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ABSTRACT

Abstract

There are large resources of natural gas which shdvend to increase,
rivaling those of crude oil. Currently, natural gasinderutilized, since there
are no feasible routes to convert large amounGHbf the main component
of natural gas, into value added products. Oxi@atieupling of methane
(OCM) to produce ¢Hs and GH,4 (C, hydrocarbons) is a possible reaction.
However, several challenges have limited its concrabzation, such as
high temperatures, limitations of methane convergield and low
selectivity at high Chklconversion. The main objective of this work was th
development of catalysts for the OCM reaction, éstihg several catalysts
in conventional reactors with a feed current of ecalar oxygen and
methane to produce,@ydrocarbons, and then in an electrocatalytic syste
in which oxygen was produced in situ by water etdgsis.

The first goal of this thesis was the developmdnte-based mixed oxides
and supported catalysts, with activity and selé@gtivo produce G
hydrocarbons, in order to select the most promigiatalytic system for
further developments. It was observed that therpmation of Li, Na and
Ca in CeQ influenced the acid/base properties of the catadysface,
leading to a significant increase in thglydrocarbons selectivity and yield.
The results obtained showed that the incorporaifanetals, such as Mg, Ca
and Sr, plays an important role in the creatioractive sites on the CeO
surface, improving their performance in OCM. Thastve sites are related
to surface oxygen species, nhamelyyOand Q™. A linear relationship
between the total amount of basic sites and thativel amount of
electrophilic oxygen species and lattice oxygenhansurface of the catalyst,
[(0,>~ + O,7)/ O*7], was found. In addition, it was demonstrated that
methane conversion and, @ydrocarbon selectivity are controlled by that
ratio. A Ce-doped L#; catalyst with a Ce/La molar ratio of 1:3 was
prepared by two methods, namely the solvothermdl ctrate methods.
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Both allowed the formation of a solid solution {C& Oi5s). The
solvothermal method created @xygen species, while the citrate method
created both §~ and O". The results showed that the different oxygen
species created are related to the different tppssirface cerium ions (Ce

or Cé"). The O oxygen species predominant on the catalyst argestied

to be responsible for higher @ield in the OCM.

The supported catalysts (Ce and W&, on SiQ) revealed to be active and
selective to the OCM, particularly the catalyst taaming 5wt%Ce, which
showed a good performance when compared to raspltsted in literature.
This is related to an adequate mixture of both amous andi-crystobalite
phases present in the catalyst and the tungstatd-iméeractions formed
during the crystallization process to create actemtres for the OCM
reactionThe best catalysts were then tested under av@ atmosphere in
the OCM reaction. The 5wt%Ce-5wt%NdO,/SiO, catalyst revealed the
best performance . The presence of steam did nmowe significantly the
OCM performance over GgCe 0. Nevertheless, steam showed to have a
poisoning effect over LgCey 20.

These results prompted the evaluation of the SwitT8oNgWO,/SIO,
catalyst in two different solid electrolyte-fixe@db reactor configurations. In
these configurations, ‘Oions were produceih situ by water electrolysis to
react with a wet Cld atmosphere (single chamber) or with £hHone
(double chamber) over 5wt%Ce-5wt%M&0,/SiO,. The results showed
that G hydrocarbons and Hwere simultaneously produced in the single
chamber and then produced and separated in thdedobhbmber. In both
configurations, the presence of this catalyst gfiypmcreased the catalytic
activity and the overall configuration (solid eledyte cell + catalyst bed)
was found to be stable for long operating timeshR4



RESUMO

Resumo

Existem grandes recursos de gas natural com und@rieia em aumento
rivalizando o petroleo. Atualmente, o gas naturpbéaco subutilizado, uma
vez que nao ha rotas viaveis para converter gramqa@stidades de CHo
principal componente do gas natural, em produtogatte acrescentado. O
acoplamento oxidativo do metano (AOM) para produrirocarbonetos £
(CoHes e GH,) € uma possivel reagdo. No entanto, varios desadm
limitado a sua comercializacdo, tais como, altagperaturas, as limitagdes
de conversdo de metano / rendimento e baixa Sdkdi® a uma conversao
de CH, elevada.

O principal objetivo deste trabalho foi o deseniroknto de catalisadores
para a reacdo de AOM. Varios catalisadores forastades em reatores
convencionais com uma corrente de alimentacao itgidst por metano e
oxigénio molecular para produzir hidrocarbonetgs@epois num sistema
eletrocatalitico em que o oxigénio € produzisitu através do processo de
eletrdlise da agua. O primeiro objetivo desta fes® desenvolvimento de
oxidos mistos baseados em Ce e catalisadores adpsytativos e seletivos
para produzir hidrocarbonetos €om a finalidade de selecionar o sistema
catalitico mais promissor para futuros desenvolniioe

Observou-se que a incorporacéo de Li, Na e Ca r@, @dluéncia nas
propriedades acido / base da superficie do cafalis@ que fez aumentar
significativamente a seletividade e rendimento garmar hidrocarbonetos
C,. Os resultados obtidos mostraram que a incorpordganetais, tais como
Mg, Ca e Sr, desempenha um papel importante naaf@onde sitios ativos
na superficie do CePQmelhorando o seu performance no AOM. Estes sitios
ativos estdo relacionados com as espécies de axigém superficie,
nomeadamente £ e Q. Uma razdo linear foi encontrada entre a
guantidade total de sitios basicos e a quantideligiva de espécies de
oxigénio e oxigénio eletrofilico sobre a superfidiecatalisador, [(& + O,

) I O;]. Aléem disso, demonstrou-se que a conversdo damee a
seletividade de hidrocarbonetog €80 controlados pela mencionada razao.
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Um catalisador formado por @; modificado com Ce numa razdo molar de
1:3 Ce / La foi preparado por dois métodos, nomeadée, os métodos
solvotérmico e citrato. Os dois métodos permitiranformacdo de uma
solucéo solida (L&e-xO155+). O método solvotérmico formou espécies de
oxigénio O, enquanto o método de citrato formop’ @ssim como O Os
resultados mostraram que as diferentes espéciasigénio produzidos
estdo relacionados com os diferentes tipos dediéegrio (C& ou de C&).

As espécies predominantes de oxigénio no catalissélo sugeridas ser
responsaveis pelo maior rendimento de hidrocarbsn€ na reacdo de
AOM. Os catalisadores suportados (Ce eWa, em SiQ) mostraram
atividade e seletividade para o AOM, especialmertatalisador com 5wt%
Ce mostrou melhor performance quando comparado csmesultados
encontrados na literatura. Este resultado estéioelado com uma mistura
adequada de silica amorfaoecristobalita presentes no catalisador e as
interagcOes tungstato-metal formadas durante o psocge cristalizagédo para
produzir centros ativos para a reacdo de AOM. Okones catalisadores
foram testados sob uma atmosfera humida dg i@Hreacdo do AOM. O
catalisador 5wt%Ce-5wt%Na/O,/SiO, mostrou melhor performance. A
presenca de vapor de agua ndo melhorou signifesante o performance
do AOM sobre C@Ces0. No entanto, o vapor teve um efeito de
envenenamento sobre oplzgCe 2:0.

Estes resultados levaram a avaliacdo do catalis&a?Ce-5wt%
NaWO4/SiO, em duas diferentes configuracdes de reator de figib de
electrélito sélido. Nessas configuracdes, os idb&sforam produzidosn
situ atraves do processo de eletrélise da agua paya oeen uma atmosfera
hamida de CH (camara simples) ou com G¢l46 (camara dupla) sobre o
catalisador 5wt%Ce-5wt% MN&/O,/SIO,. Os resultados mostraram que 0s
hidrocarbonetos £e H, foram produzidos simultaneamente na camara
simples e, em seguida, produzido e separado naraaupla. Nas duas
configuracdes, a presenca deste catalisador aumeigoificativamente a
actividade catalitica. Finalmente, a configurag@la de electrélito solido
+ leito de catalisador, foi encontrado ser estgpaml longos tempos de
operacéao (24 h).
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Résumeé

Il existe d'importantes ressources de gaz natuighgntrent une tendance a
augmenter, rivalisant avec ceux du pétrole brutuditement, le gaz naturel
est sous-utilisé, car il n'y a pas de routes ptessiour convertir les grandes
quantités de Ck principal composant du gaz naturel, en produit@laur
ajoutée. Le couplage oxydant du méthane (OCM) poodiuire du GH; et
du GH, (C; hydrocarbures) est une réaction possible. Towgefadusieurs
défis ont limité sa commercialisation, comme lesgératures élevées, les
limitations de conversion/rendement du méthanenet faible sélectivité
pour de haute conversion de LlHobjectif principal de ce travail a été le
développement de catalyseurs pour la réaction O&Ntavers le test de
plusieurs catalyseurs dans des réacteurs convaetonsous courant
d'oxygene moléculaire et de méthane pour produee lydrocarbures ,C
puis dans un systéme électrocatalytique dans ldgugbene est produit in
situ par électrolyse de I'eau.

Le premier objectif de cette thése a été le déypapment d'oxydes mixtes a
base de Ce et de catalyseurs supportés, présamanfctivité et une
sélectivité pour produire des hydrocarbureg @fin de sélectionner le
systéme catalytique la plus prometteur pour de eaux développements. Il
a été observé que l'incorporation de Li, Na et Caan de Ce@influence
les propriétés acide/base de la surface du catalyse qui conduit a une
augmentation significative de la sélectivité et lendement des
hydrocarbures £ Les résultats obtenus ont montré que l'incorpmratie
métaux, tels que le Mg, Ca et Sr, joue un role irgm dans la création de
sites actifs sur la surface de Ge@méliorant leur performance dans 'OCM.
Ces sites actifs sont liés aux espéces oxygénéssriiee, & savoir O et
O, . Une relation linéaire entre le nombre total deessibasiques et la
guantité relative d'oxygene électrophile et du aésé’'oxygéne a la surface
du catalyseur, [(§~ + O,7)/ O], a été trouvée. Additionnellement, il a
éte démontré que la conversion du méthane etdatsélé en hydrocarbures
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C, sont contrélés par ce ratio. Un catalysewQgadopé avec du cérium et
ayant un rapport molaire Ce/La de 1:3 a été préparéeux méthodes, a
savoir les méthodes solvothermale et citrate.

Toutes deux ont permis la formation d'une solusofide (LaCe .xO1.54).
La méthode solvothermale a mené a la création demngO—, tandis que la
méthode citrate créa les deux espé@£s and O. Les résultats ont montré
gue les difféerentes especes d'oxygéne crées sntalix différents types
d'ions cérium de surface (Eeor Cé"). L'espéce prédominante d’oxygéne
O sur le catalyseur a été proposée comme respordaltendement élevé
de G dans 'OCM.

Les catalyseurs supportés (Ce et\WW@, sur SiO2) ont réevélé étre actif et
sélectif pour I'OCM, en particulier le catalyseantenant 5% de Ce qui a
montré une bonne performance par rapport aux eésulapportés dans la
littérature. Ceci est lié a un mélange adéquatddes phases, amorphesuet
cristobalite, présentes dans le catalyseur et @texactions tungsténe-métal
formées pendant le processus de cristallisationntgne a la création des
centres actifs pour la réaction OCM. Les meillaaatalyseurs ont ensuite été
testés sous une atmosphére humide dg @ahs la réaction OCM. Le
catalyseur 5%Ce-5%MA/0,/SIO, a revélé la meilleure performance. La
présence de vapeur d'eau n‘améliore pas signiraént les performances
de 'OCM sur CasCes0. Néanmoins, la vapeur a montré avoir un effet
d'empoisonnement sur .a2Ce >:0.

Ces résultats ont incité I'évaluation du catalysgECe-5% NaNO4/SiO,
en deux configurations de réacteurs électrolytisplee a lit fixe différents.
Dans ces configurations, les ion§ @taient produits in situ par électrolyse
de I'eau pour réagir avec une atmosphere humideHdgchambre unique)
ou avec le CHh seul (double chambre) en présence de 5%Ce-
5%NaWO0,/SiO,. Les résultats ont montré que les hydrocarburest G
étaient produits simultanément dans la chambreuen&l puis produits et
séparés dans la double chambre. Dans les deuxgumatibns, la présence
de ce catalyseur a fortement augmenté [lactivitéalydague et la
configuration globale (cellule d'électrolyte solidelit de catalyseur) a été
stable pour de longues durées de fonctionnement (@4

Vi
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INTRODUCTION

1 Introduction

Oxidative coupling of methane has been considesexhaalternative reaction
for the production of higher hydrocarbons from makwgas. Although this
reaction does not present thermodynamic constraibtss a catalysed
reaction. Thus, several approaches have taken xomsa the yields of the
catalysts towards the desired products (ethaneedimglene) to make an
approved industrial application. In this first chap a review of the work
performed in this area is presented. Several aspdctatalyst design and
mechanisms, such as types of metal oxides, sugpaonttals and surface
oxygen species are revised. The influence of opegratonditions, such as
reaction temperature and partial press are amagidny important factors
discussed in this chapter. In addition, new teabgies based on the design
of electrolyte membrane reactors, in which the atiag coupling of
methane reaction is integrated, are also discussed.
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1.1 Natural Gas

Natural gas is a combustible mixture of hydrocargages. The composition
of natural gas can vary widely. A typical compamiti before refinement, is
shown in Table 1.1.

Table 1.1Typical composition of natural gas.

Methane CH 70-90%
Ethane GHe

Propane GHs 0-20%
Butane GHio

Carbon Dioxide Co 0-8%
Oxygen Q 0-0.2%
Nitrogen N 0-5%
Hydrogensulphide ) 0-5%
Rare gases A, He, Ne, Xe trace

As observed in the above table, £id the main component of natural gas
which is considered as a source of energy and arganbon. The registered
reserves of natural gas have increased in recems.y€igure 1.1 shows a
trend of the natural gas reserve increase comparedat of oil reserves.
This latter is because gas is often found alongg&teoleum. On the other
hand, the production, refinement, transportatioml storage of crude oil are
also a source of CHemissions. It means that natural gas is availahtd
produced mostly in remote areas. However, natuasal ltas currently been
made ready for use either as ordinary gas in meelior as physically
liquefied gas shipped in tankers. Liquefied gas wesly the only viable
alternative when the reserves were located far ftbenmajor customers.
Nevertheless, a constraint on the growth of liceetfyas has always been the
slow build-up of the liquefied gas and the condianc of re-gasification
capacity [1]. On the other words, natural gas parnstion over long
distances is energy and capital intensive and imescacase is not
economically feasible. Thus, it would be desirableonvert methane on site
to useful chemicals or fuels easily transportabieliving oxidative or non-
oxidative activation of methane.
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Figure 1.1 Natural gas and Oil registered reserves in 1991 and 2011
(source: BP Statistical Review of World Energy,@2012).

1.2 Natural gas conversion process

Natural gas conversion is divided into direct andinect conversion. Most
of the processes related to direct conversiontdrénsdevelopment whereas
the others were well-established in the industrp6@0 years ago.

1.2.1 Natural gas indirect conversion process

The indirect conversion process of natural gas c@®p two steps. Steam
reforming and then the subsequent production ofrdoatbons in low-
temperature exothermic process. Steam reformitigeishemical conversion
of methane to synthesis gas (syngas) which is @uneof CO and Klin
varied ratios to fit the particular process. In seeond step, syngas is used as
a raw material base to produce methanol and itsympaoduct derivatives
including gasoline range hydrocarbons and methyltid ether (MTBE),
Fischer-Tropsch hydrocarbons, hydroformy-lationo®pnthesis) products,
formaldehyde, hydrogen source for ammonia, andtaduwide spectrum of
industrial chemicals [2]. A diagram highlightingetispecific processes of
syngas is showed in Figure 1.2.
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Figure 1.2 Scheme of syngas conversion process [3].

1.2.2 Natural gas direct conversion process

The direct conversion consists in the one-stepstoaimation of methane to
higher hydrocarbons and chemical derivatives. Tystesnatic study of the
direct conversion of methane to obtain more vakignbducts started at the
beginning of the past century and considerablearebes were carried out in
the 1920s and 1930s [4]. Thus, direct methane csimremay be grouped
into two categories: thermal cracking reaction aathlytic conversion of
oxygen. The thermal cracking reactions are endotiteand temperature
which must be above 100C. These conditions require large quantities of
energy making this process costly. Thermal conwarssf methane by
oxygen can lead to methanol, formaldehyde andh@drocarbons, but
selectivities to these products are quite low dugeep oxidation reactions.

However, after several decades, this process amdino be intensively
researched worldwide as a possible source of lifpets and chemical raw
materials based on natural gas. A classificatiothefdirect conversion was
proposed by Kuo in 1987 [5] as follows:

1) Partial oxidation (to formaldehyde, methanokthyl halogenated and
others) using different oxidant agents(®itrogen Oxides, Halogens, Super
acids as catalysts);
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2) Oxidative Coupling of Methane (OCM) to ethamel @thylene;

3) Direct conversion to acetylene or others highgdrocarbons, for
example: direct conversion to acetylene by thermabolysis, by using
electric arc or plasma, via partial oxidation ancect conversion to others
higher hydrocarbons;

4) Other processes of direct conversion as hydbocealkylation.

Relevant direct processes are methane partial tioidéo formaldehyde or
methanol with oxygen, pyrolytic process, halogetagroduction and
oxidative coupling of methane (OCM). However, thaster has received
considerable attention since the pioneering workKeller and Bhasin in
1982 [6], as a new selective oxidation technolagditectly produce higher
hydrocarbons.

1.3 Oxidative coupling of methane

Production of @ hydrocarbons (ethane and ethylene) from the OCktroga
potential route for utilization of the huge resarsmf natural gas as liquid
fuels, chemical and petrochemical feedstock. Astimeead above, Cilis
the main constituent of natural gas. It is a stalthkane hydrocarbon and its
direct conversion in £Hg is a reaction with a positive variation of the Bb
free energy:

CHs 2 1/2GHs + 1/2H AG°=kJ mol* 11

However, this thermodynamic disadvantage can bedasglousing an
oxidant:

CHy + 1/4Q > 1/2GHs + 1/2HO AG°= -76kJ mol* 1.2

The last reaction, the oxidative condensation ahamge, known as OCM, is
a direct and exothermic process not limited by ahgrmodynamic
constraints. Ethane (Bg) is the main product, although it can be
dehydrogenated to ethylenefz) according to the following equation:

CHe 2 CHs + H AG°= -115 kJ mot 1.3

Nevertheless, from a thermodynamic point of vieM,@nd G hydrocarbon
oxidation to CQ (CO and CQ@products) is more favoured, since it presents
higher Gibbs free energy as showed in the follovaggations:

CHs; +3/2G@ - CO + 2HO AG®° = — 544 kJ ma! 1.4

8
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CH; + 20> CQ + 2HO AG®° = — 801 kJ ma! 15
CoHe + GHs + Hy + 6> 2CO + 2CQ + 6H,O AG° << 0 1.6

1.3.1 Challenges for the OCM commercialization

Although OCM process promises to be an alternabwue for production of
higher hydrocarbon, several challenges have limiteccommercialization
[7]. The most highlights challenges are listedalows:

1) High temperature (750-808 to achieve high £yield;

2) Removal of heat generated by the highly exotiereactions (Eqgs. 1.2-
1.6) to control the hot-spot temperature which tenthe highest oxygen
inlet concentration and decreases the selectivity;

3) Limitation of CH, conversion (<40%) and.Gyield (<25%) imposed by
the explosion limit concentration in the feed,;

4) Low concentration of ethylene in the stream 8¢} making the product
separation by conventional cryogenic process ursroaral;

5) Low selectivity at high conversion, which makes achieve good
selectivity and conversion extremely difficult.

From the point of view of engineering and economiCCM depends

critically on the conversion and selectivity, adlvas the price of natural gas
compared to that of crude oil. Therefore, singlespeonversions of 35-37%
and selectivities of 85-88%, equivalent to >30% y@&Id, are required to

make the OCM process commercially feasible [8,9].

1.3.2 Methane activation

The mentioned above drawback can be overcome hyguai suitable
catalyst. It is known that OCM over metal oxide atgdts is a
heterogeneous—homogeneous reaction. According te #tcepted
mechanism, the methane activation in the catay@iV process involves an
abstraction of H-atom from methane due surfacecattefen the catalyst,
leading to the formation of methyl radicals (&£fthe two desorbed methyl
radicals are coupled (gas phase reactions) to #rrethane molecule [10-
12] (Figure 1.3). These gas phase reactions atly pasponsible for ¢Hg
dehydrogenation to £, and formation CQ products (CO and CQ In
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addition, the CH secondary reactions can also contribute to prodi@e
[13].

Gas Phase
CH,+h", CH;
Catalyst surface oo )
CH3‘ + CHa. — C2H6
OH" S hS CH3‘ + CHS. —. C2H4 + H2
20Hs— HyOg + 05t +Vs7|  Cofle = GHiT

C2H6 + 7/202 - 2C02 + 3H20
C,H, + 520, — 2CO +3H,0

VS “+ 1/202 — C)SX + Zh.s

C2H4 + 302—> 2C02 + 2H20
C2H4 + 2()2—> 2CO + 2H20

s = catalyst surface
Vg™ = oxygen vacancy

h’s = polaron (Quasi-free electron hole ) } Surface defeots
0. = O ion on their normal lattice position (neutral)

Figure 1.30CM reaction pathways. The notation used for defescfrom
Kréger and Vink [14].

1.4 Catalysts used in OCM

The conversion of methane is highly affected by tmaracteristics of
catalysts. Thus, a large number of catalysts haen levaluated for their
performance in OCM with the objective developingatalyst highly active,
selective and stable [15]. Oxides, such as alkaht@line earth [16,17] and
rare earth metal [18-20] , single, modified or nuixas perosvkites [21,22],
have shown to be good catalysts for the OCM reaciitie productivity of
these systems is attributed either to the cathlgsicity or the availability of
active sites such as oxygen vacancies and/or adbkécts, which are
important for CH activation [23].

It has been generally established that on metaleoratalysts the surface
oxygen species may consist of lattice oxygerf (Q peroxide (&%),
superoxide (@) and besides carbonate (§€0) and hydroxide (OH).
Therefore, different viewpoints concerning the tesc mechanism are
centred mainly on the participation of differentygen species in the OCM
reaction. The sources of these species are thabamds@xygen over the

10
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catalyst (oxygen molecule and neutral atom) aedottygen species present
on the catalyst surface, such as, lattice oxygén Gsuperoxide @ and
species formed by the filling of oxygen vacanci&s™) by molecular
oxygen to form a polaron species. This reactionbzawritten as:

Vg“+ 1/2G, > OSX + ZHS 1.7

where &' is a small polaron species, i.e., either 2(© Os) or O,*~ =
(O2)s™ [24].

The O species were shown to be the active centres &igld/ or Na/MgO
systems [25]. Cation radii in the Li/MgO catalyse aimilar (r;* = 0.68 4,
ng2+ = 0.66 A). They can be replaced by each other and therafme

electrical neutrality is maintained when the nunsbefrO~ and Li" ions into
the oxide lattice are the same. A relationship eetw[Li'O7] - active centres
and the number of CfHwas found [26]. Lee and Oyama [27] reported that
these active centres are formed by vacamnigsh are created between the
O*~ and Li" as follows:

2LI'0* T +120Q > OF +2Li*07] 1.8
[Li*O"] + CH; > Li'OH™ + Che 1.9
The regeneration of [[©™] centre occurs by the reaction:

Li*OH~ + 1/2Q > [Li*O7] + H,0 1.10

The surface O species (in the active centres@i") are responsible for CH
activation.

The Q% peroxide ions was also proposed to be an actieeias, especially
at temperatures higher than 750 °C on catalytitegys such as N@,,
Na/LaO3; and LaOs, Ba/MgO [28]. Finally, superoxide species Owere
also observed on other catalysts such as LaOF RENdO; and Y,03-
CaO catalysts [30].

On the other hand, the oxides of the transitiorafedtave been also used for
the OCM. Although they are usually effective almmy as catalysts for no
selective oxidation, they are particularly usedcatalysts to promote the
activity in the OCM. Especially when supported,poesented as composite
materials or with alkali metals. For example, Gagal. [31] studied the

11
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effect of Li, La, Mn and W added to Ti®@n the catalytic performance for
the OCM reaction. The results showed that Li-La-WIAFIO, system
exhibited a methane conversion of 41.6%,sElectivity of 61.7% and £
yield of 25.6% at 770°C with a gas hourly space&ty (GHSV) of 14400
h™. Murata et al. [32] studied the Li-doped sulfagdtonia catalysts for the
OCM reaction. A maximum £yield was attributed over the catalysts
containing 6 wit% sulphate in the calcination terape range of 650-700
°C and they found that the catalyst performancese vdapendent on the
sulfate content and calcination temperature. Thalt® were closely related
to the preparation conditions of sulfated-Zr@s solid super-acids. In
addition, when the performances of the Li-dopedasedl-ZrO2 (Li/SZ)
catalysts were tested at 7%D as a function of reaction time, both theadd
CO selectivity remained constant during 8 h but thiE, Gonversion
decreased from 17.5% to 11.9%.

All mentioned above catalysts are only a few exasmf the large amount
of catalysts studied in the OCM. It can be founditgrature over hundreds
of different catalytic materials and nhumerous metametal-oxide loadings.
The studies have been focused on the intrinsictioczecbetween reactants
and catalyst surfaces. Most of the initial expentaé work on catalyst
screening was done from 1985 to 1995 in laborasogle catalytic fixed-
bed reactors and a great deal of effort has begotel® to overcome the
hurdle of the economic constraints of low, @ield [33]. Recently, a
statistical analysis of past catalytic data on attice for new insights into the
composition of high-performance catalysts was edrout by Zavyalova et
al. [33]. In the study, they mention 24 differerdtalysts that provide £
yield > 25%. Some of these catalysts are close to thettésgthe industrial
application of the OCM process: single-pass comvessof methane of at
least 30% and £selectivity of around 80% (See Figure 1.4).

12
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Figure 1.4 OCM catalysts with €yield >25%. All the catalysts were tested
in a fixed-bed reactor in the co-feed mode und®ioapheric pressure at
temperatures from 670 to 980, CH/O,=1.7-9.0 [33].

Although most of these catalysts showed an acckpiadrformance, the
catalyst stability in OCM was often not reportear fhstance, Li/MgO is
one of the most frequently investigated catalysis @CM, but in many
publications, the information and experiments andtability were neglected
[34]. In fact, it has been shown that Li/MgO unde¥g an intrinsic
instability which prevents any practical applicati@4,35].

However, the Mn-NaWVO,/SIiO, catalyst is one of the effective catalysts for
OCM reaction consisting of alkali and transitiontatexides. This catalyst
not only has an appropriate performance {€bhversions of 20 - 35% and
C, selectivities of 70 - 80%) but also is stableléorg periods under reaction
at high temperatures which is required for the OCMis fact has been
confirmed by different research groups [36-40].tHis type of catalysts the
major component, W, has variable oxidation statleis, represents a new
type of oxidation catalyst on which the lattice gem G~ may be
responsible for methane activation. Thus, sevarbjests on the nature of
this catalyst have been studied during the lashtyvgears such as: structure
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activity relationship, active centres and mechasisocomposition variation
and promoter components.

The relationship between the structure and theopednce of Na-W-
Mn/SiO, catalysts for the OCM was studied by Ji et al].[4They identified

complex active phases, NadO,/NaW,0,/Mn,03, in a large variation of the
composition where the resulting catalytic activigoes not change
significantly. That composition range was reporasdfollows: Na (0.4-2.3)
wt%, W (2.2—-8.9) wt%, and Mn (0.5-3.0wt) wt %, resfively.

On the other hand, a critical influence of the gohous silica to cristobalite
phase transition in N#&/O4,-Mn/SiO, catalysts for the OCM reaction was
reported by Palermo et al. [42]. They found thairdycalcinations of OCM
catalyst precursor, the presence of Na inducedtalye SIQ (o-
cristobalite) from the amorphous silica. The resulivealed that amorphous
silica allowed obtaining active, but unselectivetabsts, whereaso-
cristobalite generated active and highly seleataalysts with respect to the
formation of ethylene. The explanation of the phaassition of SiQ in the
presence of Na was later given by Mazzara et 3]. [4

Amorphous silica acts mainly to burn methane andrdwgarbon products,
while o- cristobalite SiQ is effectively inert under OCM reaction [42].
Furthermore a-cristobalite, produced during phase transitions \saperior
to thata -cristobalite used as starting material, indiaatimat dispersing and
stabilizing tungsten surface species, possibly\Was a positive influence
in OCM. Ji et al. [41] reported that tetrahedraDy\Wvas first formed with
the presence of Na and Mn when the W content was \Iéhile increasing
W led to the presence of both tetrahedral A@d octahedral W§on the
catalyst surface. However, tetrahedral YWas more active and selective
for the OCM reaction. The formation of surface tduspecies of tetrahedral
WO, species, with one W=0 bond and three W-O-Si bdmalge been
assumed to be the active site [44,45]. Moreoveraliedral WQ species
distortion was also attributed to be responsibtetie activity [46].

On the other hand, a redox mechanism involvinj/W** species together
with W-O-Si bonds were suggested by Jinjang et[4al] (see Figure 1.5).
They investigated oxygen species and tetrahedcatlydinated molecules of
the WQ, by EPR and Raman spectroscopy techniques, resglgcti
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Figure 1.5The proposed redox mechanism of MnyW&.,/SiO, [47].

The mechanism is started with the process of bngaki top W-O bond
which occurs by reduction of Species (l) in thespree of Chito form
Species (II). These latter are oxygen vacancieen\® from the gas phase
Is involved in the process two electrons are temefl from the tungsten
atom to the vacancy to generate the F-centre fanmokygen ion vacancy
with two trapped electrons) or Species (lll). Malkr oxygen is activated in
the F-centre to produce lattice oxygen, Speciefofth, and thus the redox
cycle is completed. The role of Mn was suggestaddease the mobility of
surface lattice oxygen.

Although above redox mechanism is based oti/W'* species, in other
publications a mechanism of SWW°* was discussed [40]. For example, a
redox mechanism for the generation of methyl rddit@m CH, over Mn-
NaWO,/SIO, was suggested by Li et al. [48]. They reportedt ttnee
activation of CH takes place on W sites and the activation of gas phase O
on Mr*" sites, i.e., the mechanism proposed in Figurewias extended
based on a two metal site model for this catalgse (Figure 1.6). In this
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model, it is suggested that oxygen spill-over, friyn,O3; to the NaWQy,
increases the activity of the Mn-NaO4/SiO..

CH, /‘”U“\ /—ﬂm:

Q=) @

IﬂCIHb"’ 1/2H;0 C"/

Figure 1.6 Two metal site model for OCM reaction on Mn-M&0,/SiO,
catalyst from literature [48].

1.5 Operating mode of the OCM

In conventional reactors two different operatingde® of the OCM have
been studied:

» Sequential feeding methane and oxygen (the reactaet not together)
and,

» Co-feeding where both reactants coincide at theedame-space over the
catalyst.

Keller and Bhasin tested both operating modesthénsequential feeding,
reducible metallic oxide was utilized as the $durce. Then, the reduced
metallic oxide is deoxidised using a gaseous oxysfe@am. The typical

reactions are:

2CHs + MOg4x — CoHy + 2H0 + MOy 1.11
MOy + O, — MOy.y 1.12
That sequential combination is the methane coupkagtion:

2CHs+ Oy — CoHy + 2H,0 1.13

On this route, methane and the coupling produatsnat in contact with
gaseous oxygen and therefore the total oxidati@ctiens do not occur.
However, methane conversion and I§/drocarbonsselectivities are not
constant (unsteady state). Therefore,€bhversion and selectivity vary in
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the time. On the other hand, the amount of thelysitand the reaction rate
in (1.12) must be optimized.

Regarding the Co-feeding of Gldnd Q in reactor inlet, different operating
modes to contact both reactants on the cataly&iciwere investigated. For
that, some reactors have been designed to mix aotaudbon with a
powerful oxidant reagent under safety conditionsd @o control the
generated energy from the process (see section 1.8)

1.6 Kinetics of the OCM reaction

Numerous kinetic studies with different reactioepst, component types,
operating conditions and rate equations have beeriormed for a
description of the OCM reaction network. Thus, kinestudies to elucidate
the reaction mechanisms can be found in literdtle19,50]. These models
were derived either at low temperatures and/oowtdonversions which are
limited by Eqg. 1.2. However, as mentioned in secti®.3.1, high
temperatures are necessary to achieve highield, but these temperatures
favour the deep oxidation and methane consecuteactions. These
reactions can detriment the high €electivity and limit the achievable, C
yields. Therefore, these should be considered oth lbeactor design and
definition of kinetic models [51].

