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Summary

The present Doctoral Thesis has been developed in the laboratories of the School of
Experimental Sciences and Technology of the Rey Juan Carlos University, and of the
IMDEA Energy Institute. Specifically, it is included in the research liBesmass and
Bioenergyof the Chemical and Environmental Engineering Group of the Rey Juan
Carlos University; an&ustainable Fuelsf the Thermochemical Processes Unit of the
IMDEA Energy Institute.

Funding for this research has been provided throughBtReCASCHEMproject:
Valorisation of Lignocellulosic Waste through the Integration of Cascade Thermo
catalytic Processe (reference: CTQ2018700tR), led by Rey Juan Carlos
University and IMDEA Energyinstitute, and funded by the Spanish Ministry of

Economy, Industry and Competitiveness.

Lignocellulosic biomass is one of the most abundant and least cost renewable
resources, considered as a source of great potential for obtaining fuels and/or chemical
products. Lignocellulosic biomass is mainly composed of macromolecules (cellulose,
hemicellulose and lignin), extractives and inorganic matter, in varying proportions
depending on their originn the present Doctoral Thesisrplysis has been chosen

as thke thermochemical conversion technology for the valorisation of lignocellulosic
biomass from agroforestry residues, specifically wheat stdwe to its high
availability and abundanc@yrolysis of biomass is a thermal treatment in an inert
atmosphere at aderate temperatures (300 700 °C), normally at atmospheric
pressure, which causes its decomposition, giving rise to three fractions: non
condensable gases, a carbonaceous residue or char, -aildibigariable proportions
depending on the nature ofettraw biomass and pyrolysis conditions. The liquid
fraction or bieoil is the main product of biomass pyrolysis, which consists of a
complex mixture of oxygenated organic compounds of different nature (carboxylic
acids, sugars, alcohols, aldehydes, ketoplesnols, furans, guaiacols, etc.) and water

in different proportions, as a consequence of the great number of simultaneous
reactions that occur during the pyrolysis process: cracking and depolymerisation,
decarbonylation, decarboxylation, dehydrationrboaisation, etc. Biwil has
undesirable properties for its use as a fuel: high oxygen conteiit480vt.%, dry

basig, low higherheatingvalue (16 19 MJ/kg), acidic pH (2 4), high viscosity and

low stability.
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When the objective of thermpyrolysis is to maximise btoil production, the optimal
operatirg conditions are: biomassgith particle size of 2 3 mm to favour heat transfer,
temperatures in the range @G 600°C, high heating ratesast pyrolysi¥ and short
residence times (2 3 s). Fluidised bed reactors are therefore one of the most
commonly used systems in this research area. Under these conditiembyigluls in

the order of707 75 wt% can be achieved.

In recent years, a great research effort has been put into thlemleent of catalytic
processes to improve bml properties, by removing most of the water and oxygen
present and increasing the molecular weight of its components in order to produce
mainly hydrocarbons. However, this route has shown to have manytibmgadue to

the very complex nature of bmil and the relatively low economic value of the
products finally obtained. In this context, the general objective of the present Doctoral
Thesis is to study new routes for the valorisation of lignocellulosiméss from
agroforestry residues by means of a combination of cascade toataigtic
treatments, in order to maximise the production not only of aromatic hydrocarbons but
also of oxygenated compounds of commercial interest. The aim is to maximisé bio
production by means of a catalytic pyrolysis process that includes basic and
multifunctional catalysts, and their selectivity towards oxygenated products of

different nature with application as raw materials.

