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SAMENVATTING

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 chemicalién
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/H,) 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 invioed 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 initiéle aktiviteitsverloop van het koppelingsproces. Dit effekt is toe te
schrijven aan het lithiumgehalte, het specifieke oppervlak (m?/g) en de poriénstruktuur.
Lithium is duidelijk verantwoordelijk voor de hoge C,, opbrengst. Reeds zeer kleine
hoeveelheden lithium (0.2wt%) toegevoegd aan het MgO blijken voldoende te zijn voor
een hoge C,, 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 (800°C) 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 lithiumsilikaten verhinderen het lithium verder deel
te nemen aan het katalytische proces.

Het mechanisme van de werking van de Li/MgO katalysator is bestudeerd met behulp
van de steady-state isotopic transiént kinetic analysis (SSITKA) techniek met >CH, and
180, als isotoop. Deze metingen zijn uitgevoerd in een speciaal daarvoor ontworpen
proefopstelling. Deze experimenten tonen aan dat bij 800°C de zuurstofadsorptie een
belangrijke rol speelt en dat de methaanadsorptie verwaarloosbaar is. Tevens blijkt er
ook geen noemenswaardige hoeveelheid *C te worden in gebouwd in de katalysator.
Dit toont aan dat de lithiumcarbonaatontleding geen deel uitmaakt van de katalytische
cyclus. De aktieve zuurstofspecies wordt waarschijnlik gevormd via een oxydische
lithiumfase. Het verlies van de aktieve (lithium)fase wordt aangevuld vanuit de
lithiumcarbonaatfase door lithiumcarbonaatontieding, Het mechanism van de methaan
aktivering kan beschreven worden met ¢en ELEY - RIDEAL mechanisme waarbij
methaan vanuit de gasfase reageert met een aktieve zuurstofspecies op het opperviak
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
reactienetwerk van 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 katalysatoropperviak als in de gasfase reageert
ethaan tot etheen en etheen tot koolmonoxyde (CO). Koolmonoxyde wordt voornamelijk
aan het katalysatoroppervlak geoxydeerd tot CO,. De gasfasereacties zijn essentieel,
omdat de methylradicalen aan het katalysatoroppervlak hoofdzakelijk oxyderen tot CO.

Met behulp van een gelijkspanningsontlading in argon is de invloed van de Li/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 CH; en CH, radicalen direct vanuit methaan te produceren. De Li/MgO
katalysator blijkt radicaalrecombineringsreacties nauwelijks te beinvioeden. De rol van
de Li/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 Li/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) C,, opbrengst van
ongeveer 35% mogelijk te zijn. In de praktijk zijn echter de homogene gasfase reacties
de oorzaak van een veel lagere C,, 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
C, ., opbrengst die met deze getallen te behalen is bedraagt 6%. Met een verse Li/MgO
katalysator blijkt in de praktijk een C,, opbrengst mogelijk van 16 - 18% onder
identieke omstandigheden. Verdergaande optimalisatie van de wisselwerking tussen de
homogene en heterogene reacties moet een C,, opbrengst van 25% bij een C,,
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
Li/MgO Kkatalysator voor de directe conversie van methaan tot etheen. De Li/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 reasons that
methods to convert natural gas into more easily transportable chemicals at the well are
enjoying great attention. As natural gas primarily contains methane, the conversion of
natural 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/H,) 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 hydrocarbons, avoiding the cumbersome
and energetically unfavoured steam reforming process, forms a much more attractive
alternative.

This thesis is concerned 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
method of this catalyst, the working principle and the influence of this catalyst on the
methane conversion have been studied extensively.

The synthesis method 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?/g) and
pore structure. Lithium is clearly responsible for the high C,, yield observed with this
catalyst. Already very small amounts of lithium added to MgO are sufficient for a high
C,. yield. The presence of the lithium carbonate phase appears to fulfil a keyrole in
this.

Deactivation of the Li/MgO catalyst is caused by loss of lithium. This loss 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 volatile under the applied reaction
temperatures of 800°C leading 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 Li/MgO catalyst has been elucidated with the so-called
steady-state isotopic transient kinetic analysis technique (SSITKA) using *CH, and **0,
as isotopes. These experiments were carried out in a specially designed set-up. From
these experiments it is concluded that at 800*C only oxygen adsorption was significant
and that methane adsorption was negligible. Hardly any ’C is built into the catalyst
indicating that there exists no large pool of a carbon containing species at the catalyst
surface, which is taking part in the catalytic cycle. The active oxygen species is created
via an oxidic lithium phase. The lithium carbonate phase present acts as a source of
lithium by replenishing the active lithium phase, which is lost by evaporation of the
hydroxide. The mechanism of the methane activation can be described by an ELEY -
RIDEAL mechanism in which methane reacts from the gas phase with an adsorbed
active oxygen species to a methyl radical, which is released into the gas phase.

The mechanism of ethane and ethylene formation has been elucidated by experiments
at reduced pressures (100 Pa). The mechanism consists of a complicated network of
homogeneous gas phase and heterogeneous surface reactions. Ethane is primarily formed
via the coupling of two methyl radicals in the gas phase. The methyl radicals are formed
by hydrogen 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 CO,
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 has 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 CH, and CH, 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/MgQO 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
Li/MgO has been studied by admixing experiments at reduced pressures (100 Pa), It
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 medel it is shown
that a C,, yield of 35% is (theoretically) possible. In reality however, homogeneous gas
phase reactions are the cause of much lower C,, yields. Modelling of the selectivity
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pattern of an aged catalyst, which selectivity pattern strongly resembles that of the
homogeneous gas phase methane coupling process, resulted in a reactivity difference
between ethane and methane of 57 and between ethylene and methane of 19, These
numbers reduce the maximum attainable C,, yield to 6%. With a fresh Li/MgO catalyst
C,. yields of 16 - 18% have been achieved under the same conditions. Further
optimization of the interaction between homogeneous gas phase and heterogenous
surface reactions should make C,, yields of 25% at 60% C,, selectivity attainable.
These numbers are the values at which the methane coupling process becomes
commercially attractive compared to the present ethylene production method via
naphtha cracking.

Summarizing this study has provided a good insight in the working principle of the
Li/MgO catalyst for the direct conversion of methane into ethylene. It is shown that the
Li/MgO offers perspectives for future use provided that improvement of the stability of
the catalyst is achieved.
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CHAPTER 1

INTRODUCTION

1.1 CONVERSION OF NATURAL GAS INTO USEFUL CHEMICALS

The prospective shortage of oil as carbon feedstock for the chemical industry has
started renewed attention for the 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 first! (Table 1.1.1).

Table 1.1.1. Proven world reserves and consumption for oil and gas in 1988,

1988 Oil Natural Gas

(1’ tons) (10° ton oil equivalent)
Reserves’ (R) 134.5 1006
Production (P) 3 17
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 desirable to
convert it into easier transportable forms like methanol or higher hydrocarbons.
Natural gas is primarily methane. Thermodynamically methane is the most stable
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
methane into synthesis gas (CO/H,). 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).” The conversion of natural gas via
synthesis gas and methanol has 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 can be carried out in various ways.
Practical applications have been found in the acetylene production via either the electric
arc or the thermal cracking process. The disadvantage of both processes is the large



16 Chapter 1

CH,
Parted Pyrolyain
adcition —
Paforming
FLAME FISCHER AR
COLFLING| | PROCESS THOPECH || PROCESE
METHARNOL
Hoachet Mobit DS Mie
HYDROCARBONS

Figure 1.1.1, Possible routes for methane conversion to hydrocarbons.

generation of carbon as by-product and the low yield to acetylene (< 30%). Moreover,
the electric arc process is only attractive if cheap electricity is available. The acetylene
production from methane has also been carried out by partial oxidation at 1500°C.
Again the C,, yield never exceeded 30%, the remainder being CO, CO, and H,. The
disadvantage of this process is the extremely high temperature at which it has 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:

ZCH4 + 02 —nwe—> CzH‘ + 2H20

This reaction is thermodynamically feasible at all useful temperatures. Problems are
associated with the formation of thermodynamically more favoured total oxidation
products (CO,CO,). Challenging is to minimize these total oxidation reactions by
kinetically controlling the reaction, i.e. by applying a suitable catalyst.

Economic evaluation studies of this process® 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 technology of naphtha cracking into ethylene.

The catalytic oxidative coupling process should preferably be carried out in a fluidized
bed reactor, because of the good heat exchange that is needed to control the highly
exothermic 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 C,, yields is needed.

1.2 THERMODYNAMICS

Before the direct conversion of methane with oxygen into useful hydrocarbons 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 function of the temperature.

1t is clear from Figure 1.2.1 that very high temperatures are needed to favour the higher
hydrocarbon production from methane. Since carbon formation is possible at
considerably lower temperatures, it is challenging to optimize the hydrocarbon formation
via kinetics. Recently Chevron workers* claim an inhibiting effect of catalytic material
on the coke formation during methane pyrolysis. Van der Zwet et al.’ 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
13 CH, =~==> O5CH, + 05H,
2 CH, ———> O8CH, + H,
3 CH, —-> OBCH, + 15H,
— 4 CH, > O.16CH, + 1.5H,
5 5. CH, ———> C + 2H,
E 200 b
3 3
E4
& 2
g 4
5
1
5 fa) \
3
T
_000 . , A
o 400 800 1200 1600

Temperature (K]

Figure 1.2.1. Standard 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
kinetically. One way of controlling the product formation is by the use of catalysts. Since
the first catalytic systems have been reported (1982) much progress has been made in
catalyst development resulting in quite active and selective catalysts. The next paragraph
will describe the most important trends in catalyst development for the oxidative
coupling of methane.

[}
 ACH, + Oy ——=> 2CH, + 2HDO
2 2CH, + ©, ~=> CH, + 2HD
2 13CH, + O, > OBBCH, + ZHO
100 k4 O8CH, + O, —-> 05CO, + HO
’5& & CH, + O ===> O + 2HO
= & 066CH, + O, ———>0866C0O + 1.3H0
§ -200 +
g 3
2
-300 1
$ 1
9
3 6
§ \
—a00+ ¢
5
~500 . N A
0 400 800 1200 1600

Temperatue K]

Figure 1.2.2. Standard Gibbs free energy of reaction for the reaction of methane with oxygen.