Kinetic models proposed in the literature differ time reaction schemes
applied and in the number of product compoundsidensd. Based in this,
five models are briefly presented in this sectioméscribe their complexity
and understand because a reaction scheme applitablall catalysts
performed in OCM had been not found. Table 1.2 shive reactions of
each model. The first model was proposed by Stams$chl. [52] over
La,0Os/Ca0 catalyst. This was developed in a wide teatpez range of 700
- 950°C. Figure 1.7 shows the scheme which includes materogeneously
catalysed and one homogeneous non-catalytic (cgadtiin Figure 1.7)
reaction. Reactions of ethane and ethylene to higher hydbocer (G.)
were neglected.

A second model was suggested by Sohrabi ¢€3].for OCM on CaTiQin
the temperature range of 760-780 °C. This modelsists of four
heterogeneous reaction steps. Methane is converntetbur parallel
reactions, including coupling of methane to ethgleReactions of ethane
and ethylene to higher hydrocarbonss;.djCare also neglected. The third
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model was proposed by Lacombe effa4d] and was based on their previous
study of OCM on LgO; catalyst at 750 °C. This model consists of seven
heterogeneous reaction steps, including total amtiap oxidation of ethane
to carbon dioxide and to carbon monoxide, respelstiv

Table 1.2Stoichiometric equations of reaction models.

_ Model

# Reaction
1 2 3 4 5

(1) 2CH+1/20,—C,Hg+H0 X X X X X
2) CHy+O,—CO+H,0+H, X X
3) CH+1/20,—CO+2H,0 X X
(4) CH+20,—»CO,+2H,0 X X X X
(5) 2CH+0,—CoHa+2H,0 X
(6) CO+1/20—C0;, X X
(7) GHet+1/20,—C,Hy4+H0 X X X
(8) CHeg+0O,—2C0O+3H X
(9) CHet5/20,—2C0O+3H0 X
(10) GHet+7/20,—2C0,+3H,0 X X
(11) CoHe—CoHat+H2 X X X
(12) GH4+0,—2C0O+2H X
(13) GH4+20,—2CO+2H0 X X
(14) CoH4+30,—2C0O+2H,0 X
(15) CoHa+2H,0—2CO+4H, X
(16) COp+H,—CO+H,0 X X
17) CO+H,0—-COy+H, X X

Model 1 = Stansch et al. over Ax/CaO [52], Model 2 = Sohrabi et al.
over CaTiQ [53], Model 3 = Lacombe et al. over & [54], Model 4 =
Olshbye et al. over BaG{d a,0,(COs)3-, (NN1.5) [55], Model 5 = Traykova
et al. over LaOs/MgO [18].
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—— catalytic reaction

CH,

CO,
Figure 1.7 Reaction scheme of the OCM over the@#CaO catalyst [52].

A reaction scheme proposed by Olsbye et al. [55] @CM over
BaCQy/La,0,(COs)3-n (NN1.5) was developed at 680 to 800 °C. This
consists of seven heterogeneous and one homogemagsion steps,
including total and partial oxidation of ethanectrbon dioxide and carbon
monoxide and total and partial oxidation of eth@ldn carbon dioxide and
carbon monoxide. Finally, the last model is theskimmodel of Traykova et
al. [18] over LaOs/MgO catalyst. They suggested five heterogeneods an
one homogeneous reaction steps at 700-825 °Cdinglypartial oxidation

of ethane to ethylene, water gas shift.

The kinetic models presented above include almdistreaction steps
considered in other models with the exception efModel 2. The network
reactions consist of homogenous and heterogenemartion steps with
different mechanisms. With respect to the primdeps, methane oxidation
by two parallel reactions to.,Hs and CQ is the dominant reaction scheme
However, great differences occur in the treatmehtth® consecutive
reactions. Since, it is frequently assumed thatarethis converted
consecutively to ethylene, either by dehydrogenati@or oxy-
dehydrogenation (reactions 7 and 11 in Table 1&) and CQ. The
temperature range for the models is valid and d#pem the catalyst; the
majority of the models are valid for temperaturbsve 700°C. However,
only a few models found in literature, were perfethat temperatures above
800°C. Reactions of ethane and ethylene to higheroearbons (¢) were
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neglected since experimentally determinegd €klectivities were generally
lower than 5%.

Later in 2009, Daneshpayeh et. al. [56] develop&theatic model of OCM
over Mn/NaWO,/SiO, catalyst based on the above five models. They ased
decimal genetic algorithm [57] to estimate the apagters of the rate
equations of all mentioned above models using ttEermental data of
Mn/NaWOQO4/SIO, catalyst. In addition, the average absolute nedati
deviation (AARD) % and R-square {Rwere calculated for all reaction
networks of each model. They found that the reaatietwork of Stansch et
al. [52] had lower AARD and higher ‘Rwhen compared with others.
Therefore, considering almost all reaction stepsn&h et al.”s model
resulted to be the most suitable reaction netwddlwever, it was
considered that AARD and higher” Rvas not enough for discriminating
among the models, since the number of parametersliierent from one
model to another. Thus, a statistical method wagdiegbtaking into account
both the number of parameters and the squareduadsitb judge among the
models. They found that the reaction network ohSth et al. had a better
validation compared to other models, i.e., this eldthd a more realistic
description of OCM reaction behaviours. Kineticsettiane formation were
described by using Hougen-Watson type equationhiigciwtook into account
the inhibiting effects of oxygen and carbon dioxidiis model was able to
predict the OCM reaction in a wide range of opagatonditions.

1.7 Effect of operating conditions on G hydrocarbon
selectivity and yield

OCM is a complex reaction network of parallel andnsecutive,
heterogeneous and homogeneous reaction steps e Wigeselectivity to £
hydrocarbons strongly depends on the operating itons. They are
determined by kinetic relationships described ire tkinetic studies
mentioned above. Thus, operating conditions, schkemperature, GHSV
and CH/O, ratio play an important role on the catalytic pemiance of
OCM.

1.7.1 Influence of the temperature

A similar trend of G selectivity and yield is observed at a determined
temperature range for most catalysts investigaBedh G, selectivity and
yield increase as temperature increases passimgigiira maximum or
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reaches a plateau [58-60]. The temperature of mmaxi selectivity is
specific for each catalyst and also depends onptrtial pressures of
reactants as well as on mixing patterns which #ferdnt in various reactor
types [61]. The increase in selectivity with grogiitemperature results from
the higher activation energy of the selective, jpryrreaction step compared
to that non-selective reactions [62]. Therefore,odpction of G
hydrocarbons increases stronger with temperaturenwdiompared to CO
products [61]. A decrease of the selectivity ahhigmperatures is caused by
consecutive reactions which occur also in the dgeass@ When complete
conversion of oxygen is realized, the increasing $€lectivity is
accompanied by an increase in methane converstos.effect results from
the stoichiometry of the OCM reaction; the seleztigaction consumes less
oxygen than the oxidation to GQHowever, a decrease of selectivity at high
temperatures can be caused by oxidation efh@drocarbons and this
decrease is associated with a decrease of methaneersion for
stoichiometric reasons [61,63].

1.7.2 Influence of the CH,/O, ratio

The effect of the CHO, ratio on the catalytic performance was investidate
for a large number of catalysts [64-70,7,71]. Imgy@l, the Chkl conversion

is limited to an industrial application by G, > 2-4, as well as, selectivity
and hence, the amount of heat released. As showriguare 1.8, high
CH4O, ratio promotes high £ selectivity but low conversion. This
dependence which is common to various catalystseactor designs can be
explained by the different apparent reaction ordergrimary selective and
non-selective reaction steps with respect to oxyged methane. The
dependence of LCyield on CH/O, ratios is accompanied with methane
conversion, which means that the highesyi€lds were achieved at highest
conversion of methane but not at the highesselectivities.

1.7.3 Effect of the GHSV

The contact time is another parameter investigate®CM due to the
secondary oxidation of the hydrocarbons produdtbus, in several works
the influence of resident time has been investijaby varying the
volumetric feed flow rate in term of GHSV [52,72]73Reactants would
have a longer contact time with low space GHSV.
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Figure 1.8Influence of CH/O; ratio and temperature on the conversion of
methane and the selectivity and yield efpgoduct [74].

Conversion of oxygen increased gradually with thentact time (low
GHSV) and the course of methane conversion correfgab to that of
oxygen [72,52]. When oxygen conversion was comgleteo further
increase of methane conversion is found with theam time. Selectivity of
ethylene increased with the contact time while gakectivity of ethane was
found almost stable and slightly dropped with tbatact time. However, it
was found that oxygen achieved total conversioB0akgs m* at 830°C,
and G yield reached the maximum. A similar behaviour tbé OCM
parameters (CHand Q conversion and £ and GH,4 selectivity) was
reported by Shahri et al. [75] in the kinetic studfythe OCM on the
Mn/NaWQO4/SIO, catalyst. However, they found that oxygen was
completely consumed at a higher contact time (3§0s4n° in the
temperature range of 800-960. They noticed that ethane depends on the
temperature at longer contact times passing thrauglaximum value is also
strongly influenced by consecutive reactions esbgci at higher
temperatures. The dependence of the yield of etbyba the contact time at
low values of this parameter seems to confirm theegally accepted thesis
that ethylene is formed in a consecutive reactibatleane already reported
by Stansch et. al. [52].
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1.8 Reactor design, distributed feed of oxygen and the
membrane reactors for the OCM.

From a practical point of view, the first drawbaukntioned in section 1.3.1
can be overcome with the use of a better catalydtimproved reaction
engineering. However, the second drawback (thenemas heat effect) can
only be solved by an enhanced reactor design, sinselso influenced by
thermodynamics and fluid dynamics. As mentionesction 1.4, in the past
30 years, huge efforts have been put in catalygeldpment for the OCM
process. The results reviewed by [61,76,77] shoat ttelds of less than
25% still represent the maximum one can expect faoconventional OCM
reactor. From these reviews it would seem thatcddimlyst development
does not allow further yield increase because ef ititerplay between
heterogeneous and gas phase reactions. Thus,iorid&tboth methane and
higher hydrocarbons in reaction products would sézipe unavoidable in
the case of higher oxygen content in the feed.

Therefore, a control of temperature and the heatagement is one of the
key challenges for the industrial application. Rrsgd methods to cope with
the heat removal problem include the use of fixed Bnd single or multi-
stage fluidized bed reactors. On the other handnlon@ne reactors allow
better distribution of oxygen to improve the I&/drocarbon yield.

1.8.1 Fixed - bed tubular reactors

Fixed-bed tubular reactor has been frequently stud the OCM reaction.
Several fixed-bed reactor designs have been prdpmseontrol the high

exothermicity exhibited in the most of the catalgstformed in the OCM
reaction. Thin-bed reactor [78], sintered metalkpag [79] and monolith

reactor [80] have been used in laboratory-scale &meir catalytic

performances have allowed assuming projections@istrial-scale units,
such as multi-tubular and multistage adiabatic dixeeds. In fixed bed
reactors, the temperature control and heat manageane crucial. Since,
large exothermicity steep axial and radial tempegeagradients can occur in
the reactor bed. On the other hand, the inlet cdraton of oxygen is

limited to 20% in order to keep the hot-spot terapae below 1000 °C.

It was reported that the required tube diameteulshbe too small to be
practical at laboratory scale [81]. In fact, Tyeakt[72] studied the effect of
the tube reactor diameter under non-isothermalatabatic mode which is
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closer to practical operating conditions. They rggbthat increasing reactor
diameter caused a drop in the yield and reached a constant value (see
Figure 1.9). Bigger tube diameter leads to highemperature. It was
attributed to more reactions occurring on a sannacel area in catalyst bed
and more heat was released at the same time.

8

C, yield, %

5 ; . .
0.006 0.008 0.01 0.012 0.014 0.016
Tube diameter, m

Figure 1.9C; yield vs. different reactor tube diameter. ff6 = 10, T =
700°C [72].

The tube diameter has to be small in order to agstegp axial and radial
temperature gradients and to avoid reactor runasaangition, i.e., sudden
and considerable change in the process variablegJp Dautzenberg et al.
[81] designed a multitubular reactor with 2000 tiloé diameter 24mm and
length 2m for OCM on an industrial scale. Howewthese are impractical
dimensions but required to control heat transfed awoid temperature

runaway when compared to the reactors that wildiseussed in the next
section

1.8.2 Fluidised bed reactors

The fluidized bed reactor has been designatedfisrelint authors as the best
reactor concept for OCM reaction [61,81]. Unlikeydixed bed reactor, the
fluidised bed reactor allows managing of the huggetion heat and presents
the ability to operate in isothermal conditions abids a temperature
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runaway at the same time to continuously re-citeular even to change
deactivated catalyst. There have been a numbearvesiigations in the 90s
around the fluidized bed reactor concept [82-8B6]3,However, all of these
studies showed that only a yield of less than 19wé&6 accessible in a
fluidized bed reactor, and thus, limiting its yidtlthe similar restriction as
in the case of a fixed bed reactor.

Fluidised bed reactor design and scale-up has &eéssue for more than 50
years [87-89]. However, industrial application oCK reactors has only
been discussed briefly in some published works8f5,90]. Several cases of
poor scale-up of fluidised bed reactors for differ@pplication has been
reported in book of Kunni and Levenspiel [88] ahd toot of these failures
was basically poor knowledge of fluidised bed hytyreamics.

1.8.3 Membrane reactors

It is known that the membrane reactors presenttangial to advance the
process industry by enhancing selectivity and yialdducing energy
consumption, improving operational safety, and atumizing the reactor
system. Membrane reactors made of inert porousensel membrane tube
with a regular OCM catalyst have been studied ag@x distributor to
improve the G hydrocarbon vyield [91,92]. On the other hand, igsicbn
OCM in inorganic membrane reactors have not ordytéea breakthrough in
obtaining a higher Lyield, but also improve the understanding of the
reaction mechanism. For instance, catalyticalljvaanembrane was used to
change the OCM reaction mechanism and minimizeptasence of the gas-
phase oxygen in the methane stream [93-95].

Nevertheless, membrane reactors present inabibtyolbtain high @
hydrocarbon vyields. This because of problems initete the membrane
reactors, such as: poor membrane surface catalytaperties and
unfavourable reactor configuration. To solve thishpem, it was necessary
designing news of membrane reactors with a largmea&tion surface area
to volume ratio.

However, all these studies, involving the differerygen species present on
the catalyst surface and reactors used in the OkiMe shown that the
selectivity to G hydrocarbons decreases as the overall conversion o
methane increases. Thus they&ld, which is the product of selectivity and
the conversion, is usually limited to about 25%ve3al innovative reactor
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design approaches have been proposed and veryyiglgls (>60%) were
reported [96,97]. Nevertheless, the problem of joglds per passremains
unsolved.

On the other hand, the study of the types and sfaigygen to supply to the
OCM reaction has also been of crucial importancetrio achieving
industrially acceptable £hydrocarbon yields. An interesting alternative is
the electrochemically supplied oxygen {Q) by the use of the solid
electrolyte membrane reactor.

1.8.4 Solid Electrolyte Membrane Reactor (SEMR)

A SEMR consists in a fuel cell applied as chemiezctor that has a
membrane selectively permeated by at least ondnefcomponents of a
mixture to which it is exposed. In this reactotestst one of the reactants or
products are supplied or removed partly or whohyotigh a membrane.
Consequently, this means that the membrane sesvige avall or as part of
the reactor wall.

According to permselectivity and permeability, meeres can be classified
into two types: porous and dense membranes. Pormmsbranes offer a
high permeability to molecules but with low pernesgivity. The typical gas
transport mechanisms in porous membranes are: alatediffusion and
viscous flow, capillary condensation, Knudsen diifun as well as surface
diffusion. Porous membranes have been widely sstidgs employed in
many oxidation reactions, such as oxidative cogplof methane [98],
oxidative dehydrogenation of ethane [99] propard®]letc.

On the other hand, dense membranes have a ratffeparmselectivity to
some special species but normally a lower permigabbmpared to porous
membranes. The transport process in a dense meenbraolves oxygen
diffusion or ionic jumping in the lattice. The sbloxide dense membranes
can be classified into two types: solid electradytend mixed ion electron
conductors (MIEC). Unlike MIEC, the dominant chaeaistic of the solid
electrolytes is the ionic conductivity. In factjstusually two or more orders
of magnitude higher than the electronic condugtiviTherefore, their
classification is based on the conducting anionnyeonductors have been
discovered (H, K*, Na", Cu', Ag’, Li*, O°~, and F). However, H and
O~ ion conductors have been mainly used in SEMRs-IIR].
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The typical configuration of a SEMR is illustrated Figure 1.10; the
membrane is an oxygen-ion conductive solid elegteol The cathode is
exposed to oxygen-containing gas, e.g., air, ancatiode is exposed to the
reactants, e.g., hydrocarbons. The two electrodesannected to a circuit in
three operation modes. Open-circuit mode in whieh tivo electrodes are
connected to a voltmeter (case 1a), closed-cimuinected to an external
resistive load (case 1b), or to an exterpaler source (case 1c). This
last mode of operation is called electrochemicggex “pumping”.

In the open-circuit mode, there is no net currenbugh an electrolyte. The
difference in chemical potential is converted intbe open-circuit
electromotive force of the cell.

electrolyte

Figure 1.10Schematic diagram of a SEMR: (a) open-circuit apen
mode; (b) closed-circuit operation in a fuel cetiar; (c) closed-circuit
operation in “pumping” mode.

If the primary goal is the production of electrjcthe fuel cell operates in a
closed-circuit to convert directly chemical enengtp electrical energy. This
latter is also called fuel cell mode of operati@n the other hand, if the
primary goal is the production of B chemicals, atemal power source can
be used to impose a current through the cell inddsired direction (case
1c).These operational modes generate three bgsiicatpons of the SEMRs
as shown in Figure 1.10.
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1) Solid electrolyte potentiometry (SEP),
2) SOFCs, and
3) Electrochemical oxygen “pumping”.

Solid electrolyte potentiometry can be applied tiodg the heterogeneous
catalysis by the measurement of the activity ofgmxy on metal and metal
oxide catalysts. The basic principle of SEP isithsitu measurement of the
chemical potential difference between the two ebelds.

SOFCs combine the concepts of a fuel cell and enafa reactor to produce
valuable chemicals from the anodic reaction witkgeaeration of electrical
energy instead of pure thermal energy. In SOFGsrakfuels can be used
such as B CO, CH, and CHOH. It is because SOFCs can be operated at
high temperatures (<1073 K).

In electrochemical oxygen “pumping”, the SEMR atgrerate under closed-
circuit conditions to carry out a reaction and proel useful chemicals rather
than electrical energy. When the current is geedrapontaneously and is
either very low or in the undesired direction, atteenal power source is
used to direct and control the current.

Solid electrolyte membrane reactors present sewetahntages such as:
increased catalytic activity and selectivity, sitaneous reaction and
separation in the same advice, better processraiteqg, reduced feedstock,
and easy reaction rate contioll]. These studies provided new possible
alternatives to increase R&D activities to converethane into useful
chemicals or the co-generation of electric energywseful chemicals.

Thus, selective oxidation of methane in SOFCs hesnbstudied to co-
generate electric power and Bydrocarbons. As mentioned above, a SOFC
is a SEMR operating in closed circuit (fuel cellaed. The power electrical
and valuable chemicals such ethylene can be prdduben the ionic charge
through the electrolyte is balanced by the flowcttmic charge through an
outside circuit (Figure 1.10). Pujare and Sammelgne the first to report
the use of SOFCs for co-generation eff@drocarbons and electrical power
[104]. They obtained high £hydrocarbon selectivity (>90%) and relatively
low methane conversion.

In a SOFC the electrolyte material is interposevben two thin electrodes
(porous anode and cathode). Therefore, direct asngombustion is
prevented by the electrolyte that separates thie(e;) and from oxidant
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(O,). The oxygen is reduced to oxygen ioi @n the cathode as lattice
oxygen and migrates across electrolyte, which s¢sues as a barrier to gas
diffusion. The permeated oxygen is then activatedh® anode catalyst to
react with methane to form valuable Bydrocarbons. Many studies have
been reported focusing the catalyst preparatioaracterization and reactor
performance test. Conventional solid electrolytesduin most studies are O
ion conductors like yttria stabilized zirconia (Y)§405,106] or Ce@[107].
Catalysts such as KF, BagONaCl/MnG, SmO3 deposited on the Au-
electrode were tested by Otsuka et al. [108,108]they found that the most
active and selective catalyst was BaCOn Au, which showed high
selectivity to G hydrocarbons, but further studies were neededatolize
the catalytic activity. In addition, anode catasydr an oxidative coupling
of methane in SOFC become an important goal to angthe conversion,
selectivity, yield and stability of the reactor. iX¥dei et al. [110] combined
1wt%Sr/LaO3; and BpOs-Ag as the catalyst-electrode and they showed that
the fuel cell was operated for an extended perioiihte with selectivity to
C, hydrocarbons and CHconversion relatively constant. Wiyaratn et al.
[111], reported a possibility the simultaneous gatien of electrical energy
and G hydrocarbons over Au/LaSrMnOs; nanocomposites in an SOFC
reactor. They showed that Au nanoparticles couddiscantly improve the
catalytic performance of the composite to be usealpartial oxidation fixed
bed reactor and an SOFC reactor.

Membranes were also used in SOFCs for the OCMiogadcsuo et al. [110]
studied the effect of the SrA@s-Bi,O3-Ag-YSZ membrane composition
and revealed that an increase in the current gesteveas accompanied by a
decrease in £selectivity and an increase in ¢onversion. On the other
hand, fuel cell type temperature-programmed degorpt(FC-TPD)
technique was used to investigate oxygen specieskikipong et al. [112]
suggested that SOFC for oxidative coupling of me¢his a good reactor for
C, production and co-generation of electric powerwieer, the obtained
electricity was far from a typical SOFC which sglefor electricity
generation. Several conventional fixed bed react@f8R), porous
membrane reactor (PMR) and mixed ionic and eletraonducting
membrane reactor (MIEMR) were compared with solidde fuel cell
reactor. This latter improved ,Gselectivity compared to FBR. However,
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PMR was superior to the other reactors at low teatpee (<877°C) while
MIEMR was attractive at high temperature (>8Tj [113].

1.9 Objectives and thesis outline

OCM is one of the main processes proposed for iteetdCH, conversion to
higher hydrocarbons. Despite enormous effortsa# hot yet proved to be
commercially attractive. However, there is stilhaed to further optimize
and create a new engineering process in which O@Mbe integrated to
achieve a practical application in which active aptective catalysts play an
important role. Therefore, the main objective o$ thork is the development
of catalysts nanostructured for the oxidative comgpbf methane. The work
started with the development of mixed oxide andpsuied catalysts active
and selective for the OCM reaction. Subsequentty libst catalysts were
assessed in OCM under a wet atmosphere and thdadtes an
electrocatalytic system. The catalysts were studied characterised. The
practical feasibility of the OCM was addressed gsaress integrated with
efficient simultaneous production of @ydrocarbons and Hising a single
chamber under CHhumid atmosphere. Finally, similar studies areiedr
out in a double chamber solid oxide electrolysistoeseparately produce,C
hydrocarbons and H

The manuscript is organised in four parts and &haepters. The main core
of this thesis is composed of Chapters 2 to 8. Titi@ductory Chapter is
Part | (Chapter 1). Part Il includes Chapters 2n8 4 and they report the
use of mixed oxide for the OCM, whereas, in PhrGhapter 5), supported
catalysts tested in OCM were described, and Pa(Chapters 6, 7 and 8) in
where the efficient electrocatalytic simultaneousodpiction of G
hydrocarbons and Hwas achieved by using of the best catalyst. The
catalytic experiments were carried out in seveudletreactors, described
along the manuscript, in gas-phase and atmospbhessure.

More precisely, Chapter 2 is dedicated to the assest of cerium oxide
modified with alkaline, earth alkaline and trarmitimetal more frequently
used in OCM.

Chapter 3 consists in the study of surface oxygemiss responsible for the
OCM over cerium oxide modified with three earthadilke metals and their
relationship with the catalytic activity and surdgasic sites.
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Chapter 4 describes the structural modificationlasithanum oxide with
cerium and the influence of two preparation methtalscreate surface
oxygen species identified in the previous chapter.

Chapter 5, the effect of the amount of Ce orWa./SiO, for the OCM is
studied.

Using the best catalysts reported in previous @rapChapter 6 shows their
performance in the OCM under a £Wet atmosphere.

In Chapter 7, the catalyst reported to have theé pedormance in OCM
under CH humid atmosphere is assessed in a solid electrbkgd bed
reactor configuration for the simultaneous productof G hydrocarbons
and H.

Similar studies to those reported in Chapter 7usinng methane in a double
chamber solid oxide electrolysis cell are discussechapter 8.

Finally, Chapter 9 summarises and integrates tha omnclusions taken out
from this work and the prospects for further inigestions.
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PART Il

MIXED OXIDE CATALYSTS FOR THE OXIDATIVE
COUPLING OF METHANE






2 Ce based oxide catalysts for the Oxidative Couply of
Methane

Metals (Li, Na, Ca, Ba and Ti) have been used ety to improve the
performance of catalyst oxides for the oxidativagiong of methane. In this
work these metals were used to prepare Ce basddwxi was found that
the incorporation of Li, Na and Ca influences tlesib properties of the
catalysts. Catalytic tests were carried out aeddfit temperatures (600-800)
°C. It was observed that,Gelectivity increased with temperature passing
through a maximum around 75C on the catalysts with better performance.
The Ca-doped Cehowed the highest,Gield at 750°C. It seems that the
intermediate basic sites play a key role in the O@Hhttion.
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2.1 Introduction

Production of @ hydrocarbons (ethane and ethylene) through the @&
been studied in the last 30 years [1-6]. In fdog first fundamental work
was published by Keller and Bashin in 1982 [1].haligh, this reaction
represents a promising route for using natural tees©OCM is still not used
for commercial practice due to low overall yield1@]. The main reason is
due to several thermodynamic constraints. Firgthénabsence of oxygen the
energy changes for the gas phase conversion ofametio G hydrocarbons
are unfavourable at temperatures below 12Z50Then, in the presence of
oxygen the conversion of methane to, Qiydrocarbons becomes
thermodynamically favourable [7]. However the oVetlaermodynamically
favoured products are carbon oxides and water.eftwer, in order to obtain
the intermediate products, such ag lydrocarbons or even methanol, a
greater degree of reaction control must be gaifiée. use of active and
selective catalysts would offer a possibility thi@ve such reaction control.

A large number of metal oxides and mixed metal exidlave been reported
to catalyse the OCM [1,11-14,3,15]. It was reporthdt solid single or

mixed oxides can be active/selective catalysthenQCM [2]. The choice of

catalytic components has been one of the many foadtal aspects studied
in the OCM reaction [7,8]. However, the essentedtdires for an optimal

composition remain unknown. Alkaline, earth alkaliand transition metal

oxides such as Li, Na, Ca, Ba and Ti, have beeorteg in the literature to

be efficient catalyst for the OCM [16-20].

On the other hand, in several research works,,Ge@Qibited very low €
selectivity [2,21,22]. For example, Pacheco et [@3] reported CH
conversion of 10 % and selectivity t@ Gydrocarbons of 6 % at 75.
Nevertheless, Ce has been used in small amouptsitaote catalysts for the
OCM reaction due to its ability for transportingaches as reported by
Bartsch and Hofmann [24]. Nowadays, few works hbeen carried out
using Ce@ modified with metals which are known to promotéigher G
hydrocarbons selectivity. Therefore, in this work Na, Ca, Ba and Ti
metals are incorporated to Ce@® study their performance in the OCM
reaction at different temperatures (600-860) Temperature Programmed
Reduction (TPR) and Temperature Programmed Desorgti CQ (CO»-
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TPD) were used to investigate the reducibility ath@ base strength
distribution of the oxide catalysts and their eféeica OCM.

2.2 Experimental section

2.2.1 Catalyst preparation

Citrate method was used to prepare the oxide csalyrhis method has
been used in literature to prepare multicompongiates [25]. It involves the
formation of a mixed-ions citrate that due to these-ligand nature of the
citric acid results in a transparent three-dimemsiaonetwork which allows
preparation of highly dispersed mixed oxides frdra individual cations in
the desired stoichiometric ratio [26-28]. Thus, tixedes were obtained from
Ce(NG;)3:6H,0O (99% Aldrich), LINQ (Sigma-Aldrich 99%), NaN®©
(Sigma-Aldrich 99%), Ca(Ng),-4H,0 (99% Fluka), Ba(Ng). (Riedel-de
Haen 99%) and TiGl (Fluka98%). Figure 2.1 shows schematically the
citrate method procedure.

Metal precursors—l l/ Distillated water Citric acid

Heating at 8 &)
in paraffin oil
bath

Acid conditions

adjusted with HNQ@
(stirred to obtain a wet gel)

Dry at 120C overnight to
obtain a sponge-like material

Calcination in
air at 800C

(powder)

Figure 2.1 Schematic procedure of the oxide preparation.

Firsts, the precursors were added to distilled watethe appropriate
amounts to obtain a M:Ce molar ratio of 1:1. Cimmd was added with a
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molar ratio of acid/(Ce + M) = 1.5. Then, acid ciieths were adjusted
using HNQ@ (pH=2). The solution was heated up to 80 °C ira&ffin bath
under constant stirring to evaporate superfluoutenvahe volume of the
solution decreased and a viscous gel was obtairtexlgel was dried at 120
°C overnight to form a spongy material and finallywas calcined at 800 °C
during 6 h. The oxides are denoted ass® O (M=LIi, Na, Ca, Ba and Ti).

2.2.2 Catalyst characterisation

Reducibility and the base strength distributiontted catalyst oxides were
investigated by Temperature Programmed ReductioRRfTand CQ
Temperature Programmed Desorption,GOO,-TPD). Both TPR and C£
TPD experiments were carried out in an Altamiratrtmeents (AMI-200)
apparatus. The surface basicity/base strengthldiston of the catalyst was
measured by Temperature Programmed Desorption (TBD)CO,
chemisorbed at 100 °C for 2 h on 100 mg of catgheted in a U-shaped
guartz tube located inside an electrical furnaoe, subsequently heated up
from 100 °C to 1000 °C with a linear heating ratel® °C min' and argon
(25 cn® min %) as the carrier gas. The chemisorbed amount of W&
defined as the amount retained on the pre-satuitdyst. Then, it was
swept with pure argon (25 émmin™) for a period of 1.5 h at 100 °C. The
CO, desorbed was measured quantitatively by the M$akign/e: 44)
monitored by a Dycor Dymaxion mass spectrometer.

For TPR experiments, a mixture of 5 vol.%/Af was used, at a total flow
rate of 30 crmin™, with 100 mg of catalyst. The temperature wasdased
at a rate of 5 °C mihfrom room temperature to 1000°C, while the hydroge
consumption was monitored.

2.2.3 Catalyst evaluation

The catalytic performance of the prepared oxidesife OCM was studied
in a quartz tube reactor of i.d = 25 mm as showfRigure 2.2 which was
filled with 0.2 g of catalyst held by quartz wodhped on a support in the
shape of a cross.
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Figure 2.2 Left: (a) quartz tube reactor, (b) reduction adggfc) support in
the shape of a cross and (d) cold trap. Right: lealgeactor system
elements.

The reactor was placed into an electrical heateshasved in Figure 2.3.
Methane, helium and oxygen flow rates were regdldby mass flow
controllers (HI-TEC). The mixture of methane and/gen (CH/O, molar
ratio of 4) diluted in Helium (75% of the total ¥i) was passed through the
catalyst bed with a total flow rate of 50 tmin™. A cold trap was placed at
the outlet of the quartz tube to separate any awetewater vapour from the
reaction products. The OCM study stared when timpégature reached 600
°C. The product stream containing carbon monoxideyon dioxide, ethane,
ethylene, unreacted oxygen and methane was anabysexh on-line gas
chromatograph (GC) equipped with a thermal condiigtiTC) detector,
using a capillary column (Carboxen 1010 Plot. Scipel
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Gas outlet: Reaction zone Gas inlet:
He; O, CH, | He; O,; CH,
C,Hg; C,Hy; CH,/0,=4
CO; CO,; H,0 |

VENT

ONLINE GAS

CHROMATOGRAPH

CH, 0,

MFC: mass flow controller

Figure 2.3 Schematic diagram of the OCM setup.

