for different catalyst 

partiele sizes. Only the smallest catalyst fraction behaves differently : it deactivates more 
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strongly. This can be explained by the fact that the smallest partiele size bas the highest 
specific surface area (m2/m3) from wbich lithiumcomponentscan volatilize more easily 
due to the shortest path for lithium salts to diffuse to the outer surface . 
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Figwe 5.3.1. Metlume (xCH.) and c:uygen (xOz) 
convei'SÎOn as function of time on stTeflm for different 
pmticle sizes. T= 8()(}"C, CH/02=5, W /F = 0.3 
g.sfml. 
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Figure 5.3.2 Product selectivity venus c:uygen 
convei'SÎOn for diffem~t partiele sizes. T=8()(}"c, 
CH/02=5, W /F=0.3 g.s/ml. 

Effects on the product selectivity are not present as shown in Figure 5.3.2. where the 
product selectivity is plotted against the oxygen conversion. This is confinned by 
transport limitation calculations when applying suitable criteria2• Follmer et al3 

investigated the influence of partiele sizes of 0.1 mm to 4 mm on methane coupling at 
1013K over Na/CaO and found that the smallest partiele sizes show no diffusion 
limitations in agreement witb our measurements. 
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Figure 5.3.3. Metlume (xCH.) and c:uygen (xOJ 
convenion as function of the flow-rate. T=8()(}"c, 
CH/02=5, W/F=0.3 g.s/ml. 
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Figure 5.3.4. C2• yield as function of the nmtime for 
diffem~tflow-rates. T=8()(}"c, CH/02=5, W/F=0.3 
g.s/ml. . 
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For tbe large partiele sizes ( > lmm) Follmer et al. reported a beneficial effect of pore 
dilfusion limitations on tbe c;+ selectivity durlog metbane coupling. The c;+ selectivity 
increased witb tbe partiele size. We did oot test these large partiele sizes as it is difficult 
to reach ideal plug-flow and isothermal temperature control witb these large partiele 
sizes in a laboratory reactor. 
External diffusion limitations were tested by varying tbe linear gas velocity at constant 

contact time (W /F). Figure 5.3.3 shows tbe conversion as function of the total gas flow 
at constant W /F. lt elearly shows that there is no effect of flow on tbe activity of tbe 
catalyst, at least at the linear gas veloeities used bere. Effect of tbe linear gas velocity 
on tbe c;+ yield, as shown in Figure 5.3.4., is also oot present. 

5.4 KINETIC MODELLING 

This paragraph describes tbe results of differentlal kinetic measurements carried out 
in a micro fixed bed reactor as described previously. The aim is to model the catalytic 
methane coupling process according to the consecutive reaction mechanism proposed in 
Chapter 4 (paragraph 4.4). 

Oxygen pressure (bar) 

0.20 0.30 0.40 0.50 

pCH.=0.39 

0.50 

Metrane pressure (bar) 

Figun 5.4.1. Metlume disoppeorrliiCe rate during methane coupling over U/MgO ver.sus metlulne and at}Wen 
J1R1SS1Ue. T=BOO"C, W/F=0.03 g.sjml. 

Figure 5.4.1 shows the reaction rate (rm) as function of methane and oxygen partial 
pressure respectively. Correlating this result witb tbe simple power rate equation leads 
to: 



a = 0.91 ± 0.12 
b = 0.62 ± 0.13 

Chapter5 

~ = 0.145 ± 0.015 mole CHJ(kg cat.(bar)ub.s) 

with pressores in bar. 
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One can conetude from these data that the overall reaction rate is first order in methane 
and half order in oxygen. Tbe order 0.5 with respect to oxygen can be explained in two 
ways: 1) Oxygen is rapidly and reversibly dissociated into "active surface atoms". Tbe 
adsorption is weak, bence the concentration of surface oxygen atoms is proportiooal to 
the square root of tbe oxygen pressore. As a result the power law is correctly descnöing 
the kinetics. 2) Molecular oxygen is involved in the rate determining process. lt is 
relatively strongly adsorbed. Tbis may result in an apparent reaction order of 0.5, 
althougb an Eley - Rideal equation sbould fit the data better. lndeed it appears possible 
to fit our data to tbe following equation: 

k1 = 0.45 mole CHJ(kg cat.(bar)2.s) 
b02 ' = 5 (bar)"1 

with pressores in bar. 
Tbis is in agreement with the results from the transient experiments (Cbapter 3). Based 

on tbis mecbanism of methane activation tbe consecutive reaction mecbanism was 
described according to the following rate equations: 