1.3  LITERATURE SUMMARY

Quite a number of catalyst systems have been reported for oxidative coupling of
methane during the last 10 years®. 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 Wagborne (Exxon Research & Engineering Co., USA)’
reported Pt on carriers like MgAlL O, or BaAl,O, as a catalyst system for the conversion
of methane into C,, hydrocarbons at 600 to 700°C. They claimed a C,, yield of 25.4%
(C,, selectivity (sC,,) =57%), of which the largest part consisted of CH, (32%).
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Related to this work was the work of Fang et al®, They investigated the catalytic
methane pyrolysis reaction and found ThO,/SiO, as an active and selective catalyst for
the methane conversion into C,, (Yield C,, = 3.15%). They claimed that most of the
ethane was produced by coupling of methy! radicals in the gas phase.

In 1982 Keller and Bhasin® published the results of extended catalyst testing in a cyclic
mode of operation. They tested various metal oxides at 700* to 900°C and found Bi, Sb,
Sn, Pb, Ta, Mn and Cd supported on ALO, as materials which showed the highest
activity for C,, hydrocarbon formation. Workers at the Atlantic Richfield Company
(ARCO, USA) carried out analogous experiments, which resulted in various patents'®
claiming catalysts suitable for methane conversion into C,, hydrocarbons via the cyclic
mode of operation. These catalyst included supported oxides of Mn, In, Sb, Sn, Bi, Pb',
The best catalyst system found was 5%Na,P,0,/15%Mn/SiO, with which C,, yields of
20% were achieved (sC,, =70%)" Keller and Bhasin also tested their catalysts in the
cofeed mode of operation in which methane and oxygen were fed simultaneously to the
reactor. This resulted in a decrease of C,, selectivity mainly due to total oxidation
reactions catalyzed by the stainless steel reactor wall. Change of the reactor wall to
quartz eliminated this unwanted catalytic effect. ‘

Hinsen and Baerns™ were the first to report on the truly catalytic reactions of methane
with oxygen (cofeed mode) with good selectivity and activity. A PbO/AL O, catalyst
resulted in a G,, yield of 4.3% with C,, selectivity of 58%. The serious disadvantage of
this catalytic system appeared to be the volatilization of the PbO at the reaction
temperatures of 750" resulting in a rapid deactivation.'*

The second group of catalysts comprises alkali - alkaline earth metal oxides which are
irreducible under normal catalytic reaction conditions. Fox et al.”® 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.'® (from
the group of Lunsford, A&M University, Texas, USA) reported excellent coupling results
(C,, yield =19%) with Li doped MgO. Ito claimed Li* O centres as the reactive centres
for methane activation. These centres are stabilized in the MgO matrix, because Li* ions
fit exactly at the lattice site normally occupied by Mg?*. Analogous combinations also
appear active and selective for methane conversion e.g. Na/CaO, K/BaO .

The third group of catalysts comprises the rare earth metal oxides first reported by
Otsuka et al.® Sm,0, and Dy,O, appeared to be the most promising systems for
methane conversion into ethane and ethylene (C,, = yield 12.4%, sC,, =41.2%). Otsuka
further discovered that doping of these catalysts with alkali carbonates resulted in even
better coupling performances” (C,, yield = 22.3%, sC,, =54.1%). Doping with LiCi
improved the ethylene yield significantly. This is due to the -interaction of chlorine
radicals which are very effective in methane activation®. The highest C,, yield (30.6%
at sC,, = 64.7%) reported was achieved with LiCl/Mn-oxide”’. However, this catalyst
rapidly deactivated due to the loss of the chlorine. Also this yield was achieved at very
diluted conditions. Without dilution of the gas phase with helium the C,,yield dropped
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to 15.7% (sC,, = 48.9%). Table 1.3.1 summarizes the important catalyst systems
reported for oxidative coupling of methane in the cofeed mode of operation? # # %
Most of the catalysts maintain their reported optimal C,, yields only for a limited time
and deactivate rather rapidly.

Of the reported catalyst systems Li doped MgO, first reported by the Lunsford group,
belongs to one of the best catalyst systems with high C,, selectivity (>65%) at high C,,
yields. In 1986 when we started this investigation Li 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 Li/MgO catalyst, which will be discussed
first. As already mentioned, Li*O" centres have been proposed by Ito et al.'® as the
reactive sites for methane activation.

Table 1.3.1. Results of various catalyst systems used for oxidative coupling of methane in cofeed mode.
L ]

Catalyst system G, Yield C,, Sel Poce/ P Temp. Ref.
(%) (%) LY]
PbO/ALQ, 43 s8 033 1023 13
15%Mn5%Na,P,0,/Si0, 145 66 0.40 un 27
12.5% NaMnO,/SiO, 15.7 ) 0.40 93 27
3%Li/MgO 184 50 057 %3 2%
7%Li/MgO 15 65. 0.40 1073 This work
10%Li/Ca0 259 53 0.96 1073 25
Na/MgO 2.4 57 0.96 1073 23
K/BaO 202 42 0.96 w3 1
Sm,0, 124 41 093 1023 19
LiC1/Sm,0, 199 69 093 1023 19
LiCl/Mn-oxide 0.6 65 093 103 21
Li/ZnO 18 61 0 013 24

These centres are created in the presence of gas phase oxygen at high temperatures via
migration of Li* into the MgO lattice. The Li* ions replace the Mg?* cations or
vacancies. In order to maintain charge neutrality the substitutional Li* ions capture
holes (w) provided by the dissociation of di-oxygen through the following process:
2Li*O* + %0, + & > 2Li*0" + O

The Li*O sites react with CH, releasing methyl radicals into the gas phase:

Li*O"+ CH, ~—> Li*OH + CH,*

The reoxidation of the active site is believed to proceed via the following scheme:
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2Li*OH —-> Li*0” + Li‘s + H,0
Li*O* + %O, + Li*s --> 2Li*O"

Roos et al.® suggested, contradictory to Ito, that a weakly bonded di-atomic oxygen
species was responsible for the methane activation over Li/MgO. This suggestion was
based on kinetic investigations. The active sites might be created on the surface of
Li/MgO by gradual loss of CO, from lithium carbonate species in the presence of gas
phase 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
mechanism is believed to be applicable.””® Methane is activated by the lattice oxygen,
which is removed from the lattice as water. This site is filled again with gas phase

oxygen:

2CH, + 2M@®@*Q, > 2CH,* + 2M®2*Q_, + 20H(a)
IMEDQ .+ O, > 2M®*Q,

For the third group of catalysts, the rare earth metal oxides, Otsuka® suggested a di-
atomic oxygen species as the active oxygen species based on kinetic investigations. Lin
et al® detected O, ions as the dominant species on the catalyst surface of La,0,
Together with these species they detected a lot of methyl radicals in the gas phase. On
the other hand Lee and Oyama® speculate that an O species could still be the active
oxygen species, because the O species cannot be detected by EPR spectroscopy, because
the resting form is the dimer O, species.

CH,

+o “

+CH,

CH; — CH;
=
+0O
CO « CH,

+0O l
Co,
Fi’gum 1.3.1. Reaction scheme for oxidative coupling of methane.
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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 C,, 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 CO, products may be
insignificant or quite important. Over Li/MgO this reaction plays a minor role. Main
primary product is ethane, which is dehydrogenated to ethylene. The ethylene is
subjected to further oxidation, inevitably leading to CO,. Much discussion takes place
concerning the role of homogeneous (gas phase) and heterogeneous (catalytic) reactions
in the reaction mechanism. Still, the relative importance of surface and gas phase
reactions has received only little attention in literature. Labinger et al.*! reported the
predominance of gas phase reactions in the reaction mechanism of methane coupling
over NaMnO,/MgO at temperatures above 800°C. Generally, it has become accepted
that above 800°C gas phase reactions are dominating. However, based on 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 despxte the difference in
initiation reactions®.

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
describing the homogeneous gas phase oxidative coupling. The role of the catalyst may
thus be restricted to that of a methy! radical producer increasing the methyl radical
concentration in the gas phase® (Chapter 5).

The simultaneous occurrence of homogeneous gas phase and heterogeneous catalytic
reactions seriously complicates the study of the catalytic methane oxidation process. An
impression of the importance of homogeneous gas phase reactions can be obtained from
catalytic experiments at strongly reduced pressures. This reduces the reaction rates and
increases the contribution of heterogeneous relative to homogeneous reactions. In
Chapter 4 low pressure experiments are used to determine the relationship between the
surface and the gas phase reactions.

Kipetic investigations are complicated by the occurrence of heterogeneous and
homogeneous reactions at the same time. A point of discussion is the presence or the
absence of methane adsorption. Labinger and Ott* claimed a Rideal type of mechanism
wherein methyl radicals are produced at the oxide surface and hydrocarbon formation
takes place in the gas phase. On the other hand Otsuka and Jinno® claimed a Langmuir
- Hinshelwood type of mechanism involving CH, and O, adsorption on different sites
over Sm,0, to be applicable, which was based on kinetic measurements. The methane
adsorption on Sm,0, was confirmed by Ekstrom and Lapszewicz® by isotopic pulse
experiments. Roos et al.** found a Langmuir - Hinshelwood type of mechanism to be
suitable also for Li/MgO at 720*C. Iwamatsu and Aika® could not discriminate between
a Rideal and a Langmuir - Hinshelwood type of mechanism for methane coupling over
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Na/MgO. They proposed the Rideal mechanism as more likely. In Chapter 3
experiments are described, which elucidate the occurrence of methane adsorption on
Li/MgO by the so-called steady-state isotopic transient kinetic analysis (SSITKA)
technique. It is shown that methane adsorption on Li/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 al® have carried out an economic evaluation study for the production of
ethylene from natural gas via oxidative coupling. This 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.
The fluidized bed reactor seems the most suitable one, mainly due to its superior heat
transfer properties. The oxidative coupling of methane into,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 Tyler” confirmed the performance of the fluidized bed reactor
experimentally using Li doped MgO. They 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.® 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.* 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.

14  AIMS AND OUTLINE OF THIS THESIS

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. This 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. '

This thesis is focussed on the catalytic oxidative coupling of methane with Li doped
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MgO. Aim is to achieve a better understanding of the oxidative coupling process, the
working principle of the Li/MgO catalyst and the reaction mechanism.

Chapter 2 deals with the influence of the catalyst preparation method and the catalyst
pretreatment on the C,, hydrocarbon production. Especially the influence of the lithium
salt, used for the Li/MgO catalyst synthesis and the influence of oxygen pretreatment
were investigated.

Chapter 3 describes the catalyst deactivation mechanism. The interaction of methane
and oxygen with the Li/MgO catalyst is investigated by means of the so-called steady-
state isotopic transient kinetic analysis (SSITKA) technique with labelled methane
(®CH,) and labelled oxygen (**0,). This resulted in a model for the working principle
of the catalyst.