It was assumed that carbon and /or hydrogen in anethwere only
converted into ethane, ethylene carbon monoxiddhooadioxide and/or
molecular hydrogen and water. Then, the conver©b6nCH, and the
selectivity of the products were defined, respatyivas follows:

2Fc ., +2Fc, tFo+F

c24

€% x100%
FCHAinlet 2 . l

CH, conversion=

2Fc y, T 2Fc,

x100%
2FC2H4 + 2Fc2|~|6 tFot |:coz 22

C, selectivity =

C, yield = (CH, conversion) x (gselectivity)/100 2.3

where Fis the flow of the species i (mol mih
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2.3 Results and discussion

2.3.1 Characterisation

2.3.1.1 Temperature programmed reduction (TPR)

As mentioned before, TPR was used to study thecteniu of Ce-based
oxide catalysts in the presence of hydrogen. A patakigh temperature
(about 850 °C) is observed in the GePR profile (Figure 2.4) which can
be attributed to Cesbulk oxygen (37) [29]. The peak shape differs for the
TigsCeasO and NasCey O catalysts. This latter is shifted by 4O towards
higher temperature, compared with Ge@® can be also observed that the
introduction of Ti generated small peaks at aba2® @nd 675°C. The
reason for these results may be due to the infrief¢he additives Ti and
Na, in both cases, leading differences in the matthl interaction.

On the other hand, the B&Les0, CasCe 0 and LpsCe 0 also show
different TPR profiles, compared to CeO'wo reduction peaks at high
temperatures (850 and 976) are observed in the B&CeysO TPR profile.

It was reported in literature that BaO is not el at temperatures below
800°C [30]. Therefore the reduction peak at 8T6can be attributed to bulk
oxygen reduction of BaO indicating no formation afbinary oxide. As
mentioned above, the peak at 8%Dis assigned to the reduction of bulk
cerium oxide.

Two peaks are also observed in the profiles of @eCesO and
LiosCe 0 catalysts (590 and 78&) and (729 and 87%C) respectively. It
is reported that calcium oxide exhibits very higlluction temperatures (>
1000°C) [31]. Therefore, the peak at about 820could be also attributed to
the bulk oxygen of ceria and the peaks at temperstoelow 876GC would
correspond to lower temperature of ceria surfaed sbduction or the most
easy reduction of surface oxygen species knownappieg oxygen [32].
Moreover, a large difference in hydrogen consunmpi® observed upon
comparison of the peak intensities of o0, BaLLesO and
LiosCe 0. The addition of Ti, Ba and Li seems to incretige amount of
hydrogen consumed for Eereduction, but this may be partly due to
moderate reduction of those metals in their ioniates in the same
temperature range.
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Figure 2.4TPR profiles of the Ce-based binary oxide catalyst

2.3.1.2 CO, Temperature programmed desorption (CQ-TPD)

Temperature programmed desorption with,G3 acid probe was used to
measure the acid-basic properties of the catallygisre 2.5 shows the GO
TPD profiles of the Ce based oxide catalysts. Fthis figure, it can be
observed that there is much larger amount of desbrEQ in the
CasCes0 and LpsCeysO catalyst profiles at temperatures above %00
Two main peaks are found; centred at 650 and®@56espectively. On the
other hand; NgCe O shows a peak at lower temperature (20). The
CeQ, BaLe:s0 and TpsCesO catalysts did not reveal significant
amounts of desorbed GO

These peaks can represent the base strength ulisnibof different
catalysts. For a catalyst having a broad site gngisgribution, the adsorbate
adsorbed on weaker basic sites is desorbed at leagveratures and that
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adsorbed on stronger basic sites is desorbed diehigemperatures.
Therefore, the strength of the particular groupasic sites can be expressed
in terms of the temperature interval in which th®,@&hemisorbed on the
basic sites is desorbed. These basic sites canldssified into three
intervals: weak (100-500) °C, intermediate (5009750 and strong (750-
950) °C. Then, based in that classification, it da@ suggested that
Nay sCe 50, CasCeasO and LpsCe O catalysts present weak, intermediate
and strong basic sites respectively. It meanstheatlifference in the amount
of desorbed C@and the base strength distribution is strongljuariced by
incorporation of Li, Na', and C&" when compared to Baand Ti* ions,
which revealed no basicity as evidenced by thezbatal lines with no
peaks in Figure 2.5.

>2] Weak intermediate  [SHONGIIT]
2.0 ! 3
18] TTQ |
1 6—- -4 Nao.sceo.so E
:"’ 14 1 Ceb.sceo.so E
8 . L —*= Bao.SceO.SO E
06 1'2__ - T.Io.sceo.so E
LE% 1.04 ——Li,Le O |
o" 0.8 |
) 1 |
0.6+ !
0.4 !
0.2 E
0.0 S ‘
T T T T T

200 300 400 500 600 700 800 900 1000
Temperature’C)

Figure 2.5TPD-CO2 profiles of the catalysts.

Therefore, both the TPR and €DPD results suggest thatolsCes and
CasCesO are more reducible and more basic by having densble
amounts of intermediate and strong basic sites aosapto other catalysts.
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2.3.2 Catalytic tests

The performance of pure Ce@nd Ce-based oxide catalysts is shown in
Figure 2.6. The reactions were carried out at diffe temperatures (600-
800) °C. It can be observed that the methane conversioreased with
temperature, particularly in the temperature ranigg@00-750°C, but in the
case of the LisCesO, NasCasO and CasCesO catalysts, it slightly
decreased at 8. Similar behaviour was observed for the flectivity
and yield of these catalysts. In fact, $lectivity increased with temperature
and passed through a maximum around C50

A similar behaviour also was reported in literat[gpwhen Ce was used to
promote a Mn-NaVO4/SIO, catalyst. In that work, the temperature of
maximum G selectivity was found at 8ZC. L. Mleczko and M. Baerns [4],
evaluated several engineering aspects in order akenOCM process
technically feasible. They point out that, in searatalysts used in OCM,
with increasing temperature,; Gelectivity as well as yield pass through a
maximum or even reach a plateau. The temperatuneagfmum selectivity

is specific for each catalyst and depends on thiaparessures of reactants
as well as on mixing patterns which are differemtarious reactor types [4].

The increase in £selectivity with growing temperature up to 74D would
result from the higher activation energy of theestiVe primary reaction step
when compared to the non-selective ones [4], tlee, formation of @
hydrocarbons can be considered as primary reastem compared to the
non-selective ones, and thereforg@ Kydrocarbons increases more with
temperature than GO However, Lin et al. [16] pointed out that the
formation of G hydrocarbons is of second order for £kadicals whereas
that of CQ is of first order. When the rate of @Hradical production
increases with temperature, relatively moreh@drocarbons than GCare
formed, compared to lower temperatures. Thereftire, G hydrocarbon
production increases more strongly with temperattae CQ.

On the other hand, a decrease of the selectivityghier temperatures (>750
°C) can be caused by consecutive reactions of ogil&thich occur also in
the gas phase as shown in the following equations:
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Figure 2.6 Performance of the catalysts at different tempeeata)
Methane conversion, (b),Gelectivity, (c) G yield and (d) GH4/C,Hj ratio.
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Figure 2.6 (Cont.)Performance of the catalysts at different tempeeat(a)
Methane conversion, (b),Gelectivity, (c) G yield and (d) GH4/C,Hj ratio.
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CoHe + 712G 2 2CO, + 3H0 2.4
CoHe + 5/2Q - 2CO + 3HO 2.5
CoHs + 30, 2 2CO + 2H,0 2.6
CoHs + 20, > 2CO + 2HO 2.7

It can be also explained by oxygen conversion. GQetapconversion of
oxygen was observed in the catalysts studied s whark. When complete
conversion of oxygen was achieved, the increasings€ectivity was
accompanied by an increase in methane conversitireitemperature range
of 600 and 700C. This effect can result from the selective reacti(Egs.
2.8 and 2.9) of the OCM [4].

CH; + 1/4G > 1/2GHg + Y2 HO 2.8
CoHg + 1/12G > C,H4 + H,O 2.9

However, oxidation of €hydrocarbons can occur at high temperature (800
°C) by the above equations (2.4-2.7), which caudecaease of selectivity.
These oxidation reactions have been reported @matire [33]. When a
decrease of selectivity at high temperatures wasezhby oxidation of £
hydrocarbons this decrease was also associateddarraase of methane
conversion for stoichiometric reasons [4].

On the other hand, the catalytic results showetidrigCH, conversion, ¢
yield and GH4/C,Hg ratio for the Ly sCesO, NasCesO and CasCe 0
catalysts when compared with pure GeBasCes and TpsCesO. These
results suggest that doping of Geth Li, Na, and Ca increases the activity
and selectivity of methane coupling specially ab #Zhd 750C. It can be
related with the results obtained from TPR and,@®D techniques. As
observed in Figure 2.4, the incorporation of methisNa and Ca) in Ce®
has a significant effect on the reducibility of kuinixed oxide, which
reflects in a difference in the TPR profiles. Thedrporation of these metals
would generate probably different defects on serfiaceach catalyst. These
defects can create important active/selective $deshe OCM reaction. It
was reported that these active/selective sitesedaged with the basicity of
the oxides [34], and this latter, plays an impdrtasle in OCM [21].
Therefore, the C&TPD results showed that the addition of Li, Na &adlto
create higher basicity when compared to £€eO
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However, the LjsCe O catalyst TPD profile reveals the highest amount o
desorbed C@ and therefore the highest basicity. It would sdéat this
catalyst showed be much more active. However, alta\tic results showed
that LipsCesO was less active when compared too4£LasO and
NaysCe 5O catalysts, as shown in Figure 2.5a, which camelaed to the
base strength distribution. As mentioned above,sQ& O has a large
amount of desorbed GGn an interval of high temperature, (750-100).
Large amounts of strong basic sites could be detriat to the OCM activity
due to CQ produced during the OCM reaction being stronglgoaded on
the strong basic sites and therefore would bloekctitalyst surface.

On the other hand, the E&£e O catalyst revealed higher amount of
intermediate basic sites and had better performartus could suggest that
weak and intermediate basic sites play an impontalet for the oxidative
coupling of methane than strong basic sites. TiNm,sCesO catalyst
showed only weak basic sites and no intermediate sirong basic sites.
However, it revealed higher activity than okCesO, which exhibit
intermediate basic sites thang¥@e 0. Therefore, the correlation between
the basicity and the activity or,@ield is rather poor. This points out the fact
that other factors than basicity are also imporitamtetermining the catalytic
performance of Ce-based oxide catalyst in oxidatougpling of methane.

2.4 Conclusions

Modification of CeQ with Li, Na, Ca, Ba and Ti was investigated in the
OCM reaction. It was evidenced that incorporatidnLg Na and Ca
increased significantly the ;Gselectivity and yield when compared GeO
This effect could be attributed to the basicityateel on the catalyst surface
and higher reducibility of the catalysts. It wasirid that G selectivity and
yield pass through a maximum in the range of teatpee between 700 and
750 °C on the LysCes0, NasCas0 and CasCesO catalysts. The
CasCe 50 catalyst showed the best performance in the O€attion. It
could be attributed to its easy reducibility andjgaamount of intermediate
basic sites.

These results reveal important information aboutdiffcation of CeQ
surface. Incorporation of metals seems to be thye ket only to improve
performance, but also can help to study the naifitbe active sites created
on the catalyst surface by incorporation of othetats.
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3 Effect of Mg, Ca and Sr on CeQ® based catalysts for the
oxidative coupling of methane: investigation on theoxygen
species responsible for catalytic performance

Ce( catalysts modified with earth alkaline metals (Mg, Ca and Sr) were
prepared by the citrate method. Different analytieehniques including DR
UV-Vis and DRIFT spectroscopy, XPS, XRD and TPD-G&®re used for
the characterisation of the catalysts. These naddenere tested in the OCM
at 700 and 750C. Results of calcined samples revealed that tleegeh
transfer from cerium to oxygen ions is shifted wh€eQ is doped,
indicating defects on the catalyst surface. A linearrelation was found
between the amount of surface basic sites andcatleeaf the oxygen species
O,~ and Q> to lattice oxygen. This behaviour is crucial foHC
conversion and selectivity to,8s and GH, at 700 and 7508C. Ca-doped
Ce(Q catalyst revealed the best performance in the O®Mc¢h could be
attributed to the similar ionic radii of €aand C&".

! Ferreira VJ, Tavares P, Figueiredo JL, Faria D122, Effect of Mg, Ca, and Sr
on CeQ Based Catalysts for the Oxidative Coupling of Meth: Investigation on

the Oxygen Species Responsible for Catalytic Pedace. Ind. Eng. Chem. Res.
51(2012) 10535-10541
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3.1 Introduction

Oxidative coupling of methane is a promising rofaiethe production of €
or higher hydrocarbons from natural gas. It is knawat CH is the most
stable alkane, and its direct conversion to highairocarbons, e.g. ethane
(CzHe), is a reaction with positive free energy charigghe OCM reaction,
methane and oxygen react on catalysts between @@0780 °C to form
C,He, which is the main product and can be subsequedethydrogenated to
ethylene (GH,). Ethylene is an important base chemical for the
petrochemical industry, and there is an increasiagnand for ethylene in
both developed and developing countries. A relevasyiect, the OCM
reaction is highly exothermic, and is favoured frifra thermodynamic point
of view. However, in the presence of @H, can be completely oxidised to
CO and CQ.

According to Ito et al. [1], who published the guisal mechanism, the
oxidative activation of methane in the catalytic @@rocess involves the
abstraction of a H-atom from methane, leading ® firmation of methyl

radicals (CH-) on the catalyst surface; two desorbed methyicadsl are

coupled in the gas phase to form ethane.

Basic oxides, such as alkaline, alkaline earth @md earth metal oxides,
single or mixed, are good catalysts for the OCMtiea. The productivity
of these systems is attributed either to the csttabasicity or to the
availability of active sites such as oxygen vacasmand/or other defects,
which are important for oxygen activation [2-5]. Has been generally
established that on metal oxide catalysts the sarfaxygen species may
consist of lattice oxygen %0, peroxide G, superoxide @, carbonate
CO5%, hydroxide OHions, etc. The O species were shown to be the active
centres on Li/MgO or Na/CaO systems [6-8]. Th& Operoxide ion was
also proposed to be an active species, espectaiyraeratures higher than
750 °C on catalytic systems such as,®4[9], Ba/MgO, Na/LaO; and
La,O5 [10].0n the other hand, superoxide species @ere observed on
catalysts such as LaOF [4], Ba/A0i [3] and Y,03-CaO catalysts [11].

The influence of cerium on the oxide systems fer dixidative coupling of
methane is of particular interest, due to its droel redox properties.
Cerium added to Li/MgO and Na/MgO was studied bylliRaet al. [12],
who observed an improved activity and selectivitwdrds G hydrocarbons.
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This behaviour was attributed to the presenceféérént active sites. Shahri
et al. [13] showed that 5%wtCe promotes the agtiaitd stability of the
Mn-NaWO,/SiO, catalyst. However, from the catalytic point ofwieother
studies revealed that Ce®xhibited low selectivity to coupled hydrocarbon
products [14], and Choudhary et al [15] studied itifuence of the rare
earth oxide(s) pre-coated on catalyst support enctinversion, selectivity,
yield and product ¢H4/C,Hs and CO/CQ ratios. They reported a poor
performance when CeQvas precoated on the commercial support ¢CH
conversion < 0.1%).

Although there are many reports on alkaline eaxides doped with small
amounts of Ce for the oxidative coupling of methde& papers focus on
the modification of Ce@using alkaline earth metals, and up to now, no
evidence was presented to explain the surfaceréesatf such catalysts [16].
Therefore, the aim of this chapter is to invesggdie structural and surface
modifications due to three alkaline earth metalg,(l@a and Sr) that may
explain the improved performance of doped ¢@Dthe OCM reaction.
These metals were chosen due their ionic radis known that the ionic
radius varies with the coordination number [17]%'Gand C&" have similar
ionic radii, while Md* has a lower ionic radius and®Shas a higher ionic
radius than C&.

Therefore, the effect of the above mentioned metalghe structural and
textural properties of the samples was studiedC#té coordination number
being shifted by incorporation of these metalspanticular, various oxygen
species are formed by adjusting the ratio ofM@g&*, and St* cations in
the catalyst surface. X-ray photoelectron spectmegc (XPS) and
Temperature Programmed Reduction (TPR) were useddentify and
quantify the surface oxygen species. Moreover, shdace basicity/base
strength distribution was studied using TemperaRrogrammed Desorption
of CO, (CO,-TPD). Diffuse Reflectance Ultraviolet-Visible (DRV-Vis)
spectroscopy was performed to study the naturdhandoordination state of
the surface oxide species, and X-ray diffractioiRDy to corroborate the
existence of different surface distortions on thedified ceria crystals.
Diffuse Reflectance infrared Fourier Transform (BR) spectroscopy was
used to qualitatively characterise the materialiface. Along these lines,
the relationship between the surface oxygen speara$ the catalyst
performance for methane coupling is discussed.
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3.2 Experimental section

3.2.1 Catalyst preparation

Preparation of materials was carried out by thestgtmethod. This is used
to prepare multicomponent oxides [18], allowing fireparation of highly
dispersed mixed oxides from the individual catioms the desired
stoichiometric ratio [19,20]. In addition, this rhet involves the formation
of a mixed-ions citrate that, due to the threeddyanature of citric acid,
yields a transparent three-dimensional networkZ1P,The catalysts were
obtained from Ce(Ng)s-6HO (99% Aldrich), Mg(NQ)2-6H,0O (98%
Fluka), Ca(NQ).:-4H0O (99% Fluka) and Sr(N£) (Sigma-Aldrich). These
precursors were dissolved in distilled water in #ppropriate amounts to
obtain a M:Ce molar ratio of 1:1 (M= Mg, Ca and.®jtric acid was added
with a molar ratio of acid/(Ce + M) = 1.5. Acid alitions were adjusted
using HNQ. The solution was heated up to 80 °C in a pardffith under
constant stirring to evaporate superfluous wates, violume of the solution
decreased and a viscous gel was obtained. The geldwed at 120 °C
overnight to form a spongy material and then it wakcined at 800 °C
during 6 h (See Figure 2.1).

3.2.2 Catalyst characterisation

As mentioned in section 3.1, the surface oxygercispeformed and the
surface basicity/base strength distribution weradisd by means of
spectroscopic techniques such as Diffuse Refleetduitraviolet-Visible

(DR UV-Vis), Diffuse Reflectance Infrared Fourierahsform (DRIFT) and
X-Ray Photoelectron Spectroscopy (XPS), togethdin WiRay Diffraction

(XRD), Temperature Programmed Reduction (TPR) a@d Temperature
Programmed Desorption (GAPD) techniques.

The DR UV-Vis spectra of the powder solids were soeed with a Jasco V-
650 UV-Vis spectrophometer equipped with an integga sphere
attachment (JASCO ISV-469). The spectra were recbreh diffuse
reflectance mode and transformed by the instrursefitvare (JASCO) to
equivalent absorption Kubelka-Munk units over thavelength range
A=200-800 nm.

On the other hand, DRIFT spectroscopic analyséiseo$olid materials were
done on a Nicolet 510P FTIR Spectrometer, with a KBam splitter for
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mid-IR range and a pyroelectridetector with deuterated tri-glycine sulfate
(DTGS) and KBr windows equipped with a special beam ctdlec
(COLLECTOR from SpectraTech), fixed on a plate foonsistent
experimental conditions. The collection angle falbpi steradian, collecting
a maximum 50% of the available diffuse energy asdlicing the spot size
of the FTIR beam by 1/6. When required, the speadaponent was dealt
with the blocker device, which minimises distortiorhe instrument was
always purged with dry air which was passed throagtiter to partially
remove CQ and moisture (Balston air purifier with filter).afples were
ground and "diluted" with KBr powder, with pure KBowder used as the
blank. Then, the samples were used in a micro-odpspectra taken at room
temperature. Typically, about 256 scans were regbifdr each spectrum
with a 4 cm? resolution. The instrument software (OMINC) coriedrthe
interferograms to equivalent absorption units e Kubelka—Munk scale.

CO,-TPD and TPR experiments were carried out in aarAita Instruments
(AMI-200) apparatus. The surface basicity/basengtte distribution on the
catalyst was measured by temperature programmedpdies (TPD) of CQ
chemisorbed at 100 °C for 2 h on 100 mg of catgheted in a U-shaped
guartz tube located inside an electrical furnaoe, subsequently heated up
from 100 °C to 1000 °C with a linear heating ratel® °C min' and argon
(25 cn® min ) as the carrier gas. The chemisorbed amount of @&
defined as the amount retained on the pre-saturedéalyst after it was
swept with pure argon (25 émmin %) for a period of 1.5 h at 100 °C. The
CO, desorbed was measured quantitatively by the M®8akigm/e: 44)
monitored by a mass spectrometer (Dymaxion 200 Ametek). A mixture
of 5 vol.% H/Ar was used for TPR experiments, at a total flaterof 30
cm’min™, with 100 mg of catalyst. The temperature wasdased at a rate
of 5 °C min' from room temperature to 1000°C, while the hydroge
consumption was monitored.

Patterns of XRD diffraction were used to identifie tcrystallographic phases
present and calculate the crystallite size. The XdREctra were recorded on
a PANalytical X'Pert MPD equipped with a X'Celerataetector and
secondary monochromator (CuoK. = 0.154 nm, 50 kV, 40 mA; data
recorded at a 0.017° step size, 100 s/step). Rietwefinement with
PowderCell software was used
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Finally, XPS analyses were performed with a VG f&iiie ESCALAB
200A spectrometer. The O 1s envelopes were decaeeblinto the
contributions of corresponding surface oxygen sgecising the software
XPS-peak. For all the computer fits, the XPS peakse assumed to have
80% Gaussian plus 20% Lorentzian peak shape. Theotoess of the
analysis method was checked by deconvolution ofinaulated peak
composed of four single peaks with known bindingrgg and peak width
values.

3.2.3 Catalyst evaluation

The catalytic performance of the prepared oxidegHe oxidative coupling
of methane was studied in a quartz tube reactadcef 25mm as shown in
Figure 2.2 which was filled with 0.2 g of catalystld by quartz wool. The
reactor was placed into an electrical furnace (Biggire 2.3). Methane,
helium and oxygen flow rates were regulated by nilase controllers (HI-
TEC). The mixture of methane and oxygen ¢4 molar ratio of 4) diluted

in Helium (75% of the total flow) was passed throtige catalyst bed with a
total flow rate of 50 cthmin™. A cold trap was placed at the outlet of the
quartz tube to separate any condensed water vafjponr the reaction
products.

The OCM study started when the temperature rea6B8d’C. The product
stream containing carbon monoxide, carbon dioxid#hane, ethylene,
unreacted oxygen and methane was analysed by afineongas
chromatograph (GC) equipped with a thermal condiigt{TC) detector,
using a capillary column (Carboxen 1010 Plot. Sepgellt was assumed that
carbon and /or hydrogen in methane were only cdegemto ethane,
ethylene carbon monoxide, carbon dioxide and/oremdér hydrogen and
water. Then, the conversion of ¢Hnd the selectivity of the products were
defined, respectively, as follows:

2FC2H4 + 2|:c2H6 +Feo +F

CH, conversion= % 100% 3.1

FCHAinlet

2Fc ., t2Fc .

2FC2H4 + 2FC2H6 +Feo t+ Fco2

C,selectivity == x100% 3.2
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where Fis the flow of the species i (mol mih

3.3 Results and discussion
3.3.1 Characterisation

3.3.1.1Diffuse Reflectance Ultraviolet-Visible spectroscop (DR UV-Vis)

Diffuse Reflectance Ultraviolet-Visible spectrosgowas used to explain
changes in the coordination number of the surfatges. Figure 3.1 shows
the DRUV spectra. Bands at 250 and 354 nm for {&a@ be attributed to
the charge transfer €& O*"and C&'¢ O*" respectively [12].The DR-
UV results showed that the absorption bands aezi@d by incorporation of
Ca and Mg. The presence of band shifts suggestsretit coordination
numbers for the oxide [12].

3.04 Cq,Cq O

2.5 MgO.SceO.SO

2.0 _.:'; .

1.54

Kubelka-Munk (a.u.)

1.04

0.54

0.0 T T T — T | — | — I E— | E—  —
250 300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 3.1DR-UV spectra of CaCe 5O, Mg sCa 50 and CeQcatalysts.

The addition of Ca shifts absorption bands of*Gem 249 nm to 258 nm
and C* from 354 nm to 325 nm in the £ sO catalyst. These absorption
band shitfts can be assigned to the bands withrlgamout 8) coordination
number. This suggests the formation of surface attefen the Ca-doped
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Ce(Q leading to surface imperfections. Similarly, Mg feghithe 354 nm
absorption band to 334 nm in WgesO, suggesting less surface
imperfections.

3.3.1.2 Diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy

From the DRIFT experimental results, the Ospecies was detected by the
band of 873 c on CasCeasO and 860 cil on the S§sCa O catalyst
(Figure 3.2). This band is attributed to the vilmatof dioxygen as in
adsorbed peroxide species,tOu9 [22].

(d)

:

Kubelka-Munk (a.u.)

(b)

1200 1000 800
Wavenumber (chlj

Figure 3.2DRIFT spectra of the catalysts (a) synthesisedl énd
commercial ) CeQ; (b) Mg sCe s0; (c) CasCes0; (d) SesCes0.

The region 970-700 ciior dioxygen adsorption is typical for,.6J in metal
complexes [22]. In the MgCe O catalyst, the band corresponding 5O
species occurs with lower intensity when compacethé above mentioned
materials. In the synthesised and commercial C#® band attributed to
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0O, species was not detected. Therefore, vibratiopattsa by DRIFT
confirms structural modifications by the introdwactiof Mg, Ca and Sr. The

vibrational structure of the surface being more@td by Ca and less by
Mg.

3.3.1.3 X-Ray photoelectron spectroscopy (XPS)

As mentioned above, XPS technique was used to tiga¢s the surface of
the Mg sCa 0, CasCas0, SpsCeasO and Ce® catalysts. Their binding
energies are summarised in Table 3.1. The O ldrapeicthe samples, as
shown in Figure 3.3, are used to identify the celing oxygen species on
the surface of the catalysts. As can be obsertedFYWHM (full widths at

half maximum) of the O 1s measured spectra arestattgan that of the
single species, which was between 1.8-2.0 eV. kigr gurpose, the O 1s
spectra of the MgCesCe, CasCe 0 and S¢§sCesO catalysts could be
deconvoluted in four peaks corresponding to théeiht oxygen species.

These can be assigned to Q CO*~, O,>~ and G [23-27], the actual
values being given in Table 3.2

Table 3.1XPS binding energies (eV) and corresponding FWHBt\Ween

brackets).
ca** ca®* Mg* s S Celv CelV
Catalyst
(2ps)  (2pap) (2p)  (3ds) (3d3)  (3ds2)  (3dsp)
350.2 346.7 882.0 900.2
Calead 2 @3 T 7 T @0 (29
49.4 882.3 900.8
MosCRO = == o T T 2.6) (27)
133.4 135.2 2.2 900.7
oL Yo S — e 138 88

1) (22) (28 (2.9)
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Table 3.2Curve-fitting results from XPS data.

O 1s binding energies (eV)

FWHM (between brackets) (O + 0,)/
Catalyst Relative amount of the oxygen species (%) o
0> 0, COs™~ 0,

529.15 530.75  532.01
CeQ, (1.9) (1.6) (2.1) 0.16
76.86 12.30 10.84

529.20 530.78  531.89  533.01
MgoCe:O  (1.9) (1.8) (2.0) (2.0) 0.40
51.48 11.62 27.72 9.18

528.88 530.93 532.00 533.05

CaLla (2.0 (2.0) (1.9) (2.0) 1.31
40.34 49.99 6.76 2.91
528.5 530.6 531.90  533.03

Sh.:Ce 0 (2.1) (2.1) (2.0) (1.8) 0.73
54.23 37.56 6.41 1.81

The fit observed in Figure 3.3 shows the contridoubf single species which
was computed using an experimental methodologyaissg) fixed binding
energy and reasonable peak width to each specés®dBon these primary
results, the software allowed to adjust the bindergergy and the peak
widths of the four peaks. Thus, the binding energiedd peak widths
obtained typically differed by less than 0.32 eVislconfirms the goodness
of the fit to the experimental data; therefore soable physical meanings
can be derived.

The relative amounts (%) of the oxygen species wefteulated from the
areas under the curves for each sub-peak. Théveelnounts of the £~

and Q oxygen species vary much more when compared \wihldttice
oxygen species. It is known that the electroptolkygen species are active
for the OCM. Thus the ratio of surface electroghilkygen to lattice oxygen
species, i.e. (8 + O,7)/ O*~ was estimated. These results are summarised
in Table 3.2. Significant variation of the ratior fthe different catalysts is
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observed, indicating the influence of the incorpedametal on the relative
amount of electrophilic oxygen.

CeQ

2

= =

6 524

Binding Energy (eV)

Figure 3.301s binding energy spectra of the various sanfpte$ referring
to experimental data; () showing contribution of single species, (+++)
showing sum of the computer fitted contributioreath single species. (For
sample identification see the left upper cornesath spectrum).
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SrO.SCeO_SO

538 536 534 532 530 528 526 524
Binding Energy (eV)

Figure 3.3 (Cont.)O1s binding energy spectra of the various sanipte3
referring to experimental data;,J showing contribution of single species,
(+++) showing sum of the computer fitted contribuatiof each single
species. (For sample identification see the leftemgorner of each
spectrum).
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3.3.1.4 X-Ray diffraction (XRD)

The XRD technique was used to study the effecthef incorporation of
metals such as Mg and Ca in Ge®igure 3.4 shows XRD patterns of
samples with nominal compositions of GeQa Ce 0 and Mg sCe 0.
The diffraction lines correspond to the cubic siuue of CeQ@ and the Ca,
Mg doped Ce@ Figure 3.4 (inset) shows that z8& 0 and Mg sCe O
revealed a larger peak broadening when compardd @&Q (see peaks
attributed to the (1 1 1) and (2 0 0) reflectin@r@s). In the case of
CaCe 50, the line broadening analysis indicated a deeréa<rystallite
size from 45.9 to 29.8 nm, while MgCe, sO revealed a decrease from 45.9
to 26.5 nm (calculated from XRD pattern). LattiGggmeter shifts were not
observed in the oxides, indicating that latticetatisons were not produced
by incorporation of the metals. In addition,(@@e, 5O displayed diffraction
peaks of CaCg¢) meaning no formation of binary oxide. Howeveg #hifts
of the absorption bands in the DR-UV spectra aral decrease in the
crystallite size suggest important surface modiiices due to the
incorporation of Ca and Mg.

Noal et al. [28], studied the interaction of Mg lwithe CeQ surface and
suggested that the incorporation of Mg in the s@fareates localised
distortions around the Mg lattice s#®lg-O distances. They also showed
that the geometry of the surface oxygen atoms, endistorted by their
motion towards Mg, remains quite symmetric uponidgpin addition, a
lower valent dopant substitutes a higher valenboagenerating an oxygen
hole polaron, compensating the lower valence of Myl Ca by the
formation of oxygen vacancies [28]. On the othencdhahe DR-UV results
are consistent with the binding energies of thdonatin the catalysts
obtained by XPS analysis (Table 3.1), which indiciat the metal cations
are in their higher oxidation states, i.e.,'C#g?*, SF* and C4&".

Nevertheless, it can be observed in Table 3.1 @&=Ce)sO showed lower
Ce(3d/,) binding energy when compared with MGe O and both have
lower energy when compared with literature[29] ~882V. The Ce(3¢h)
binding energy shift from high to low energy canatiibuted to the shift of
the Ce 3d chemical environment [30] meaning thatellectron cloud density
of Ce was increased. This result indicates thah bdg and Ca may be
bonded to C¥ on the oxide surface.

78



MIXED OXIDE CATALYSTS FOR THE OXIDATIVE COUPLING METHANE

(111)
~ (200)
EIC!
—_ é (b) A
= E
E‘., (a)‘ E—
27 28 29 30 31 32 33
..;‘ (111) 20 (degrees)
(7))
c (220) (311)
) (200) 331
§ (c) (222) (420) (331)
b A A A AA:CaCCg
@ ), A ]
v T v T v T v T v T v
20 30 40 50 60 70 80
20 (degrees)

Figure 3.4 X-ray diffraction profiles of (a) MgsCe) 50O, (b) CasCa O and
(c) CeQ, showing the effect of calcium and magnesium dgoin the
crystal structure of CefONotice in the inset, as the peak intensity desgsa

3.3.1.5 Temperature programmed reduction (TPR)

The presence of the,0, O,>~ and G~ species was also confirmed by TPR
of the samples (Figure 3.5). A high-temperatureke®50 C) of the Ce®@
TPR profile was observed corresponding to the reolucof bulk oxygen
(0*7) and the formation of cerium oxides of lower oxida state [31,32)].
The high temperature peak is also observed (828@8dC) when cerium is
doped with Mg and Ca.