In catalytic pyrolysis,pyrovapoursare norm#y brought into contact with acid
catalysts, mainly protonic zeolites such a& 5M-5, which allows the oxygen to be
removed from the bioil by converting it into CO, C&and HO, obtaining aromatic
hydrocarbons and light olefins as the main end proditatan be carried oum-situ,

by adding the catalyst to the biomass pyrolysis reactor itsekgitu, by passing the
gases and vapours from the thermal pyrolysis through a second reactor, in this case a
catalytic one. This second option allows tin® tstages (thermal and catalytic) of
lignocellulosic biomass conversion to be operated and optimised separately and
prevents the char from being in direct contact with the catalyst, thus mitigating its
deactivation. Catalytic pyrolysis of biomass takes@lat atmospheric pressure and
intermediate temperatures (40800 °C). However, it has important limitations such

as low yields of liquid hydrocarbons, the development of severe cracking reactions
and the extensive deactivation of the catalyst due tddpesition of great amounts of

coke.
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Conversely, basic catalysts used to enhance the formation of oxygenates from biomass
pyrolysis include clay minerals, alkagearth and transition metal oxides, and zeolites
with basic properties. Most of the catalysts used in the present Doctoral Thesis were
derived from commercial samples, but in a few cases, they were synthesised. Previous
work in the literature as well assdts from the research groups themselves were used
as references. The basic catalysts prepared are the following: cationic clays (bentonite
and attapulgite), single and mixed metal oxides of Mg and Zr, and commercial H
ZSM-5 nanocrystalline and USY zeag modified with Kto provide them with

basicity.

To prevent the inorganic matter in the raw biomass from acting assitu icatalyst,

a washing prareatment with a dilute solution of nitric acid\t.%) was proposed in
order to reduce its content ifkali and alkaline earth metals (K, Na, Ca, Mg, etc.),
since it is known that their presence favours the development of carbonisation

reactions, increasing char production and decreasingibytelds.

On the one hand, the characterisation of the difteratalysts has been carried out by
means of the following experimental techniques: thermal stability (TG), chemical
composition (ICPOES and EDX), crystallinity (XRD), textural properties@nd Ar
physisorption), morphology and crystal size (SEM and J,Edidity (NH-TPD and
pyridine FTIR) and basicity (C®@TPD). On the other hand, the characterisation of
the different raw materials and reaction products has been carried out using the
following experimental techniques: chemical composition {{@FS andCHNS-O),

water content (KafFischer titration), ash, coke and volatile matter content (TG) and
composiion of liquid (GGMS) and ¢s&ppoduats ( €

An exsitu reaction system has been used in the biomass catalytic tests, in which
vapours and gasé®m the thermal pyrolysis stage are passed through a catalytic fixed
bed. The reaction system consists of a single downflow vertical fixed bed reactor
heated by two independent electric furnaces at different temperatures, thadast

higher temperate being the thermal pyrolysis furnace, and the seocoadt lower
temperature being the catalytic pyrolysis furnace. In this way, the behaviour of the
different types of catalysts prepared has been investigated and the following tests have

been carried ut;
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1 Coupling of thermal pyrolysis with basic or multifunctional catalysts for the
production of oxygenated compounds from biomass.

1 Coupling of thermal pyrolysis with acid and basic catalysts in cascade for the
production of aromatic hydrocarbons from bi@sa

The most relevant results obtained during BuostoralThesis are summarised below:
1) Catalytic pyrolysis of lignocellulosic biomass over bentonite and attapulgit

The cationic clays bentonite and attapulgite previously calcined in air have been used
in the catalytic fast pyrolysis of pteeated wheat straw in order to obthigh-added

value biebasedchemicals. Both clay catalysts present mainly mesoporous sasictu
with relatively low specific surface area, acidity and basicity values, those of
attapulgite being slightly higher than those of bentonite in all cases. The use of
bentonite as a catalyst in catalytic pyrolysis of biomass has been observed to be more
appropriate due to its higher bal yields and lower formation of undesirable-by
products, since attapulgite shows higher activity towards cracking and deoxygenation
reactions. Anhydrosugars are the most abundant compounds in {bi frioduced

using batonite as catalyst and the synergistic effect of its textural properties and high
weakmild basicity seem to improve the yield towards this type of compounds. The
catalytic pyrolysis of cellulose over bentonite has been shown to yieldaal bich in
arhydrosugars,mainly levoglucosan, a compound with potential interest in the
chemical, food and pharmaceutical industries. The most widely accepted route of
formation of levoglucosan is the hydrolysis of glucose, which is the monomer unit of
cellulose. It § concluded that a low catalyst/biomass ratio results in a higher
levoglucosan yield in both catalytic pyrolysis of cellulose and@a&ted wheat straw,

thus avoiding reduction in bioil yield and saving on catalyst costs.
2) Catalytic pyrolysis of whed straw over Mg and Zr metal oxides