Chapter 4 is focussed on the elucidation of the important reaction steps and the
mechanism of the methane conversion into ethylene. Experiments at reduced total
pressure are described, which reveal the interaction of homogenous and heterogeneous
reaction steps. Admixing experiments with methane/ethane/oxygen and
methane /ethylene/oxygen mixtures elucidate the relative reactivity of methane, ethane
and ethylene over Li/MgO. Based on these reactivities it is shown that the C,, yield
over Li/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 which the influence of methane and oxygen
pressure on the product selectivity is determined. The product selectivity of the catalytic
oxidative coupling of methane is described by a consecutive model in which methane is
converted mainly to ethane, ethane to ethylene and ethylene to CO,.

Chapter 6, finally, gives general conclusions and perspectives for the future development
of catalysts suitable for the oxidative coupling of methane.
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CHAPTER 2
Li/MgO CATALYST PREPARATION AND PERFORMANCE

2.1 INTRODUCTION

Li doped MgO appeared to be a very good catalytic system for the oxidative coupling
of methane. Ito et al.! reported C,, yields up to 19% for Li/MgO in a continuous
process. They prepared Li/MgO by stirring and heating a slurry of Li,CO, and MgO in
water until a thick paste remained. The paste was then air-dried over night at 140°C.
The Li,CO,/MgO thus 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 method and investigated the influence of this method on the
catalytic performance in a continuous methane activation process.

Driscoll et al.? proposed Li*O" centres stabilized in the MgO matrix as the centres
responsible for the high activity and selectivity in the methane activation process. These
centres were formed in Li/MgO at high temperatures in the presence of gas phase
oxygen. According to his theory an oxygen pretreatment of the catalyst would be
beneficial for the catalytic performance. The influence of an oxygen pretreatment on the
performance of the Li/MgQ catalyst was investigated by carrying out experiments in
which the catalyst was heated to the reaction temperature under a flow of helium and
brought into contact with a flow of an oxygen -helium mixture prior to reaction.

2.2  CATALYST PREPARATION AND CONTINUOUS OXIDATION EQUIPMENT

The experiments described in this chapter were carried out in a continuous flow
oxidation set-up operated at atmospheric pressure®. This laboratory set-up can be divided
into three parts: the feed section, the reactor section and the analytical section (Figure
2.2.1). The heart of the setup is a quartz micro fixed bed reactor (Figure 2.2.2). This
reactor contained a quartz porous filter to carry the catalyst and a quartz thermocouple
tube which prevents the occurrence of undesired catalytic oxidation reactions at a steel
or metal surface as reported by Keller and Bhasin®.

After heating up of the catalyst (typically 0.5 g) to the desired reaction temperature
(typically 800 *C) under a flow of helium, the reaction gas was introduced. The flow rate
was adjusted with separate mass flow controllers (Hitec) (typically 50-500 Nml/min) for
methane (Hoekloos 99.6%), oxygen (Hoekloos 99.9%) and helium (Hoekloos
>99.995%). Oxygen pretreatment experiments consisted of flushing the catalyst (at the
reaction temperature (800 °C)) with artificial air (He 80%, O, 20%) during a variable
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number of minutes followed by a flush (5 minutes) with pure helium to remove all the
excess oxygen. After the pretreatment the reaction was carried out under standard
conditions (T= 800 *C, W/F= 300 gs./l. CH,/O,=5, CH,/He=1.25)

--{ INTEGRATOR

TO VENT

CALIBRATION

GAS
Figure 2.2.1. Flow scheme of the micro flow reactor set-up.

The product gases were analyzed by gas chromatography. g l reterar; etz
The column packings were Porapak R (3m) for the %
separation of CH,, CO,, G;H,, CH,, CH,, C;H; and H,0O ——
and a 5-A molecular sieve (3m) for the separation of H,, 8 ‘_ﬂ:’
O,, CH, and CO. The porapak was operated at 70*C and G
the molecular sieve at 110°C, Both columns were connec- | Quenz finer
ted to a Thermal Conductivity Detector (TCD) in a Carlo B o
Erba 4300 gaschromatograph with helium as the carrier g 2:
gas. The analysis was carried out automatically with the T
aid of two pneumatically controlled sampling valves. A g —ﬁ‘ g -

complete product analysis needed about 20 min, With this
method a carbon balance of at least 98% was achieved. Figure 2.2.2. Quartz micro fized bed
The different Li doped MgO catalysts were made by m‘fc‘;;

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 120*C for 24 hours.
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Finally the catalyst was calcined at 900°C for 4 hours, crushed and sieved to the desired
particle size (preferably 0.4-0.6 mm). The high calcination temperature assured that no
additional sintering could occur under the reaction conditions applied. In contrast with
the preparation method of Ito et al.!, who calcined the catalyst in the reactor just before
the start-up of the reaction, we know the catalyst weight under reaction conditions.
Figure 2.2.3. depicts the pore size distribution graph of a Li,CO,/MgO catalyst as
measured by the mercury penetration method. It can be seen clearly that the catalyst
does not contain any pores below 1000 A. At 900°C almost complete sintering has
occurred resulting in a specific surface area of less than 1 m?/g. The main cause of the
sintering is the Li,CO, phase which melts above 723°C.

100
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Figure 2.2.3. Pore diameter of a fresh Li/MgO catalyst measured by mercury penetration method.

23 INFLUENCE OF CATALYST PREPARATION ON THE COUPLING
PERFORMANCE

Li/MgO catalysts with a lithium content of 7 wt% Li/(Li+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 properties’. Table 2.3.1
shows the various catalysts prepared and their pore volume as determined by the
mercury penetration method.

From Table 2.3.1 it is clear that the lithium nitrate catalyst has 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 LiF/MgO catalyst was the only catalyst, which did not contain the Li,CO, phase
after calcination as measured by XRD. LiF is stable up to 930°C while the other salts
decompose to Li,O (at 900°C). Li,O is not stable at room temperature in the presence
of gas phase CO,: it rapidly reacts to Li,CO,. Starting the catalyst preparation with a
lithium salt, which decomposes at temperatures below 900°C to Li,O will always result
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in a Li,CO,/MgO catalyst, when exposed to CO, at lower temperatures. Therefore, the
difference between the differently prepared Li/MgO catalysts (except LiF/MgO) can
be reduced to differences in pore structure, lithium content and lithium dispersion.

Table 2.3.1. Li/MgO catalysts and their pore volume after calcination at 900°C.

Starting Salts Pore Volume (ml/g)
Li,CO,/MgO - 0018
LiNO,/MgO 0.164
LiOH/MgO 0.012
LiF/MgO 0.018

All catalysts prepared were tested in a micro fixed bed reactor at 800°C with a
continuous feed of methane (50 Nml/min), oxygen (10 Nmi/min) and helium (40
Nml/min). The contact time (W/F) was 300 g.s/1 and the methane/oxygen 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 Li/MgO catalysts.

100
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Figure 2.3.1. Methane and axygen conversion as Figure 2.3.2. C,, yield as function of time on stream

function of time on stream for different Li/MgO for different Li/MgO catalysts. T=860°C,
catalyst. T=800°C, CH /0,=5, W/F=0.3 g.s/mi. CH /0,=5, W/F=0.3 g.s/mi.

The LiF/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. Its initially measured activity and C,, 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 stable to allow the
lithium ion to be integrated in the magnesium oxide and form active centres like
Li*O.,
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During reaction time the oxygen conversion shows a maximum (Figure 2.3.1). This is
typical for the Li/MgO catalysts calcined at temperatures higher than the reaction
temperature. The Li/MgO catalysts calcined at temperatures lower than the reaction
temperature show a decrease in activity from start-up of the reaction.! This 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, striking is that the activity of a high
temperature calcined catalyst increases during the first hours on stream. This can only
mean that more active centres are created during reaction.

The catalyst morphology influences the catalytic behaviour. As expected the lithium
nitrate catalyst has the highest initial activity. However, a much more pronounced
performance was expected, with respect to the porosity data. Instead the Li,CO,/MgO
catalyst reached an even higher activity level and showed a much slower deactivation,
once the first 8 hours 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
LiNO,/MgO catalyst maintains a C,, yield of 15% for 10 hours, but than rapidly
deactivates. The Li,CO,/MgO has a better stability in time, probably due to its lower
surface area. Summarizing it can be said that the catalyst preparation method 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 mechanism
is applicable to the different Li/MgO catalysts (see also Chapter 3).

24 THE INFLUENCE OF CATALYST PRETREATMENT ON THE COUPLING
PERFORMANCE

As mentioned in chapter 1 the active centres in Li/MgO (Li*O’) are believed to be
created via migration of Li* ions into the MgO lattice in the presence of gas phase
oxygen. According to Driscoll et al.” the gas phase oxygen is adsorbed and built into the
lattice. A pretreatment of the catalyst with gas phase oxygen increases the amount of
active centres formed and should therefore influence the catalytic activity. This is
investigated by carrying out experiments in which the Li/MgO catalyst was pretreated
with and without oxygen, previous to start-up of the reaction. The Li/MgQ catalyst used
was prepared from Li,CO, 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 pretreatment times. It shows that the methane conversion
(activity) increases with increasing oxygen pretreatment time. A longer oxygen
pretreatment time means a higher initial activity, in agreement with Driscoll’s theory.
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The catalyst with the longest oxygen pretreatment time (900 min.) shows an increased
activity (methane conversion) during the whole experiment as compared to the catalysts
with the short pretreatment times. An oxygen pretreatment 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 pretreatment time on the product selectivity can be shown by plotting the
C,, vield as function of the reaction time.
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Figure 2.4.1. Methane and oxygen conversion as Figure 2.4.2. C,, yield as function of time on
function of time on stream for different oxygen stream for different axygen pretreatment times.

pretreatment times.