On the other hand, cerium doped with Ca has a lpegé in the~500-600
‘C temperature range. This can be assigned to Iteveperature catalyst
surface shell reduction or reduction of surface @nd Q%" species [33].
The size of the low temperature peak would be dédgnon the method of
preparation and on the amount of surface oxygeonanattached to surface
Ccd&* and C&" ions. However, MgsCea O exhibited two low temperature
peaks £500 and 610C) which are much smaller than the large peak wf lo
temperature corresponding togg@e) 5O registered in the above mentioned

79



MIXED OXIDE CATALYSTS FOR THE OXIDATIVE COUPLING METHANE

temperature range. This would indicate that in Mup CeysO catalyst the
amount of bulk oxygen (©) is larger when compared with the other
oxygen species, which is supported by the relatimeunt (%) of the oxygen
species calculated from the WigeysO and S¢gsCesO O 1s spectra (Table
3.2).

CaO.SceO.SO

MgOISCeO'SO

TCD signal (a.u.)

CeQ

2

I I

T — T T T T T T '
200 300 400 500 600 700
Temperature’C)

T I T I T I
800 900 1000 1100
Figure 3.5TPR profiles of the catalysts.

3.3.1.6 CO,Temperature programmed desorption (CQ-TPD)

The acid-base properties of the catalysts were mned$y TPD with CQas
acid probe. Figure 3.6 shows @OPD profiles of the catalysts which
represent the amount of G@esorbed (umolts') vs. Temperature. For a
catalyst having a broad site energy distributibe, €Q adsorbed on weaker
basic sites is desorbed at lower temperatures tsatdatisorbed on stronger
basic sites is desorbed at higher temperaturesefdne, the strength of the
particular group of basic sites can be expresseadrins of the temperature
interval in which the C@chemisorbed on the basic sites is desorbed.

The strength of the basic sites determined by, €@emisorption was
estimated from the area under the TPD curve, aadsified into three
intervals: weak (50-500°C), intermediate strendif0O¢750°C) and strong
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(750-950°C). These intervals were chosen accordinghe TPD peaks
observed for each catalyst.

A comparison of the catalysts for their basicitglbasites of different
strengths shows that the basicity and strengthrilalision are strongly
influenced by introduction of Ca Mg and Sr when pamed with Ce@
which revealed 1@mol g* of desorbed C&(Table 3.3). The addition of Ca
and Mg resulted in the creation of more intermedibasic sites when
compared with strong basic sites. However, L& sO had larger amounts
of total basic sites than MgCeysO and SgsCesO catalysts. This result
could be related with the basicity attributed te #mions (@, O, and
O?") exposed on the surface of the catalyst [34].

M,.Ce O

Weak [Intermediate

7

250 500 750 1000
Temperature’C)

Figure 3.6 CO,-TPD profiles of the catalysts. M=Mg, Ca and Sr.

This can be corroborated in Figure 3.7 where aalimelationship between
the amount of total of basic sites and the’{O+ O, )/ O*™ ratio (evaluated
from Table 3.2) was obtained.
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Table 3.3Surface basicity/base strength distribution

Basic Sites gmol g%

Catalyst
(100-500) °C  (500-750) °C  (750-1000) °C ot
Weak Intermediate Strong
CeQ 10 4 6 19
Mgo sCe sO 42 57 23 122
ShsCe O 196 50 14 260
CaLq:0 52 503 37 592
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Total desorbed COumol g°)
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(O,+ 0,")/0” ratio

Figure 3.7 Linear relationship between the total amount eflihsic sites
and the (&~ + O,7)/ O*™ ratio.

The basicity strength of the surface sites is awmreid to be dependent on the
effective charge on the anions and /or their co@tibn number on the
surface. Surface imperfections such as steps amda lare expected to be
responsible for the presence of sites of diffebasic strength [34]. All these
results point to the fact that both atomic and mwall#r oxygen species with
various charges are present on the surface ofatiadysts.
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3.3.2 Catalytic tests
Catalytic tests were carried out at two temperat(iré0 and 756C). Figure
3.8 shows the conversion of methane and Figureti89selectivity for

MgosCe 0, CasCe 50, SksCea 0O and pristine Ce
MO.SceO.SO

| 7[30

N T
&

CH, conversion (%)

[ 20

ay, 0700

fe(q
Figure 3.8 Methane conversion of the catalysts at 700 and®C58=Mg,
Ca and Sr.

It can be observed that Gldonversion and £selectivity on CasCe sO was
much higher than CeQand Mg sCe 0. However, comparing §CeysO
with CeQ the effect of Sr on the conversion was about 30%e same
behaviour was observed for the selectivity towafds hydrocarbons,
suggesting that doping of Ce@ith Ca and Sr increases the activity and

selectivity of methane coupling at 700 and 760
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M 0.SCeO_SO

C, selectivity (%)

ey,
q‘(/,-e (OC) CeO2

Figure 3.9 Selectivity of the catalysts at 700 and 760 M=Mg, Ca and Sr.

Doping CeQ with Mg®*, C&* and Sf* cations can create interstitial oxygen,
and therefore oxygen species in the oxide surfacetare. The ratios of
surface electrophilic oxygen to lattice oxygen sggci.e. (&*~ + O, )/
O*", in CeQ, MgoCea 0, SksCe 0 and CasCesO were evaluated from
Table 2.2 and related to their corresponding, €bhversions as well as to
the GHes and G selectivity at the reaction temperatures of 700 Z60°C.
The results are shown in Figure 3.10. These resalishelp to identify the
oxygen species that are responsible for the agtwitmethane oxidative
coupling to G hydrocarbons. The proportional relationship betwte ratio
and the conversion of methane points out to thecefif the surface oxygen
species, as compared to lattice oxygen, on theityctf the catalyst. A
similar trend can be observed for the selectivtZiHs and G hydrocarons,
with the exception of the MgCesO sample, which shows a much lower
selectivity to G hydrocarbons than G&esO, although slightly higher
than CeQ.

It is hard to distinguish the contribution of,Oor O,*~ on the OCM
reaction solely from the above results. Lunsfordlgb] claimed that @ is
stable around 200C. However, it is known that the reactivity of, O
increases with the temperature [5], and Osada. eteak able to show that
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O, species could be stable up to P&0to react with Cliover Y,0s-CaO
catalysts [11]. On the other hand, several stuldie® evidenced the role of
surface peroxide £ ions as the active species [35].
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Figure 3.10Conversion of methane andH and G selectivity versus the
(0,>~+ O,7)/ O° ratio of the catalysts at 700 and 78D

Otsuka et al. found that Ma,, SrG, and BaQ were capable of converting
CH, into GHe at temperature below 46Q in the presence ofJ36].
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On the other hand, Dubois et al. suggested thaixgearbonate ions are
formed in the reaction between superoxide ionscaltionate ions, formed
from the CQ produced by methane oxidation and that these rigeeto the
formation of peroxide [27,35], i.e. £, according to equations (3.3) and
(3.4):

CO>Z +0, > COZ +0 3.3
200 > O, 3.4

These authors then suggested that the peroxidecoofd be the active
species for the methane coupling reaction. Inwgk, the surface of CeO
was modified by the incorporation of Mg and Ca,atig Q@ and Q%
species as corroborated by XPS. Catalytic reshlbsved that the catalytic
performance to form £hydrocarbons depends on these surface oxygen
species. Although £ ions can be formed by equations (3.3) and (3.4)
during the OCM reaction, conversion through equetig3.3) and (3.4)
should not be significant, since all the catalyésults revealed a higher @O
selectivity compared to CO.

Concerning the individual contributions of surfa®@g~ or O,* ions to the
OCM reaction, CasCe sO revealed higher relative amounts af Ospecies
than Mg :Ce 0, as shown in Table 2.2. Moreover, the doped L£eO
catalysts present defects when ¥jgCa* or SF* substitutes Cé surface
ions. The XRD results suggest that #gC&* and St ions would be
incorporated into an “interstitial” site on the fage, as substitution ions on
cerium sites, with oxygen vacancies for charge aamsption. Then, filling

of oxygen vacancies by molecular oxygen would fahe @~ and Q%
species.

Finally, as mentioned before, DR UV spectra sugtfest the coordination
number (CN) of C¥ ions would shift to lower coordination number when
metals are incorporated. Therefore, the ionic duould decrease from
1.34 A (CN=12) to 1.14 A (CN=8) [37]. While the iorradii of Ca and Ce
are similar, Mg presents a lower ionic radius t&#’, which may cause a
different lattice distortion, thus affecting thepgy of active sites present in
the samples. This is reflected in their catalytthaties. Calcium ion with an
ionic radius of (1.12 A), similar to the Ce ionamius (1.14 A), exhibited (in
the CasCeysO catalyst) higher CHconversion when compared with?Sr
and Md" ions, whose ionic radii are 1.26 and 0.89 A (Fég8t1l). The
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MgosCesO catalyst showed lower activity and selectivityimiar
behaviour is observed upon incorporation of' Swhich has larger ionic
radius than C®. This would indicate different lattice distortiorend
creation of less active sites with increasing dédfeee between the dopant
ionic radius and the Ceionic radius Ari).

30

quSCeOEO

CH, conversion (%)
[y =
.9

Figure 3.11 CH, conversion at 708C versus difference between ionic
radius of the metal and Car).

In other words, these different lattice distortiodstected on the catalysts
through DR UV-Vis and XRD analyses, would be redatgth the creation
of the surface oxygen species which were identifiesing TPR.
Quantification by the XPS analysis allowed to ekpldne influence of the
superoxide and peroxide species in the OCM reaction

3.4 Conclusions

The oxygen species responsible for catalytic peréorce were investigated
in OCM. It was evidenced that incorporation of ¥gC&" and Sf* cations
into CeQ surface, as substitution ions on cerium, creaxggen species in
“interstitial” sites on the oxide surface. This deato an abundance of
electrophilic oxygen species £ and Q™) on the catalyst surface. A linear
relationship between the total amount of basicssited the (&~ + O,7)/
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O*" ratio was found. The amount of basic sites,,G8nversion, and
selectivity to GHg and GH,4, are controlled by the relative amount of
electrophilic oxygen species to lattice oxygen loa surface of the catalyst.
It is possible that the metal ionic radius influes¢he lattice distortion, thus
affecting the type of active sites present in thmgles. Similarity between
the C&" and Cé& ionic radii suggests a lattice distortion to ceeatgher
amount of electrophilic oxygen species, which @8ein the best
performance for the oxidative coupling of methane.

Results obtained in this work suggest that therobof the amount and type
of surface oxygen species on Gedéased oxides allows to obtain catalysts
active and selective catalysts to formhydrocarbons.
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4 Ce-doped LaO; based catalyst for the oxidative coupling of
Methane: Influence of the preparation method on thesurface
oXxygen species

In this chapter, the effect of ceria on the OCMhwite-doped L#Ds in a
La:Ce molar ratio of 75:25 using two preparationthnds, namely citrate
and solvothermal methods, is presented. DR UV-W&D and XPS
techniques were used for the characterisation ef dhtalysts. Results
revealed a high concentration of surface oxygeradudition, different types
of ions (C&" + Cé™) were detected on catalyst surface. The occurrefce
more surface C& and higher ratio (§~ + O )/ O°") were obtained in the
oxide synthesised by solvothermal method, affecthrgg OCM reaction in
terms of higher €hydrocarbons selectivity. This behaviour can Iebated
to the higher relative amount of Gspecies on the catalyst surface.
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4.1 Introduction

Oxidative coupling of methane has been studiednduthe past three
decades for the production, @ydrocarbons (8 and GHa), particularly
C,H4 which is an important base chemical for the péteogical industries.
In this reaction, it is imperative to control th&idation of CH and G
hydrocarbons, in order to avoid further oxidationQO and CQ@ The Q%
O~ and G ions are considered to be the oxygen species msipe for
methane activation to form methyl radicals @H which are coupled to
produce G hydrocarbons [1-5].

It is known that LgOs is an effective catalyst for the OCM reaction [§-1
Gellings et al. [13] pointed out in their reviewaththe activity of lanthanum
oxide catalysts is correlated with their ability(te)generate reactive oxygen
hole centres (&~ and O") by reaction between gaseous oxygen and oxygen
vacancies at the surface. On the other hand, Yataast al. [8] suggested
that Q> species would be decomposed into active oxygeciespgrobably
20, which would interact with methane to form ¢Hadicals. However,
these studies do not differentiate the contributibthe @~ and O™ ions in

the OCM reaction. The nature of the active oxygpecees in LaO; has
been subject of debate, but there are only a fevksv@cused on the study
of the oxygen species which are the most activetferOCM over LgO3
based catalysts. CegChas excellent redox properties due to the easy
reduction of C& to C€® associated to the formation of surface oxygen
vacancies in the crystalline lattice [14] offeringxygen storage
property/capacity [15,16] . For that reason, Celde®n used as doping agent
in several catalysts to promote their performamc@®CM [16-18]. In this
work, LaO3; doped with Ce was prepared by two different methotsate

and solvothermal methods) and the oxygen ions ero#ide surface were
examined to explain the active sites for the OChttien.

Different techniques were used to achieve thisative. Diffuse Reflectance
Ultraviolet-Visible (DR UV-Vis) spectroscopy was @@ed to study the
nature and the coordination state of the surfacgeogpecies. On the other
hand, X-ray diffraction (XRD) was used to corrolierahe existence of
different lattice strains in modified k@s; crystals and the XPS spectra of
electrons of inner subshells Ce 3d and O 1s ofctimaposite oxide were
obtained by mean of X-ray photoelectron spectrogcOfPS). Principal
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component analysis and curve fitting were applied determinate the

oxidation states and their relative surface prapost The characteristics of
XPS Ce 3d and O 1s spectra were the focus of tly,sin order to discuss
the surface oxygen species and the catalyst peafwwen on the OCM

reaction.

4.2 Experimental section

4.2.1 Catalyst preparation

The citrate and solvothermal methods were usedrépgoe the materials.
The citrate method allows the preparation of higtigpersed mixed oxides
from the individual cations in the desired stoichairic ratio [19,20],
involving the formation of a mixed-ions citrate dioethe three-ligand nature
of citric acid, resulting in a transparent threexdnsional network for
subsequent calcination. The second method used tinassolvothermal
method, which permits the modification of precif@&s gels or flocculates
induced by temperature under aging or ripeninghi piresence of mother
liquor (solvent) [21,22]. Reactions occur at tengpares above their normal
boiling point containing the reaction mixture withia pressure vessel
(autoclave) subjected to autogenous pressure [R3TB¢ obtained solid is
washed, dried and finally calcined at the desiesdperature.

Thus, La-Ce mixed oxides were prepared from CeglN6HO (99%
Aldrich) and La(NQ)s- 6H,O (99% Fluka) precursor solutions in appropriate
amounts to obtain a La:Ce molar ratio of 75:25tHa first method, the
precursors were dissolved in water and then airid was added in a molar
ratio of acid/(Ce + La) = 1. The final solution wasated up to 80 °C under
constant stirring to evaporate superfluous watdil @n viscous gel was
obtained, which was dried at 120 °C overnight torfa spongy material
that was calcined at 800 °C during 6 h (see Figutg

Using the second method mentioned above (solvotilermethod), a
solution was prepared by dissolving La(j$6HO and Ce(NG)3: 6H0 in
methanol in appropriate amounts to obtain the alm@stioned molar ratio.
Then, the alkaline conditions were adjusted usi@HK(3M). The solution
obtained was transferred to a teflon vessel indeitethe high pressure
reactor (Figure 4.1) and heated up to the desaeygbérature (150 °C) under
autogeneous pressure. The solution was then maactaat the above
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mentioned temperature for 150 min under continwbusng (300 rpm). The
colloidal material obtained was washed with digtéd water and dried at
120 °C overnight. The material was calcined at 8C0during 6 h. Pure
CeQ and LaO;3; were also synthesised. The mixed oxide is denated
Lap 7:Ce& 250(CM) when prepared by the citrate method and (®W)the
solvothermal method.

o

Figure 4.1High pressure reactor system.

4.2.2 Catalyst characterisation

As previously mentioned, the oxygen ions on thedexsurface were
investigated by using Diffuse Reflectance UltragieVisible (DR UV-Vis)

spectroscopy, and X-ray photoelectron spectroscOfS). The X-ray
diffraction (XRD) technique was used to corroboréd#ice strains into
modified LaO3; oxide which can be reflected on catalyst surféesding to

the formation of different oxygen ion species.
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Thus, DR-UV spectra of the powder solids were meskusing a Jasco V-
650 UV-Vis spectrophometer equipped with an intégga sphere

attachment (JASCO ISV-469). The spectra were recbreh diffuse

reflectance mode and transformed by the instrursefitvare (JASCO) to
equivalent absorption Kubelka-Munk units over thevelength range
A=200-800 nm.

The XPS analysis was performed with a VG Scientf8CALAB 200A
spectrometer. XPS data corresponding to Ce 3d ahsl €pectra were fitted
and envelopes were deconvoluted using the XPS-pastware. To
minimise the number of degrees of freedom of theectitting procedure,
constraints on the binding energy (BE), full wid#dt half maximum
(FWHM) and peak areas were applied to each dophlet

Finally, XRD diffractogram were recorded on a PAN@lal X'Pert MPD
equipped with a X'Celerator detector and secondawpochromator (Cu &

A =0.154 nm, 50 kV, 40 mA,; data recorded at a C.&i&p size, 100 s/step).
Rietveld refinement with PowderCell software wasdido identify the
crystallographic phases present and to calcul&enystallite size from the
XRD diffraction patterns.

4.2.3 Catalyst evaluation

The catalytic performance of the prepared oxidesHe OCM was studied
in a quartz tube reactor which was filled with §.2f catalyst held by quartz
wool as shown in Figure 2.2. Then, the reactor plased into an electrical
furnace (Figure 2.3). Methane, helium and oxygew ftates were regulated
by mass flow controllers (HI-TEC). The mixture ofethane and oxygen
(CH4/O, molar ratio of 4) diluted in Helium (75% of thetab flow) was
passed through the catalyst bed with a total flate of 50 crimin™. A cold
trap was placed at the outlet of the quartz tubsejmarate any condensed
water vapor from the reaction products. The OCMlgtatarts when the
temperature reaches 600 °C. The product streamaioorg carbon
monoxide, carbon dioxide, ethane, ethylene, uneglackygen and methane
was analysed by an on-line gas chromatograph (GD)pped with a
capillary column (Carboxen 1010 Plot. Supelco) artiermal conductivity
detector. It was assumed that carbon and /or hgdrag methane were only
converted into ethane, ethylene carbon monoxidghocadioxide and/or
molecular hydrogen and water. Then, the conversfd@H,, the selectivity
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and yield of the products were defined, respectivas in section 2.2.3 (Egs.
2.1-2.3).

4.3 Results and discussion

4.3.1 Characterisation

4.3.1.1Diffuse Reflectance Ultraviolet-Visible spectroscop (DR UV-Vis)

Diffuse Reflectance Ultraviolet-Visible spectrosgowas used to explain
possible shifts in the coordination number of tixeles. Figure 4.2 shows
the DR-UV spectra. Bands at 250 and 354 nm for Ce&h be attributed to
the charge transfer €& O°~and C&'¢ O° respectively [25]. On the
other hand, the band at 216 nm can be assignée tcharge transfer B
O*~ [26]. The DR-UV results showed that the absorptiands are strongly
affected by incorporation of Ce.

Lag 75C€ 260 (CM)
CeQ
S
S Lag 7Cep 250 (SM)
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©
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Figure 4.2DR-UV spectra of Lg £Ce 250(CM), Lay7 Cey 250(CM), LaO-
and CeQ oxides.

The addition of Ce shifts the absorption band ofQzafrom 216 nm to a
broad absorption at 255 and 341 nm in the k@& ,s0(CM) catalyst
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(Figure 4.2). Similarly, a shift of absorption bamd Lay 7sCe&250(SM) is
observed from 216 nm to 262 and 323 nm. The emeegari these
absorption bands can be due to the presence’$fafid C&" species in the
coordinated oxide environment, which suggests wdiffe coordination
numbers for the oxide [27]. Therefore, band shsfiggest the formation of
defects in the Ce-doped 4@ lattice, leading to surface imperfections, and
therefore, formation of different surface oxygeeaps.

(111) i ijji iij i
(220) g { -
- ——)WV\_._/L»/'\/\.__/-
3 G N
> (200) 20 25 30 35 40 45 50 55
D 20 (degrees)
o 331)
y= (222)
= a (400)
( )JAl }‘ 00 )
(C)/\/¥—__/¥_/\‘
y T T T T T T T T T T
20 30 40 50 60 70 80

26 (degrees)

Figure 4.3 X-ray diffraction profiles of (a) Cef)(b) La 7:Ce& 250(SM) and
(c) Lay.7sCe 250(CM), showing the effect of Ce doping into theia of
La,Os. Note in the inset, as the peak intensity of tkedGped LgOs is
decreased and the peak positiof) (2 shifted.

4.3.1.2 X-Ray diffraction (XRD)

Cubic phases in the modified 1@ oxide were detected by applying the
XRD technique. Figure 4.3 shows the diffractioreSrncorresponding to the
cubic structure of Cef)Lay 7s=Ce 20 (SM) and La7sCe& »s0(CM) catalysts
and Table 4.1 shows the detected phases and paizel. No second phases
or additional reflections were found in d&Ce >sO(CM) indicating the
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formation of a single phase. However, the XRD difogram of the
Lap7sCe 20 (SM) catalyst revealed additional reflections,ickihare in
agreement with the standard patterns of La@OH)

Table 4.1Ce doped LgD; phases and patrticle sizes determined by XRD.

s Phases Crystalline Cell Crystallite
ample parameter .
(Vol %) structure A) size (nm)
Lao7£Q)2@(CM) Lay 76Cey 201 545 Cubic a=5.64 10.3
La(OH),
a= 6.52
44.68 Hexagona| a 27.8
Lay 7:Ce& .:0(SM) c=3.85
Lao 5dCe.4101 54 i = 8.8
55 39 Cubic a=5.59

In addition, a discernible diffraction peak shifiMard lower B values can
be observed in the inset of Figure 4.3 (see draprdanes for i - ', ii — ii’

planes), representing a change in the lattice petiemfrom 5.41 A for pure
CeQ to 5.64 A for La;sCa 0 (CM) and 5.59 A for LgxsCe 20 (SM),
i.e., an increase around 3%.

These results suggest the formation of 20ea, 01 s+ Solid solution present
in Lap7sCe& 250 catalysts prepared by both preparation methodbleT4.2
shows the cubic cell parameter (a) and La contentin LaCe «O1 .5+
reported in literature. Thus, a linear relationstptween cubic lattice
parameter and La content in axCa O, 5+ solid solution can be found
from these data (Figure 4.4).

Therefore, the La content in l@Ge  O1 55 could be estimated from Figure
4.4 (x=0.75), which corresponds a cubic cell patamef 5.64 A in

Lag7 Ce20(CM). It can be observed that the estimated Latesdn
corresponds to the nominal composition which ingisghe formation of a

single phase of L& 2015+ IN Lag7. L& d0(CM). Similarly, the La
content was estimated in J.aCe »0(SM) from Figure 4.3.
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Table 4.2Cubic cell parameter in L&e; O1 5.

Cubic cell ,
parameter (nm) (x) in LayCexO15+5 Reference

a=0.540 0.00 Kimmerle, E. A. et al. [28]
a=0.549 0.25 Sukharevskii B.Yet al. [29]
a=0.557 0.50 McBride J. R. et al. [30]
0.565- Lag 7508, 260(CM)

£ 0.560-

o 1 ,

% 05554 [McBride J. R. et al.]

3

o

§ 0.550

2 [Sukharevskii B.Y et al]

3 0.5451
0.540-] [Kimmerle, E. A. et .

T T T T T T

T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
X in LaxCe @)

1-x 158

o
o

Figure 4.4 Linear relationship between cubic cell parametet ba content
in La,Ce; xO1 5.

In this case, La content is x=0.59 which corresgoadubic cell parameter
of 5.59 A. This indicates the formation ofdsaCe 41015+, besides La(OH)
phase, in the L@ Ca 0(SM) catalyst.

On the other hand, a broadening of the mixed oxefeexions can be
observed, which indicates a decrease in crystaiite from 45.9 in Ce£Xo
10.32 nm the LagLCe&»0 (CM) catalyst and from 45.9 to 8.8 in
Lag7.5Ce20(SM) (calculated from XRD pattern). The shift bktparticle
size and lattice strain can contribute to peak deoag in XRD, in
particular for nanoparticles [31]. The lattice empi@n can be attributed to a
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combination of the effects of increasing numbeoxygen vacancies due to
La doping and the large ionic radius ofLaersus C& [32].

4.3.1.3 X-Ray photoelectron spectroscopy (XPS)

The surface oxidation states of La and Ce specresth®e samples
Lag7:Ce20(SM) and La7LCead0(CM) were characterised by XPS
analysis. The binding energies are summarised bieT4.3. According to
the literature [33,34], La is in its higher oxidati state (3+). On the other
hand, Ce 3d spectra of the samples exhibit theactexistic features of the
Ce(IV). However, the coexistence of both Ce(llldade(IV) species must
be considered in order to obtain a good fittinghef experimental data. As
shown in Figure 4.5a and b, the Ce 3d XPS spedatn#ie three lobed
envelopes (around 879-890 eV, 895-910 eV and appeigly 916 eV)
which is according with literature [35]. From thelded envelopes, the
coexistence of both Geand C&" states are distinguishable, although the
oxidation state 4+ is predominant [36]. Ce(IV) a@d(lll) always show
peaks at ~882 and ~916 eV as well as at ~885 afd@ €¥, which are
considered fingerprints characterising Ce(1V) arqIlD), respectively [37].

Table 4.3Binding energies for the La and Ce 3d by XPS aislfF WHM)
(eV).
La La Ce Ce Ce Ce [%Ce(llN)]
(3 (3dyy) V) (VI
Lag;Ce,O 833.9 850.7 881.7 915.7 884.7 902.8
(SM) (31) (35) (3.0) (29 (33 (3.1

Catalyst

Lag CeO 833.8 8505 8814 9155 8843 902.4
(CM) (35) (35 (33) (300 (3.00 (2.9
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Figure 4.5Cerium 3d XPS spectra for (a) d-aCe.2s0(CM) and (b)
Lag.75Cey 260(SM).

The Ce 3d spectra of the aCe »0(CM) and Lg7 sCe& 250(SM) catalysts
were deconvoluted into 10 peaks corresponding eodifferent surface Ce
species (Figure 4.5). The full width at half maxm@WHM) of the single
species peaks was fixed between 2.9-3.3 eV. IICit&d,, spin-orbit split
doublet of Ce(lV), ¥y and ¥ components represent the intensive peaks, and
vi a weak satellite. Correspondently, &hd v, components characterise the
Ce 3ddoublet intensive peaks and the associated weak satellite [38-41].
For Ce(lll), the mean componentsand y characterise the Ce ggdand ug

and uj the Ce 3¢, contribution[38,42]. The concentration of tén ceria

can be determined from the following equations {43]

Ce(ll) =us+ U g+ uy + U’y (4.1)
Ce(lV) =Vo+ Vot Vvi+Vit+tVvo+V, (4.2)
ocep) = e (4.3)

Ce(lll) + Ce(IV)

where Ce(lll) and Ce(lV) represent the correspogdinms of the integrated
peak areas related to the®Cand C&" XPS signals respectively. According
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to the XPS results (Tale 4.3), it is possible tonatode that the
Ce(IV)/Ce(lll) redox couple exists on the surfadetlte Ce doped L&®3

catalysts using the two preparation methods. Itoserved that the
Lap7sCe&20(SM) catalyst has higher surface [%Ce(lll)] whesmpared
with Lag 7:Ce&y 240(CM), by about 12%.

On the other hand, the O 1s spectra of the samgitesyn in Figure 4.6, are
used to identify the coexisting oxygen specieshansuurface of the catalysts.
The O 1s spectra of the ¢;aCe 20 (CM) and La7 Ce& 250 (SM) catalysts
were deconvoluted into four peaks correspondinghto different oxygen
species. These can be assigned to?CGat (531.5~532.5) eV, & at
(530.5 ~ 531.1) eV, D at (530.1~530.2) eV and’Oat (528.0~529.0) eV,
the actual values being given in Table 4.4 [44-49].

Table 4.4Curve-fitting results from XPS data.

O 1s binding energies (FWHM) (eV)
Relative amount of the oxygen species (%)

Catalyst e
02— 022— om Cng_ (02 O-lz-_o )/
528.09 530.07 531.56
Lao-ggcl\%z*"o 25 T 24) (20 2.11
28.8 611 100
528.09 530.60 53007 531.60
Laogécl\%-%o 2.5) 2.3) 23)  (2.3) 1.25
40.5 35.6 8.7 15.1

The fitting of experimental data can be observeé&igure 4.6 showing the
contribution of the aforementioned single spedieem reasonable physical
meanings, it can be concluded thapl£e 2<0(CM) revealed the presence
of three oxygen species {0, O~ and &), while, LaysCey-d0(SM)
revealed the presence of two oxygen speciésai@ G ).
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Figure 4.6 O 1s binding energy spectra of (apk& e 2s0(CM) and (b)
Lag.75Cey 260(SM).

Then, the ratio of surface electrophilic oxygeridiice oxygen species, i.e.
(0>~ + O)/ O°", was estimated from the relative amounts (%) @& th
oxygen species calculated according to the aredsruhe curves for each
sub-peak. Results summarised in Table 4.4 indieatanfluence of the
preparation method in the amount of electrophilig/gen. La 75Ce 20
(SM) revealed higher (3~ + O)/ O°") ratio when compared with
Lag 75Ce 250 (CM), by around 69%.

These results would indicate that the oxygen speicig¢he oxide structure
were created by doping i@; with Ce. Islam et al. [50] studied methane
oxidation on LaO; as catalyst. They investigated the formation gf Cand
O~ peroxide species, as these are supposed to bensdsle for methane
activation on this material. The authors sugge#itetl the catalytic activity
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of doped LaOs; is correlated with its ability to (re)generate ggp hole
centres (O and Q*") by reaction between gaseous oxygen and oxygen
vacancies at the surface. In this work, it was ftsso distinguish the
contribution of each oxygen species (@nd Q?7) in OCM from the above
results. La7=Ce20(SM) show higher relative amount of the @xygen
species when compared with’O oxygen species, while baiCe-0(CM)
revealed lower relative amount of the ©@xygen species.

On the other hand, the formation oxygen vacansesccompanied by the
change of oxidation state of Ce ions {Cer Cé€") [51], which influences
the concentration of partially reduced oxygen sggaind content of vacancy
defects. Therefore, Ce-doped,0g and the synthesis procedure, would
explain the presence of different types of ions*{GeCé™) on the catalyst
surface and the occurrence of moré*Geading higher ratio (8§~ + O)/
O*" in the La7:Ca 20 (SM), and therefore, better performance in OCM
reaction.

4.3.2 Catalytic tests

The structure dependence of the catalytic behawias investigated by
examining the activity of CeQ)LaOzand Ce-doped L®; via two different
synthesis procedures. The catalytic tests weraedawut following the
conversion of methane and selectivity at differegéction temperatures
(600-750°C). Figure 4.7 shows the conversion of methane fametion of
temperature and Figure 4.8a and b shows the salgcto form G
hydrocarbons for the lasCe O catalyst prepared by both preparation
methods. The catalytic results revealed a sigmficaffect of the
solvothermal method in the increasing of the meth@nversion and the
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Figure 4.7 Methane conversion at different temperatures.

selectivity to form G hydrocarbons when compared with the citrate method
particularly higher selectivity (by about 30%) &0”C. On the other hand,
both catalysts revealed higher selectivity thanghstine oxides (Cefand
La,Os). Results of the reactions at 7%D of the samples prepared using the
citrate and solvothermal method are sumarised meT4.5.

Table 4.5Catalytic activities of Ceg) La,0O3 and Ce-doped L&®3 on the

OCM at 750°C.

NN AT :
Catalyst Conversion (%) Selectivity (%) G vyield

o, CH, CG, CaC Co. (%)
CeQ(CM) 96.6 16.7 85.1 14 13.5 2.3
La,0O5(CM) 100.0 23.0 39.4 31.4 29.2 6.7
LayCe&0(CM)  97.6 21.0 48.0 16.5 35.5 7.5
CeQ(SM) 100.0 17.1 87.5 3.2 9.3 1.6
La,0O5(SM) 100.0 23.5 57.0 12.1 30.9 7.3

Lag 75Ce& s0(SM)  100.0 23.3 53.0 1.8 45.1 10.5
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Figure 4.8 Selectivity at different temperatures of sampleppred using
(a) solvothermal method (b) citrate method.