Single and mixed Mg and Zr metal oxides prepared by precipitation exhibit
mesoporous structures with very similar specific surface areas. The basic sites of
alkaline earth metal oxides, such as MgO, and of certain tiangnetals, such as
ZrOy, catalyse €C bond formation reactions, such as aldol condensation and
ketonisation reactions. In addition, ZrGhows acidic sites that make it active in
cracking and deoxygenation reactions. It has been confirmed by RH thatZrO>

exhibits the highest concentration of weak acidic sites among the three materials,
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whereas a Mgr mixed oxide with a Mg/(Mg+Zr) ratio of 0.71 shows the highest
proportion of medium and strong acid sites, confirming the synergistic effect of the
two single oxides when coprecipitatdd.contrast MgO exhibits the highest basicity
with a high contribution of medium basicity, with such basic centres being responsible
for catalysing the aldol condensation reactions. Magnesium oxide aft khixed

oxide showed the most promising results in terms of-dlodeoxygenation and
production of potential highddedvalue biebasedhemicals. However, unlike ZgD

their bic-oil yields are considerably reduced. MgO resulted in aobiwith the lowest
oxygen corgnt and a high proportion of light oxygenates, such as cyclic ketones, and
especially, aromatic oxygenates, such as acetophenones and guaiacols. Conversely,
the MgZr mixed oxide produced a biml with a lower oxygen content, but richer in

light oxygenats, including acetals and both linear and cyclic ketones.
3) Catalytic pyrolysis of wheat straw over kincorporated zeolites

K-incorporated zeolites prepared by different methods have been used in the catalytic
fast pyrolysis of prdreated wheat straw. The incorporation of alkali metals such as
potassium into protonic zeolites is an interesting way to increase their bastigt an

the same time, to reduce their cracking actibiggause otheir high acidity, leading

to a considerable decrease in-bibyield and increased deactivation due to the
formation of coke deposits. Two different zeolites have been studied: a ndalticeys
H-ZSM-5 zeolite iorexchanged with an aqueous KCI solution, and an USY zeolite
modified by potassium grafted with KOH in alcoholic medium. The partial ion
exchange with K cations hardly affects the crystallinity and properties of the KH
ZSM-5 zeolte. This material presents a good balance between its acidic and basic
properties, since this treatment notably decreases the acidity of the parent zeolite,
reducing the concentration of strong acidic sites while generating basic sites of weak
medium bagiity. On the other hand, treatment of a commercial USY zeolite with a
methanol solution of KOH results in a zeolitic material with a high concentration of
active centres of weakiedium basicity. However, contact with a strong base causes
some desilicatiomimorphisation of the parent zeolite, accompanied by a reduction in

its textural properties.

Increasing the catalyst/biomass ratio in the catalytic pyrolysis efrpaged wheat

straw with kmodified zeolites causes a progressive reduction in th@ibigeld,



Summary

followed by anenhancment in the production of water, gases and coke, and
accompanied by a decrease in the oxygen content of thailbibhe KHZSM-5
catalyst has proven to be less active than the parei8 M5 zeolite for the same
catalyst/biomas ratio, due to a lower contribution in deoxygenation and cracking
reactions, in line with the lower acidity of thed«changed zeolite. However, the KH
ZSM-5 catalyst shows a more efficient behaviour, as itobioxygen contents in the
bio-oil are clog to or even lower than those of the parent material, which is related to
the lower concentration of strong acidic sites in this material. Moreover, the basicity
generated plays an important role in the deoxygenation selectivity, since it promotes
ketonisgion and aldol condensation reactions between the components-ofi, bio
releasing oxygen in the form of water and/or.Gbre effectively. Conversely, this
catalyst produces oxygenated and light oxygenated aromatics, with the greatest
variation observedof the latter family, which has a large proportion of ketones that
could be assigned to the ketonisation activity of the basic sites eA¥W5. This
enhanced production of oxygenated aromatics and light oxygenates is also observed
over the KUSY catalystwith high weakmild basicity and negligible acidity. By
studying the synergistic effect on both catalytic temperature and catalyst/biomass ratio
for this zeolite, the biil composition was further optimised. Thus, when operating