Figure 2.4.2 shows the influence of the oxygen pretreatment on the C,, yield. Clearly,
an oxygen pretreatment is beneficial for the C,, yield, because no pretreatment results
in a lower maximum C,, yield. However, after 20 hours the catalyst with the longest
pretreatment time (the most active one) has a lower C,, yield than the catalyst without
any oxygen pretreatment. This means that the oxygen pretreatment lowers the C,,
selectivity. The longer the oxygen pretreatment time the more the C,, selectivity is
lowered. Therefore, there exists an optimal oxygen pretreatment time: this optimal
pretreatment causes an increase in activity without a great loss in C,, selectivity
resulting in the highest C,, yield. Concluding it can be stated that an oxygen
pretreatment of the Li/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 has an influence on the activity and selectivity. The same
preparation method 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 Li/MgO catalysts calcined at temperatures higher than the reaction temperature
do not show a stable catalytic performance during the first 50 hours on stream. The
catalyst synthesis method influences the C,, yield, which can be reached. The
LiNO,/MgO catalyst has a high pore volume and a large surface area compared to the
other prepared Li/MgO catalyst. This appears to be favourable for the coupling
reactions: a stable C,, yield of 15% for 10 hours. However, deactivation of this catalyst
is also quite fast. Due to the higher surface area the active component apparently gets
lost more easily. The differently prepared Li/MgO catalysts deactivate all more or less
to the same activity level indicating that the same deactivation mechanism is applicable
for all Li/MgO catalysts prepared.

An oxygen pretreatment of the Li/MgO catalyst is favourable for the activity of the
catalyst, but not for the C,, selectivity. There seems to exist an optimal oxygen
pretreatment time with respect to the maximum achievable C,, yield.
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CHAPTER 3

CATALYST DYNAMICS AND DEACTIVATION MECHANISM

3.1 INTRODUCTION

Essential for a catalytic process is not only the activity and selectivity of the catalyst,
but especially the lifetime of a catalyst. The economics of a catalytic process often
depend strongly on the catalyst stability. In Chapter 2 it became clear that the Li/MgO
catalyst did not show a stable 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 loss of the Li/MgO catalyst
as function of the time on stream and determine the influence of reactant gases on this
lithium loss.

The stability of the catalytic performance of the Li/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 working 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 which is occurring under steady state reaction conditions.

32 EXPERIMENTAL

The Li/MgO catalyst used was prepared with Li,CO, and MgO as starting salts
according to the method described in paragraph 2.2. The lithium content of the Li/MgO
catalysts prepared was measured by flame emission spectroscopy’. 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. CH,/"0,/He and CH,/*0,/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 K1, which makes it possible to switch
instantaneously. The catalyst (typically 0.25 g) was placed on a porous 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 800°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 (corresponding to approximately 500 "ideal mixed



36 Chapter 3

tanks” (CSTR) 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 connected via a fused silica capillary to the quadrupole, which enabled fast ion
monitoring, controlled by a laboratory computer (typically 20 ms/amu). Within a short
time a series of up to 16 samples of the product gas can be trapped in loops on a 34
port sampling valve for subsequent GC analysis. The SSTIKA experiments require that
the compositions of the feed gas mixtures are identical and that there is no pressure
difference between them. This was realized with electronic mass flow controllers. The
pressure difference between the two gas flows was eliminated by adjusting a needle valve
in the bypass.

5] vent e

Figure 3.2.1. Reactor set-up for transient kinetic investigations.

Typical flow rates were 3.6 Nml/min methane, 9.15 Nml/min O,/He (1:4) and 454
Nml/min He. The reaction temperature was 800°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.



Chapter 3 37
33  CATALYST STABILITY

The constancy of the Li/MgO catalyst against variations in process conditions was
investigated by carrying out experiments with varying process conditions. This is
especially important for kinetic investigations and for the operation of the catalytic
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 800°C, CH,/O,=5, CH/He=125, W/F= 030
g.s/ml(S.T.P.). The catalyst 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/hehum
- CH,/O, change from 2 to 10
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Figure 3.3.1. Methane (xCH,) and oxygen (x0,) Figure 3.3.2. Methane (xCH } and axygen (xO,)
conversion and product selectivities as function of  conversion and product selectivities as function of
time on stream with periodic disturbance of the time on strearn with cool- off and siart-up

steady state. T=800°C, CH /0,=5, procedure. T=800°C, CH /0,=5, W/F=03
W/F=0.3g.s/mi. gs/ml.

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 catalyst. The catalyst deactivation observed is not
influenced by the changes applied. In Figure 3.3.2 the influence of cool down and start
up on the catalytic performance has been investigated. This means that the catalyst has -
been cooled down to room temperature and has been heated-up to 800°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 Li/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 deactivation 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/I).

Figure 3.3.3 shows the methane and oxygen conversion as a function of the reaction
time for different degrees of dilution. It appears that quartz dilution has 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 silicates.

100

Conversion (%]

Runtime [hours]

Figure 3.3.3. Methane (xCH ) and oxygen (xO,) conversion as function of time on stream for different
quartz/Li-MgO catalyst ratios. T=800°C, CH ,/0,=5, W/F=0.25 g.s/mi.
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34 CATALYST DEACTIVATION

The Li/MgO catalyst deactivation was investigated by monitoring the lithium loss as
function of the reaction time. The process conditions applied were 800°C, CH,/O, =
5, atmospheric pressure and a 1:1 dilution with helium. Starting with a 7 wt%
Li/Li+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 centres are formed and that only
part of the lithium is active. It appears that only a small amount of lithium is enough
to create an active and selective catalyst, as shown by experiments with a 02 wt%
Li/Li+ MgO catalyst (Figure 3.4.2).
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Figure 3.4.1. C,, yield (yC,,) and lithium content Figure 3.4.2. Methane (xCH J and axygen (x0O,)
of a Li/MgO catalyst versus runtime. T=800°C, conversion, C,, selectivity (sC,,) and lithium
CH /Q,=5 W/F=0.3gs/mi contens of a Li/MgO catalyst versus runtime.

T=800°C, CH /O,=5, W/F=0.6 g.s/m.

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 loss 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 Li/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 oxygen/helium mixture. The main cause for the lithium loss during
steady state operation is believed to be the presence of water. Water reacts with Li,CO,
to CO, and LiOH, which is very volatile at 800°C. Korf et al* 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 catalyst as function of time on stream for a CH /O, (=5)
and a O,/He (=0.25) feed gas mixture. T=80°C, W/F=0.6 g.s/mi.

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

3.5 WORKING PRINCIPLE OF THE Li/MgO CATALYST

Korf et al'. have shown that carbon dioxide, continuously added to the gas phase,
reduces the activity of the Li/MgO catalyst, while a short treatment of a deactivated
Li/MgO catalyst with carbon dioxide restores the initial activity for some time. They
claim that the Li,CO, phase plays an important role in the catalytic activity of Li/MgO
in contrast to Driscoll et al., who stated that Li*O" centres stabilized in the MgO matrix
were the active centres for the generation of methyl radicals from methane. Especially
the role of MgO is essential in Driscolls’ theory, because of the substitution of Mg?* ions
(ry2+ =0.66 A) in the MgO lattice by Li* ions (r,,+ =0.68A) from the Li,CO; phase.

To determine the influence of MgO on the catalytic behaviour of Li/MgO we
precipitated Li,CO, on an another carrier material: ZrO,. The ZrO, used was totally
sintered so that it had only an outer surface. Because of the low surface area of the
ZrO, particles only a small amount of lithium could be precipitated upon the particles.
Figure 3.5.1 shows the activity of Li,CO,/ZrO, as function of time on stream. Clearly
the oxygen conversion increases to a maximum followed by a decrease to almost no
activity. Indeed the performance of this catalyst is identical to Li/MgO, except for a
lower activity due to a lower surface area. The activity lasts as long as lithium is present.
The interaction of ZrO, (rz4+ =0.79 A) with Li,CO, (r,;+ =0.68A) at 800°C is far less
than that of Li,CO, with MgO. Only at very high temperatures (>1000°C) detectable
amounts of lithium zirconate (Li,ZrO,) are formed. It is known that ZrO, is capable of
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Figure 3.5.1. Methane and oxygen conversion and Figure 3.5.2. Methane and axygen conversion as
C,, selectivity as function of time on stream for function of time on stream for a Li,CO,/Li,ZrO;
Li,CO,/ZrO, T=800°C, CH /0,=5, W/F=0.3 catalyst. T=800°C, CH /0,=5, W/F=0.3g.s/ml.
&s/mi.

oxygen transport in its lattice®. However, pure ZrO, as used in these experiments does
not show any activity. Addition of Li,CO, leads to a spectacular increase in activity at
reasonable selectivity. This makes it likely that the active oxygen is formed via the
lithium phase. However, it is not the lithium carbonate phase itself, which is the active
phase, because experiments with pure Li,CO, resulted in low C,, selectivities”. These
experiments made clear that a carrier material is needed for a selective coupling catalyst
based on Li,CO,. Probably the active oxygen species has to be accommodated by the
carrier material as mentioned by Driscoll et al’.

Lithium zirconate itself appears to be a good catalyst for the oxidative coupling of
methane with a reasonable activity and a high C,, selectivity. Also the activity of
Li,ZrO, can be increased temporarily by doping it with Li,CO, (Figure 3.5.2). This also
indicates that very active centres for methane activation are created via the interaction
of Li,CO, with a carrier material like Li,ZrO, However, this catalyst also loses its
activity more rapidly than Li/MgO. Due to the interaction of Li,CO, 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
Li,CO, (precursor) phase is essential 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 al®.

Li,CO, decomposes in the presence of oxygen to an active centre and CO,. This active
centre reacts with methane to form a methyl radical. Deactivation of the catalyst occurs
due to reaction of Li,CO, with water to LiOH, which evaporates or Li,CO, reacts with
quartz to lithium silicates which are almost inert towards methane activation®,
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Figure 3.5.3. Working principle of the Li/MgO catalyst.

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

It is not known if the Li,CO, decomposition actually takes part in the formation of
the active centres or in the catalytic cycle. Intriguing to know is the fact whether oxygen
actually helps the decomposition of Li,CO,. 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 question'’.
We carried out experiments in which we switched from a CH,/0,/He to a
CH,/®0,/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 concentrations of active
intermediates and will elucidate the oxygen pathway over Li/MgO. Analogous
experiments with a switch from *CH,/O,/He to ®CH,/O,/He will make it possible to
determine the carbon pathway during oxidative coupling.

Figure 3.6.1 shows the oxygen response as function of the time after a switch from a
CH,/"0,/He to a CH,/*®0,/He feed gas mixture. Clearly it can be seen that the *O,
response takes at least 50 seconds before it reaches its steady state level. This means
that oxygen adsorption and/or exchange with the catalyst is occurring. Also the mixed
oxygen form (**0'0) is observed, which means that the O=0 bond is broken at the
catalyst surface and that atomic oxygen is formed. During the course of the reaction the
oxygen is incorporated in water and carbon dioxide. The responses of these components
were also monitored by scanning the mass numbers (m/e) 20 (H,®0), 44 (C*0,), 46
(C'*0™0) and 48 (C'*0,). Figure 3.6.2 shows the measured response curves which result
in a remarkable difference compared to the oxygen response. It takes at least 200
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seconds for the C'®0, to reach its steady state level. This can mean for instance that
slow CO, desorption is occurring or that slow carbonate decomposition is taking place.
The latter agrees with the idea that the decomposition of Li,CO, is essential in the
working principle of the Li/MgO catalyst.