The La 75Ce0.:0 catalysts prepared using both methods reveatgtehiG
selectivity, particularly LgzsCe0,50(SM), which showed selectivity of 45.1
and a G yield of 10.5 (%).These catalysts also showed ldgltonversion
between 96-100% because of its high oxidising tgbili
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As mentioned above, XPS results indicate that stteal oxygen and
therefore surface oxygen species in the oxide tstreicwere created by
doping LaOs; with Ce. Particularly the solvothermal method shdwa
significant difference. The LasCea) »sO0(SM) catalyst showed to have higher
(0,> + O)/ O” ratio when compared with bagCey {0 (CM) catalyst. This
was reflected in the catalytic results, since tlag/4Ceys0(SM) catalyst
showed higher £yield.

On the other hand, the different oxidation stafethe Ce ions are related to
the partially reduced oxygen species. The oxygeramees (decrease in O
occupancy) are also formed together with the olodastate change of Ce
ions [51]. Then, the presence of different typesefum ions (C& or C&™)
influences the concentration of partially reducegigen species and content
of vacancies defects. This would be also reflebtethe replacement of £a
with Ce™ suggested by the DBV and XRD pattern. As mentioned above,
the XRD spectrum of the baCe O catalyst prepared by solvothermal
method revealed higher strain, suggesting highendtion of defects in the
Ce-doped LgD3 lattice, which leads to surface imperfections (cxyg
vacancies). Therefore, Ce-doped,Qaand the synthesis procedure, would
explain the presence of different types of ions3{Ce C€") and the
occurrence of more Cé leading to higher ratio & + O)/ O* in
Lag 75Ce 250 (SM).

The oxygen species created different chemical andttaral properties in
the oxide, which improve the,Chydrocarbons selectivity of basCe 0
(SM) in the OCM reaction due the subsequent meth@msformation into
the products of dimerization (through the activatod the C-H bond), which
is determined by the presence oxygen vacancidwigdtalyst [52]. CeQs
an oxide having excellent redox properties owingh very fast reduction
of C&" to C€* associated with the formation of oxygen vacaneieshe
surface and in the solid. The oxygen mobility, m@diity and ionic
conductivity are enhanced by doping.0a with CeQ. Therefore, the
catalyst surface with high oxygen vacancy lead,thte adsorption and
activation of molecular oxygen to produce oxygetivacspecies which in
turn activate methane to produce methyl radicalds;(
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4.4 Conclusions

The Ce-doped L#®; catalyst was examined for the OCM reaction. Both
citrate and solvothermal method allowed the incaapon of Ce into the
La,O3 lattice as substitution ions on La which createrstitial oxygen
species leading to an abundance of electrophiliggen species on the
catalyst surface. The citrate method revealed ioga and Q*~ oxygen
species, while solvothermal methGd oxygen species. These results would
be related with the different types of cerium i¢@s** or C€") on the oxide
surface. The catalyst prepared by the solvothem&thod showed higher
concentration of [%Cé&. The O oxygen species predominant in the
Lay.7sCe& 20(SM) catalyst would be responsible for higheryfgld (by 10.5
%) at 750°C in the oxidative coupling of methane.
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PART Il

SUPPORTED CATALYSTS FOR THE OXIDATIVE
COUPLING OF METHANE






5 Effect of Ce on NawO,/SiO, for the oxidative coupling of
methane

Cerium is one of the rare earth metals used asndaggent in active and
selective catalysts towards, Qiydrocarbons. In this Chapter, Xwt%Ce-
5wt%NaWO, /SIO, catalysts powders (X= 0, 2, 5 and 7) were synsieesi
Then, the obtained catalyst powders were charaettrand tested in the
OCM reaction. Both DRIFT and XRD spectroscopy teghes were applied
to detect phases of Si@nd formed metal species on the catalyst surface.
addition, TPR was used to analyse the interactiometals and support.
Results revealed that the addition of Ce affeatscitystallization degree of
SiO,, which plays an important role in the OCM reacti@m the other hand,
it was concluded that 5 wt%Ce seems to be the aptaoncentration to
obtain a mix of amorphous awecrystobalite Si@to provide higher activity
and G hydrocarbon selectivity.
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5.1 Introduction

C, hydrocarbons, especially .84, can be used for production of
petrochemicals and fuels [1-4]. On the other handthane is the main
component of natural gas found in large world rnesielareas. The OCM is
one of the best methods for the direct conversibmethane to higher
hydrocarbong5]. Methane conversion via OCM is a direct andtegomic
process not limited by any thermodynamic constsai(Eq. 5.1) [2].
Nevertheless, the partial and total oxidation of ;08 favoured from a
thermodynamic point of view, as shown in Egs. %@ &.3.

CH; + 1/4Q >1/2CGHg + 1/2HO AG°= -76 kJ mot 5.1
CoHg > CHi+2 H AG°= -115 kJ mot 5.2
CH, +1/2G > CO + 2HO AG° = -544 kJ mot 5.3

CHs; + 20> CO + 2HO AG® = -801 kJ mot 5.4

This thermodynamic disadvantage, and the lack o&dive, selective and
stable catalyst, are the main reasons why, upwg an economically viable
process has not still been put into practice [68],7

Among the many catalysts used in OCM, Li/MgO cathlywas intensely
investigated, but its strong and fast deactivatpyevents its industrial
application [9,10]. In contrast, the Mn-NaO,/SiO, catalyst system is one
of the very few suitable OCM catalysts which haeendnstrated to achieve
the required performance for possible industrialpligption [11-18].

Preparation methods [12,13,19], structure actiwvigyationship [20-24],

active centre & reaction mechanism [11,25,26] additves [27-29] have
been some of the studied subjects to drive progsesa the Mn-

NaWO,/SIO, catalyst system performance. On the other haniatian of

composition, such as substitution of Mn or supp@talso an important
subject to understand the relationships betweek bubperties, surface
properties and the performance in the OCM reactidius, the catalytic
performance and structural features fop\N®,/SiO, doped with V, Cr, Mn,

Fe, Co and Zn was investigated [30,31]. In bothk&pit was concluded that
catalyst containing Mn oxide presented the best Q&kormance, and the
authors, attributed this finding to moderate intécam between Mn oxide-
tungstate components. This interaction affects anodtrols the redox
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properties of Mn oxide, tungstate and efficient gy spillover, which are
important properties for a better performance is type of catalyst.

On the other hand, Zeinab Gholipour et al. [32}iedrout an experiment in
which two different promoters were used, namely anid Ce. They reported
similar textural, redox and catalytic propertie@hich seem to be responsible
for a similar Q and CH activation sites. In other works, Ce as well dgept
components, such as Sn, La, S, P and Zr [29,33y84¢ used as doping
agents in the Mn-N&VO,/SIO, catalyst [28]. They did not improve
substantially the catalytic performance, which vdomicrease the cost and a
more complex system. In addition, it should be ddtet SiQ, particularly
commercial Si@ is the support commonly used in all these works.
Additionally, others supports also have been us@dngy a similar
performance [35,36].

In general, it can be said that the Mn,W&,/SiO, catalyst is a very
complex system itself, and therefore, the suppatenal with a variety of
different materials, concentration, composition, Si0, precursor is still
under investigation to accomplish an optimal catalyhus, based in the
textural, redox and catalytic properties of Ce tonmote catalysts for the OCM,
three wt%Ce (2, 5 and 7) on 5wt%M&0,/SIO, were studied in this work.
To this end, a Si® support was synthesised in-house from
tetraethylorthosilicate precursor and, therefor@nmercial SiQ was not
used as support in contrast previously to publisherks [25,32,37,30]. The
incipient wetness impregnation method was usedrépgre the catalyst
powders. DRIFT and XRD spectroscopies were apptiesiudy the effect of
Ce on the degree crystallisation in amorphous,.Si® addition, TPR was
used to study the reducibility of different metaide species on Sidn the
presence of H The effect of Ce content on NiO,/SiO, was studied
following the CH, conversion, & selectivity and yield in the temperature
range of 600-856C.

5.2 Experimental section

5.2.1 Catalyst preparation

Catalyst preparation was carried out in two stepspely synthesis of SO
support and the preparation of the catalyst powdene synthesis of SiO
support was carried out following a procedure samto that reported by
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Wang et al. [38] which allows to obtain amorphollisa A solution of HO
(0.7 mL), ethanol (30 mL) and tetraethylorthosilec®& mL (99% Aldrich
TEOS) was prepared at room temperature. Then, 1®@fMH,OH (25 %
aqueous solution) containing 0.16 g of citric agws added into the
homogenous solution during 2 h under stirring a@ 8m until a gel was
obtained. The precipitate was washed in an up-thoade system [39] as
shown in Figure 5.1 using distilled water (50 mLnifor 8 h. The material
was dried overnight in an oven at 120 and finally the product was
calcined at 506C for 2 h to obtain the Si3upport.

In the second step, the catalyst powder Xwt%Ce-3N&ad/O,/SiO, (X=0,
2, 5 and 7) was prepared by the incipient wetmegsagnation method. This
latter is a classic method used for catalyst pegpar [28,40,32,41], which
consists in the support impregnation with precursotutions. These
solutions contain salts of precursor agents, pabfgranions, which may be
eliminated easily by washing (chlorates, sulphatesy decomposition at
low temperatures (nitrates, carbonates). The requiolume of solution to
impregnate the support corresponds to the necegsartity to fill the pore
volume.

Distillated water, NH,OH and
Ethanol. TEOS citric acid

Two hours
under stirring
—— {f’

-

Washing in up-
flow mode

Dry at 120 °C and
calcination at 500 °C

Dry at 120 °C and

calcination at 800 °C W
F 3 e= am F-

Catalvst powder Consecutive wetness $i0 i
( yStP ) impregnation of Ce(NO;)3:6H,0 (it sy
and Na,WO,2H,0

Figure 5.1 Schematic representation of the catalyst powdsparation.
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This technique allows to obtain a uniform distribat of the metallic
precursor on the support. The method was performsithg aqueous
solutions of Ce(N@s6H,0O (99% Aldrich) and NaVO42H,O (99%
Riedel-deHaén) in the appropriate concentratiomalli, the catalyst
powders were dried at 120 °C after each impregnatiernight, followed
by calcination at 800 °C for 8 h (see Figure 5.1).

5.2.2 Catalyst characterisation

As mentioned above, silica phases in presence airndéor NawO, were
detected by Diffuse Reflectance Infrared FouriemanBform (DRIFT)
spectroscopy. Then, the interactions with the,S&@port were studied by
TPR technique and finally, phases present in the t%fve-
5wt%NaWO,/SiO, catalyst were identified by X-Ray Diffraction (XRD

DRIFT spectroscopic analyses of the solid materiedee done on a Nicolet
510P FTIR Spectrometer, with a KBr beam splitternfod-IR range and an
deuterated tri-glycine sulfate pyroelectric deteci®TGS) with KBr
windows equipped with a special beam collector (CEOCTOR from
SpectraTech), fixed on a plate for consistent erpantal conditions. The
collection angle is a full pi steradian, collectiagmaximum 50% of the
available diffuse energy and reducing the spot gizbe FTIR beam by 1/6.
When required, the specular component was dedift thé blocker device,
which minimises distortion. The instrument was alsvaurged with dry air,
which was passed through a filter to partially reem@CQ and moisture
(Balston air purifier with filter). Samples wereognd and "diluted" with
KBr powder, with pure KBr powder used as the blanken the samples
were used in a micro-cup and spectra taken at reonperature. Spectra
were collected at 4 chresolution with 256 scans. The instrument software
(OMINC) converted the interferograms to equivalabsorption units in the
Kubelka—Munk scale.

Temperature programmed reduction (TPR) experimeete carried out in
an Altamira Instruments (AMI-200) in which a mix¢éuof 5 vol.% H/Ar

was used, at a total flow rate of 30%mnin™, with 100 mg of catalyst. The
temperature was increased at a rate of 5 °Crfibm room temperature to
1000 °C, while the hydrogen consumption was moedoFinally, the X-ray
diffraction (XRD) pattern of the fresh 5Ce-5N@O,/SiO, catalyst powder
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was recorded on a Philips PW 1710 instrument usinfltered Cu Ko
radiation.

5.2.3 Catalyst evaluation

The catalytic performance of the prepared catglgstder for the oxidative
coupling of methane was studied in two quartz tobectors which are
denoted in this Chapter as AR and BR. A schemePRf(ixd= 25 mm) was
previously shown in Figure 2.2. Unlike AR, BR hasia of 10 mm and a
porous disc to hold the catalyst (see Figure 5.2).

Porous disc

e
B ﬂtﬁ Cold trap

Figure 5.2 Quartz tube reactor (i.d=10 mm) with porous disc.

|

The oxide catalyst (mass=0.2 g) is placed insigeqgiilrtz tube reactor (AR
or BR). Then, this latter is located into an eleelr heater as shown in
Figure 2.3. Methane, helium and oxygen flow ratesearegulated by mass
flow controllers (HI-TEC). The mixture of methanaedaoxygen (CHO,
molar ratio of 4) diluted in Helium (75% of the &btflow) was passed
through the catalyst bed with a total flow rate56fcn? min™. A cold trap
was placed at the outlet of the quartz tube tore¢pany condensed water
vapour from the reaction products. The OCM studgrtett when the
temperature reached 600 °C. The product streamaicomg carbon
monoxide, carbon dioxide, ethane, ethylene, uneglackygen and methane
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was analysed by an on-line gas chromatograph (Gfojpeed with a
thermal conductivity (TC) detector, using a capyllaolumn (Carboxen
1010 Plot. Supelco). It was assumed that carbon /andhydrogen in
methane were only converted into ethane, ethylan@oo monoxide, carbon
dioxide and/or molecular hydrogen and water. Thevecsion of CH, the
C, selectivity and yield of the products were definexpectively, as shown
in section 2.2.3 (Egs. 2.1-2.3).

5.3 Results and discussion

5.3.1Characterisation

5.3.1.1Diffuse reflectance infrared Fourier transform (DRIFT)

DRIFT spectra in the range of 1190-583¢nof fresh catalysts are shown
in Figures 5.3. It is known that peaksoetrystobalite SiQ are around 1140,
1079, 793, 619 cm'[32,37].

The DRIFT bands of a-crystobalite Si@ are present in the
5Wt%NaWO,/SIO, catalyst (1149, 1075, 798 and 624 ¢in As mentioned
in section 5.2.1, the calcination temperature ef ¢htalysts was of 8AT.
This latter and the presence of ;M&, could lead the transformation of
amorphous to crystalline-cristobalite silica. This would be consistentiwit
the literature, since transformation of amorphaltisasto highly crystalline
a-cristobalite occurs around 800-96G in the presence of an alkali like
NaWOQO, acting as the mineralising agent [42,20,43].

Comparison with the DRIFT spectra of catalysts amimg Ce (Figure 5.3b-

d) revealed that the presence of Ce shifts thedanthe DRIFT spectra. A
shift from 798 cri* to 802 cm* can be observed in the catalysts. This latter
could be attributed to the presence of amorpholisasiwhich exhibits a
wavenumber around 801 ¢rh[32]. Similarly, a slight shift is also observed
from 624 cm® to higher wavenumber (629 €M), suggesting that the
interactions of the metal tungstate, cerium aratystobalite SiQ are strong

in the catalyst. On the other hand, shifts occuthie bands in the range
1183-1000 cm™.

The band at 1145 crhdisappears with increasing Ce and the band at 1075
shifts to a lower wavenumber (1048 chiin the catalysts containing 2 and
7 wt%Ce (Figure 5.2b and d). It has been reporidderature that addition
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of Ce to this type of catalyst can inhibit the ¢ajissation ofa-cristobalite
silica possibly because of interaction betweegV@, and support [28].

Kubelka-Munk (a.u.)

1150 1100 1050 1000 950 900 850 800 750 700 650 600
Wavenumber (cit)

Figure 5.3DRIFT spectra of the catalysts of Xwt%Ce-5wt%W&,/SiO,.
(a) X=0, (b) X=2, (c) X=5 and (d) X=7. As typicairfthe DRIFTS
technique, intensities are expressed in Kubelka-KMumits to correct for
diffuse reflectance distortions that would otheenappear in the absorption
presents in the spectra [44].

Therefore, DRIFTs results suggest a close intemaabf Ce with NaWO,
and silica support, affecting the degree of criisify} in a-cristobalite which
would agree with observed interference with gatakrystallization in
(Na+Ce)/SiQ samples reported in literature [32,45].
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5.3.1.2Temperature programmed reduction (TPR)

As mentioned above, the technique of temperatuogrammed reduction
was used to analyse the interaction of metals apgat on the catalysts
Xwt%Ce-5wt%NaWO,/SiO, (X=0, 2, 5, and 7). Their profiles are shown in
Figure 5.4, which show broad TPR patterns betw@&ahd 1006C. It can
be observed that TPR patterns corresponding to Xwt%Ce-
5wt%NaWO,/SIO, catalysts are similar to 5wt%MN&O,/SiO,. However,
some differences can be detected.

(@
S
3 1o
©
c
2
n
2 | ()
O
|_
@
T I T I T I T
200 400 600 800 1000

Temperature’C)

Figure 5.4 TPR profiles of the catalysts Xwt%Ce-5wt%M&O,/SiO,. (a)
X=0, (b) X=2, (¢) X=5 and (d) X=7.

The TPR pattern of the catalyst containing 7 wt¥&efis completed around
of 1000°C and has three peaks at 670, 786 and°@dhe TPR profile of
catalyst containing 5wt% of Ce is not completedl@®0 °C and its TPR
profile revealed peaks around 772, 883, 890 and’@58n the case of 2
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wt%Ce (Figure 5.4b), its TPR profile shows two meak 716 and 838C.
These results suggest an important interactioneofvth Na-W species. It
seems that addition of a small amount (2wt%Ce) s the reduction
temperature of Na-W species. This could be attwdbuto a suitable
dispersion of such species. However, this is dfienwhen compared to the
catalysts containing 5 and 7 wt%Ce. The fact thatigher reduction
temperature in the case of 5wt%Ce (Figure 5.4c)mpased to
NaoWO,/SiO,, suggests the possible formation of other speoiesthe
support surface. A similar interpretation can beegito the case of 7 wt%Ce
(Figure 5.4d). However, a higher amount of consurhgdrogen can be
observed with a peak at high temperature (arour@ °@) indicating the
possible reduction of bulk oxygen in Cgspecies formed on the support.

5.3.1.3X-Ray Diffraction (XRD)

The XRD spectrum of catalyst 5wt%Ce-5wt%M#D,/SIO, is shown in
Figure 5.5. According to Joint Committee on PowDéfraction Standards
(JCPDS), the presence afcristobalite SiQ CeQ, and NawO, was
identified. In addition, amorphous silica could identified by a wide peak
(20 = 15-25 ©) following a similar trend as the base lof the diffractogram
shown in Figure 5.5 which agrees with a similaraordnalo of amorphous
silica reported by Lee et al. [46]. This result \bindicate the presence of
amorphous silica together withi-cristobalite SiQ, which would be
consistent with obtained DRIFT results, suggestithgt part of the
amorphous Si@ support did not crystallize inta-cristobalite during the
calcination process, i.e., amorphous features memer the calcination of
silica support in presence of Ce.

Therefore, DRIFT, TPR and XRD results would indecatlifferent
interactions between Ce and the other componentghén Xwt%Ce-
5wt%NaWO,/SIO, catalysts. In addition, results suggest that addiegto
NaWO,/SiO, would affect in crystallinity degree ia-cristobalite. In fact,
Ce is suggested as a crystallization inhibitor [&2h the other hand, it was
reported that amorphous SiOwith and without Na, is basically a total
oxidation catalyst and the phase transition-tistobalite was considered as
inert [47]. Therefore, based in the characterizatiesults obtained in this
work and in all those aspects found in literattine, preparation of a catalyst
Ce-NaWO4/Si0O, with higher activity and selectivity towards ,C
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hydrocarbons depends of the type of silica suppod the appropriate
amount of Ce added to N&O,/SIO,.
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Figure 5.5XRD pattern of 5Ce-5N&VO,/SiO, catalyst.

5.3.2 Catalytic tests

5.3.2.1Preliminary catalytic tests

The 5wt%Ce-5wt%NAVO,/SIO, catalyst was tested in the OCM reaction
using two reactors (AR and BR). The other pararseteere maintained
(CH4/O,=4, total flow=50 cri¥, catalyst mass=0.2 g and composition of He
as diluent = 75%). It can be observed in chapteséiction 2.3.2) that
selectivity as well as yield of the Ce based oxidealysts pass through a
maximum (750°C) in the temperature range of 600-8G0 Such behaviour
was even observed in the catalytic results of thideocatalysts studied in
chapter Il and IV. For that reason, in these wdtes catalytic test results
were reported up to 75, since all these catalytic tests were perfornmed i
AR.

A similar behaviour was observed again when the %&E0e-
5wt%NaWO,/SIiO, catalyst was tested in the OCM reaction usingARe
(see Figure 5.6a, b and c¢). The Qtdnversion, gselectivity and yield pass
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through a maximum in the temperature range of GID°E. This type of
behaviour was discussed above in section 2.3.2emeless, different
limiting mechanisms can lead to different convarssd methane andC

40

CH, conversion (%)

1 —m—25mm

—A— 10 mm
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Figure 5.6 Catalytic performance of the 5Ce-5W&0,/SiO, catalyst at
different temperatures using reactors of differaner diameter (25 and 10

mm). (a) CH conversion (b) €selectivity (c) G yield.
Total flow=50 cmimin®, CHJ/O,=4 and mass: 0.2 g.
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selectivity using a smaller inner diameter as deefigure 5.6a and b. BR
shows higher conversion of methane above GOvhen compared to AR,
even though total flow and other parameters renw@nstant for both

reactors. On the other hand, higher $&lectivity was observed, in the
temperature range of 600- 880 when compared to AR.

30
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—A— 10 mm A
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E\i
o
(0]
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(63}
1

/ I%I \l
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Temper:Z\Pu(%e (oC) 750 800
(©)
Figure 5.6 (Cont.) Catalytic performance of the 5Ce-5M&0,/SIO,
catalyst at different temperatures using reactbdifferent inner diameter
(25 and 10 mm). (a) C+tonversion (b) gselectivity (c) G yield. Total

flow=50 cn?min™, CH/O,=4 and mass; 0.2 g.

This latter could be attributed a higher linearraft gas flow due to the
smaller inner diameter of the reactor. The lindawfrate or superficial

velocity (v), in cm mift, can be calculated using the following equation:
F

V:m 51
Where, F = volumetric flow rate (chmin™®) and R= reactor radius (cm).
Therefore, for a F= 50 ctmin™ used in both reactors, the superficial
velocity in BR is 2.5 times higher than in AR. Aagyflow linear rate
increase would limit the possibility of deep oxidat of CH, and G
products. A competition between the combustiontreadn the gas phase
and the catalytic reaction on the surface of thealgst has been reported
[2,48,49]. That competition can be controlled byjuattd reaction

conditions, and plays an important role for thealyst performance in the
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OCM reaction. Thus, probably a lower inner diamétgether with the other
used conditions could lead to higher aténversion and gyield.

5.3.2.2Effect of Ce content on the catalytic activity at dferent
temperatures

Catalytic tests concerning the effect of Ce conteate carried out using
BR. The other parameters, such as/Crt total flow; catalyst mass; and
composition of He as dilueniyere maintained in all tests. Thus, Figure 5.7
shows the effect of temperature on ténversion, @yield and GH4/C;Hg
ratio over Xwt%Ce-5NaVO,/SiO, catalyst with different content of Ce (X=
0, 2, 5 and 7%). It can be observed that both G#hversion and Lyield
increased with temperature, particularly in thegerature range of 700-800
°C. However, in the catalysts containing Ce, the, @Binversion and £
yield decreased at higher temperature (88). A maximum of CH
conversion and £yield is then observed at 860.

As mentioned in section 2.3.2, it is known that tinduence of the
temperature on Lyield is similar for a large number of investighte
catalysts in the OCM reaction. With increasing temapure CH conversions
as well as yield pass through a maximum [2,28].rétee, the results
obtained in this work confirm that the temperatofenaximum selectivity
is specific for each catalyst and not only depemushe partial pressures of
reactants as well as on mixing patterns, but alseactor type [2]. On the
other hand, the £1,/C,H; ratio increased with a rise in temperature. This
behaviour was also observed with other catalysth sas CasCesO in
section 2.3.2. It can be attributed to the homogesdeterogeneous
pathways of the oxidative coupling reaction, whielad to the oxidative
dehydrogenation of ethane (ODE) to produce ethy|8dé1].

It can be observed that catalysts containing Ceealed higher Cid
conversion and £yield at 800°C compared to 5wt%N®WO,/SiO, catalyst.
However, it seems that the amount of Ce has an riamorole on the
performance of Ce-5wt%MNA/O,/SiO, catalyst. Thus, the maximum
performance (Ckiconv. = 39 % and Lyield = 26%) was observed for the
catalyst with 5wt%Ce. Moreover, Gldonversion and £yield showed to be
higher when compared to a similar catalyst founditerature [32] which
was studied under similar conditions. On the othand, the 5wt%Ce-
5wt%NaWO./SIiO, catalyst showed an acceptable activity apdélectivity
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when compared to the Na-W-Mn/Si@atalyst system which is known to

have good performance for the OCM studied undeierdiht conditions
[52,28].
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Figure 5.7 Catalytic performance of the XCe-5N¥0,/SiO, catalyst at
different temperatures (X= 0, 2, 5 and 7%). (a),Cbhversion (b). &yield
and (c) GH./C,Hg ratio. Total flow=50 cimin™, CHy/O,=4, i.d=10 mm and

mass,: 0.2 g.
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Figure 5.7 (Cont.)Catalytic performance of the XCe-5Nd0,/SiO,
catalyst at different temperatures (X=0, 2, 5 @¥g. (a) CH conversion
(b). G yield and (c) GH./C,Hg ratio. Total flow=50 crimin™, CHJ/O,=4,

I.d=10 mm and masgg 0.2 g.

It has been reported in literature that cerium ples a better OCM
performance in monometallic catalysts for the OGiction [32], which is
attributed to its oxygen storage property to prévive direct contact of
methane and OCM products with gas phase oxygemwirk@s the pathway
for the deep oxidation reactions (Egs. 2.4-2.7)t &irium is also observed
to provide a better OCM performance in a well-knovwaatalyst
(5wt%NaWO,4-2wt%Mn/SiQy) used in OCM [28]. This results from the
metal-metal and metal-support interactions, conmgistungstate-silica
support and transition metal oxide, which are abergd to be essential for
the formation of an OCM active/selective catalyt][ However, in an other
study [32], the [NaWO, + Ce)]/SiIQ catalyst (using commercial silica as
support) exhibited similar methane activator siteder different conditions,
attributed to similar textural, redox and catalytimperties compared to
[Na;WO4 + Mn)]/SIO,, around 30 and 21% of Gldonversion and £yield,
respectively.

In this work, it was shown that using a suitableoant of Ce together with
5wt%NagWO, on synthetized SiDled to higher Chl conversion and £
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yield when compared to the results reported inditee [32]. The catalytic
results obtained here can be explained in termshef characterization
obtained from DRIFTs, TPR and XRD techniques. Astioeed above,
they suggest that the presence Ce affects thealiygy degree ofa-
cristobalite. Therefore, the appropriate amountCef (around 5Wt%Ce)
would minimise Ce inhibition oé-cristobalite SiQ crystallisation, creating
a mix consisting on amorphous Si@nda-cristobalite. Thus, the formation
of an OCM active/selective catalyst can be due ugstate-silica and
tungstate-metal oxide interactions which occur myrthe crystallization
process.

5.4 Conclusions

Oxidative coupling of methane was studied using %@e-
5wt%NaWO,/SIO, catalyst in which the amount of Ce was variedhired
concentrations (2, 5 and 7 wt%). DRIFT and XRD Itsstevealed that the
content of Ce affects the crystallization degreamiorphous Si@and the
type of formed species on the support, which is kieg for a better
performance in OCM. The catalyst containing 5wt%&I®wed the best
performance, since CHconversion and £yield presented a maximum
values (39 and 26 %, respectively) in the tempeeatange of 700-85C.

This work shows that the 5wt%Ce-5wt%W&0,/SiO, catalyst is adequate
for the OCM reaction, due to its acceptable agtiahd selectivity when
compared to those found in literature, which maites good catalyst to
study under different operating conditions, andapplications where the
OCM reaction is used to produce l&/drocarbons.
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PART IV

ELECTROCATALYTIC SIMULTANEOUS PRODUCTION OF
H, AND C, HYDROCARBONS






6 Effect of steam on the Oxidative Coupling of Methaa over
CapsCey =0, Lag7:LCey 0 and 5wt%Ce-5wt%Na, WO 4 /S|02
catalysts

The OCM reaction can be integrated into a processidd by a single
chamber electrolysis cell for the production of &hd the simultaneous
production of G hydrocarbons from a CHumid atmosphere. However, as
occurred with other process of OCM integration wahigere studied in the
past, it is necessary to make additional efforttloe development of new
catalysts to improve Cjtonversion, gselectivity, yield and stability of the
system. In previous chapters, (@@e 0, Lay:Ce0 and 5wt%Ce-
5wt%NaWO, /SiO, catalysts showed the best performance when tested
the OCM. However, the behaviour of these catalystaler humid
atmosphere is unknown. Thus, this chapter is fatosethe effect of steam
on the above mentioned catalysts when are operatitize OCM reaction.
Results reveal the presence of oxygen species,hwhare identified by
XPS. It seems that steam does not affect the fo®o and O species in
forming G hydrocarbons. The presence of steam practicaks chmt show
any significant improvement in the performance @ £ 0. However,
CH, conversion, gselectivity as well as yield increased with theoamt of
steam over 5wt%Ce-5wt%MA/O, /SiO,. This can be attributed to the
suppression of the oxidation of Gtand G hydrocarbons to form CO
productsSteam showed to have a poisoning effect overdGe »0.
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6.1 Introduction

The OCM has received considerable attention sinebeKand Bhasin’s
work in 1982 [1]. Most researchers have focusedr tagention on the
catalyst efficiency for a possible industrial apption. However, an
acceptable catalytic performance (£Honversions of 15-30% at ,C
selectivity of 50-80%) was only obtained with a featalysts [2-7]. In
addition, there are other difficulties for the coemgialisation of the OCM,
such as the high temperatures required (usually0& °C). These high
temperatures increase the deep oxidation of, @rtl G products which
generates a long amount of heat. Thus, some realctare been designed
and used to mix CHwith O, under safe conditions, and to control the
energy generated from the process [8-12]. Membraaetors are promising
technology, with a high potential to enhance seligtand yield, reducing
energy consumption, improving operation safety, anihiaturising the
reactor system. Moreover, membrane reactors proviole a better
distribution of oxygen, which improves the C2 hychrdbon yield [11,12].

On the other hand, the type of oxygen supplieth¢oQCM reaction has also
been studied in order to achieve industrially atagle G hydrocarbon
yields. An interesting alternative is the electrexiically supplied oxygen
(O*7) by the use of a solid electrolyte membrane rea@&MR) [13-16].
This kind of configuration allows to integrate tB&M reaction into other
processes, in order to combine the possibility décteochemical
enhancement of LCselectivity, with simultaneous generation of «ieet
power and/or useful products, and to achieve betptrol over the reaction
pathway. Recently, Caravaca et al. [17] introduaeedew electrocatalytic
concept which integrates a single chamber eledi®lyell for the production
of H, and the simultaneous production of Bydrocarbons. They used a
single chamber solid electrolyte cell in which #lectrodes (Pt/YSZ/Ag) are
exposed to the same reaction atmosphere (a mixtui@H, and HO).
However, although this system could to produceaHd G hydrocarbons
simultaneously, a low Lyield (7.5 %) was observed at 820 under a
maximum current of - 450 mA.

All these works indicate that the development dllysts and/or active and
selective catalytic electrodes are essential torowg conversion, £
selectivity, yield and stability of the reactor.eRious chapters showed the
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development of active and selective catalysts tdsvaz hydrocarbons.
These catalysts could be used in a system as bleddoy Caravaca et al.
[17]. However, although their OCM performance haerb evaluated, it is
important to know their behaviour in OCM reactiomder similar
atmosphere (Ck+ H,O). Thus, the objective of this work is the studyle
effect of steam over the best catalysts oCay O, Lay7:Ce 20 and
5wt%Ce-5wt%NaW O, /Si0,) to evaluate the viability of their application
under similar conditions. To this end, the catalytests under humid
atmosphere were carried out at the temperatureagfimum CH, conversion
and G selectivity observed in the absence of steam.aSarbxygen species
were investigated by X-Ray Photoelectron SpectimgdXPS) to explain
the effect of steam.

6.2 Experimental section

6.2.1 Catalyst preparation

The catalysts studied in this work, {c@e) 50, L&y 7sCe 250 and 5wt%Ce-
5wt%NaWO, /Si0,, named henceforward as c# Bca and Ga
respectively, were prepared by different methodse €itrate method was
used to prepare the first catalyst, the solvothemehod for the second one
and the third catalyst was obtained by incipientness impregnation of
silica support.