Tbus tbe bydrocarbon molecules CH4, <;~ or <;H4 and CO are assumed to react from 
the gas pbase with an adsorbed oxygen species. Tbe contribution of parallel reaelions 
in the gas pbase is accounted for by adjusting the k-values. lt is tberefore assumed tbat 
radical initiation reactions mainly take place at the catalyst surface. Consecutive 
reaelions in the gas pbase, leading to the next stabie molecule in tbe series are 
considered infinitely fast. Tbus tbe net production rates (~) of eacb of tbe components 
follow from the material balances: 

Rem = -rem 
Rotm = 0.5rcm - rC2H6 
RC2H4 = rC2H6 - r C2H4 
Rco = 2rC2H4- rco 
Rco2 = rco 
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Using the appropriate stoichiometry factors, R02 is easily formulated to complete the 
above equations. 
The k-values were determined by fitting the model to tbe results of integral kinetic 

measurements collected in our laboratory. A non-linear least squares estimation routine 
based on Marquardt's metbod4 was applied. The parameter b02 was fixed at a value of 
5 (bar)"\ as determined previously. Furthermore a distinction was made between data 
obtained witb a fresb catalyst samples and data from experiments witb an aged catalyst. 
The results witb respect tothek-values are presented in Table 5.4.1. 

Catalyst 

Aged 0.65 

Fresh 2.4 

37 

47 

12 

16 

1.6 

100 

19 

6.3 

The case of tbe aged catalyst is interesting as a reference, because one can assume tbat 
the catalyst is playing a minor role bere. This is confirmed by the comparison of 
selectivity data of the aged catalyst witb results of an empty reactor, both as a function 
of tbe oxygen conversion (Figure 5.4.2). The results are indeed very sirnilar, indicating 
that homogeneous reactions (gas phase) predorninate during the experiments with tbe 
aged catalyst. A reasonable fit of measured and calculated selectivities bas been 
obtained both for tbe fresh as for tbe aged catalyst. Figure 5.4.3. shows the product 
selectivity versus W /F for the case of the aged catalyst (symbols) and tbe calculated 
selectlvities (lines). As can beseen a reasonable fit bas been achieved with tbe highest 
accuracy at tbe largest contact times and tbe poorest accuracy at the smallest contact 
times. This is not surprising as the experimental error is the largest at the smallest W /F. 
Also tbe fact bas to be considered that the model is no Jonger appropriate at very low 
conversion levels, because at very smalt contact times tbe direct oxidation of metbane 
to carbon dioxide can no longer be neglected. For tbe case of the fresh catalyst it is very 
difficult to obtain an accurate selectivity pattem as function of the contact time, due to 
the fast deactivation of the U/MgO catalyst. Therefore no accurate selectivity fit versus 
W /F could be performed. On the other hand it is possible to fit the results of the 
optimal selectivities obtained at a certain W /F (0.3 g.s/ml). This is shown in Table 5.4.2. 
By only changing the kcm4/k:a« and the kco value tbe measured selectivities of a 
methane oxidation experiment over a fresh U/MgO catalyst can be fitted quite well. 
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Figure 5.4.2. Product selectMty W!1'SUS ~ convenion for an aged U/MgO caiJllyst and gas pluzse mdJane 
coup/ing. T=801J"C, CH/02=5. 
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Figure 5.4.3. Product selectivity ver.rus contact time (W /F) for experiment (symbols) and consecutive model fit. 
T= 80irC, P= 1 bar, CH/02=5, U/MgO catalyst. 