150 150
s
i ".C“‘ %u.«.%'rww
}
-
"0, wowo
000 ‘“‘“"«."3«“"3‘5“‘5“‘-&“*’3‘“ e 00 itk "z — ¥
-20 20 6 100 140 180 -20 20 60 100 140 180
Time /s Time /8

Figure 3.6.1. O, response after isolopic switch from Figure 3.6.2. CO, and H,0 response after isotopic
CH,/*0,/He to CH /0 /He. T=800°C, switch from CH /°0,/He to CH /"0 ,/He.
CH,/0,=17, He/CH =0.9, 0.25g Li/Mg0, Conditions identical to figure 3.6.1.
W/F=0.15 g.s/mi.

Oxygen scrambling in CO, is occurring, because C%O™0 is clearly observed. The
scrambling is not at the statistical equilibrium ( the C'%0"0 maximum should then be
much higher). Peil et al'’ carried out similar isotopic switching experiments with
Li/MgO, but at lower reaction temperatures, where only total oxidation reactions
prevail. They found oxygen scrambling in CO, 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 (H,0)
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 confirming that no isotopic effects are occurring, which could aiter the total
reaction rate. Table 3.6.2 shows the total amount of ®O atoms which is replaced by
80 atoms. 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
160. This number can be related to the number of atomic layers of the catalyst which
take part in the oxidation process. Assuming that the catalyst contains about 10"
atoms/m” and combining this with the surface area (1 m?/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. Reaction rates during methane Table 3.6.2. anbadcmhangeabk “Oatotm
coupling over Li/MgO before and an isotopic with Li/MgO catalyst during methane
switch from CH/‘O,/He to CH,/%0,/He. T=800°C,CH /0,=1. 7W/F=0.15g:ﬁnl.
Conditions according to figure 3.6.1.
Component Number of O
Component  Rate/10 10" atoms/g cat.
mole/kg cat.s.
l‘0? 3
%0, %o, 100 24
C“O? 16
CH, 10 10 c*0"0 025
CH, 28 28 H°0 32
CH, 0.5 0.5
CO, 3 4 Total 105

The “CH, switch experiments give information about the incorporation of '*C into the
catalyst and into the coupling products (C,H,C,H,). Figure 3.6.3 shows the CH,
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 occurring, 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 ‘2C2H4 The

12CH, signal (not shown) appears exactly parallel to the 2CH, signal.
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Figure 3.6.3. CH, response afier isotopic switch Figure 3.6.4. CO, response after isotopic switch
from “CH /0 /He to “"CH /0,/He. T=800”C, from "CH/O/H: to "CH /O, /He. T=800°C,

CH,/0,=2, 0.25 g Li/MgO, W/F=025 g.s/ml. CH,/0,=2, W=0.25 Li/Mg0, W/F=0.25 g.s/mi.
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This also means that the coupling products are not adsorbed at the catalyst surface. It
is further interesting to examine the carbon dioxide response, which is monitored via
mass (m/e) 44 (*CO,) and mass 45 (*CO,). Figure 3.6.4 shows the CO, response
compared to the argon trace. The responses do not differ significantly indicating that
CO, is hardly adsorbed at 800°C. The *CO, signal reaches its steady state level within
a few seconds indicating that the carbon atom is not incorporated into the lattice of the
catalyst to a measurable extent. This effect proves that the slow C'®0, response (200 s)
shown previously, is not due to slow CO, desorption. The slow formation of C*0, can
be explained by assuming that carbon dioxide is mainly formed at the catalyst surface
by reaction with a reactive oxygen species. This oxygen species is more reactive than the
gas phase oxygen. Before C'*0, can be formed the 0, must be adsorbed at the catalyst
surface and the reactive oxygen species must be formed. The slow C*0, response can
so be brought back to the rate of refreshment of the active oxygen species, which is
present in the Li/MgO catalyst, This phenomenon resembles the work of Van Santen
and De Groot™, 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 Li/MgQO. ‘

These experiments prove that there is no large pool of a carbon containing species
(like Li,CO,) taking part in the catalytic cycle during steady state operation. This rejects
the theory of Korf et al’ that the active centres are involved in a continuous process of
Li,CO, decomposition and formation. More likely is the theory that the active centres
are formed by reaction of an oxidic lithium phase, probably stabilized 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 lattice. CO, is formed from methane or methyl radicals
colliding with the active oxygen at the catalyst surface. The CO, formed is not strongly
bound to the surface, but released rather quickly into the gas phase. The water which
is formed during the methane activation is also desorbed fast into the gas phase. This
is concluded 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 Li/MgO catalyst during oxidative
coupling of methane at 800°C. Active centres are created by uptake of oxygen by the
Li/MgO catalyst. These centres react with methane from the gas phase to create methyl
radicals which combine in the gas phase to ethane. The Li/MgO catalyst possesses active
centres which are very active in methane activation. The CO,, which is formed during
reaction, can react with the catalyst and form extra Li,CO,, although under steady state
of operation this reaction hardly takes place. The lithium carbonate in turn reacts with
the water, also formed during reaction and forms lithium hydroxide which evaporates
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Figure 3.6.5. Oxygen pathway during methane Figure 3.6.6. Working principle of Li/MgO catalyst

coupling over Li/MgO. during methane coupiing.

easily at 800°C., The lithium carbonate also reacts with the quartz reactor wall 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.

37 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 under
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 wili take place.

The deactivation experiments show that lithium is the active component in Li/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 Li/MgO catalyst. The interaction of Li,CO,
with MgO is essential for the stability of the catalyst. Lithium carbonate supported on
an inert carrier like sintered ZrO, results also in an active and selective catalyst but less
stable. The excellent coupling performance of the Li/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. carbonate) 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 transport into 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.
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CHAPTER 4

ANALYSIS OF THE REACTION NETWORK

4.1 INTRODUCTION

The reaction mechanism of the oxidative coupling of methane over lithium doped
magnesia comprises many elementary reactions including reactions at the catalyst surface
and reactions taking place in the homogeneous gas phase.! 2 * * The reaction scheme is
particularly complex, because a single reaction intermediate may be formed along
various homogeneous and/or heterogeneous reaction pathways and because 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) experiments at strongly reduced pressures and
2) experiments with an artificial source of methyl 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, because of reduced
reaction rates and hence low conversion levels. The low pressure reactor designed for
these experiments was coupled to a mass spectrometer and was operated at pressures
in the range of 10 - 500 Pa.

The artificial source of methyl radicals was realized in a special reactor developed in
cooperation with the Physics Department of our University. It consisted of a d.c. glow
discharge tube in which CH,* and CH,* radicals can be produced by interaction of
argon metastables with methane. The advantage of this kind of reactor is the possibility
of making a controlled amount of radicals which can be brought into contact with the
catalyst. In this way a possible role of the catalyst on radical reactions can be
determined.
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42 EXPERIMENTAL

Low pressure reactor set-up

Feed gas [y
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R
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Figure 4.2.1. Reactor set-up for methane coupling experiments at low pressure. (M.S.= mass spectrometer)

The specially designed low pressure reactor set-up is shown in Figure 4.2.1. The set-
up consists of a feed section 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 R1. 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 KS 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,?/D, <0.05; K, is the
first order reaction rate constant, d, is the reactor diameter and D, is the effective
diffusion coefficient) assured ideally mixed conditions®. The reactor used is the quartz
micro fixed 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



Chapter 4 51

process condition was maintained for 2 hours to assure stable 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 (y,,..y,) and a set of reference spectra (x,,.x,). The regression has the
following form:

| Y1| |x1‘ IX1I lxll

| ¥, |x, | %, | [x,

et e e e

A lxﬂ!Co;:np. lxnlC%mp | x, | Comp.
P

As a result of the regression the best fitting concentration coefficients (by,...b
found, corresponding to molar fractions of the respective components. Non - significant
concentration coefficients are stepwise removed in the regression procedure®.

Before the experiments can be carried out the quadrupole has 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 possible
to determine a sensitivity factor for the different components. The "fingerprints” of the
pure compounents are stored in a data file, which is used to fit the spectra of the reaction
mixture’.

Plasma reactor set-up

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

The reactor consists of 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 cathode 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 electric field and high mean energy of
the electrons is eliminated by placing the cathode in a separate chamber. The anode is
shielded with a quartz tube to eliminate reactions at the anode surface. The gas inlet
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position can be varied 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 wall and a dissociation of the
reaction products by metastable atoms will be prevented.
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Figure 4.2.3. Reactor set-up applied for the d.c glow discharge process.

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 variable 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. Activation 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 (77K) 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 CH,, C,H,, C,H,, C,H,, C;H,, C;H, and C,,.

Lithium doped magnesia was prepared by heating a slurry of MgO (Merck p.a.) and
Li,CO, (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 particle size of 0.3 - 0.5 mm.
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43 THE ROLE OF THE CATALYST IN THE METHANE COUPLING PROCESS
The role of the Li/MgO catalyst during methane coupling was investigated by

continuous flow and batch experiments carried out at S0 - 150 Pa in the low pressure
set-up described previously.
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Figure 43.1. Catalytic methane coupling at 33 Pa Figure 432 Gas phase axidative coupling of
over 0.25 g Li/MgO. methane at 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 107 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 longer 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 almost no conversion can be detected
during 1 hour reaction at 800°C. With catalyst clearly methane activation is occurring.
Surprisingly, the C,, product fraction is very low and the dominant products are the
total oxidation products CO and CO,. 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 hydrogen 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 confirmed by atmospheric experiments with varying diluent gas concentration. Figure
4.3.5 shows the change in product selectivity as function of the helium diluent
concentration during oxidative coupling of methane carried out at 100 kPa and 800°C.