The citrate method has been used in literaturerépgre multicomponent
oxides [18-21]. It involves the formation of a mikens citrate that due to
the three-ligand nature of the citric acid resutisa transparent three-
dimensional network which allows preparation ofhtygdispersed mixed
oxides from the individual cations in the desirésichiometric ratio. Thus,
Acatwas obtained from Ce(NR-6H,0 (99% Aldrich) and Ca(Ng),-4H,0
(99% Fluka), Figure 2.1 showing schematically tbérate method
procedure. The precursors were added to distillatemin the appropriate
amounts to obtain a Ca:Ce molar ratio of 1:1. €iacid was added with a
molar ratio of acid/(Ce + Ca) = 1.5. Then, acid dibons were adjusted
using HNQ. The solution was heated up to 80 °C in a pardffith under
constant stirring to evaporate superfluous water,volume of the solution
decreased and a viscous gel was obtained. The geldwed at 120 °C
overnight to form a spongy material and finallywias calcined at 800 °C
during 6 h.
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On the other hand, the solvothermal method perthiégs modification of
precipitates, gels or flocculates induced by terajpee under aging or
ripening in the presence of mother liquor (solvg@p,23]. Reactions occur
at temperatures above their normal boiling poigtEdntaining the reaction
mixture in a pressure vessel (autoclave) subjetdedutogenous pressure
[24,25]. The obtained solid is washed, dried amally calcined at the
desired temperature. ThuscBwas prepared from Ce(N§- 6H,O (99%
Aldrich) and La(NQ)s- 6H,O (99% Fluka) precursor solutions in appropriate
amounts to obtain a La:Ce molar ratio of 75:25.0Aison was prepared by
dissolving La(NQ)3-6H,0 and Ce(NG)s-6HO in methanol in appropriate
amounts to obtain the above mentioned molar rdtleen, the alkaline
conditions were adjusted using KOH (3M). The solutiobtained was
transferred to a Teflon vessel inserted in the tpgkssure reactor (Figure
4.1) and heated up to the desired temperature {€h@nder autogeneous
pressure. The solution was then maintained at thevea mentioned
temperature for 150 min under continuous stirriBg0(rpm). The colloidal
material obtained was washed with distilled wated aried at 120 °C
overnight. The material was calcined at 800 °Crayfi h.

SupportSiO, was synthesised using a similar method as reporti@rature
[26]. It consisted in the preparation of a solutioixing H,O 0.7 mL,
ethanol 30 and 6 mL of tetraethylorthosilicate (98%drich TEOS) at room
temperature. Then, 10 mL of NBH (25 % aqueous solution) containing
0.16 g of citric acid was added to the homogenoligisn during 2 h under
stirring at 300 rpm until a gel was obtained. Thamed precipitated was
washed in an up-flow mode system as shown in Fi§uteusing distilled
water (50 mL mift) for 8 h. The material was dried overnight in aem at
120°C and finally the product was calcined at 5@0for 2 h to obtain the
SiO, support.

Finally, Ccat was prepared by the incipient wetness impregnati@thod.
This latter is used for the catalyst preparatiod aansists in the support
impregnation (in this case SiPwith precursor solutions. These solutions
contain salts of precursor agents, preferably aniaich may be eliminated
by easily washing (chlorates, sulphates) or decaitipo to low
temperatures (nitrates, carbonates). The requiohaime of the solution to
impregnate the support corresponds to the necegsartity to fill the pore
volume. This technique allows the uniform distribat of the metallic
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precursor on the support. Thus, the method waopeeld using aqueous
solutions of Ce(NO3)6H,O (99% Aldrich) and NaVO,2H,O (99%
Riedel-deHaén) in the appropriate concentratiomally, the catalyst
powders were dried overnight at 120 °C, followedchjcination at 800 °C
for 8 h (see Figure 5.1).

6.2.2 Catalyst characterisation

Surface oxygen species on the catalysts were ige¢stl by X-Ray
Photoelectron Spectroscopy (XPS) VG Scientific EEBB 200A
spectrometer. Deconvolution of XPS spectral enwveiofo the contributions
of corresponding surface oxygen species was madg tle software XPS-
peak to fit the O 1s envelope. For all the compfitey the XPS peaks were
assumed to have 80% Gaussian plus 20% Lorentziak pkape. The
correctness of the analysis method was checked eopngolution of a
simulated peak composed of four single peaks witbwin binding energy
and peak width values.

6.2.3 Catalyst evaluation

The catalytic activity measurements over OCM weagied out with and
without the presence of steam. A modification of #xperimental setup,
presented in previous chapters, was made to achi@geobjective. A
saturator as shown in Figure 6.1 was placed inekgerimental setup
adjusting all appropriate pipes, accessories andevaconnecting the
saturator and the reactor inlet. As mentioned aptve gases (methane,
helium and oxygen) were regulated using mass flontrollers (HI-TEC).
Water was introduced to feed stream by means afaat using helium as
carrier gas in order to achieve liquid—vapour eguum.

The content of water in the reaction mixture wastemled by using the
vapour pressure of water at determined temperatufree saturator. All lines
placed downstream from the saturator were heatedeabO0 C via flexible
electric resistances to prevent water condensatibme gases were
introduced into the reactor in GiD,:He molar ratio of 4:1:15 with an
overall gas flow rate of 50 chmin*. All catalytic experiments were studied
in a quartz tube reactor of i.d = 10 mm as shawhigure 5.2 which was
filled with 0.2 g of sample.
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Carrier gas inlet (He)
G——

Saturated gas with

Figure 6.1 Saturator.

A cold trap was placed at the outlet of the quarbe to separate condensed
water vapour from the reaction products. The prodiiceam containing
carbon monoxide, carbon dioxide, ethane, ethylenegacted oxygen and
methane was analysed by an on-line gas chromato€p) equipped with

a thermal conductivity (TC) detector, using a dapyl column (Carboxen
1010 Plot. Supelco). It was assumed that carbon /andhydrogen in
methane were only converted into ethane, ethylan@oo monoxide, carbon
dioxide and/or molecular hydrogen and water. Thiea,CH, conversion, €
selectivity and yield of the products were definexspectively, as showed in
Egs. 2.1-2.3.

6.3 Results and discussion

6.3.1 Characterisation

In this work, the type of surface oxygen species W relevant difference
found between catalysts. These were identified Ipplyeng X-ray
photoelectron spectroscopy. The O 1s spectra &f Bca and By are
shown in Figure 6.3. Such as described in the @est8.3.1.3 and 4.3.1.3,
the spectra corresponding t@.fand B, were deconvoluted in single peaks
corresponding to the different oxygen species whiah be assigned to
CO” at (531.5~532.5) eV, £ at (530.5 ~ 531.1) eV, O at
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(530.1~530.2) eV and O at (528.0~529.0) eV, the values being
summarised in Table 6.1.

Gas outlet: Reaction zone Gas inlet:
He; O,; CH, He; O,; CH,
C,He CHy; CH,/O,=4
CO; CO; H,0

VENT

ONLINE GAS

CHROMATOGRAPH

CH, o,

MFC: mass flow controller
TC: Temperature controller

Figure 6.2Schematic representation of the OCM setup afterficaton to
introduce steam into the reactor.

The fitting of experimental data observed in Fige3 shows the
contribution of the aforementioned single spediem reasonable physical
meanings, it can be derived thai,Aevealed the presence of three oxygen
species (@, 0,>~, and G™) while, B.s: sShowed to have the Oand G~
oxygen species.

However, the G: Ols XPS spectrum only revealed the presence of two
peaks. On the one hand, one small peak with bineireggy of ca. 529 eV
which would correspond to O atom in metal oxideO¢Mand, on the other
hand, another peak of ca. 532.5 eV correspondingutio O atom in SiQ

that is in agreement with literature, since thelbig energy between O-Si in
SiO, has been reported to be in the range of (530-883R7-29]. In other
words, the Gy XPS spectrum showed that; Q O, and O species are
absent (Figure 6.3).
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It was reported in Chapters Il and IV that thentlgcation of the surface
oxygen species O andO,”~ on Acrand O on By allowed to explain why
these catalysts showed a better performance IOkl reaction. On the
other hand, &: showed to have the highest performance (see ch¥lpte
This was attributed to the appropriate amount olo@¢he catalyst surface,
revealing to play an important role in the cryssaflion of a-cristobalite
SiO, besides the tungstate-metal oxide interactionschvioccur during
crystallisation process, which are important fax tdCM. Hence, the above
XPS results, showing different oxygen species m A, and B, and the
absence of ©, O~ and O oxygen species in & could help to
understand the behaviour of catalysts in the OCkhénpresence of steam.

Binding Energy (eV)

Figure 6.301s binding energy spectra of the various samptes),
referring to experimental data;,J showing contribution of single species,
(+++) showing the sum of the computer fitted cdnitions of all single
species. (For sample identification see the leftemgorner of each
spectrum).
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Figure 6.3 (cont)O1s binding energy spectra of the various samples)
referring to experimental data;J showing contribution of single species,
(+++) showing sum of the computer fitted contribug of all single species.

(For sample identification see the left upper coofeeach spectrum).
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Table 6.10 1s binding energy from XPS data.

O 1s binding energies (eV)
FWHM (between brackets)

Catalyst
0% 0,7~ o~ COs*™ 0,~
528.88 530.93 532.00 533.05
Acat (2.0 (2.0 (1.9 (2.0)
528.09 530.07 531.56
Beat (2.5) (2.4) (2.0)
532.7
(2.2)
Ccat -t Tt - Tt
529.1
(2.2)

6.3.2 Catalytic tests

6.3.2.1 Effect of temperature in the absence of steam

The effect temperature on OCM was studied over and B, without
steam. Figure 6.4 shows the £ebnversion, ¢selectivity and yield in the
temperature range of 650-880. It can be observed that ¢konversion is
similar in both catalysts (A and Ba). However, Aa revealed higher £
selectivity and yield than &, passing by a maximum at temperature of 750
°C. This behaviour was also observed wheg and B, were tested in a
larger inner diameter reactor. However, using allemanner diameter
reactor led to higher Sselectivity and yield. As suggested in chaptethi§
behaviour would be associated with an increaséefgas flow rate caused
by a smaller diameter. Nevertheless, the maximuynselectivity and yield
were again observed at 7%0.

As mentioned above, £ and O surface oxygen species were found,
respectively, on &and G respectively (Table 6.1). It was demonstrated in
Chapter 1ll and IV that these surface species playmportant role in the
activity and G selectivity The O species were attributed to be responsible
for the selective oxidative coupling of methaneBig:. Nevertheless, A
containing the peroxide anion £0) showed also to be selective to form C
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hydrocarbons. It was reported tha?O itself is not able to promote the
selective oxidative coupling of methane [30]. HoeevQ?~ and O
species may exist in equilibrium which dependstanrtature of the catalyst
[31]. Thus, @* can undergo decomposition intd" @t temperatures high
enough (> 606C) according to the following equation:

0,5~ > 20~ 6.1

Therefore, the higher LCselectivity and yield observed in 4 can be
attributed to the formation Ospecies from the decomposition of peroxide
anion (@) at high temperature.

6.3.2.2 Effect of steam on the OCM reaction

The effect of the amount of water added to thetr@astream over Ay Beas
and G4 was studied. The catalytic tests were carriedabuihe temperature
of maximum CH conversion and £selectivity in the absence of steam (see
section 6.3.2.1 and 5.3.2.2). OCM reaction parareete shown in table 6.2
and Figure 6.4. In the case of,Ait can be observed that GEonversion as
well as G selectivity and yield slightly increased as theoant of steam
increased. However, an opposite behaviour was wbden B It is known
that there are two kinds of reaction process in @@M reaction: the
heterogeneous catalytic reaction, which gives mnetagicals; and the
noncatalysed gas-phase reaction to fognai@ CQ products.

In the low temperature range the former is predamin producing &
hydrocarbons by methyl radical coupling. Howevdrhigh temperatures,
the latter is enhanced and part of Gihd G products are oxidised to form
CO products. Therefore, the catalytic results obthimepresence of steam
are discussed in terms of its eventual effect encetalyst surface chemistry
(where the heterogeneous reaction occurs) andeogastphase reactions.

Chang et al. [32] reported that the presence @insteas a positive effect in
OCM which would be related with the presence ef O and O surface
oxygen species. This effect was observed in theé¢eature range of 550-
600 °C. They suggested that at 53D steam reacts with £ forming O~
and surface hydroxyl groups. In other words, Cheingl. suggested that the
presence of steam is necessary to producatQemperature around
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Figure 6.4 Effect of temperature over the catalytic performeaatA.; and
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Figure 6.4 (cont)Effect of temperature over the catalytic perforneant
Acatand By for OCM.

Table 6.2Effect of steam on the OCM reaction performance (50°C)
Acat Bcat

H20 CH, Selectivity (%) G CH, Selectivity (%) G,

(%) Conv. yield  conv. yield
(%) C, CO CO;, (%) (%) C, CO CO; (%)
0 324 602 48 35.0 195 29.0 544 44 412158

S 32.4 62.4 45 33.0 20.2 29.0 452 49 499131
10 32.4 63.0 3.8 33.2 204 294 439 4.7 514129
15 33.9 62.0 54 32.6 21.0 298 446 5.2 503133
20 34.6 62.5 6.0 314 21.6 29.2 445 45 51.013.0
25 35.0 62.7 6.1 31.1 22.0 285 434 4.2 524124

550-600 °C, to maintain the supply of OHowever, they point out that at
high temperatures (>600 °C), the presence of sfgatrably may not favour
the formation of O and hydroxyl groups. It would explain why a
significant effect of steam was not observed ig. Ahe reaction temperature
in this latter was 756C, thus the & species probably are not decomposed
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to form O~ species. However, the decomposition ef Oto form O~ (Eq.
6.1) can proceed in the same way like it occuthénabsence of steam, i.e.,
the presence of steam is not required to improgeifstantly the OCM
performance. Similarly, this analysis can be apgplie the case of & In
addition, this latter only exhibited Ospecies which means that steam is not
also required. Moreover, steam seems to have amodg effect on the &

100
90
8ok
: ° QCZ ° o ¢
. 70‘;-/
< 6of . LT . ?
z o f
3 f
B 40f
30
: co
20'5\0 o« ° ° °
( ]
10 g_\° ¢ CO R . l
O F T T T T
0 5 10 15 20 25
Amount of HO (%)

S S
2T
T T T
N e
o o o

@
N
o

o cH, 7]

S a0d e °

S 40;. ./. N

5 S

‘B 357 F 35 ;

g E cz ,,|_>/1i @

c ] ] o >

8 304 ././. - 30
../ L

NN
L2 Ty
T T
NN
S o

N
L
T
=
o1

T T ]
0 5 10 15 20 25
Amount of HO (%)

Figure 6.5 Effect of steam on £ CH,, CO, CQ selectivity, CH
conversion and £yield over G4 at 800°C.

On the other hand, the addition of steam had aroitapt effect on
since the Chl conversion as well as,Gelectivity and yield were found to
increase with the amount of steam at 800 (Figure 6.5). These results
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suggest that the beneficial effect of the presaicteam is specific for &
As shown in Table 6.1, Ccat did not exhibif OandO,*~ species. The
surface chemistry of this catalyst is differentnfrahat of A, and By in
agreement with literature regarding types of speaigive for the OCM. A
mechanism, until now proposed for this kind catslyss based in a redox
cycle which allows generating methyl radicals fr@Hl, It seems that the
reduction of W"W** or W?*W?>* plays an important role for GHactivation

in presence of the 0 active surface species [33-35]. These species are
formed from activation of gas phase @nh a reducible metal ion, since there
are no reports on their formation from®at 800 °C. Therefore, in this work
it was assumed that,B does not affect the heterogeneous catalyticiceact
on G4 However, Haitao et al. [36] reported that thespreee of steam had a
positive effect on gselectivity and yield over a similar catalyst &08C.
They indicated that steam, in addition to a dilteffect on oxygen, also
suppresses the deep oxidation in the gas phasamSteems to promote
moderated temperature in the catalyst bed durirgtian. Therefore, a
moderate temperature is created in the bed, suppgethe total oxidation of
CH,; in the gas-phase, leading to moegp@duct at the outlet. On the other
hand, Shahri and Pour [37] suggested that theiaddf Ce could promote
the performance of the catalysts for the OCM reactand inhibited the gas
phase oxidation of methane.

Finally, one might ask why the suppression of,Gihd G hydrocarbon
oxidation to form C® products was not observed onsfand Ba. This
could be related to the temperature, which inflesnte exothermic reaction
of OCM, eventually leading to the formation of Ispts in the catalyst bed.
Then, hot spots can increase the bed temperatuieh vettso depends of
catalyst nature. Thus, it is probable that moredpats are developed at 800
°C in the G4 bed increasing the bed temperature making momoprmant
the gas-phase reaction to form C&@hen compared to & and B
Therefore, the effect of steam to suppress deagatgn is more significant
in Ceat Wwhen compared to & and B

6.4 Conclusions

Oxidative coupling of methane was studied under iduatmosphere. The
co-feeding of steam with GHand Q was advantageous to the OCM reaction
over Ga. The presence of steam enhanced, Cbhversion, gselectivity as
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well as yield. This is due probably to the effetteammperature distribution in
the catalyst bed at high temperature suppressmgtddominant gas-phase
reaction to form CQproducts. On the other hand, it is suggested@sat
species are not decomposed int0 ©Gpecies in the presence of water.
Therefore, steam did not improve significantly tA€EM performance over
Acarat 750°C. Steam showed to have a poisoning effect ovgr B

This work allows to suggesting thatfand G4 can be used in a system
where OCM reaction can be integrated into a prot¢esproduce useful
products besides ;Chydrocarbons under humid atmosphere. However,
additional studies are necessary, such as catalgiility tests and C}O,
ratio effect.
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7 Catalytic performance of 5wt%Ce-5wt%NaWO /SiO;
catalyst in a solid electrolyte-fixed bed reactor @nfiguration
for the simultaneous production of H and G, hydrocarbons1L

In this chapter, an active and selective catalysivder (5wt%Ce-
5wt%NaWO,/SiO,;) was evaluated in a combined single chamber solid
electrolyte plus fixed bed reactor configurationr fthe simultaneous
production of H and G hydrocarbons under a humidified gBtmosphere.
Hence, a Pt/YSZ/Ag solid electrolyte cell has bgdsced on top of the
catalyst powder bed.Hvas produced via steam electrolysis in a Pt ca&hod
of the solid electrolyte cell (# + 2é —H, + O%). Simultaneously, the
produced & ions were electrochemically pumped to the Ag antetling

to the production of £hydrocarbons (ethane and ethylene), via oxidative
coupling of CH (4CH, + 30F —>C,H, + GHg + 3H,0 + 6€). Additionally,
oxygen molecules desorbed to the gas phade<{@,+2e-) reacted with
CH, on the 5wt%Ce-5wt%N8VO,/SIO, catalyst bed leading to an increase
of C, hydrocarbons yield. The influence of different @t parameters
(applied current, temperature and composition)hendatalytic performance
of the system was investigated. In addition, logsgrt reaction experiments
confirmed the stability of the overall configurati (solid electrolyte cell +
catalyst bed) for long operation times in view gdractical application.

'Caravaca A, Ferreira VJ, de Lucas-Consuegra A diigdo JL, Faria JL, Valverde
JL, Dorado F, Simultaneous production gfathd G hydrocarbons by using a novel
configuration solid-electrolyte + fixed bed reactdnternational Journal of

Hydrogen Energg8 (2013) 3111-3122.
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7.1 Introduction

The direct conversion of methane tg lgydrocarbons remains a challenging
problem in heterogeneous catalysis and chemicattioea engineering.
Among various approaches, the OCM is one of the eacesses that is
capable of converting methane into higher hydramashin a single step [1].
A lot of research work on the OCM process has lmzeried out since the
work of Keller and Bhasin in 1982 [2]. The develagrm of active and
selective catalysts has been pursued in orderhm@ae high yields in this
process. However, the main problem in OCM is thepdexidation of CH
and G hydrocarbons to form CQ(CO + CQ) products. Hence, different
alternatives have been introduced in the last yeaiacrease the Lyield
and G selectivity vs. CQ formation [3]. For instance, solid electrolyte
membrane reactors (SEMR) seem to be a suitablégcwation for the OCM
[4-7]. A SEMR consists mainly of a ceramic soliceaflolyte membrane
(e.g. G or H" conductor in most cases), with two porous metametal
oxide electrodes on both sides of the membraneh Sacfigurations allow
to supply electrochemically one of the reactaresy.( G for the oxidative
coupling reaction) by a Faradaic operation, andgnt several advantages
such as: enhanced catalytic activity and selegtivibetter process
integration, reduced feedstock and easy reactitsna@antrol. Hence, many
solid electrolyte membrane reactor configuratioagehbeen studied for the
oxidative coupling of methane [4-12].

On the other hand, a recent study showed the plitysdd using a single
chamber solid electrolyte membrane reactor forstheiltaneous production
of H, and G hydrocarbons by the integration the OCM with theam
electrolysis process [13]. In that work,® was used instead of,@or the
coupling reaction and hence, the activ@ ions for the OCM reaction were
in-situ electrochemically produced in the cathoaenf H,O through a steam
electrolysis process @@ + 2é > H, + O%). Simultaneously, the produced
O ions were electrochemically pumped to the Ag andeiading to the
production of G hydrocarbons (ethane and ethylene), via oxidatoweling
of CHs (4CHs + 30F >CsHs + GHg + 3H,O +6€). The possibility of
simultaneously producing Hand G hydrocarbonsn a single reactor step
from a humidified methane stream is of great ecdoalmand technical
interest. The main advantages can be summariziedl@ss:
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-This configuration would reduce the cost of thesra¥l process since no
pure Q is required for feeding the reactor (the feedastreconsists of a
humidified CH, stream).

-At the same time it would allow to produce a higiluable chemical, i.e.,
Ho.

-It allows combining an exothermic reaction (oxidatcoupling) with an
endothermic one (steam electrolysis) by the heatster of all the gas
components in the well mixed single chamber reamafiguration.

-The optimization of the £yield and selectivity of the system at varying
reaction conditions could easily be carried outabgimple modification of
the applied current.

However, two limitations were also identified frahat work [13]:

-Relatively low G vyields (around 8 %) were obtained at the optimal
conditions.

-Relatively low H faradaic efficiencies (up to 12 %) were obtained Hi,
production, due to the recombination of thg plioduced and the free,@n
the single chamber reaction atmosphere.

Thus, in order to increase the overall efficienEyhe process, an active and
selective catalyst can be used by combining a skdtrolyte membrane
and conventional heterogeneous catalysis.

Several catalysts were developed for the OCM iwiptes Chapters. Then,
the best catalysts were tested under a wet atmasgh&vas concluded that
two catalysts, GaCe O and 5wt%Ce-5wt%N8VO,/SiO,, can be used in
these conditions. However, the last catalyst shoagktitional improvement
in its performance when tested in the presencéahs

Hence, in this work the 5wt%Ce-5wt%NHO,/SIO, catalyst bed was
located next to a single chamber SEMR to enhareedhction between O
molecules produced in the electrolysis process raethane, in order to
increase the overall efficiency of the processtifigr production of Hland G
hydrocarbons. Thus, the influence of the presenicéhe catalyst bed,
together with the reaction temperature, the appigdent and the gas phase
composition has been studied. Finally, a long texperiment was carried
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out in order to study the durability and stabilby the proposed novel
configuration.

7.2 Experimental section

7.2.1 Preparation of the catalyst powder

Catalyst (5Ce-5NaVO,/SIO,) preparation was carried out in two steps.
First, a SiQ support was sythetised using a reported procejddie Then,
metal precursors were dispersed on the, SiPport by the incipient wetness
impregnation method. The preparation procedureescibed in detail in
section 5.2.1.

7.2.2 Preparation of solid electrolyte

The reaction experiments were carried out in a ¢oetbsolid electrolyte-
fixed bed reactor as shown in Figure 7.1. The pedpm of the solid
electrolyte cell is as described in literature [13riefly, it consisted of a
porous and continuous Pt thin film (working eled&p geometric area of
2.01 cnf) deposited over one side of a 19-mm-diameter, tthiok YSZ
(Yttria-stabilized Zirconia) disc (Tosoh-Zirconialhe Ag counter electrode
(geometric area of 2.01 &nwas deposited on the other side of the
electrolyte.

Thermocouple«——

—[_—> Products

- -
Au contact ((f) . H

o Au contact (W)

CH4 C2H4 + CZHG +
Feed inlet ———=— ] Pt (W) co+ca
CHy, HO, N I Solid electrolyte  Solid electrolyte cell
r— T

L1, Catalyst powder bed

Quartz wool

Figure 7.1 Scheme of the single chamber solid electrolytereeittor.
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At first, the Ag electrode was deposited by appiaraof thin coatings of Ag
paste (Fuel Cell Materials), followed by two cabtion steps, at 300 °C (2
h) and 850 °C (2 h). The final Ag loading was ad® mg/cri. Then, the
Pt film was deposited, as described in detail eterey [15], by successive
steps of deposition and thermal decompositionvim $teps, 550 °C for 1 h
and 850 °C for 2 h) of aJRtCk precursor solution. The final Pt loading was
1.5 mg/cn. Gold wires were sealed to both electrodes with pagte in
order to connect them to the potentiostat-galvatostoltalab 21
(Radiometer Analytical).

7.2.3 Catalyst characterisation

Textural and morphology properties of the catapmider were assessed by
N, adsorption and scanning electron microscopy (SEM)en, phases
present in the catalyst powder were identified bRay Diffraction (XRD).

Thus, BET surface areas of the samples were mehsfren the
corresponding M equilibrium adsorption isotherms, determined &6-2C
with a Quantachrome Instruments NOVA 4200e apparaline surface
morphology of the samples was investigated by uSognning Electron
Microscopy (SEM). The SEM apparatus, FEI Quanta~Hib ESEM/EDAX
Genesis X4M instrument, was equipped with an Enéngpersive X-ray
analyzer (EDX) to define the composition of theatggt powder. Finally,
X-ray diffraction patterns of the fresh powder wezeorded on a Philips PW
1710 instrument using Ni-filtered Cuokradiation.

7.2.4 Catalyst evaluation

As mentioned above, the reaction experiments wemgied out in a
combined solid electrolyte-fixed bed reactor. Tk# reactor was made of a
quartz tube with appropriate feed-through and waerated at atmospheric
pressure. The solid electrolyte cell was suppoudedr the active OCM
catalyst bed. First, 0.2 g of the powder catalysi twas placed on a fritted
guartz disk (21 mm in diameter). Then, the soleceblyte cell was placed
above the catalyst bed. Since the silver electradiee active catalyst in the
oxidative coupling reaction, the position of thdicdcelectrolyte cell was
chosen in order to allow contact of the Ag eleatradith the catalyst
powder. Hence, this reactor configuration allowedpartially separate the
steam electrolysis process (that occurs on theea®t catalyst-electrode)
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and the oxidative coupling one, which occurs orhlibe Ag electrode and
the active Ce-NAVO,/SIO, catalyst bed.

The reaction gases (Praxair, Inc.) were certifi@hdards of 10 % CHN,
and N (99.999% purity) used as carrier gas. The gas Wlas controlled by
a set of calibrated mass flowmeters (Brooks 588Md& 5850 S) while water
was introduced into the feed stream by means oftaraor in order to
achieve liquid-vapour equilibrium. The water contenthe reaction mixture
was controlled by the vapour pressure gOHat the temperature of the
saturator (45 °C). All lines placed downstream frtime saturator were
heated above 100 °C to prevent condensation. Hutargs were introduced
into the reactor with the following concentratiol@, (0.2-1 %), HO (10
%), N, (balance), with an overall gas flow rate of 50°cmin™. All the
catalytic experiments were carried out between @D-°C at atmospheric
pressure. Reactant and product gases were analytleda micro gas-
chromatograph (Varian CP-4900) equipped with twlommms (Molsieve and
Poraplot Q column) and two thermal conductivity ed¢drs (TCD). The
main detectable products wereHg, CHj; CO,, CO and H. The CH
conversion, gselectivity and yield were calculated as shownas.2.1-2.3.

On the other hand, in order to evaluate the efiicyeof the single chamber
steam electrolysis cell, an apparent Faradaicieffoy (\) as defined in
[13], which relates the amount of experimentallyasweed H leaving the
reactor with the applied current:

A = (rHz — oHL)/(I12F) (7.1)

where rB and gH, are the hydrogen reaction rates under closediceoal
open circuit conditions, respectively, and F isdéary’'s constant.

7.3 Results and discussion

7.3.1 Characterisation and catalytic activity of the 5wt%Ce-
5wt%Na,WO, catalyst

The BET surface area and pore volume of the ss#igaport (SiQ) were
measured to be 15.0°ng* and 0.051 crhg?, respectively. Data for the
5wt%Ce-5wt%NaWO,/SiO, catalyst were 9.3 fng™ and 0.012 crhg’.
These results revealed that both the silica supgwitthe catalyst powder
exhibited low porosity. Moreover, a decrease intthural parameters was
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observed in the calcined powder. It is in good egrent with the results
obtained by Gholipour et al. [16] who studied theuctural properties of
NaWO, + Mn or Ce /SiQ samples using commercial silica as the support.
They attributed the decrease in the textural paremmeof the calcined
catalyst to the crystallization of amorphous siliadnich yielded an almost
nonporous material.

On the other hand, the XRD spectrum of the fresalgst powder is shown
in Figure 7.2. As discuted in section 5.3.1.3, d@swound that the amorphous
phase present in the silica support partialtly ge@intoa-cristobalite after
calcination at 800 °C, according to JCPDS stand#@dsthe other hand, the
crystalline phase of N&WO, was also observed on the fresh catalyst, which
indicates that Na has affinity to be combined WitD,. Cerium oxide phase
was detected to be Ce®y the presence of the corresponding diffraction
peaks. As reported in literature [16], phase ttarsifrom amorphous to
crystalline silica appears to be an importante irequent for an effective
catalyst, switching the oxidation properties of thensition metals (W) in
favor of the oxidative coupling reaction.

150
1254 A a-cristobalite
0 o Nawo,
o CeQ

Intensity (counts)
(o) ~ B
.7 . °?

N
7

04

LA L I LA LA R L RN R BRI R B

10 15 20 25 30 35 40 45 50 55 60 65 70
20 ()

Figure 7.2 XRD pattern of the 5wt%Ce-5wt%N&O,/SIO, catalyst.
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Moreover, the presence of the alkali ion {Navhich is used as a structural
promoter, should facilitate the crystallizationtbé catalyst, which would in
turn adjust the oxidation properties of the catadysl make it more selective
for the OCM reaction [17-19].

Finally, SEM analysis of the 5wt%Ce-5wt%N@0,/SiO, catalyst (Figure

7.3a) showed relatively homogeneous species ofrfdeNa/W embedded
into the silica matrix without apparent agglomeatilt was supported by
the energy-dispersive x-ray spectroscopy analyd®X( of the highlighted

area, which confirmed the presence of Ce, Na ar{&igure 7.3b).

mag O] HV [ det [mode[ WD
25 000 x| 20.00 kV|BSED |7 Cont|10.1 mm CEMUP 5 Ce WNa Silica

Figure 7.3Scanning electron micrograph of a) 5wt%Ce-
5wt%NaWO,/SiO,catalyst and b) EDX obtained from analysis of the
5wt%Ce-5wt%NaWO,/SiO, catalyst in the zone labelled “Z” in the SEM

image (a).
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Figure 7.3 (Cont.)Scanning electron micrograph of a) 5wt%Ce-
5wt%NaWO./SiO,catalyst and b) EDX obtained from analysis of the
5wt%Ce-5wt%NaWO,/SiO, catalyst in the zone labelled “Z” in the SEM
image (a).