at 500 °C in the catalgtzone of the reaction system and with a catalyst/biomass ratio
of 0.6 g/g, the formation of both ketones (with a high proportion of cyclic ketones)
derived from the pyrolysis of cellulose and hemicellulose, and phenols from the
transformation of lignin ligomers and their derivatives was favoured. Both types of
products are of great commercial interest, as they have a wide variety of applications

as fine chemicals.

4) Catalytic pyrolysis of wheat straw in a threestage cascade thermaoatalytic

process comining acidic and basic catalysts

Dualcatalytic stagegbyrolysis is an innovative way to produce aromatic
hydrocarbons while deoxygenating fwd by sequentially using catalysts with
different pore sizes and aehse properties. The nanocrystalline zedH-ZSM-5

with mainly microporous structure and high acidity has been chosen as the sole acid
catalyst (A), whereas bentonite clay and magnesium oxide have been chosen as basic
catalysts (B), having different mesoporous structures and concentrati@sasibes.

Two different configurations have been studied depending on whether the pyrolysis



Summary

vapours passed first through the acid catalyst bed (A+B) or the basic catalyst bed
(B+A). The combination of acidic and basic catalysts in the sequential pgraliysi
pretreated wheat straw resulted in a-bibwith a lower oxygen content at the cost of

a decrease in mass yield. In particular, the combination of bentonite/MgQ A8MH

5 favours the transformation of oligomers into smaller species that aregmescaf
furans and light olefins when passing through the Bestic catalyst bed, and their
subsequent conversion into aromatic hydrocarbons when passing through the second
acid catalyst bed. Thus, the d from the B+A configurations showed higher
aromatic hydrocarbon concentrations than that of the sdl&M-5 zeolite, especially

in combination with MgO. The highest concentration of aromatic hydrocarbons in bio
oil with the highest ratio of monoaromatic/polycyclic aromatic hydrocarbons was
achievedn this test. In addition, this bioil showed the lowest oxygen content of all

the catalysts and configurations studied.
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Resumen

La presente Tesis Doctoral ha sido llevada a cabo en los laboratorios de la Escuela
Superior de Ciencias Experimentales y Tecnologia de la Universidad Rey Juan Carlos,
y del Instituto IMDEA Energia. Concretamente, se engloba en las lineas de
investigacionBiomasa y Bioenergidel Grupo de Ingenieria Quimica y Ambiental de

la Universidad Rey Juan CarlosCpmbustibles Sosteniblds la Unidad de Procesos

Termoquimicos del Instituto IMDEA Energia.

La financiacion de esta investigacion se ha realizado a través del proyecto
BIOCASCHEM:Valorizacion de Residuos Lignoceluldésicos mediante la Integracion
de Procesod ermaocataliticos en Cascadgeferencia: CTQ20:87001R), liderado

porla Universidad Rey Juan Carlp®l Instituto IMDEA Energiay financiado por el

Ministerio de Economia, Industria y Competitividad.