Clearly one can see the beneficial effect of more diluent on the C,, selectivity. The
partial pressures of methane and oxygen are lowered as in the low pressure experiments,
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Figure 4.3.3. Methane baich axidation over 0.25 g Figure 4.34. Methane batch oxidation without
Li/MgO. T=800°C, P=66 Pa. catalyst. T=800°C, P=66 Pa.

but the total pressure remains at 100kPa. 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
homogeneous radical gas phase reactions play a very important part in the C,,
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 C,, selectivity.
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Figure 4.3.5. Methane conversion and product selectivity versus helium pressure. T=800°C, P = 100 kPa, Ig
Li/MgO, CH /O,=5, W/F=0.6 g.s/mi.
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The reactivity of ethane and ethylene was investigated in separate experiments with a
ethane/oxygen and a ethylene/oxygen feed respectively. Figure 4.3.6 and 4.3.7 show the
ethane oxidation with and without catalyst as function of the temperature for a
C,H,/O,/Ne (5/5/1) gas mixture, which was fed continuously.
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Figure 4.3.6. Ethane oxidation as

Junction of the
temperature. P=33 Pa, W=0.25g Li/MgO, F=10"
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Figure 4.3.7. Ethane gas phase oxidation as
of the temperature. P=33 Pa, F=107 mole/s.

Gas phase oxidation does not occur, but with the Li/MgO catalyst oxidation sets in
between 600°C - 800°C. Beside total oxidation products 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 CO, (Figure 4.3.8).
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Figure 4.3.8. Ethylene axidation over Li/Mg0. P=33 Pa, W=1g F=10" mole/s.
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It is expected that CO and CO, in the ethane experiment stem from oxidation of the
ethylene formed®, 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 CO, is
to carry out an ethane batch experiment.
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Figure 4.3.9. Ethane batch oxidation over Li/MgO Figure 4.3.10. Ethane gas phase batch oxidation at
at 66 Pa. T=800°C, W=0.25g. 66 Pa. T=800°C.

Figure 4.3.9 shows the product distribution of an ethane oxygen batch experiment over
Li/MgO. Clearly the fraction of ethylene is coming up first followed by CO,. CO is
hardly occurring indicating that CO is relatively rapid converted to CO,. This last
reaction is definitely catalyzed by the Li/MgO catalyst, because the same experiment
without catalyst shows that CO and C,H, 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.
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Figure 4.3.11. Reaction network of the methane coupling over Li/MgO
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The reaction network of the methane coupling over Li/MgO can be summarized as
shown in Figure 4.3.11. Methane is converted at the catalyst surface to methyl radicals
which couple in the gas phase to ethane. At the same time the methyl radicals can be
oxidized heterogeneously to CO,. 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 CO, is definitely
a fast heterogeneous process.

44 ‘ THE ROLE OF THE CATALYST IN CONSECUTIVE REACTIONS

As described in paragraph 4.3 the main reaction path for the formation of ethylene in

the oxidative coupling of methane over Li/MgO catalysts is a consecutive path in which
methane is catalytically activated to form methyl radicals which combine to ethane,
followed by dehydrogenation of ethane to ethylene. It is often assumed that
homogeneous reactions predominate at 800°C, apart from the initial methyl radical
formation. However, the catalyst may play an important 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 Li/MgO can be achieved
with the aid of admixing experiments at low pressure. Therefore experiments with
CH,/CH,/0O, and CH,/C,H,/O, mixtures were carried out in the special micro-flow
reactor operating at low pressures (10-150 Pa) as described in paragraph 4.2,
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Figure 4.4.1 CH/CH/0, admixing batch Figure 4.4.2. CH,/CH,/O, admixing batch
experiment at 66 Pa. T=800°C, W=0.25g Li/MgO. experiment at 66 Pa. T=800°C, 0.25g Li/MgO.
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Figure 4.4.1 and 4.4.2 show CH,/CH,/O, and CH,/C,H,/O, 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 components®. 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 simple power law rate equations are applied in which a reaction
order of 1 is assumed for both the hydrocarbon and the oxygen. The rate equation has
the following form:

5 =k*D *Pos

in which i stands for CH,, C;H; or C;H,. As stated in Chapter 3 Eley - Rideal type of
equations are more appropriate, but at these low pressures they degenerate anyhow to
the simple form used here. When using the simple power law equations, it is assumed
that methane, ethane and ethylene oxidation rates are not influenced by each other
otherwise than competing for the same active oxygen on the catalyst. The amount of
C, 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.

Table 4.4.1. k values (mole/kg cat.s.(bar)’} based on power law rate equations. Consecutive model applied to
methane oxidation over 0.25 g Li/MgO at 66 Pa and 800°C.

0.16 0.64 042 4 26

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 C,, 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
pressure’®, 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
restricts the C, yield that can be reached with Li/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 accordingly the attainable yields are then
lower.

The results presented here confirm the reaction scheme for the methane oxidative
coupling (at 1 bar and 800°C) as proposed earlier®:

CH,
| S catalytic activation/hydrogen abstraction
W
CH,.
rapid gas phase coupling
/4
GH,
kons catalytic activation and activation by various radicals
v
GH;-
rapid gas phase reactions
\4
GH,
Keoms catalytic activation and activation by various radicals
followed by rapid consecutive gas phase reactions
v
co
keo catalytic oxidation mainly
v
Co,

The direct oxidation of CH,+ to CO/CO, is omitted although it does occur both as a
catalytic reaction (as shown above) and as a gas phase reaction; however, using Li/MgO
at favourable conditions, the reaction is of minor interest.

Based on this simplified reaction scheme, a mathematical model was set up to describe
the reaction and to predict maximum attainable C, yields. The rate equations are based
on the power law equations described previously. Thus the hydrocarbons are assumed
to react according to the k - ratios calculated from the low pressure experiments (Table
4.4.1).
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Figure 4.4.3 shows the C,, yield as function of the contact time for different CH,/O,
ratios. Dependent on this ratio the highest C,, yield to be reached lies around 35%.
This excellent value is enough for an economically attractive process'’. In practice
however, it is not possible to eliminate the non selective gas phase reactions which will
lower the C,, yield*. The practical C,, yield will always be lower than the theoretical
yield, but it should be possible to reach the target value of 25%.
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Figure 44.3. C,, yield as function of the contact time for different CH /O, ratios as result from model
calculations based on a consecutive model for methane coupling.
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45 INTERACTION OF RADICALS WITH Li/MgO '

Radical reactions play a very important role in the oxidative coupling of methane over
Li/MgO catalysts. To investigate the influence of the catalyst on recombination reactions -
the dissociation of methane by the catalyst is replaced by producing radicals in a special
way: by passing methane through a tube in which a striated column of a d.c. glow
discharge in argon is generated. This technique offers the unique advantage of the sole
production of CH, and CH, radicals without total destruction of the methane molecule.
These radicals can be brought into contact with a catalyst present in the reactor. With
this technique the influence of high temperatures is eliminated and the amount of
radicals produced can be controlled.

Various types of discharges exist dependent on the gas pressure and the voltage applied.
Figure 4.5.1 shows a classification of discharges by means of voltage and electric current
applied'. The discharge, which has been used in this investigation, is the normal glow
discharge. It was operated at about 3kV and 7 mA.
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Figure 4.5.1. D.C. discharge classification Figure 4.5.2. Evolution of the potential for a d.c. glow

discharge. (D.S.= dark space).

The normal glow discharge consists of zones with different properties. Figure 4.5.2
shows the potential versus the distance between the cathode and anode. As can be seen
the potential difference is large close to the cathode, whereas in the positive column
hardly any potential difference exists. The positive column contains so called striae: light
layers in which electrons are accelerated to the excitation energy of the main gas. In the
positive column the concentration of high energy electrons is limited (and thus their
influence), because these electrons posses their high energy only for a very short time.
The high energy electrons are only created in the active part of the striae which is an
electric double layer. As such a layer is very narrow it assures that the electrons are
accelerated almost without collisions. After passage of the electrons through this layer
collisions 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 source of energy is present in the positive or striated column of Ar
which we apply: a relatively high concentration of metastable atoms.* These argon
metastables are the main energy source which causes the dissociation of the methane
molecules in the striated column. The concentration of the metastable atoms may be
calculated from the decay frequencies of several long living particles as measured and
discussed by A.V. Phelps. In our case the concentration of Ar metastables lies around
0.1% of the gas molecules present at 3.2 mBar.”

The Ar metastable atom is used to activate methane. The energy of the metastable
atom is 11.5eV being too low to enable ionization of methane (12.6eV). Dissociation of
one or two H atoms from methane is the main reaction resulting in CH, and CH,
radicals.

Low pressure conditions in connection with a cooled wall (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 the kinetic energy and
mechanical impulse, provided that no chemiluminescence 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 ethane results from the coupling of methyl radicals. Acetylene assumably
stems from the reaction of CH, radicals under emission of hydrogen atoms or molecules.
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Figure 4.5.3. Product distribution of light hydrocarbons formed during methane activation in the striated column
discharge.
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Ethylene (and propylene) are clearly originating from consecutive reactions, e.g. the
attack of metastables on ethane and propane. This is proven by the fact that at 77 K
alkenes are hardly formed, because the primary products then stick to the wall.
Consecutive 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 depict experiments in
which the position of the gas inlet tube and hence the reaction time is varied.

Figure 4.5.4 demonstrates that the methane conversion increases with reaction time, but
that most of the methane is converted into higher hydrocarbons ( >C;, ), 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 coloured deposit on the reactor wall
can be seen. The same experiment at 77K resulted in a light coloured deposit on the
reactor wall, which indicates that no elementary 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 (>C,). This clearly demonstrates the involvement of
ethane in consecutive reactions.
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Figure 4.5.4. Overall methane conversion and methane Figure 4.5.5. Product distribution of light
conversion to C, _, hydrocarbons. hydrocarbons versus the gas inlet 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 synthesis'®. 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 CH,) is (a) and that of termination (reaction with a CH, radical) is (1 - a) and
independent from the chain length, the mole fraction of the products formed (F,,,) can
be determined according to the formula;

Foy = a%2 * (1-3)
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a=rate of chain growth propagation/total rate
p=3.2 mber, T=77K, Ar/CHz=70
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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 F, mole fraction does not contain C,H,, because the latter is
assumed to be made via the coupling of two CH,, radicals. A slope of 0.24 means that
mainly short (light) hydrocarbons are formed. In the absence of oxygen chain growth
takes place resulting in long hydrocarbons (> Ci,). During oxidative coupling of
methane long hydrocarbons cannot be formed, because they are mainly oxidized to CO,.

The oxidative 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.? Li*O" centres are the main source for
methane activation. These centres are formed at high temperatures in the presence of
gas phase oxygen. The same centres can also be formed at 100K by UV irradiation.