Although the 5wt%Ce-5wt%N®WO,/SiO, catalyst was previously tested in
the OCM reaction under similar operating conditigese Chapter VI), a
preliminary experiment was carried out. Table haves the variation of the
main reaction parameters of the OCM process,(€iiversion, gyield and
selectivity towards € and CQ) and the hydrogen production at three
different reaction temperatures by feeding a metof CH/O.,/H,0: 2
%/0.5 %/10 % (total flow rate 50 émin™ with N, as the carrier gas). In this
case water was introduced in the feed stream irerotd simulate the
composition to be used in the subsequent electalytia experiments (a
mixture of CH, and HBO and Q electrochemically produced from steam
electrolysis process). The results of Table 7.aéthat methane conversion
as well as the selectivity to,@ydrocarbons and Gyield increase with the
reaction temperature. On the contrary, it seems ttitea CO and the CO
selectivities followed an opposite trend, decregsias the reaction
temperature increases. As expected, the catalysigraresulted to be active
in the oxidative coupling process under humid agrhese.
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Table 7.1Catalytic performance of the 5wt%Ce-5wt%MeD,/SiO, on the
OCM reaction at three different reaction tempeedur

Temp. CH, Selectivity (%) C, (rtH, mol s%)
(°C) Conv. yield x10°
(%) C, CO; CcO %
750 16.0 50.5 29.3 20.2 8.1 0.82
775 19.6 57.4 23.3 193 11.3 1.13
800 22.7 61.0 220 17.0 13.9 1.15

The CH, conversion, ¢ selectivity and vyield incresed, while GQCO +
CO,) decreased with the reaction temperature in thgedrom 750 to 800
°C. In this sense, the production of CO and,C6uld be attributed to the
partial and deep oxidation processes, respectivéiich strongly competed
with the coupling reaction. Also, it should be men&d that the maximum
C, yield achieved at 800 °C was around 13.9 %, intrash with results
reported in Chapter VI and in literature [16]. Hag the difference is not
significant since contact times and reactor geoyrate not comparable. On
the other hand, it can be also observed that sonmaui@t of hydrogen was
produced under the different reaction conditionse Tiydrogen production
rate was lower but of the same order as that the I6Ghis sense, some
studies have reported the simultaneous productiogthylene and syngas
(CO + H) with a similar sodium tungstate based cataly8t,[ih which the
H, production could be attributed to the activity farethane partial
oxidation. However, the amount of hydrogen produbece was very low
compared to that obtained in previous study regardhe simultaneous
production of H and C [13], in which most of the hydrogen produeess
attributed to the steam electrolysis process. QheeOCM activity of the
5wt%Ce-5wt%NaWO,/SIO, was checked, a solid electrolyte cell was
placed on the catalyst bed for the simultaneouslymtion of H and G
hydrocarbons by using a humidified gas stream asfébd. This way, ©
was produced in-situ via electrolysis, consequent®ading to the
simultaneous production of;H
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7.3.2 Electro-catalytic tests

First, a galvanostatic transient experiment wagsiezhrout at a constant
temperature of 750 °C with both the Pt/YSZ/Ag sdidctrolyte cell (SEC
from now on), and with the combined system of tbkdselectrolyte cell
and the powder catalyst Pt/YSZ/Ag+5wt%Ce-5wtAN&®./Si0O, (SEC +
PC from now on) as described in the experimentzticae This experiment
was performed by step changes in the applied dufrem O to -150 mA
and under the following gas mixture in the feeeatn: CH/H,O: 1 %/10
%, overall flow rate 50 cthmin®, with N, as a vector gas. Hence, Figure
7.4 shows the variation the ;H(@), CQ (CO + CQ) (b) and G
hydrocarbons (Ethane + Ethylene) (c) productioesats. time under the
application of the different currents. It can besetved that under open
circuit conditions, i.e., Current = 0 mA (no, @as present in the reaction
atmosphere) the catalytic activity of both the gtezhemical catalyst and
the catalyst bed was negligible towards the methsteam reforming
process, since it was not observed any importantgag (H + CO)
production. On the other hand, regarding the SEStesy, Figure 7.4 shows
an increase in the production of all the reactimdpcts with the increase of
the applied current. As explained in [13], since Bt layer and the silver
catalyst were connected as working and countetretes, respectively, the
application of negative currents led to the stedutelysis in the Pt film.
This process led to the formation of BHnd oxygen ions (©) [21]. While
hydrogen migrates to the gas phase as a reactwdugt the & ions
migrate from the Pt electrode to the Ag one. Heirtcexplains the almost
linear trend followed by the Hproduction for the SEC system with the
increasing applied current, since the hydrogenywton was mainly due to
the electrochemical process of steam electroly®isls, the oxygen ions
reacted in the Ag electrode with methane to produceixture of carbon
derived products (according to the scheme of Figuka). Then, an
increase of the applied current led to an increagbe amount of oxygen
ions () supplied to the Ag electrode, therefore improvthg methane
reaction rate, with the subsequent positive effeahe formation of CO,
CO,, CGH4 and GHg [11]. In this sense, similar results were found in
previous study with a similar solid electrolyte ICHI3]. Then, the slight
differences observed between the results obtainethis work for the
Pt/YSZ/Ag solid electrolyte cell and the ones afal in the previous work
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could be attributed to the different performanagareing the position of the
cell (different gas reactant bypass in the eleespd
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Figure 7.4Influence of the applied current on the dynamilciea of B (a),
C,He and GH4 (c) and CO + CQ(b), reaction rates vs. time for both the
Pt/YSZ/Ag and the Pt/'YSZ/Ag+Ce-MN&O4/SiO, systems.
Conditions: CH/H,0: 1 %/10 %, Total flow = 50 chmin™ (N, balance),
Temperature = 750 °C.
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On the other hand, it could be observed that tleéd yof all the reaction
products strongly increased at the different pp&trons under the presence
of the 5wt%Ce-5wt%NAVO,/SIO, powder catalyst. This point clearly
demonstrates the possibility of coupling catalysisl electrocatalysis in a
single chamber reactor configuration for the pradume of H, and G
hydrocarbons. As explained in the previous studd],[bne of the main
drawbacks related with the use of a single chamsbkd electrolyte cell is
the drop in the apparent faradaic efficiency (nethe final H production)
due to the recombination of the idroduced by steam electrolysis and the
free Q@ (O, ed present in the reaction atmosphere as a conseguah
oxygen G evolution in the Ag electrode. Hence, accordinghe results
obtained in Figure 7.4, it seems that the presehtiee catalyst bed led to a
strong increase in both the faradaic efficiencythe# system (since the;H
production increased at all the currents studiet) the CH oxidation
(COy) and coupling (&) products. It can be attributed to the reactio®®pf
ree With the inlet CH at the Ce-NaNO,/SiO, powder catalyst bed (as
schematized in Figure 7.5b), since, as previougyagned in Table 7.1, this
catalyst showed a good performance for the oxidatwupling reaction
even under the presence of water in the feed stréhauos, an increase in the
applied current would lead to a higher amount @efrQ, increasing
methane conversion over the powder catalyst towaa$®on derived
products, and leading to the observed increasehef €Q and G
hydrocarbons reaction rates. On the other handtaltiee decrease of free
O, present in the reaction atmosphere, gfoduction increased at all the
polarizations studied (important increase in thectblysis Faradaic
efficiency).

One can find in literature some efforts to incretse efficiency of silver
based solid electrolyte cell towards thgd@upling products by addition of
active powder catalysts [22]. However, in this cdsepowder catalyst was
introduced in the matrix of the Ag electrode, loagionly to a slight
increase in g hydrocarbons production. Thus, the reaction peréome
shown in the present study can be considered asraysadvance regarding
the simultaneous production of hydrogen aathy@rocarbons.
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Figure7.5 Schematic representation of the main processedvied during
the cathodic polarizations for the Pt/YSZ/Ag and Bi/YSZ/Ag+Ce-
NaWO,/SIiO, systems.

The presence of the catalyst powder enhanced betleriergetic and the
catalytic efficiency of the Pt/YSZ/Ag solid eledyte cell.

The influence of the reaction temperature was studior both, the
electrolysis and the coupling processes. Thus,réigb shows the response
of the steady state values (after 1 h of polarast a fixed current) of the
following parameters: CHconversion (a), £yield (b) and GH4/C,Hg ratio
(c) with the reaction temperature and the applieadent for both the
Pt/YSZ/Ag (SEC) and the Pt/YSZ/Ag + catalyst powd8EC + PC )
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configurations. These experiments were carried unger the same feed
stream used in the previous experiment EHO: 1 %/10%), and in the
reaction temperature range from 750 to 800 °C.Hédh systems, Figure
7.6a shows an increase in methane conversion wélapplied current and
the reaction temperature. Regarding the solid iete cell, a similar trend
was observed in the previous study [13], which atasbuted to an increase
in the kinetics toward both the G@nd the @ products. However, as shown
in Figure 7.6, the introduction of the catalyst lbedhe reaction system led
to a strong enhancement of the methane reactia) eatd then in the
methane conversion under all the explored reactemperatures. As
previously explained, this could be attributed he treaction of the inlet
methane with free Opresent in the reaction atmosphere over the dtaly
powder bed. Thus, the maximum methane conversi@oltained, for the
SEC + PC system, at the reaction temperature of°808nd at a constant
current of -150 mA. A similar trend was observed tire parameters
depicted on Figures 7.6b and 6c¢ for both systenmsTthe @ yield
obtained with both devices (Figure 7.6b) increasitls the applied current
and the reaction temperature. A similar trend for $olid electrolyte cell
was observed in the aforementioned previous stli@y OPne can calculate
the selectivity of the & products taking into account the methane
conversion and the Gyield. This parameter generally decreased (foh bot
the SEC and the SEC + PC systems), at a constapetature, with the
increase in applied current. As explained in presiostudies for
electrochemical [11,13] and conventional cataly$], this could be
attributed to the competition between combustiod e coupling reaction
with the increase in the oxygen supplied to thepting chamber (higher
cathodic currents).

Hence, as the amount of @lectrochemically supplied to the Ag electrode
increased, the ratio of the coupling vs. the coribnsreaction decreased
(lower G selectivity) but the overall Oyield increases, therefore leading to
a higher amount of £hydrocarbons.
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Figure 7.6 Influence of the reaction temperature and the sedaurrent for
the Pt/YSZ/Ag and the Pt/YSZ/Ag+Ce-NadO,/SiO, systems on: a) CH
conversion, b) & yield and c) GH4/C;Hs ratio. Conditions: ClWH,0: 1
%/10 %, Total flow = 50 crhmin™ (N, balance),
Temperature = 750 - 800 °C.
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Figure 7.6(Cont.) Influence of the reaction temperature and the sego
current for the Pt/YSZ/Ag and the Pt/YSZ/Ag+Ce,WD,/SiO, systems
on: a) CH conversion, b) & yield and c) GH4/C;He ratio. Conditions:
CH4/H,0: 1 %/10 %, Total flow = 50 cfrmin™ (N, balance),
Temperature = 750 - 800 °C.

Thus, as occurred for methane conversion, the pcesef the catalyst
powder led to higher £hydrocarbons yield under all the reaction condgion
studied. This is clearly supported by the resulitaimed with the powder
catalyst (see Table 7.1) and the SEC system (Figwge) both of them
showing an increase of the @ield with the reaction temperature and the
applied current. The maximum yield achieved for $t&C + PC system was
around 11 %. In this sense, one can estimate tlst wf the catalytic
activity towards @ production results from the presence of the catdigd,
since the yield achieved with the solid electrolggd was lower than 2 %.

Finally, as showed in Figure 7.6c, an increasééapplied current and the
reaction temperature led to a higher ethylene/ethratio for both systems.
This behaviour can be also observed in Figure &afid,can be attributed to
the homogeneous-heterogeneous pathways of the tieeidaoupling
reaction, which led to the oxidative dehydrogematid ethane (ODE) to
produce ethylene [23,24].
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Then, it seems that the increase of the appliececur(and therefore the
amount of Q supplied to the Ag electrode) and the reactionptnature
enhance this process, as observed in previouyg &iuthe solid electrolyte
cell [13]. However, further studies should be eadrout to clarify this point
by studying the reaction of ODE over the CeXN&®./SiO, catalyst.

Figure 7.7 depicts the JHproduction rates for the same experiments of
Figure 7.6 at the different explored reaction terapges. An almost linear
increase of the Hproduction rate with the applied current can bseobked
for both systems under all working temperaturesis Tdemonstrates the
electrochemical nature of hydrogen formation, whigkts mostly due to the
steam electrolysis process in the Pt film underitiq@osed current [13,25].
It can be observed that the presence of the cafalyd to a strong increase
in the K production at the different reaction temperatuires,easing more
than twice the average ;Haradaic efficiency (see inset figures). This
increase in the Hreaction rate might be due to some steam reformamg
partial oxidation of methane over the catalyst kdedwever, as shown in
Table 7.1, the catalytic activity towards hydrogemoduction under the
presence of oxygen and steam was around one ofdaagnitude lower
than the values obtained in these experiments. ddere the negligible
activity towards H production under OCV conditions (Current = 0 mA)
supports the negligible methane steam reforminigigcof the catalyst bed.
Thus, as previously explained in Figures 7.4 a®id the strong increase in
the overall methane reaction rate over the catplysider in the SEC + PC
system, compared to SEC, led to a decrease oDirpeesent in the reaction
atmosphere, thus increasing the observed appamadsdic efficiency of this
system.

Taking into account methane conversion towards d¢bebustion and
coupling products, the oxygen consumption can bwiodd [13]. An
average of oxygen conversion is calculated as #ie between the O
reacted with methane and @roduced by the electrolysis process, i.e., /4 F.
Thus, although methane conversion increased wéhehction temperature
in the SEC + PC system, the averagec@nversion decreased from 28 % to
25 % when the reaction temperature increased fr&af © 800 °C.
However, as previously observed in Figure 7.6b, @eyield strongly
increased with the reaction temperature.
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Figure 7.7 Influence of the temperature and the imposed ntuoe the H
rate for the Pt/YSZ/Ag and the Pt/YSZ/Ag+Ce-MED,/SiO, systems. The
Inset figures depict the average apparent Fardfiteeacy. Conditions:
CH4/H,0: 1 %/10 %, Total flow = 50 ctrmin™ (N balance),

Temperature = 750 - 800 °C.

This can be attributed to an enhancement of thesdlectivity with the
increase of the reaction temperature, which ine@asound 15 % at all the
applied currents. Thus, since oxygen conversiaghyi decreased with the
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reaction temperature, the amount of freg f@resent in the reaction
atmosphere increased, therefore decreasing theempdaradaic efficiency
for the SEC + PC system as observed in the inseFigares 7.7a-c.
Moreover, one can find that the values sofare similar to the oxygen
conversion above mentioned. It demonstrates, ffiritlat most of the non-
converted oxygen reacted with, Hue to the mixing properties of the single
chamber configuration and, on the other hand, kbetrechemical nature of
H. produced via steam electrolysis. As a result,iy@drogen reaction rate
was more than one order of magnitude higher thah @¢h CO produced,
leading to H/CO ratios between 12 and 15.

Finally, it should be mentioned that no mass trankinitations were present
in the polarization curves at the different reacttemperatures (not shown
here), since no limiting current was observed ia tell potential range
studied (from 1 V to 2 V).

In order to optimize both the Hand the @hydrocarbon production rates, a
new experiment was carried out at a constant teatyrer of 800 °C by step
changes in the inlet methane concentration fromt®.2 %, and under the
application of a constant current of -150 mA in twnbined SEC + PC
system. Figure 7.8 shows the variation of theaHd the CHl reaction rates
(a) and G yield (b) with the CHfeed concentration and with the equivalent
CH4/O, ratio in the secondary abscissa axis (calculased function of the
inlet methane concentration and the applied cuxrés can be observed in
Figure 7.8a, the increase in the methane concemtrbdd to a growing b
production rate. Taking into account the increasehe methane reaction
rate, and according to the previously obtainedltgsthis could be attributed
to the decrease in free;@Que to the increasing methane consumption.

Hence, it led to a higher faradaic efficiency todsahydrogen production.
Regarding the coupling products, an increase iny€ld with methane
concentration from 0.2 to 0.6 % can be observeHigure 7.8b. At higher
inlet CH, concentrations this parameter remained almosttaonhat around
11 %, suffering a slight decrease at aténcentrations higher than 0.9 %.
Based on the reaction products, the optimum actiemethis parameter
could be explained by the aforementioned competittetween methane
coupling and combustion.
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Figure 7.8Influence of the inlet Cklconcentration at constant imposed
current on the Fland CHreaction rates (a), and on Ig/drocarbon yield (b)
for the Pt/YSZ/Ag+Ce-NaWO,/SIO, system. Conditions: C#H,0: 0.2-1

%/10 %, Total flow = 50 cthmin™ (N, balance), Temperature = 800 °C.
Imposed current = -150 ma.

Thus, although the overall methane reaction rateeased, the selectivity
towards the ghydrocarbons decreased, leading to an optimyield. In
this point it should be mentioned that the optimQki/O, ratio was higher
(around 0.85) in comparison with the optimum rdtand in our previous
study (0.24) [13], which demonstrate again the éigtonversion of free O
with methane due to the presence of the catalyst ISnce the &
hydrocarbon production was almost the same at metl@ncentrations
higher than 0.6 %, and higher the hydrogen prodaocincreased in this
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concentration range, the following conditions wel®sen as the optimal
feed stream conditions for the simultaneous prodocof H, and G
hydrocarbonanethane concentration of 1 %, Current = -150 mA.

One can note that the maximum vyield obtained urnldese conditions is
slightly lower than the value reported in Table ¥t the powder catalyst
(11 % vs. 13.9 %). Taking into account the farad#ftciency (around 27
%), it seems that an important part of the freed@ not react with Chj
decreasing the observed Hroduction. Thus, probably the counter-current
flow of O, vs. the feed stream prevents complete converditredree Q in
the catalyst, slightly decreasing the, (hydrocarbon production.
Nevertheless, the drop in the @eld for the SEC + PC system was not
remarkable, being accompanied by an importanptdduction rate. Hence,
further studies should be carried out to improwe rémactor design using the
same concept (combination of a catalyst bed analia slectrolyte cell) in
order to enhance the conversion of freevith inlet methane. It probably
would lead to a strong enhancement of the ovefiliency of the system
towards the production of and G hydrocarbons.

Taking into account the data of the previous Figufé.6 and 7.8), the
kinetics of the methane oxidation process (i.e.cbypling or combustion
processes) was investigated (as shown in Figur¢, AB a constant
temperature of 800 °C. Briefly, Figures 7.9a anshbw the effect of CiH

concentration on the rates of formation of CO,,C0OHs and GH, at fixed

O, concentration (corresponding to the applicatiorl®0 mA) over the EC
+ PC system. In this figure it can be observed thatproduction of all the
above compounds show positive order dependenceethame. A similar
trend was observed by Tsiakaras and Vayenas [11],studied the kinetics

of the oxidative coupling reaction over a silveeattochemical catalyst.
They observed a similar relative reaction orderditrane and ethylene, and
a lower reaction order for the G@roduction, as in the present study. On the
other hand, the effect of the ,Cconcentration at constant methane
concentration is shown in Figures 7.9c and d. Aitpesorder of all the
reaction products with respect to oxygen suppledhe Ag layer and the
catalyst can also be observed. Thus, as reportgatemious studies, the
significantly higher reaction order for ethylene eshane suggests that the
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first one is a secondary product, resulting frome tloxidative
dehydrogenation of ethane [13,11].
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Figure 7.9Effect of CH, concentration (a and b) and Gncentration (c
and d) on the rates of formation of CO, £/ O,H,4 and GHe for the
Pt/YSZ/Ag+Ce-NaWO,/SiO, system. Conditions: [#D]: 10 %, Total flow

=50 cm min™ (N, balance), Temperature = 800 °C.

Finally, the stability of the combined SEC + PCteys was examined under
the optimal reaction conditions obtained in Figuér&, i.e., at 800 °C, under
the application of a constant current of -150 mA anth the following feed
stream: CH/H,0: 1%/10%. Thus, Figure 7.10 shows the reacticgsrat the
obtained products during 24 h, confirming that 5WE4bwt%NaWO,/SIO,
presents a suitable activity and stability for g@duction of H and G
hydrocarbons under the explored reaction conditiamsl showing a high
potential for the practical development of the syst
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Figure 7.10Variation of the H, CO, CQ, CGHg and GH,4 reaction rates
with time during a durability study. Conditions: @H,O: 1 %/10 %, Total
flow = 50 cn? min™ (N, balance), Temperature = 800 °C, Current = -150

7.4 Conclusions

maA.

The performance of the 5wt%Ce-5wt%M&O, /SIO, catalyst was evaluated
in a solid electrolyte-fixed bed reactor configiwat which combined
electrocatalysis and conventional heterogeneowsys&. Hence, a catalyst
bed was placed next to the Pt/YSZ/Ag solid elegteol This system was
used for the effective simultaneous production efadd G hydrocarbons
under humidified CH gas stream. The presence of the 5wt%Ce-
5wt%NaWO, /SIO, catalyst bed strongly increased the catalyticvagti
towards G hydrocarbon production and the efficiency of thgke chamber
steam electrolysis process. On the other hand,narease in both the
reaction temperature and cathodic current impaositied to higher
production of desired compounds. On the other hatidy overall
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configuration (solid electrolyte cell + catalystdhavas found to be stable for
long operation times (24 h).
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8 Coupling catalysis and gas phase electrocatalysier the
simultaneous production and separation of pure K and G,
hydrocarbons from methane and natural gas over 5wt%e-
5wt%Na, WO, /SiO,"

In this Chapter the simultaneous production of gdy@nd G hydrocarbons
(ethane and ethylene) was studied by means of atYSXjAg double
chamber solid oxide electrolysis cell coupled wath active and selective
5wt%Ce-5wt%NaWO, /SiO, catalyst bed. To this end, two feed streams
were supplied, kO to the inner and CHouter chamber. Thus, two kinds of
products streams were obtained separately. Steasmelgatrolyzed on the
inner Ag electrode of the electrochemical cell lfcale), producing pure H
and G ions, which were electrochemically supplied thioubge YSZ solid
electrolyte to the outer Ag electrode (anode). ks katter, the reaction of
the & ions formed molecular oxygen which was evolvechviite methane
stream leading production of, @ydrocarbons together with CO and £43
secondary combustion products. The Weld of this outer stream was
strongly enhanced by the addition of 5Swt%Ce-5wt¥Ma, /SiO, catalyst
to obtain the second product stream. The influentethe Oxidative
Coupling Catalyst powder bed, the reaction tempegadnd the gas phase
composition was studied. Finally, the system wasnmoped varying the
concentration of methane which allowed to obtai@ayield of 10 % at
775°C.

! Caravaca A, de Lucas-Consuegra A, Ferreira VJ, diigdo JL, Faria JL,
Valverde JL, Dorado F, Coupling catalysis and ghaasp electrocatalysis for the
simultaneous production and separation of pugeahd G hydrocarbons from
methane and natural gas. Applied Catalysis B: Bnwirentall42—-143(2013) 298-
306.
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8.1 Introduction

Ethylene has a large market and is the most pradamganic compound in
the world. Thus, there is a strong demand growthethylene registered
both in developed and developing countries [1]aBteracking of different
liquid feedstock, especially naphtha, is the precesnventionally used to
produce ethylene in the petrochemical industry. e\mv, since the work
carried out by Keller and Bhasin [2], much attentitas been paid to the
catalytic methane oxidative coupling process foe tbroduction of ¢
hydrocarbons (mainly ethylene). In this sense, dudiast the 30 years,
worldwide efforts have been focused on improving prerformance of the
catalytic OCM reaction, including catalysts and rmeactor configurations.
Thus, a large variety of catalysts has been evediuiair their performance in
OCM with the objective developing a highly activetalyst [3-9]. However,
few catalysts are close to the target for the itrcalsapplication of the OCM
process: single-pass conversions of methane ofeas$t 130% and C
selectivity of around 80% (see Figure 1.4).

On the other hand, the use of solid electrolyte brame reactors has been
demonstrated to be a promising technology for thadyrction of these
compounds via catalytic oxidative coupling procg®-14]. The option of
using this kind of reactors presents several adwemst such as: enhanced
catalytic activity and selectivity, better proc@stegration, and easy reaction
rate control. Such systems allow performing oxmlatand partial oxidation
reactions (methane coupling) without feeding puget@the reactor (by an
in-situ steam electrolysis process). Hence, the afsthis kind of reactor
configuration has allowed the simultaneous productf H along with the
C, hydrocarbons [10,11,13,14] .

Caravaca et al. [13] were the first to demonstthi® concept by using a
single chamber solid electrolyte in which the aet®~ ions for the OCM
reaction were in situ electrochemically producearfrH,O through a steam
electrolysis process. However, low yields offydrocarbons were obtained.
Therefore, the introduction of an active and sélectatalyst in this type of
configuration is crucial for the overall system moyement. This was
confirmed by the research group of Valverde [113¢l &toukides [10]. In
both works, the catalyst used was 5wt%Ce-5wt¥Na,/SiO,. This
catalyst was developed and tested in OCM duringe¢search work of the
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present thesis using a conventional reactor (sept€ts V and VI). The
possibility of increasing the Qyield in a single chamber solid electrolyte
membrane reactor using a 5wt%Ce-5wt%Ne,/Si0, catalyst bed was
described in detail in the previous chapter. Thadys showed lower
electrical energy requirements of the solid elediemical membrane reactor
to produce the same amount of Bhd G hydrocarbons when the active
catalyst powder bed was used. Nevertheless, load#ac efficiency values
were still obtained for K production (around 25 %) associated with the
undesired reaction of Hvith the other products (G&and Q) in the single
chamber atmosphere cell. In addition, &hd the other products (CO, O
O, and G hydrocarbons) were mixed in a unique product stregmerefore,
further separation steps should be required fowéberization of the desired
products.

In this chapter, 5wt%Ce-5wt%MNa0,/SiO, catalyst is introduced into
Ag/YSZ/Ag double chamber steam electrolysis celhisT configuration
allows to combine catalysis and gas-phase eledtlysts for the
simultaneous production and separation of a comlgl@ure H stream and
a G hydrocarbons rich stream. Thus, the influence lg Oxidative
Coupling Catalyst powder bed, the reaction tempegaand the gas phase
composition was studied. Finally, the system wasdistl at different
methane concentrations fop @leld optimization.

8.2 Experimental section

8.2.1 Catalyst preparation

Catalyst powder (5wt%Ce-5wt%MN&O,/SIO,) preparation was carried out
in two steps. First, the Sp&Gupport was sythetised using a method reported
in literature. Then, metal precursors were disgerse the SiQ support
using the incipient wetness impregnation methoa pieparation procedure

is described in detail in section 5.2.1.

8.2.2 Preparation of combined solid electrolyte cell-fixed be
reactor

The solid electrolyte cell consisted of an YittriSlized Zirconia (YSZ)
tube closed at one end, with 15 cm length, 1.8mermal diameter, and 1.5
mm thickness. On both faces of the tube closed gieigure 8.1), two Ag
porous electrodes were prepared by applicatiomiafdoatings of Ag paste
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(Fuel Cell Materials), followed by two calcinatisteps, at 300 °C (2 h) and
850 °C (2 h). The final Ag loading of each elec&aslas around 10 mg
Agl/cn?. The electrical contact of both electrodes wasiedrout by gold
wires, which were in turn connected to a Voltalalh fRadiometer
Analytical) potentiostat-galvanostat. Hence, theemAg electrode acted as a
working electrode and as a cathode, while the oAtgrayer acted as a
counter electrode and as anode of the solid elgtagroell. In this work, all
the experiments were carried out under galvanasiaiposition mode. The
reaction experiments were carried out in a doulilantber solid oxide
electrolysis cell coupled with a catalyst powded,b&s shown in Figure 8.1.
The cell reactor was made of a quartz tube withr@pgate feed-through
incorporating an inner fritted quartz. First, 0.20f the powder catalyst
(5wt%Ce-5wt%NaWO,/SiO,) was placed on the fritted quartz (22 mm in
diameter). Then, the solid electrolyte cell wascpthabove the catalyst bed
(at around 5 mm). The inner Ag working electrode) (Was exposed to a
H>O/N, mixture, whereas the outer face, the Ag countectedde (C), was
exposed to a CiN, or natural gas/Nfeed stream. Hence, both reactions
atmospheres were completely isolated. No gas peioneaccurred between
the two chambers, as confirmed by blankiéak measurements.
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Figure 8.1Scheme of double chamber solid electrolyte celttar.

8.2.3 Catalyst evaluation

The reaction gases (Praxair, Inc.) were certifieshdards of 10% CIiNo,
natural gas, and N(99.999% purity) used as carrier gas. The gas l@as
controlled by a set of calibrated mass flowmet&®¢ks 5850 E and 5850
S) while water was introduced into the feed strégmeans of a saturator in
order to achieve liquid-vapour equilibrium. Itsntent was controlled by the
vapour pressure of @ at the temperature of the saturator (45 °C). Thus
10% water was introduced in a 50 mL fhifeed stream. All lines placed
downstream from the saturator were heated above °@0Go prevent
condensation. Regarding the outer chamber, thaamscwere introduced
with the following concentrations: GHO0.2-1.5 %), N (balance), with an
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overall gas flow rate of 50 chmin™. It led to a gas hourly space velocity
(GHSV) of 15000 crag™ h* with respect to the catalyst powder bed. All the
catalytic experiments were carried out at atmosphpressure and at
reaction temperatures between 750-800 °C. Hydrpgeaduced in the inner
chamber was calculated on the basis of Faraday'sR&actant and product
gases of the outer chamber were analysed with eorg@s-chromatograph
(Varian CP-4900) equipped with two columns (Molgieand Poraplot Q
column) and two thermal conductivity detectors (T)CThe main detectable
products of the outer side stream werl§ C;H,, CO,, CO and H. The
deviation associated to the carbon balance did exaeed 2%, which
indicated no significant formation of other oxygethspecies and/or coking
of the catalyst-electrodes. Gldonversion, & selectivity and ¢ yield were
calculated by Egs. 2.1-2.3.

8.3 Results and discussion

First, a dynamic galvanostatic transient experimeat carried out at a
constant temperature of 750 °C. It was performeatdkuurrent imposition
step changes between -10 and -45 mA by passingltbeing streams: 1 %
CH, to the outer chamber and 10 %(Hfor the inner chamber, both of them
balanced with Nat a total flow rate of 50 chmin™.

Figure 8.2a (left) depicts the variation of the qurots reaction rates with
time on stream under different current impositioms)d figure 8.2b
represents the scheme of the different reactiodspaocesses that occurred
on the system. The dense box simulates the sepatsiween the inner and
the outer chamber. It should be mentioned thatafiothe studied systems,
the activity under open circuit conditions (not winohere), i.e., at current =
0 mA, was negligible due to the absence of any eryeglectrochemically
supplied to the outer chamber. Hence, methane ytatalecomposition
activity was not provided either by the Ag electsdr by the active catalyst
powder materials at the explored temperature ra@gethe other hand, it
could be observed that an increase in the appligctent led to a strong
increase in the production rate for all the producthis can be easily
understood with the scheme shown in Figure 8.2b.
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Figure 8.2a) Influence of the applied current on the dynawaicie of the
inner (pure H) and the outer chamber products,(B,s and CQ) for the Ce-
NapWO,/SiO system b). Schematic representation of the maicgsses
involved during the cathodic polarizations for #imve mentioned systems .
Conditions: Outer chamber GH 1%, Inner chamberJ@ = 10%, Total
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The YSZ solid electrolyte can be considered asra & conductor. Thus,
the application of negative currents (the inner @lgctrode being the
working and the outer Ag electrode being the cauatectrode) led to the
steam electrolysis process in the Ag inner eleetredth production of pure
gaseous KHand G ions [13,14]. Hence, the Hproduction rate in the inner
chamber could be calculated on the basis of Famdey.= I/2 F), where |
is the applied current, and F is Faraday’s consiemn, an increase of the
applied current led to a proportional increase othbpure hydrogen
produced and the amount of electrochemically pumP&dons from the
inner to the outer Ag electrode. It led to the ptebn of carbon derived
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products according to the global reactions depistdeigure 8.2b. Regarding
the solid electrolyte cell (SEC from now on), th&¥e ions could directly
react in the Ag outer electrode with methane (feactl) to produce a
mixture of G hydrocarbon and CQ[13,14]. Moreover, as proposed by
Tsiakaras and Vayenas [15] the formation of oxydjesolved species could
activate the Ag catalyst to form ethane. Then,dula react with the oxygen
evolved to the gas phase (reaction 3) to form etig/land C@(reaction 2).
However, as observed in Figure 8.2a, the productate of oxidative
coupling (G hydrocarbons) and combustion (g®roducts was practically
negligible in the SEC system in comparison with tbaction rate of these
compounds under the presence of the active cafabystler bed in the outer
chamber (SEC + PC system from now on). This mawathéuted to the
reaction of the free oxygen evolved to the gas @h@saction 3) with
methane in the catalyst bed, strongly increasimgcttalytic activity of the
system (reactions 4-7). Hence, an increase oafipdied current, with the
concomitant increase in the, @umping rate from the inner to the outer
chamber, led to an increase of methane conversemxidative coupling
(reactions 4 and 5), total oxidation (reaction @)d apartial oxidation
(reaction 7), increasing the production rate of l§drocarbons, CQO
(CO+CQ) and H. In addition, it can be observed that thg pfloduction
rate in the outer chamber via partial oxidation vaasund two orders of
magnitude lower than the;hbroduced via electrolysis in the inner chamber.