La biomasa lignocelulésica es uno de los recursaosvables mas abundante y de
menor coste, considerdndose como una fuente de gran potencial para la obtencion de
combustibles y/o productos quimicds interés La biomasa lignocelulésica esta
formada por macromoléculas (celulosa, hemicelulosa y ligremtigctivos y materia
inorganica, en proporcion variable segun su origenla presente Tesis Doctorad, s

ha escogido la pirdlisis como tecnologia de conversion termoquimica para la
valorizacion de biomasa lignoceluldsica procedente de residuos agiafsesn
concreto, de paja de trigdebido a su altdisponibilidad yabundancialLa pirdlisis de
biomasa es un tratamiento térmico en atmésfera inerte a temperaturas moderadas (300
I 700 °C) y, normalmente a presion atmosférica, lo que provodasswmposicion,

dando lugar a tres fracciones: gases incondensables, un residuo carbonoso o char, y
bio-oil, en proporciones variables dependiendo de la naturaleza de la biomasa de
partida y las condiciones en las que se realiza la pirdlisis. La fratgiddd o bieoll

es el producto principal de la reaccién de pirdali€isnsiste en una mezcla compleja

de compuestos organicos oxigenados de distinta naturaleza (acidos carboxilicos,
azucares, alcoholes, aldehidos, cetonas, fenoles, furanos, guaiacglgsagta en
diferente proporcion, como consecuencia del elevado numero de reacciones
simultdneas que se producen durante el proceso de pirdlisis: craqueo y
despolimerizacion, descarbonilacién, descarboxilacion, deshidratacion,
carbonizacion, etc. El bioil cuenta con propiedades poco aptas para su utilizacion
como combustible: elevado contenido en oxigend @® %en pesobase segabajo
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Resumen

poder calorificasuperor (167 19 MJ/kg), pH acido (2 4), elevada viscosidad y baja
estabilidad.

Cuando el olgtivo es maximizar la produccién de 4@, las condiciones 6ptimas son

las siguientes: biomasa en forma de particulas dé 0, mm para favorecer la
transmision de calor, temperatueasel rangale 07T 600 °C, elevadas velocidades

de calefaccién (pirdlisis rapida) y cortos tiempos de residenti& &. Por ello, uno

de los sistemas mas utilizados en este campo son los reactores de lecho fluidizado. En

estas condiciones se pueden alcanzar rendimientas-dé el orden deV0i 75 %.

Durante los ultimos afios se ha realizado un gran esfuerzo investigador en el desarrollo
de procesos cataliticos que permitan mejorar las propiedades -@dl kiominando

la mayor parte del agua y del oxigeno presentesrernentando el peso molecular de
algunos de los componentes con el fin de producir principalmente hidrocarburos. Sin
embargo, esta via ha demostrado poseer numerosas limitaciones, como consecuencia
de la propia naturaleza del bod y del relativamente do valor econémico de los
productos finalmente obtenidos. En este contexto, la pre$esteDoctoral tiene

como objetivo general el estudio de nuevas rutas de valorizacion de biomasa
lignoceluldsica procedente de residuos agroforestales mediante lanaoidi de
tratamientos termoataliticos en cascada, a fin de maximizar la produccion no sélo de
hidrocarburos aromaticos sino también de otros compuestos oxigenados de interés
comercial. Se pretende maximizar la produccién deolhimediante un procesde

pirdlisis catalitica que incluya catalizadores béasicos y multifuncionales, y su
selectividad hacia productos oxigenados de diferente naturaleza con aplicaciones

como materias primas quimicas.

En la pirdlisis catalitica, los vapores de pirdlisis se p@metontacto con catalizadores
normalmente acidos, fundamentalmente zeolitas proténicas corma3dkb, lo que
permite eliminar el oxigeno del b@l mediante su conversién en CO, £0H.0, y
obteniéndose como productos finales mayoritarios hidrocaabaromaticos y
olefinas ligeras. Se puede llevar a cabaitu, afiadiendo el catalizador al propio
reactor de pirdlisis de biomasage®situ, haciendo pasar los gases y vapores de la
pirolisis térmica por un segundo reactor, en este caso cataliticadgsitada opcion
permite operar y optimizar de forma separada las dos etapas (térmica y catalitica) de

conversién de la biomasa lignoceluldsica y evita que el char entre en contacto directo
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con el catalizador, atenuando su desactivacion. La pirdlisis ticatalie biomasa
transcurre a presion atmosférica y temperaturas intermediasi (800 °C). Sin
embargo, ésta presenta importantes limitaciones como son el bajo rendimiento en
hidrocarburos liquidos, el desarrollo de reacciones de craqueo severo y fvaxten
desactivacion que experimenta el catalizador por la deposicion de grandes cantidades

de coque.