Figure 4.5.8 shows the EPR spectra of a Li/MgO catalyst in liquid nitrogen irradiated
with a mercury vapour lamp or quenched from 1073 K. At a g=2.054 clearly a peak can
be seen which can be ascribed to Li*O" centres stabilized in the MgO matrix'”, The
other peaks are due to the impurities Fe**, Cr**, Mn?* and Cu?* in the catalyst’®,

With the aid of UV irradiation at 77K it is possible to test if methane activation is
possible by Li* O centres at these low temperatures. This test is performed by irradiating
the Li/MgO catalyst in situ at 77K and 1 bar in the presence of methane and oxygen for
30 minutes. No coupling products were detected after heating to room temperature
indicating that no significant methane activation had occurred. This seems in
contradiction with Aika et al.”® who claim methane activation at room temperature on
MgO. However, they used N,O as reactant to create O on large surface area MgO,
which does not result in the same active centres (Li*O") created on Li/MgO by
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irradiation in the presence of gas phase oxygen. They detected products from methane
activation only after applying very long contact times ( >2 hours) and after heating the
catalyst to 300°C. Further it is known that methane activation is the most difficult step
in the oxidative coupling of methane®. So at low temperatures it is expected that
methane activation would be very difficult in contrast to Aika’s results. Ceyer et al.*!
have shown from molecular beam experiments that methane activation occurs only when
the methane molecule has 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 has 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 has an energy high enough to be activated at
collision 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 plasma reaction with and without Li/MgO catalyst. T=77K,
Ar/CH =70, P=3.2 mbar.

Wall CH, CH, CH, GH, GH, CH,
Li/MgO 45 5 41 5 1 3
Li/Mgo* 43 3 2 7 1 4
Quartz 46 1 33 14 2 4
Quartz** “ 1 3 6 4 2

") UV irradiated Li/MgO.
") T= 293 K.
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This means that methane activation with O is not so easy as Aika claims.

The effect of the Li/MgO catalyst on radical coupling reactions is investigated by
carrying out methane activation experiments with the striated column in the presence
of activated Li/MgO. Table 4.5.1 shows the product distribution of a plasma activation
experiment with and without activated Li/MgO in the reactor.

There are differences in product distribution which can be ascribed to the presence of
Li/MgO in the reactor. The catalyst produces more acetylene at the expense of propane,
implying that the chain growth is retarded. This means that the catalyst favours the
coupling of CH, radicals provided that the assumption that C,H, is formed by coupling
of two CH,, 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 conclusion can be drawn concerning the role of
Li*O centres in radical coupling reactions. It is clear, though, that the nature of the
catalyst surface can have an effect on the radical reactions occurring,

4.6 CONCLUSIONS

Low pressure experiments give substantial information on the reaction mechanism of
the catalytic oxidative coupling of methane. It makes discrimination between
homogeneous and heterogeneous reactions possible. The role of the Li/MgO catalyst
during oxidative coupling of methane is that of a methane activator which produces
methyl radicals which couple preferentially in the gas phase. The ethane and ethylene
formed are rapidly oxidized to CO and CO, at the catalyst surface. A high diluent
concentration in the gas phase strongly influences the C,, selectivity by favouring the-
coupling of methyl radicals in the gas phase and thus preventing their oxidation.

The importance of consecutive reactions in the oxidative coupling of methane over
Li/MgO catalysts has been demonstrated by admixing experiments carried out at low
pressures (10 - 100 Pa). The relative reactivities for methane, ethane and ethylene
activation by Li/MgO have been determined. Ethane is clearly the least stable. It is
converted 4 times faster than methane, primarily to ethylene. Ethylene in turn is
oxidized a factor 2.6 faster than methane.

The maximum achievable C,, yield can be calculated by using the relative reactivities
in a consecutive reaction model. The highest theoretically achievable C,, yield lies
around 35%. In practice, however, this value is considerably lower, because of the
occurrence of non selective gas phase reactions. Further optimization of the interaction
of the homogeneous and heterogeneous reactions is the way to achieve high C,, yields.
A striated column of d.c. glow discharge in argon makes it possible to activate methane
and produce CH; and CH, radicals. Ionization and dissociation of more than two
hydrogen atoms do not occur as primary process.

Beside C,H,, C,H, is formed as primary product indicating that it is formed primarily



Chapter 4 67

via coupling of two CH, radicals. The product formation in the striated column can be
described by the Fischer - Tropsch chain growth propagation mechanism.

A cold Li/MgO wall obtained by covering the glow discharge tube with a thin layer of
catalyst on the inside, has little influence on the recombination reactions taking place,
except for an inhibiting effect on the chain growth propagation. Activation of the
Li/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 centres (Li*O") formed.

Activation of methane with Li*O" centres created at low temperatures with aid of UV
irradiation to give C,, hydrocarbons without discharge appeared impossible.
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CHAPTER §

KINETIC MODELLING

51 INTRODUCTION

The experiments described in Chapter 4 resulted in kinetic data for the essential
heterogeneous reaction steps, which occur during oxidative coupling of methane over
Li/MgO. The homogeneous 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 CO, are mainly a result of the oxidation of ethylene. The
overall equations are:

2CH, + ¥%0,(a) - > CH, + H,0
CH,  + ¥Of ——>  GH + HO
CH, + 20,(a) ——— 2CO + ZH,0
Co + Y0O,(a) - > CO,

The reaction mechanism is extensively being discussed in literature. Korf et al.! propose
a Langmuir - Hinshelwood 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 800" 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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52 EXPERIMENTAL

The differential kinetic experiments were carried out in the continuous oxidation set-
up described in Chapter 2.

The process conditions applied were : temperature 800°C, pressure 1 bar, total flow rate

= 833 Nml/s, catalyst weight = 025 g The fresh catalyst contained 4.27%
Li/(Li+MgO) and the particle 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 (r,) was calculated as mole/kg cat. s. :

r, = Fo /W * X

W = Catalyst weight (kg)
F, = Flow rate in mole CH, /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 experiments 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.

H

53  MASS TRANSFER LIMITATIONS

Mass transfer limitations regarding solid catalysts are divided into two areas: internal
and external.

Internal diffusion limitation is related to the pore structure of the catalyst. The catalyst
particle 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 internal diffusion limitations. These limitations can
have effects on the product selectivity. The occurrence of internal transport limitations
was investigated by carrying out catalytic experiments with varying catalyst particle size
(0.1 to 0.8 mm). The desired catalyst particle sizes were obtained by grinding and sieving
a batch of caicined catalyst.

Figure 5.3.1 shows the conversion as function of time on stream for different catalyst
particle 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 particle size has the highest
specific surface area (m*/m’) from which lithium components can volatilize more easily
due to the shortest path for lithium salts to diffuse to the outer surface.
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Figure 5.3.1. Methane (xCH,) and oxygen (xO,)
conversion as function of time on stream for different
pm}ick sizes. T=800°C, CH/O,=5 W/F=03
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Figure 5.3.2. Product selectivity versus oxygen
conversion for different particle sizes. T=800°C,
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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 confirmed by
transport limitation calculations when applying suitable criteria®. Follmer et al’
investigated the influence of particle sizes of 0.1 mm to 4 mm on methane coupling at
1013K over Na/CaQ and found that the smallest particle sizes show no diffusion
limitations in agreement with our measurements.
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For the large particle sizes ( > 1mm) Follmer et al. reported a beneficial effect of pore
diffusion limitations on the C,, selectivity during methane coupling. The C,, selectivity
increased with the particle size. We did not test these large particle sizes as it is difficult
to reach ideal plug-flow and isothermal temperature control with these large particle
sizes in a laboratory reactor.

External diffusion limitations were tested by varying the linear gas velocity at constant
contact time (W/F). Figure 5.3.3 shows the conversion as function of the total gas flow
at constant W/F. It clearly shows that there is no effect of flow on the activity of the
catalyst, at least at the linear gas velocities used here. Effect of the linear gas velocity
on the C,, yield, as shown in Figure 5.3.4,, is also not present.

54 KINETIC MODELLING

This paragraph describes the results of differential 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)
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Figure 5.4.1. Methane disappearance rate during methane coupling over Li/MgO versus methane and axygen
pressure. T=800°C, W/F=0.03 g.s/mi.

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

Tn = ko * Pad” * [Poal’



Chapter § B

= 0911012
b =0621013
k, = 0.145 1 0.015 mole CH,/(kg cat.(bar)**".s)

with pressures in bar.

One can conclude from these data that the overall reaction rate is first order in methane
and half order in oxygen. The order 0.5 with respect to oxygen can be explained in two
ways: 1) Oxygen is rapidly and reversibly dissociated into "active surface atoms”. The
adsorption is weak, hence the concentration of surface oxygen atoms is proportional to
the square root of the oxygen pressure. As a result the power law is correctly describing
the kinetics. 2) Molecular oxygen is involved in the rate determining process. It is
relatively strongly adsorbed. This may result in an apparent reaction order of 0.5,
although an Eley - Rideal equation should fit the data better. Indeed it appears possible
to fit our data to the following equation:

Tm =k * [Pl * [Poal/(1+bo;*[Poal)
k, =045 mole CH,/(kg cat.(bar)’s)
bg, = 5 (bar)!

with pressures in bar.

This is in agreement with the results from the transient experiments {Chapter 3), Based
on this mechanism of methane activation the consecutive reaction mechanism was
described according to the following rate equations:

5, =k *p;* Poo/(1+ bo*poa)

Thus the hydrocarbon molecules CH,, C,H, or C,H, and CO are assumed to react from
the gas phase with an adsorbed oxygen species. The contribution of parallel reactions
in the gas phase is accounted for by adjusting the k-values. It is therefore assumed that
radical initiation reactions mainly take place at the catalyst surface. Consecutive
reactions in the gas phase, leading to the next stable molecule in the series are
considered infinitely fast. Thus the net production rates (R;) of each of the components
follow from the material balances:

Roy = “Tom

Rems = 0.5r s - Teonss
Royu = Yoo = Toamu
Ry = 2 - Teo
Reo, = T'eo
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Using the appropriate stoichiometry factors, R, is easily formulated to complete the
above equations.

The k-values were determined by fitting the model to the results of integral kinetic
measurements collected in our laboratory. A non-linear least squares estimation routine
based on Marquardt’s method* was applied. The parameter by, was fixed at a value of
5 (bar), as determined previously. Furthermore a distinction was made between data
obtained with a fresh catalyst samples and data from experiments with an aged catalyst.
The results with respect to the k-values are presented in Table 5.4.1.