In a previous study with a single chamber configara(chapter VII), it was
demonstrated that the SEC performance can be iragréar H and G
hydrocarbons  production by introduction of the 586
5wt%NaWO,/SIO, catalyst. In this work, this reaction is performieda
similar system in which two useful products are dtaneously produced
and separated. Thus, the experiment shown in Fig2a& demonstrates the
possibility of simultaneously producing and sepatathydrogen and £
hydrocarbons with a YSZ-based solid electrolytd. dal this sense, other
electro-catalytic and membrane based systems heme bised in literature
for the simultaneous production/separation of &hd G hydrocarbons
[10,11,16]. In the study carried out by the groupStoukides [10] this
concept was demonstrated with solid electrolytetqeraconductors using
similar 5wt%Ce-5wt%NaVO,/SiO, catalyst. This, was a first version of the
catalyst which was provided to the group of Stoakidin their work, Au
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plus 5wt%Ce-5wt%NaVO,/SiO, were used as anodic catalyst. Au is added
because the 5wt%Ce-5wWt%NdO,/SiO, catalyst has low electric
conductivity. Then, they performed tests with Aored and Au - 5wt%Ce-
5wt%NaWO,/SiO, composite. This latter reported to be catalyticatiore
active than alone Au which demonstrates the impontale of this type of
catalyst in a system where Bydrocarbons and another useful product as H
are produced. However, in the Stoukides group garditions [10,11], low
current densities (accompanied with low hydrogesdpction) and low €
hydrocarbon yield (around 2.5%) were obtained. édwer, a recent study
carried out by Cao et al. [16] used a similar systs that proposed in this
work. It consisted of a double chamber configuratkeparated by a BSCF
oxygen-permeable membrane and coupled with a MredldgWOs/SIO,
powder catalyst. In that study, the oxygen produicethe inner chamber
from thermal water splitting was transported thitodlge BSCF membrane,
being consumed in the methane oxidative couplirnggss occurring in the
catalyst bed placed in the outer chamber. Howether, results obtained
revealed lower ghydrocarbon yield (by 6.5% at 98G) compared to those
reported in this work (by 10% at 776). On the other hand, water splitting
at high temperatures is a thermodynamically colgdoteaction, and hence
only small amounts of hydrogen can be generatesjaitibrium due to the
very low equilibrium constant [16].

Next, the influence of the applied current and tieactemperature on the
performance of the system was studied. In orddixtaurrent application
range at each temperature, the steady state cypogrtial curves (in
absolute values) of the solid electrolyte cell webtained at three different
operation temperatures (750, 775 and 800 °C) utidesame feed stream
conditions of the previous experiment (1% QH the outer chamber, and
10% HO in the inner chamber). The polarization curvesewegerformed
until a maximum cell potential of |2 V| in order poeserve stability and to
avoid reduction of the YSZ solid electrolyte. Thosaximum currents of -
45, -60 and -70 mA were obtained at 750, 775 ard°80) respectively, at a
cell potential close to -2 V (Figure 8.3).
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Figure 8.3 Influence of the reaction temperature on bothpthlarization
curves and the Hproduction for the Ag/YSZ/Ag solid electrolyte kel

In addition, the secondary Y axis shows the egaiMapure H production
rate obtained in the inner chamber (calculatedRaeaday’s law) for each
polarization. It may be observed that no mass teatisnitations occurred at
any temperature, since no limiting current at thuelied potential range was
observed [17]. Moreover, as expected, a reactimpéeature increase led to
a current increase at a fixed cell potential amthsequently, to a higher,H
production rate. This can be attributed to an eodent of the reaction rate
for the steam electrolysis process and the incrazfsehe G ionic
conductivity of the YSZ solid electrolyte.

Thus, the influence of the applied current on tlenmeaction parameters of
the oxidative coupling process at the outer charfdrethe SEC and the SEC

+ PC systems for three temperatures (750, 775 @M € is shown in
Figures 8.4, 8.6 and 8.7, respectively. In all ¢hégyures, a third X axis
shows the CHO, ratio. Feed stream compositions were the same as
described for previous experiments. The exploredeot application range

at each temperature was selected according to téeopsly obtained
current-potential curves (Figure 8.3).
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In the first place, it can be observed that methaomerersion over the outer
Ag electrode was almost negligible at all the ergdoreaction temperatures.
Then, the activity was mainly provided by the aidditof the catalyst, which
is in good agreement with the experiments showkigare 8.2. On the other
hand, the Chlconversion increases as the applied current iseseérigure

8.4).
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Figure 8.4 Influence of the reaction temperature and theeturimposition
for the Ag/YSZ/Ag, Ag/YSZ/Ag + Ce-NAVO,/SIO, systems on CiH
conversion. Conditions: Outer chamber GHL%, Inner chamberJ@ =
10%, Total flow in both chambers = 50 tmin (N, balance).
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Figure 8.4 (Cont.) Influence of the reaction temperature tnedcurrent
imposition for the Ag/YSZ/Ag, Ag/YSZ/Ag + Ce-N&/O,/SIO, systems on
CH, conversion. Conditions: Outer chamber GHL%, Inner chamber J@

= 10%, Total flow in both chambers = 50 tmin™ (N, balance).

In other words, Ckl conversion increases as &6, decreases. This
behaviour agrees with literature. This dependeisceommon to various
catalysts and reactor designs which can be explaime the different
apparent reaction orders of primary selective amdselective reaction steps
with respect to oxygen and methane (see sectiof)11@ addition, it can be
observed in Figure 8.5 that GHonversion increases with the rise of
temperature at C}{O, ratio of 3.6. However, a slight decrease in4CH
conversion decrease is observed abovg/@H= 4.8. This may be related to
the consecutive reactions of oxidation which ocalso in the gas phase.
Taking into account the £balance, oxygen conversion was enhanced over
this catalyst bed. As reported by Choudhary andlaMidl8], an increase of
the oxygen present in the reaction atmosphere ded tower selectivity
towards G hydrocarbons in benefit of the G&electivity , which would be a
consequence of the homogeneous oxidation .opréducts. Therefore, a
decrease of selectivity at high temperatures, chuse oxidation of G
hydrocarbons, is also associated to a decreasetbfme conversion. [19].
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Figure 8.5 Effect of temperature and G#D, on CH, conversion.

Figure 8.6 shows influence of the current gny@@ld. A similar trend of €
yield with CH,; conversion at 756C is observed. However, at temperatures
of 775 and 80T, G vyield increased up to a determined &% ratio and
then a slight decrease was observed. This is bec&lsselectivities
exhibited the same behaviuor. As mentioned abodeceease of selectivity
at high temperatures is caused by oxidation ph@rocarbons. However,
the dependence of,Cyield on CH/O, ratios is still accompanied with
methane conversion, as the highestyilds are achieved at the highest
conversion of methane but not at the highestelectivities.

The variation of the ethylene/ethane ratio undexr different conditions
studied is shown in Figure 8.7. The increase ofréiaetion temperature and
the applied current had a positive effect on tatgr Moreover, the obtained
values for the system were relatively high (ethglegthane > 4) for most of
the explored currents, if they are compared to égholtained in similar
studies reported in the literature, with ethyletieae ratios ranging from 2
to 3 [20,14]. This may be attributed to the homagers oxidative
dehydrogenation of ethane reached with this reamofiguration (ODE).
As reported in literature an important activity ftimne non-catalytic or
homogeneous ODE reaction could be found in theticmademperature
range studied in this work.
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Figure 8.6 Influence of the reaction temperature and theectiimposition
for the Ag/YSZ/Ag, Ag/YSZ/Ag + Ce-NaVO,/SiO, systems on Lyield.
Conditions: Outer chamber Gl 1%, Inner chamber 4@ = 10%, Total
flow in both chambers = 50 ¢hmin™ (N, balance).
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Figure 8.6(Cont.) Influence of the reaction temperature and theetuir
imposition for the Ag/YSZ/Ag, Ag/YSZ/Ag + Ce-N&/O,/SiO, systems on
C, yield. Conditions: Outer chamber ¢H 1%, Inner chamber4® = 10%,

Total flow in both chambers = 50 émin (N, balance).

The maximum ¢ yield (about 10%) for the 5wt%Ce-5wt%NeO,/SiO,
catalyst was found at 775 °C (higher temperaturdmmced the methane
combustion in detriment of the oxidative couplingpgess). Hence, in order
to optimize the reaction parameters as a functibrthe composition,
methane concentration was changed considering ed foxygen partial
pressure under a constant current application dedsame feed stream
conditions in the inlet chamber (10%®{ 50 cni min®, N, balance), at the
aforementioned temperatures.

Finally, the G yields obtained for the SEC + PC system at théemdint
methane concentrations are shown in Figure 8.&b&grved in this Figure,
the production of ghydrocarbons passed through a maximum. Based on the
reaction products, the optimum could be explaingttnding to the
competition between the methane coupling and cotidsuprocesses. Thus,
although the overall methane reaction rate incokasgh the methane
concentration, the selectivity towards Bydrocarbons slightly decreased,
leading to an optimum Gyield (10.4%). On the other hand, it should be
mentioned that the C}D, ratio that optimizes the QCyield for the SEC
system coupled with the 5wt%Ce-5wt%M&O,/SiO, powder catalyst was
established at 3.95. This value is different fribrat reported in a previous
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work performed with the same catalyst powder in imgle chamber
configuration (0.85) [14]. This can be attributeml the double chamber
reactor configuration used here, which improved tlontact between
methane and the oxygen electrochemically supplied.
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Figure 8.7 Influence of the reaction temperature and theectiimposition
for the Ag/YSZ/Ag, Ag/YSZ/Ag + Ce-NAVO,/SIO, systems on §44/CyHg
ratio. Conditions: Outer chamber ¢€H 1%, Inner chamberjJ@ = 10%,
Total flow in both chambers = 50 émin™ (N, balance).
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Figure 8.8Influence of the inlet Cldconcentration under fixed current
imposition on the gyield for the Ag/YSZ/Ag + Ce-NAVO,/SIO, system.
Operating conditions: Outer chamber £#H0.3-1.6%, Inner chamber,@ =
10%, Total flow in both chambers = 50 tmin* (N, balance),
Temperature = 775.
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8.4 Conclusions

In this work,pure H and G hydrocarbonsvere simultaneously produced and
separatedy means an Ag/YSZ/Agouble chamber solid oxide electrolysis cell
As expected, electrolyzed steam on the inner Agctelde of the
electrochemical cell allowed to produce pure Bn the other hand, the
presence of the 5wt%Ce-5wt%Ne0O, /SIO, catalyst (system SEC+PC)
proved to be crucial to obtain higher @ield when compared to SEC.
Reaction temperature and gas phase composition wgtienized. The
optimal G yield was ca.10% at 775 oC and {6} = 3.95.
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9 Conclusionsand futurework

In this section a brief summary of the main residtpresented and some
conclusions are drawn regarding catalyst preparatbaracterisation and
testing (on conventional reactors and SEMRSs) ferdhkidative coupling of

methane. Additionally, some guidelines for futurerkvare suggested.






CONCLUS ONSAND FUTURE WORK

9.1 Main conclusions

In this research work, different catalysts were alieped for the OCM
reaction. The catalysts were tested in conventiogadtors in which only £
hydrocarbons were produced. Then, the OCM reactuen the best catalyst
was performed in an electrocatalytic system to pecedsimultaneously £
hydrocarbons and H

Mixed oxide catalysts.

Several approaches were attempted for surface chkamnd morphological
modification of CeQ@ to obtain active and selective catalysts. To #nd,
alkali, alkaline earth and transition metals (TBrev used as dopants. It was
evidenced that incorporation of Li, Na and Ca inOge&reated different
basic sites on the catalyst surface which were sifled as weak,
intermediate and strong basic sites.

Incorporation of the above metals led to a sigaificincrease in the ,C
selectivity and yield when compared with Ge@ addition, it was found
that G selectivity and yield pass through a maximum ie tlange of
temperatures between 700 and 800This behaviour was observed with the
catalysts reported to have higher selectivity, dgrhg) sCe 50, Na sCe sO
and CaCe&s0. This latter showed the best performance in tH&ViO
reaction, which could be attributed to its easyucgaility and large amount
of intermediate basic sites.

These results indicate that incorporation of mgpdys an important role in
the creation of active sites on the Ge6urface for improving their
performance in OCM. Thus, alkaline earth metalshsas Mg, Ca and Sr
were used to modify the Cg@urface. The incorporation of these metals as
metal ions allowed the substitution of ions on degia surface, with the
creation of oxygen “interstitial” species, namely’Oand Q™.

A linear relationship between the total amount a$ib sites and the relative
amount of electrophilic oxygen species and lattigggen on the surface of
the catalyst, [(~ + O,7)/ O*7], was found. It was demonstrated that this
ratio controls the amount of basic sites, sGidnversion, and selectivity to
CoHg and GHa.

Then, active and selective Ce-dopedQ@acatalysts, with a Ce/La molar
ratio of 1:3, were prepared by using two procedunesnely the citrate and

219



CONCLUS ONS AND FUTURE WORK

solvothermal methods. Both methods allowed the #&bion of a solid
solution (LaCe xO:15+) Which means that Ce was incorporated into the
La,Og3 lattice as substitution ions, creating interstitddctrophilic oxygen
species on the catalyst surface. The citrate metfemgratedd— and Q*~
surface oxygen species, while the solvothermal otethenerated onlp™
oxygen species. It was observed that the diffevgpgien species created are
related with the different types of surface ceriions (C&" or Cé"). The
catalyst prepared by the solvothermal method shdwvigider concentration
of [Ce™].

Finally, the O oxygen species predominant on theg8e)2:0(SM)
catalyst was suggested to be responsible for hiGhgield (by 10.5 %) at
750°C in the oxidative coupling of methane.

Supported catalysts.

Three X%wt Ce-5%wtNAVO,/SiO, catalysts were prepared by varying the
amount of Ce in three concentrations (2, 5 and #)%@sgulting in materials
with different proportions of amorphous astrystobalite silica phase. This
resulted from the influence of the amount Ce wtdtdo led to the creation
of different species active and selective towargliy@rocarbons.

In order to enhance the,@ields and to compare with those reported in
literature, a reactor of smaller inner diameter wasd. Thus, higher ,C
selectivities were observed in the temperature @asfg600 - 85FC when
compared to those obtained in the larger inner eiamreactor. This was
attributed to the increase of the gas flow rateictvizontrols steep axial and
radial temperature gradients to avoid reactor ra@yawsondition. In other
words, a higher gas flow rate allows to limit tresgibility of deep oxidation
of CH, and G products.

The catalyst containing 5wt%Ce showed the bestopednce, since CH
conversion and £ yield presented maximum values (39 and 26 %,
respectively) in the temperature range of 700-850This Ce concentration
seems to be the appropriate amount of Ce to mirintssanhibiting effect on
the a-cristobalite SiQ crystallisation. This allowed to create a mix
constituted by amorphous and-cristobalite SiQ. Thus, tungstate-
synthetized silica and tungstate-metal oxide imtéwas were formed during
the crystallization process to create active certveghe OCM reaction.
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Electrocatalytic simultaneous production of H, and C, hydrocar bons.

The CasCe& 50, La0;sCe 20 and 5wit%Ce-5wi%N&VO,/SIO, catalysts,
which had the best performance in OCM reacciongwéudied under a CH

wet atmosphere. Both g&esO and La.7sCe O catalysts showed the
maximum Gyield at 750°C in the absence of steam. The presence of steam
slightly improved the OCM performance over,@ae sO. However, steam
showed to have a poisoning effect ovep £ 0. On the other hand,
5wt%Ce-5wt%NaWO,/SiO, catalsyst had the highest @ield of 32% at
800°C in the presence of steam with 25% of water.

CasCas0 and 5wt%Ce-5wt%NaVO,/SiO, catalysts can be used in a
system where OCM reaction is integrated as a cdioret heterogeneous
catalytic process to produce, Chydrocarbons and Hunder humid
atmosphere. However, 5wt%Ce-5wt%M&D,/SIO, revealed the best
performance.

Thus, the performance of 5wt%Ce-5wt%MHaD,/SIO, catalyst was
evaluated in a solid electrolyte-fixed bed reaaonfiguration which was
used for the effective simultaneous production efadd G hydrocarbons
under a humidified Cldgas stream.

The presence of 5wt%Ce-5wt%NeO, /SIO, catalyst bed strongly
increased the catalytic activity towards &/drocarbon production, and the
efficiency of the single chamber steam electrolysiscess. An increase in
both the reaction temperature and the cathodie@otiimposed led to higher
production of desired compounds,(Bydrocarbons and J1 On the other
hand, the overall configuration (solid electrolyell + catalyst bed) was
found to be stable for long operating times (24 h).

Finally, pure H and G hydrocarbons were simultaneously produced and
separated by means of an Ag/YSZ/Ag double chamlmdid soxide
electrolysis cell over 5wt%Ce-5wt%N& O, /SIO, catalyst. The presence of
the 5wt%Ce-5wt%NaVO, /SIO, catalyst (solid electrolyte cell + catalyst
bed) resulted to be crucial to obtain higherny/2ld when compared to solid
electrolyte cell. Reaction temperature and gas phase composition were
optimized, thus the optimal,Gield was 10% at 77% and CH/O, = 3.95.

In summary, Ce-based mixed oxide catalysts wereesstully tested in the
OCM reaction. In the case of modified CeQhe mechanism for the
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selective production of £hydrocarbons depends on the type of the surface
oxygen created upon incorporation of doping met@s. the other hand,
when Ce is used as doping agent on 5wWwi%RN./SiO,, the effect of the
stronger metal-support interaction leads to then&dron of mixed phases of
amorphous Si@and a-crystobalite and the possible formation of differe
Na-W species on the support surface when comparBelotvtNaWO,/SiO;,
surface speciesThe 5%wtCe-5%wtNAVO,/SIO, resulted to be the most
active and selective catalyst in OCM to formy @ydrocarbons. This
improved significantly the overall configurationo(sl electrolyte cell +
catalyst bed) to produce simultaneously &hd G hydrocarbons in both
single and double chamber.

9.2 Futurework

Oxidative coupling of methane has been denotechadtarnative route for
the production of €hydrocarbons from natural gas. However, the poes
still economically unfeasible. High conversions angelds remain

challenging and more fundamental work should beietarout for further

insights.

It was observed that some Ce-based mixed oxides a@equate catalysts
for the OCM reaction and that surface modificatidoysincorporation of

earth alkaline metals play an important role in taalyst performance
which was attributed to enhanced basicity. Theeefon order to take
advantage of the basicity properties of modifi€édQ, exploratory

screenning tests should be performed with diffe@mbunts of the best
used dopant metals such as Ca, Na and Li.

The effect of amount of Ce on NEO,/SiO, was studied. It was confirmed
that Ce has a significant influence on the cryasilon of amorphous silica
on NaWO,/SiO,. Thus, 5wt%Ce resulted to be the optimal conceatrdo
achieve an adequate mixture of amorphous, @il a-crystobalite in the
catalyst 5wt%Ce-5wt%N8VO4/SiO,. This result suggests that a total
change of structure ta-crystobalite might not always be necessary for a
good performance compared to literature. Howevegrder to improve the
performance of this catalyst, additional studiesracessary.

To this end, a preliminary study is shown in apperd In this study, some
effect of Mn on the amorphous silica crystallisatian 5%wtCe-
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5%wWtNaWO./SiO, was observed. Then, the new catalyst was coupldd wi
an Ag/YSZ/Ag double chamber solid oxide electradysell (as described in
section 8.2.2) to separately producg ydrocarbons and 4 A higher G
yield (16%) was observed when compared to 5%wtCeAbla\WO,/SiO,
catalyst (10%) at 77%C.

As mentioned in section 5.3.1.1, Na has been regdd be responsible for
the phase transition. In addition, some works regbin literature, have

denoted that the presence of W favour that tramsitMn is the transition

metal frequently used in this type of catalysts {N-W/SiQ) because of

its redox properties. However, in these studies Was reported as not
influencing the phase transition of amorphous &ili€herefore, although

addition of Mn leads to a more complex catalystyauld be interesting to

carry out further studies on the effect of Mn tonfoa catalyst of high

crystallinity. This might create different synergiffects between Ce, Na and
W for the OCM.

Regarding the practical application of the OCM tiga the preliminary
study allowed to carry out electro-catalytic expesnts with natural gas over
Mn-doped 5%wtCe-5%wtN8V/O,/SIO, catalyst. The results revealed
hydrogen production and oxygen ions associated thighsteam electrolysis
ocorring in the inner chamber. The oxygen el@tteonically supplied from
the inner to the outer chamber led to a mixtureCefhydrocarbons and
synthesis gas (CO + )M i.e., higher catalytic activity towards CO
production was observed when natural gas was Ugedefore, in order to
determine if the catalyst is responsible for thedpiction of synthesis gas
from natural gas, further tests should be carriedvath oxygen supplied
from the gas phase.

Development of catalysts for the OCM reaction wees ihain focus of this
thesis. Among the developed catalysts, 5wt%Ce-5vadD,/SiO, showed

an acceptable performance when tested in a colventieactor (39 % CH
conversion and 26%Gyield). It is remarkable that the combination &,C
Na and W resulted also in a potential catalyst ttoeeg OCM reaction,
particularly when used in a SEMR + conventionakhegeneous catalysis
system to produce Chydrocarbons and A However, yields obtained in
such system with 5%wtCe-5%wtN&O,/SiO, did not reach 25 %, which
are required for industrial application. Therefotee effects of metal
concentration and SiOprecursor should be investigated, as well as the
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activity of unsupported Ce or Mn-B&O,, since such study has not yet
been reported in literature.
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Appendix A. Electro-catalytic experiments with natural gas
over 5wt%Mn-5wt%Ce-5wt%Na WO, /SiO,

The OCM reaction was combined with SEMRs to sinmdtasly and
separately produce ;Chydrocarbons and 41 To this end, an active and
selective catalyst (5wt%Ce-5wt%NE0,/SiO,) was developed. However,
yields > 25%, required for a practical application, weré abtained. The
objective of this study is to improve the catalyigrformance of this catalyst
using Mn as doping agent. In addition, in ordegapproach the system to a
more practical one, the system was optimized aad #malysed by feeding a
synthetic gas stream (instead of £LtH

The silica support was synthetized using the proeedescribed in section

in section 5.2.1. Then, the active catalyst powdas prepared by incipient
wetness impregnation of the synthesised silica @upgvith aqueous
solutions of the metal precursors. Thus, ceriumngaaese and sodium
tungsten impregnations to prepare the 5wt%Ce-5wt%Mn
5wt%NaWO,/SIiO, catalyst, was performed using aqueous solutions of
Ce(NG;)3:6H20 (99% Aldrich), Mn(N@)»-4H,O (97% Sigma-Aldrich) and
NaWO,2H,0O (99% Riedel-deHaén) with the appropriate conegiotn.
Impregnated catalyst was dried at 120 °C after @apihegnation overnight,
followed by calcination at 800 °C during 8 h.

XRD was carried out as a preliminary characteraratio determine the
crystalline phases in the new catalyst powder. TlansX-ray diffraction
analysis of fresh catalyst was performed on a p$hiRW 1710 instrument
using Ni-filtered Cu K radiation. XRD spectrum of fresh catalyst 5wt%Ce-
5wt%Mn-5wt%NaWO,/SiO; is shown in Figure A.1. The presence dt @2

a peak corresponding to the presence-ofistobalite can be again observed.
As mentioned in section 5.3.1.1, transformationaafiorphous silica to
highly crystalline a-cristobalite occurs in the presence of an alkide |
sodium tungstate acting as the mineralising agee® and NawO, phases
were also identified in both catalysts. In additidre presence of crystalline
Mn,O3; was observed in catalyst 5wt%Ce-5wt%Mn-5wt%N®./SiO..
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However, a strong difference of the crystallinigtlween 5wt%Ce-5wt%Mn-
5wt%NaWO,/SiO, and 5wt%Ce-5wt%NaVO./SiO, is observed. Thus, the
crystallinity of the Mn doped catalyst was highear that for catalyst Ce-
NaWO4/SiO, (the peak at 22in the Mn doped catalysifractogram shows
a higher intensity).
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Figure A.1 XRD pattern of the fresh catalyst 5wt%Mn-5wt%Ce-
5wt%NaWO,/SIO,.

The elements Mn and W have not been reported tocendhe phase
transition in catalysts such as Mn/$j@W/SiO, or Na-W/SiQ [1]. However,

in this preliminary study, Mn seems to have a pasiinfluence in the
crystallization of amorphous silica support in grese of the three elements
Ce, Na and W. Thus, a research focusing the effiedn in this catalysts
should necessary to explain this result.

Figure A2 depicts the influence of the reaction gemature on the main
reaction parameters of the oxidative coupling psecat the outer chamber
for the SEC and the SEC + PC systems: methane ongFigure A2a)
and Ghydrocarbons yield (Figure A2b).

Feed stream compositions were the same as descfiregrevious
experiments (see section 8.3). The explored cuapplication range at each
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temperature was selected according to the preyioabtained current-
potential curves (Figure 8.3).
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Figure A2 Influence of the reaction temperature and theetuiimposition
for the Ag/YSZ/Ag, Ag/YSZ/Ag + Ce-NAVO,/SIO, and Ag/YSZ/Ag +
Mn-Ce-NaWO,/SiO, systems on: a) Cftonversion, b) ghydrocarbon.
Conditions: Outer chamber GH 1%, Inner chamberJ@ = 10%, Total

flow in both chambers = 50 ¢hmin™ (N, balance).
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Figure A2 (cont.) Influence of the reaction temperature and theecuirr
imposition for the Ag/YSZ/Ag, Ag/YSZ/Ag + Ce-NA/O,/SiO, and
Ag/YSZIAg + Mn-Ce-NaWO,/SiO, systems on: a) Cftonversion, b) &€
hydrocarbon. Conditions: Outer chamber,GHL%, Inner chamberJ@ =
10%, Total flow in both chambers = 50 tmin (N, balance).

In first place, it can be observed that the methaomerersion over the outer
Ag electrode was almost negligible at all the ergdoreaction temperatures.
Then, the activity was mainly provided by the aiddit of the catalyst

powders. It can be also observed a higher methaneecsion under the
presence of the 5wt%Ce-5wt%Ne0,/SiO, catalyst (Figure A2a).
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However, higher activity towards methane oxidatbeeipling process was

observed for the Mn doped catalyst (highes lydrocarbon yield, as

observed in Figure A2b). This latter can be cleablgerved at temperatures
higher than 750 °C, where similar, 8ydrocarbon production rates were
detected for both catalysts.

This higher activity could be explained accordinghe higher crystallinity
observed for the Mn doped catalyst (Figure Al).virgs works have
demonstrated that the phase transition from amaplsdica to crystalline
form (a-cristobalite) is an essential requirement for #ective oxidative
coupling catalyst. It was reported that amorph8i@,, with and without
Na, is basically a total oxidation catalyst [1]té&fthe phase transition to
cristobalite, the material can be considered ast.ile the case of Ce-
NaWO,/SIO, catalysts, it seems that the amorphous,SiGpport partially
crystallized intoa-cristobalite during the calcination process. pmorts, as
observed in Figure A2a, the higher activity of b&mh 5wt%Ce-
5wt%NaWO,/SiO, towards methane combustion.

Although methane is the main component of the aates, there are other
hydrocarbons that could strongly affect the agtiwat the catalytic system.
Hence, preliminary experiments were performed amrgig 1% natural gas
(50 cn? min®, N, balance) instead of methane as the outer chaneleer f
stream, and the SEC + PC system, accomplished avitled of catalyst
5wt%Ce-5wt%Mn-5wt%NaVO4/SiO,. The composition of the natural gas
is given in Table Al.

Table Al Natural gas composition.

Hydrocarbon Molecular formula Concentration (%)

lI_;lutane GH1c 0.30
Isobutane C4Hic 0.30
Propane GHs 1.49
Ethane GHe 4.94
Methane CH 92.96

The feed stream of the inner chamber was the sanhad used in the
previous experiments (10%8, 50 cni min®, N, balance).
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Figure A3 shows the response of a dynamic galvatiostiransient
experiment on the main reaction products obtaindgtie outer compartment,
at a constant temperature of 800 °C.
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Figure A3 Influence of the applied current on the dynamicigaf the outer
chamber products @GHCHg, CH4, CQy) for the Ag/YSZ/Ag + Mn-Ce-
NapWO,/SIO, system. Conditions: Outer chamber Natural ga%=Ihner
chamber HO = 10%, Total flow in both chambers = 50%min™ (N,

balance), Temperature = 800 °C.

The secondary axis of Figure A3 depicts the thémieH, produced at the
inner chamber as a function of the Faraday’s |apraviously explained in
Figure 8.2. Considering the composition of the ratgas, under open
circuit potential conditions (OCV, current = 0 mA9) strong increase of the
ethylene production rate was observed. In this esetiee outlet ethylene
concentration under these conditions was similartie inlet ethane
concentration in the outer chamber feed streamth®rother hand, a strong
increase of the hydrogen produced under OCV canditivas also observed.
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These results suggest that the main route for etleypbroduction was that of
the thermal cracking of ethane [2] since thereni®xiygen electrochemically
supplied to the outer chamber under OCV conditiokmreover, the
hydrogen production was higher than the correspando the above
mentioned process, which could be attributed to tracking or
dehydrogenation of other hydrocarbons present m tlatural gas. In
addition, it is interesting to note that a smalloamt of CQ was produced
under OCV conditions, which would indicate thatlighé spontaneous £
flux took place under these conditions. On the olfand, the application of
currents from -10 to -60 mA led to a decrease efhiidrogen production
respect the OCV conditions, with a progressive gase of the £
hydrocarbons and GQeaction rates, which could be again attributeth&
enhancement of the kinetics corresponding to thehame oxidative
coupling and partial or total combustion procesbezlly, Figure A3 shows
that the polarization effect was totally reversjldace the catalytic activity
under the final OCV conditions were very similarthmse considered at the
beginning of the experiment.

The main parameters related to the catalytic dagtofithe SEC + PC system
in the outer chamber were studied for the experism@escribed above.
Figure Ada depicts the ethylene yield variationhwiihe applied current at
800 °C. First, a general increase of this paranfeteooth systems with the
increase of the applied current can be observedieMer, it seems that the
system was more active towards ethylene produatioean natural gas was
fed to the outer chamber. As previously mentioniedould be attributed to

the additional ethylene production from the hetermpus/homogeneous
oxidative dehydrogenation mechanism of the etharsegmt in the raw

natural gas stream. On the other hand, the catahgiivity towards CO

production is shown in Figure A4b. Similarly to ttrend observed in Figure
Ada, a general increase of this parameter was foumeh natural gas was
fed to the outer chamber. The CO yield was aroube2ltimes higher for

the case of using natural gas than that for the ohsising methane. It could
be attributed to the partial oxidation of other mahrbons (apart from

methane) with the ©supplied from the inner to the outer chamber gy th
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Figure A4 Influence of the applied current on the steadiestalues of
ethylene yield, CO yield and-KCO ratio of the outer chamber products for
the Ag/YSZ/Ag + Mn-Ce-NaNO4/SiO, system. Conditions: Outer chamber
Natural gas = 1%, Inner chambef@H= 10%, Total flow in both chambers =
50 cn? min™® (N, balance), Temperature = 800 °C.
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Figure A4 (cont.) Influence of the applied current on the steadtestalues
of ethylene yield (a), CO yield (b) and/BO ratio (c) of the outer chamber
products for the Ag/YSZ/Ag + Mn-Ce-M&/O,/SiO, system. Conditions:

Outer chamber Natural gas = 1%, Inner chamb€r £110%, Total flow in
both chambers = 50 ¢hmin™ (N, balance), Temperature = 800 °C.

steam electrolysis process since both, ethane mipe, are more reactive
than methane [3].

Finally, an important parameter to be evaluatethés H/CO ratio, which
defines the quality of the produced synthesis @asit can be observed in
Figure A4c, the HICO ratio decreased as the applied current incdedse
may be due to the enhancement of the total condsuptiocess in detriment
of the partial oxidation. Moreover, it is interegfito note that the natural gas
fed to the system led to a broad range gf0@ ratios. Syngas is a versatile
feedstock that can be used to produce a varietyeté and chemicals, such
as methanol, Fischer—Tropsch fuels, ethanol, ametthyl ether (DME) [4].
In this sense, HMCO ratios close to 1 are used in literature talpoe lower
alkenes In general, for DME production and oxygedatompounds, a
syngas ratio of 1 is also needed, whereas for Eisdmopsch synthesis, the
required syngas ratio varies from 1 to 2.1 dependin the catalyst and
pressure used [5].
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The configuration used in this study with the neaatyst led to a mixture of
C, hydrocarbons and synthesis gas from natural ghsrefore, further
research is necessary to optimize this catalystcamdequently use natural
gas instead of methane for a practical developmiethiis new technology.
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