Regarding the calculated k-values in Table 5.4.1., some interesting conclusion can be 
drawn, in conneetion with the low pressure results ofTable 4.4.1. (Chapter 4). The ratio 
of kc:m:4/krn4 is much higher for the atmospheric experiments than for the low pressure 
experiments (atmospheric (fresh catalyst) 63; low pressure 2.6). This increase in 
~~ ratio can be ascribed to the contribution of gas phase reactions to the 
o:xidation of ethylene at atmospheric pressure. The importance of the gas phase reactions 
is confirmed by the data of the aged catalyst: ageing of the catalyst bas much more 
effect on kcm and kco ("catalytic steps") than on kam and koH4• 
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Tilbie 5.4.2. Compmison between experimental (fresh 
Clltalyst) tmd consecutive model fitting results. k-Values 
used from talJie 5.4..1. 

Selectivity Experiment Fit 
(%) 

CA 11) 11) 

c,H4 45 45 
co 7 6.7 
co2 28 28.3 

CH4 conv.(%) 23 21 
0 2 conv. (%) 90 100 

Tilbie 5.4.3. cl+ yield as fiuu:tion of IM 
kon/kou rado for IM consecutive model. 
CH/01=5, pHe•0.4 bor. 

kc-~ C.".Ydl 

2.6 35 

6.3 14 

19 6 

The ~/kaM ratio is the key factor in the selectivity of the methane oxidative 
coupling process, as demonstrated in Table 5.4.3, where the maximum yields are 
calculated for the three cases that correspond to the theoretical case (low pressure data), 
the fresh catalyst, and the aged catalyst. A catalyst influences the kcm.Jka.4 ratio by 
increasing the methane activation rate more than the ethylene activation rate. The 
ethylene activation rate is mainly deterrnined by the gas phase activation rate. Therefore 
the high <;+ yields obtained by a catalyst are mainly due to the increase of the methane 
activadon rate relative to the ethylene activation rate. The function of the catalyst may 
thus be reduced toa radical initiator, which releases radicals into the gas phase, without 
further interlering with the course of the reaction. The catalyst releases (methyl) radicals 
into the gas phase at a much higher rate than that the radicals are produced in the gas 
phase. In this way the catalyst increases the methyl radical concentration and may cause 
relatively high reaction rates to ethane, as the coupling is second order in methyl 
radicals, while the oxidation is probably flrst order. This reasoning is visualized by the 
simplified reaction scheme in Figure 5.4.4. Reaction 1 is the abstraction of a hydrogen 
atom from methane. Reaction 2 is the coupling reaction of the methyl radicals to <;+ 
components. Reaction 3 and 4 are the total oxidation reactions in which C-0 bonds are 
formed irreversibly. In this way the catalyst favours the consecutive model. 
The role of the catalyst as a methyl radical producer is supported by calculations with 

a computer model that simulates the gas phase methane oxidation by taking account of 
practically all elementary radical reactions.5 The effect of the catalyst is simulated by 
adding a set of reactions, which equals the overall reaction : 4CH4 + 0 2 ----- > 4CH3 + 
2H20. The rate of formation of methyl radicals is increased, without increasing the <;+ 
oxidation reactions. The results of the computer simulations are shown in Table 5.4.46

• 

This Table shows a comparison between two simulations: with and without increased 
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4 

Figwe 5.4.4. Simplifted reaction scheme for the 
oxidiltive coupling of methane. 

methyl radical productioo. At the same 
rontact time, the higher methyl radical 
production rate increases both the 
methane and oxygen ronversion, as 
expeeted. while the <;+ selectivity is 
somewbat lower. However, when results at 
the same ronversion level are rompared 
(first and last column of Table 5.4.4) it is 
clear that much higher selectivities are 
achieved at increased methyl radical 
production rate, in acrordance with the 
hypothesis proposed. 

Table 5.4.4. Computer simuiadons of gos phase oxidiltive coupling of methane with increased methyl nulktll 
production6. 

Methyl radical production Normal lncreased 

Contact time (s) 2.7 2.7 0.13 

CH4 conversion (%) 0.06 3.4 0.()9 

ol conversion (%) 0.1 8.2 0.1 

~+ se1ectivity (%) 79 70 fJ7 

co. selectivity (%) 21 30 3 

Thus a selective roupling catalyst bas to be a very active one, in order to arrive at a 
favourable low kcmJkcm ratio, the key factor for the <;+ selectivity. 