Por otro lado, entre los catalizadores basicos utilizados para incrementar la formacion
de compuestos oxigenados a partir de la pirélisis de biomasameafmonar los
siguientes: arcillg 0xidos de metales alcalitérreos y de transicion, y zeolitas con
propiedades basicas. La mayor parte de los catalizadores utilizadpsesetzte Tesis
Doctoral se obtuvieon mediante la modificaciéon deuestras comerciales, pero en
algunos casos se sintetizarem nuestros laboratorios con este $e tomaron como
referencia trabajos previos de la bibliografia, asi como resultatipsogé grupo de
investigacion. Los catalizadores basicos preparastns los siguientes: arcillas
cationicas (bentonita y atapulgita), 6xidos metalicos simples y mixtos de Mg y Zr, y
zeolitas HZSM-5 nanocristalina y USY comerciales modificadas con K para dotarles
de basicidad.

Para evitar que la materia inorganica de tarizisa de partida actie de por si como un
catalizador irsitu, se haealizado un lavado con una disolucién diluida de acido
nitrico (1 % en peso) con objeto de disminuir su contenido en metales alcalinos y
alcalinotérreos (K, Na, Ca, Mg, etc.), ya que sespncia favorece el desarrollo de
reacciones de carbonizacion, aumentando la produccion de char y disminuyendo el

rendimiento en bimil.

La caracterizacion de los diferentes catalizadores se ha llevado a cabo mediante las
siguientes técnicas experimeetsl estabilidad térmica (TG), composicién quimica
(ICP-OES y EDX), cristalinidad (DRX), propiedades texturales (fisisorcién gdg N

Ar), morfologia y tamafio de cristal (SEM y TEM), acidez (TPD de amonyi&fo

IR demuestras tratadas cqiridina) y basiailad (TPD de diéxido de carbono). Por

otro lado, la caracterizacion de las diferentes materias primas y productos de reaccion
se ha llevado a cabo mediante las siguientes técnicas experimentales: composicion
quimica (ICPOES y CHNSO), contenido en agua (weaacion KartFischer),
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contenido en cenizas, coque y materia volatil (TG) y distribucion de productos liquidos
(GC-MS) y gaseosox(GC).

Para llevar a cabo los experimentos de valorizacion catalitica delilbge ha
utilizado un sistema de reacciéngiu, en el que los vapores y gases procedentes de
la etapa de pirdlisis térmica se hacen pasar por un lecho fijo catalitico. El sistema de
reaccion consiste en un unico reactor de lecho fijo vertical de flujo descendente
calentadocon dos zonas de caletadn por dos hornos eléctricos independientes a
distinta temperatura, siendo el primero y de mayor temperatura el de pir6lisis térmica,
y el segundo y de menor temperatura el de pirélisis catalitica. De esta forma, se ha
investigado el comportamiento desl diferentes tipos de catalizadores preparados

llevandose a cabo los siguientes ensayos:

1 Acoplamiento de pirélisis térmica con catalizadores basicos o multifuncionales
para la produccion de compuestos oxigenados a partir de biomasa.
1 Acoplamiento de pirG$is térmica con catalizadores acidos y basicos en cascada

para la produccion de hidrocarburos aromaticos a partir de biomasa.