Table 5.4.1. k-Values (mole/kg cat.s.(bar)’) resulting from parameter ﬁtrmg of integral methane coupling
experiments over Li/MgO. T=800°C, CH,/0,=35, py,=0.4 bar, by,=S5 (bar)”

Catalyst ke Keons K keo kel ke
Aged 0.65 37 12 16 19
Fresh 24 47 16 100 6.3

The case of the aged catalyst is interesting as a reference, because one can assume that
the catalyst is playing a minor role here. This is confirmed by the comparison of
selectivity data of the aged catalyst with results of an empty reactor, both as a function
of the oxygen conversion (Figure 5.4.2). The results are indeed very similar, indicating
that homogeneous reactions (gas phase) predominate during the experiments with the
aged catalyst. A reasonable fit of measured and calculated selectivities has been
obtained both for the fresh as for the aged catalyst. Figure 5.4.3. shows the product
selectivity versus W/F for the case of the aged catalyst (symbols) and the calculated
selectivities (lines). As can be seen a reasonable fit has been achieved with the highest
accuracy at the largest contact times and the poorest accuracy at the smallest contact
times. This is not surprising as the experimental error is the largest at the smallest W/F.
Also the fact has to be considered that the model is no longer appropriate at very low
conversion levels, because at very small contact times the direct oxidation of methane
to carbon dioxide can no longer be neglected. For the case of the fresh catalyst it is very
difficult to obtain an accurate selectivity pattern as function of the contact time, due to
the fast deactivation of the Li/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 keye/Koye and the ko, value the measured selectivities of a
methane oxidation experiment over a fresh Li/MgO catalyst can be fitted quite well.
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Figure 5.4.2. Product selectivity versus oxygen conversion for an aged Li/MgO catalyst and gas phase methane
coupling. T=800°C, CH/0,=5.
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Figure 5.4.3. Product selectivity versus contact time (W/F) for experiment (symbols) and consecutive model fit.
T= 800°C, P= 1 bar, CH /O,=5, Li/MgO catalyst.

Regarding the calculated k-values in Table 5.4.1., some interesting conclusion can be
drawn, in connection with the low pressure results of Table 4.4.1. (Chapter 4). The ratio
of kepa/Keye is much higher for the atmospheric experiments than for the low pressure
experiments (atmospheric (fresh catalyst) 6.3; low pressure 2.6). This increase in
kena/Kcue 1atio can be ascribed to the contribution of gas phase reactions to the
oxidation 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 has much more
effect on kg, and kg, (“catalytic steps”) than on kg and Koy, '
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Table 5.4.2. Comparison between experimental (fresh Table 54.3. C,, yield as function of the
catalyst) and consecutive model fitting results. k-Values ke ke ratio for the consecutive model.

used from table 54.1. CH /0,=5, pHe=0.4 bar.
L
Selectivity Experiment Fit Kea/Kau C,, Yiekd
(%)
CHg 20 20 26 35
CH, 45 45
CO 7 6.7 63 14
CO, 28 283
19 6
CH, conv.(%) 23 21
O, conv. (%) 90 100

The Kcyye/koys 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 keyy/keys Tatio by
increasing the methane activation rate more than the ethylene activation rate. The
ethylene activation rate is mainly determined by the gas phase activation rate. Therefore
the high C,, yields obtained by a catalyst are mainly due to the increase of the methane
activation rate relative to the ethylene activation rate. The function of the catalyst may
thus be reduced to a radical initiator, which releases radicals into the gas phase, without
further interfering 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 first 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 C,,
components. Reaction 3 and 4 are the total oxidation reactions in which C-O 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.’ The effect of the catalyst is simulated by
adding a set of reactions, which equals the overall reaction : 4CH, + O, ----> 4CH, +
2H,0. The rate of formation of methyl radicals is increased, without increasing the C,,
oxidation reactions. The results of the computer simulations are shown in Table 5.4.45
This Table shows a comparison between two simulations: with and without increased
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methyl radical production. At the same
contact time, the higher methyl radical
production rate increases both the
1” methane and oxygen conversion, as
expected, while the C,, selectivity is
somewhat lower. However, when results at

CH,
3 ) the same conversion level are compared
(first and last column of Table 5.4.4) it is
4 : clear that much higher selectivities are

cCO C + achieved at increased methyl radical
2 production rate, in accordance with the

x

Figure 5.4.4. Simplified reaction scheme for the hypothesis proposed.
axidative coupling of methane.

Table 5.4.46. Computer simulations of gas phase avidative coupling of methane with increased methyl radical
production”.

Methyl radical production Normal Increased

Contact time () 27 27 0.13
CH, conversion (%) 0.06 34 0.09
O, conversion (%) 0.1 82 0.1
C;, selectivity (%) ™ 0 97
CO, selectivity (%) 21 30 3

Thus a selective coupling catalyst has to be a very active one, in order to arrive at a
favourable low kc,y./kcys ratio, the key factor for the C,, selectivity.

5.5 CONCLUSIONS

Catalyst deactivation is a continuous process, which limits the time scale on which the
kinetic measurements should be performed.

There are no transport limitations at the reaction conditions applied (T=800°C,
W/F=0.3 g.s/ml).

The overall kinetics of the oxidative coupling of methane over Li/MgO catalyst were
determined by differential measurements. The results can be summarized:

Tau = 0.145 1 0.015 * py, 212012 p 0201 mole CH,/kg. s.
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with pressures in bar.

The kinetics can be well described with an ELEY-RIDEAL kind of mechanism in
which methane from the gas phase reacts with an adsorbed oxygen species on the
catalyst surface.

The product selectivity can be modelled quite well with an assumed consecutive
reacticn model. From the modelling results it is clear that the reaction mechanism of
the methane coupling process consists of heterogeneous and homogeneous reaction
steps. The Keypre/Keyg ratio is the key factor, which determines the product selectivity.
A catalyst decreases the keyy,/kcys Tatio by speeding up the methane activation rate
relative to the ethylene activation rate. A fresh Li/MgO catalyst is capable of C,, yields
of 15 - 19% ( kope/kcue = 6.3). Theoretically, however it seems possible to reach values
over 25%. Further optimization of the interaction of homogeneous and heterogeneous
reactions should make these yields achievable.
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FINAL DISCUSSION

Lithium doped MgO used as catalyst for the oxidative coupling of methane has been
investigated extensively in this work. The activity of the Li/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. Lithium carbonate is a liquid at
reaction temperatures of 720°C and higher. This explains the mobility of the lithium
phase at the reaction temperatures. Deactivation of the Li/MgO catalyst is caused by
lithium loss. The lithium loss is mainly due to evaporation of LiOH, 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 (SSTTKA) experiments with CH,/*0, and
CH, /O, 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 Li/MgO catalyst system. Kinetic
measurements confirm the appliance of this model to the methane coupling process over
Li/MgO. The exact nature of the active oxygen species on Li/MgO is not clear. It can
be both a mono-atomic as well as a di-atomic species.

The product distribution is the result of a consecutive reaction mechanism involving
both homogeneous as well as heterogeneous reaction steps:

CH‘ — Cz!‘ls ———> CZH4 —— CO m——> C02

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 CO, (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 CQ, 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 Li/MgO. This limits the C,, yield to a maximum. In
the ideal (theoretical) case C,, yields of 35% should be possible with Li/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
activation rate by increasing the methane activation rate more than the ethylene
activation rate, thus lowering the ky,/kcy, ratio and enabling high C,, yields. The
Li/MgO catalyst lowers the keyyp./keyq ratio to 6.3, improving the C,, yield by a factor
of 2.5 compared to homogeneous oxidative coupling of methane (pure gas phase).
Further optimization of the interaction of heterogeneous and homogeneous reactions
should bring C,, yields of 25% within reach, which are needed for an economically
attractive process’.

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 LiOH can readily be formed. The evaporation of the LiOH causes
lithium loss and thus results in deactivation of the catalyst. This puts serious restraints
on the lifetime of the Li/MgO catalyst. The lithium loss can be lowered by lowering of
the reaction temperature, which will slow down the rate of evaporation of LiOH.
Disadvantage of a low reaction temperature is the loss in activity for the methane
activation relative to the ethylene activation rate, thus lowering the C,, yield.

In a way of solving this dilemma doping the Li/MgO catalyst with metal oxides like
SnQ, or CeO, seems a solution. Korf® has shown that with Li/Sn/MgO C,, yields of
12% can be reached at 700°C. The lithium loss is 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 C,, selectivity. That lithium interacts with
impurities in the catalyst can be shown by Electron Paramagnetic Resonance (EPR)
measurements.

~
- o

Figure 6.1. EPR spectra of pure (A) and Li doped MgO (B) at 100K.



Chapter 6 81

Figure 6.1 depicts the EPR spectra of pure MgO and Li/MgO. The peaks are all due
to paramagnetic impurities in the catalyst with Fe**, Cr** and Mn®** as the main
sources®. Addition of lithium to the MgO leads to stabilization of the Mn** in the MgO
lattice. In pure MgO the Mn?* peaks are hardly detectable while in Li/MgO the Mn®*
peaks are very intense. Lithium interacts with the Mn?* impurity in the catalyst. Addition
of smail amounts of Sn oxide show no great effects on the EPR spectrum of Li/MgO.
More interesting is the effect of Sn addition on the Li*O" centra which play an
important role in the methane coupling process according to Driscoll et al*. Figure 6.2
shows the EPR spectra of Li/MgO and Li/Sn/MgO heated to 800°C in air and rapidly
quenched in liquid nitrogen. At g=2.054 the Li*O" peak can be seen in Li/MgO while
in Li/Sn/MgO the same peak is changed. Clearly this indicates the occurrence of an
interaction between Sn and lithium present in the MgO lattice. This interaction probably
explains the lower lithium loss of this doped Li/MgO catalyst. The higher activity of this
catalyst compared to undoped Li/MgO is due to the addition of extra active centres

(Sn0O,).
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Figure 6.2. EPR spectra of Li doped MgO (A) and Li/Sn/MgO (B) quenched in liquid nitrogen after heating
in air at 800°C.

At large additions of SnO, the SnO, will predominate the catalyst. This does not resuit
in an improvement of the kqy./key, ratio or an improvement of the C,, yield.
Summarizing it can be stated that Li/MgO catalyst modifications are needed to prevent
its rapid deactivation, which is the main disadvantage of this catalytic system. Further
optimization of the interaction between gas phase and catalytic reactions should make
high C,, yields possible. These modifications and optimizations are necessary to get a
catalytic system, which can be used for an economical feasible oxidative coupling
process.
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