5.5 CONCLUSIONS 

Catalyst deactivation is a rontinuous process, wbich limits the time scale on which the 
kinetic measurements should be perfonned. 
There are no transport limitations at the reaction conditloos applied (T=800"C, 

W/F=0.3 g.s/ml). 
The overall kinetics of the oxidative roupling of methane over Li/MgO catalyst were 

determined by differential measurements. The results can be summarized: 

rCH4 = 0.145 t 0.015 • PCH4o.9hO.t2• P020.62:0.t3 mole CHJkg. s. 
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with pressures in bar. 
The kinetics cao he well described with an ELEY-RJDEAL kind of mechanism in 

which methane from the gas phase reacts with an adsorbed oxygen species on the 
catalyst surface. 
The product selectivity cao he modelled quite well with an assumed consecutive 

reaction model. From the modeHing results it is clear that the reaction mechanism of 
the methane coupling process consists of heterogeneaus and homogeneaus reaction 
steps. The kcm..fkau ratio is the key factor, which determines the product selectivity. 
A catalyst decreases the kc:m..fkcu4 ratio by speeding up the methane activation rate 
relative to the ethylene activation rate. A fresh li/MgO catalyst is capable of Cz+ yields 
of 15- 19% ( kc:z114/kau = 6.3). Theoretically, however it seems possible to reach values 
over 25%. Further optimization of the interaction of homogeneaus and heterogeneous 
reactions should make these yields achievable. 
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FINAL DISCUSSION 

Uthium doped MgO used as catalyst for the oxidative coupling of methane bas been 
investigated extensively in this work. The activity of the U/MgO catalyst for methane 
activation is due to the presence of lithium. Very small amounts of lithium are sufficient 
to create an active and selective coupling catalyst. Uthium carbonale is a liquid at 
reaction temperatures of 12o•c and higher. This explains the mobility of the lithium 
phase at the reaction temperatures. Deactivation of the U/MgO catalyst is caused by 
lithium loss. The lithium loss is mainly due to evaporation of UOH, which is formed 
during the cause of the reaction by the reaction of water with the lithium carbonate in 
the catalyst. 
Steady-state isotopic transient kinetic analysis (SSITKA) experiments with CH.ftBo2 and 

13CH.f02 have revealed that there is a pool of active oxygen species adsorbed at the 
catalyst surface. These active oxygen species are capable of hydrogen abstraction from 
methane very effectively. There is no pool of carbon containing species at the catalyst 
surface, which is actually taking part in the catalytic cycle. Methane is not adsorbed at 
the catalyst surface, but reacts from the gas phase with the active oxygen species. 
Therefore, an Eley - Rideal mechanism in which methane reacts from the gas phase with 
an adsorbed oxygen species seems most suitable for the U/MgO catalyst system. Kinetic 
measurements confirm the appliance of this model to the methane coupling process over 
U/MgO. The exact nature of the active oxygen species on U/MgO is not clear. lt can 
be both a mono-atomie as well as a di-atomie species. 
The product distribution is the result of a consecutive reaction mechanism involving 

both homogeneous as well as heterogeneous reaction steps: 

Low pressure experiments have revealed the role of the homogeneous gas phase 
reactions. At the catalyst surface hydrogen abstraction from methane takes place and 
methyl radicals are released into the gas phase. There ethane is formed by coupling of 
the methyl radicals. A small part of the methyl radicals is directly oxidized at the catalyst 
surface to co2 (not shown in the reaction scheme). The ethane dehydrogenation and 
ethylene oxidation step take place both in the gas phase and on the catalyst surface. The 
CO oxidation to C02 is definitely a catalytic reaction step. 
From admixing experiments it was deduced that ethane and ethylene react at least a 

factor 2 faster than methane with U/MgO. This limits the c;+ yield to a maximum. In 
the ideal (theoretical) case c;+ yields of 35% should be possible with U/MgO. 
However, modelling of realistic measurements shows that the activation of ethylene is 
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mainly due to gas phase reactions. A catalyst strongly influences the ethylene to methane 
activadon rate by increasing the methane activadon rate more than the ethylene 
activadon rate, thus lowering the kczH4/krn. ratio and enabling high <;+ yields. The 
U/MgO catalyst lowers the kczHikrn. ratio to 6.3, improving the <;+ yield by a factor 
of 2.5 compared to homogeneous oxidative coupling of methane (pure gas phase ). 
Further optimization of the interaction of heterogeneaus and homogeneous reactions 
should bring <;+ yields of 25% within reach, which are needed for an economically 
attractive process1