A continuacion, se resumen los resultados mas relevantes que se han obkenido a

largo de esta Tesis Doctoral:
1) Pirdlisis catalitica de biomasa lignoceluldsica sobre bentonita y atapulgita

Se han utilizado las arcillas catiénicas bentonita y atapulgita previamente calcinadas
en aire en la pirdlisis rapida catalitica de paja de trigo pretratada con el objetivo de
obtener potenciales productos quimiates interés Ambos catalizadores de arcilla
presentan estructuras principalmente mesoporosas con valores de superficie
especifica, acidez y basicidad relativamente bajos, siendo los de la atapulgita
ligeramente superiores los de la bentonita en todos los casos. El uso de bentonita
como catalizador en la pirdlisis catalitica de biomasa parece ser mas apropiado debido
a sus mayores rendimientos en-biby su menor formacién de subproductgs,que

la atapulgita muestrana actividad mas elevada hacia las reacciones de craqueo y
desoxigenacién. Los azUcamezhidrosson los compuestos mas abundantes en €l bio

oil producido utilizando bentonita como catalizador y el efecto sinémgit@ sus
propiedades texturales y elewadasicidadie fuerzadébitmedia parecen mejorar el
rendimiento hacia este tipo de compuestos. Se ha comprobado que la pirdlisis catalitica

de la celulosa sobre bentonita da lugar a urobigico en azUcaresnhidros
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principalmentelevoglucosano, un copuesto con potencial interés en la industria
quimica, alimentaria y farmacéutica. La via de formacibn més aceptada del
levoglucosano es la hidrélisis de la glucosa, que es el mondmero de la celulosa. Se
concluye que una baja relacion catalizador/biomadaghr a un mayor rendimiento

de levoglucosano tanto en la pirdlisis catalitica de la celulosa como de la paja de trigo
pretratada, evitando asi la reduccion del rendimiento eaibjoahorrando en costes

asociados al catalizador.
2) Pirdlisis catalitica de paja de trigo sobre 6xidos metalicos de Mg y Zr

Se han utilizado 6xidos metélicos simples y mixtos de Mg y Zr preparados por
precipitacion en la pir6lisis rdpida catalitica de paja de trigo pretratada. Estos
catalizadores presentan estructuras messpsr con superficies especificas muy
similares. Los centros basicos de los 6xidos de metales alcalinotérreos, como el MgO,
y de algunos metales de transicion, como el Zr€talizan las reacciones de
formacion de enlaces IC, como las reacciones deondensacion aldolica y
cetonizacion. Ademas, el ZsOen concreto, cuenta con centros acidos que lo hacen
activo en reacciones de craqueo y desoxigenacion. Se ha confirmado mediante TPD
de amoniaco que el Zs@resenta la mayor concentracionatres acdos débiles

entre los tres materiales, mientras que un O0xido mixteZMgon una relacion de
Mg/(Mg+Zr) de 0.71 muestra la mayor proporcidrcdatres acidos medios y fuertes,

lo que confirma el efecto sinérgico de los dos 6xidos simples cearateciptan.En

cambiq el MgO presenta la mayor basicidad con una elevada contribucién de
basicidadde fuerzamedia, siendo este tipo de centros basicos los responsables de
catalizar las reacciones de condensacion alddlica. El 6xido de magnesio y el 6xido
mixto Mg-Zr mostraron los resultados mas prometedores en términos de
desoxigenaciéon del bioil y de produccion de productos quimicos de alto valor
afadido. Sin embargo, a diferencia del ZxOel rendimiento a bio-oil se ve
considerablemente reducido. EI MgO tigar a un bieoil con el menor contenido en
oxigeno y con una gran proporcionammpuesto®xigenados ligeros, como cetonas
ciclicas, y, sobre todo, de aroméaticos oxigenados, como acetofenonasgolgsa

Por otro lado, el 6xido mixto Mg@r produjo unbio-oil con un contenido en oxigeno

no tan bajo, pero mas rico en oxigenados ligeros, entre los que destacan acetales y

cetonas tanto lineales como ciclicas.
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3) Pirdlisis catalitica de paja de trigo sobre zeolitas protonicas modificadas con
potasio