• 

Future investigations should focus on the determination of the optimum interaction of 
gas phase and catalytic reaction steps and on the reduction of the lithium loss during 
reaction conditions. As in the oxidative coupling of methane always water will be formed 
in large amounts UOH cao readily be formed. The evaporation of the LiOH causes 
lithium toss and thus results in deactivation of the catalyst. This puts serious restraints 
on the lifetime of the U/MgO catalyst. The lithium toss cao be lowered by lowering of 
the reaction temperature, which will slow down the rate of evaporation of UOH. 
Disadvantage of a low reaction temperature is the loss in activity for the methane 
activadon relative to the ethylene activation rate, thus lowering the <;+ yield. 
In a way of solving this dilemma doping the U/MgO catalyst with me tal oxides like 

Sn02 or Ce02 seems a solution. Korf bas shown that with U/Sn/MgO <;+ yields of 
12% cao be reached at 1oo•c. The lithiumlossis lowered not only by applying a lower 
reaction temperature, but also by an interaction of Sn with the lithium. The added 
amount of Sn must be very low (0.029 mmol/g catalyst), because addition of high 
amounts of Sn results in an decrease of <;+ selectivity. That lithium interacts with 
impurities in the catalyst can be shown by Electron Paramapede Resonance (EPR) 
measurements. 

A 
B 

FiKJUI! 6.1. EPR sp«tnl of pure (A) ti1Ul U doped MgO (B) «lOOK. 
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Figure 6.1 depiets the EPR spectra of pure MgO aod U/MgO. The peaks are all due 
to paramagnetic impurities in the catalyst with Fe3+, Q'+ aod Mn2+ as the main 
sources3• Addition of lithium to the MgO leads to stabilization of the Mn:z+ in the MgO 
lattice. In pure MgO the Mn2+ peaks are hardly detectable wbile in U/MgO the Mn2+ 
peaks are very intense. lithium interacts with the Mn2+ impurity in the catalysL Addition 
of small amounts of Sn oxide show no great effects on the EPR spectrum of U/MgO. 
More interesting is the effect of Sn addition on the U+ o· centra whicb play ao 
important role in the methaoe coupling process according to Driscoll et al4• Figure 6.2 
shows the EPR spectra of U/MgO aod U/Sn/MgO heated to soo·c in air aod rapidly 
quenched in liquid nitrogen. At g=2.054 the u+o· peak caobeseen in U/MgO wbile 
in U/Sn/MgO the same peak is chaoged. aearly this indicates the occurrence of ao 
interaction between Sn aod lithium present in the MgO lattice. This interaction probably 
explains the lower lithium loss of this doped U/MgO catalysL The higher activity of this 
catalyst compared to undoped U/MgO is due to the addition of extra active eentres 
(SnOJ. 

A. 

r 
i 

Fig~.~re 6.2. EPR spectra of U doped MgO (A) and U/Sn/MgO (B) quenched illliquid nitrogm after heflti1lg 
i1l air al BOO"C. 

At large additions of Sn02 the Sn02 will predominate the catalyst. This does not result 
in ao improvement of the kcnw/k:a.u ratio or ao improvement of the C:z+ yield. 
Summarizing it cao be stated that U/MgO catalyst modifications are neerled to prevent 

its rapid deactivation, which is the main disadvaotage of this catalytic system. Further 
optimization of the interaction between gas phase aod catalytic reactions should make 
high C:z+ yields possible. These modifications aod optimizations are necessary to get a 
catalytic system, which cao be used for ao economical feasible oxidative coupling 
process. 
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