Sehan utilizado zeolitas modificadas mediante diferentes métodos de incorporacion
de potasio en la pirdlisis rapida catalitica de paja de trigo pretratada. La incorporacion
de metales alcalinos como el potasio a las zeolitas protonicas es una forma teteresan
de aumentar su basicidad y, al mismo tiempo, de reducir su actividad de craqueo
debido a su elevada acidez, lo que conlleva una disminucion considerable del
rendimiento del biail y una mayor desactivacipya queestada lugar da formacién

de depo6dos de coque. Las dos zeolitas estudiadas son: una zeolita nanocristalina H
ZSM-5 intercambiada con potasio de una solucién acuosa de KClI, y una zeolita USY
modificada por grafting de potasio con KOH en medio alcohdlico. El intercambio
ionico parcial con ationes K apenas afecta a la cristalinidad y propiedades de la
zeolita HZSM-5. H material presenta un buen equilibrio entre sus propiedades &acidas
y bésicas, ya que este tratamiento disminuye notablemente la acidez de la zeolita de
partida, reduciend@lconcentracion de laentios acidos fuertes a la vez que genera
centosbasicos de fuerz#ébilmedia. Por otro lado, el tratamiento de una zeolita USY
comercial con una solucién #&®H enmetanol da lugar a un material zeolitico con
una elevada concentracion de centrasicos de fuerzdébilmedia. Sin embargo, el
contacto con una base fuerte provoca una cierta desilicacion/amorfizacion de la zeolita

de partida, acompafiada de una reduceidsus propiedades texturales.

El aumento de la relacion catalizador/biomasa en la pirdlisis catalitica de paja de trigo
pretratada con zeolitas modificadas con K provoca una reduccion progresiva del
rendimiento de bimil y acompafiado de una disminuctigsu contenido en oxigeno
debido auna mejora en la produccién de agua, gases y coque. El catalizad@MH

5 resulta ser menos activo que la zeolitZ$M-5 de partida para una mismedacion
catalizadotbiomasa ya quepresentauna menor contribuciode las reacciones de
desoxigenacién y craqueo, en linea con la menor acidez de la zeolita intercambiada.
Sin embargo, el catalizador KHSM-5 muestra un comportamiento mas eficiente ya
gue se obtienen contenidos de oxigeno iguales o incluso inferiorebieroi a los
obtenidos con la zeolita de partida, relacionado con la menor concentracion de centros
acidos fuertes de este material. Ademas, la basicidad generada tiene un papel
importante en la selectividad de desoxigenacion, ya que promueve reaazones

cetonizacion y condensacion alddlica entre los componentes deil,biiberando
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oxigeno en forma de agua y/o £€@e manera mas efectivRor otro lado, este
catalizador produce compuestos aromaticos oxigenados y oxigenados ligeros,
observandose la mar variacion para esta ultima familia, con una gran proporcion de
cetonas, que podria asignarse a la actividad de cetonizacion por paséntios
basicos de KHZSM-5. Esta produccibn mejorada de arométicos oxigenados y
oxigenados ligeros también sbserva sobre el catalizador delUSY con elevada
basicidadde fuerzadébilmedia y acidez despreciable. Al estudiar el efecto sinérgico
de la temperatura de la etapa catalitida yelacion catalizador/biomasa para esta
zeolita, se optimizé aun mas langposicion del bienil. Asi, cuando se trabajé a 500

°C en la zona catalitica del sistema de reaccion y con una relacion catalizador/biomasa
de 0,6 g/g, se vio favorecida la formacion tanto de cetonas (con una alta proporcion de
cetonas ciclicas) derivadds la pirdlisis de celulosa y hemicelulosa, como de fenoles
provenientes de la transformacion de los oligémeros de lignina y sus derivados. Ambos
tipos de productos son de gran interés comercial, ya que tienen una amplia variedad

de aplicaciones en Quimi€#na.

4) Pirdlisis catalitica de paja de trigo en un proceso termoatalitico en cascada

de tres etapas que combina catalizadores acidos y basicos

La pirdlisis catalitica por etapas consdmtalizadoes es una forma innovadora de
producir hidrocarburosramaticos a la vez que se desoxigena eloldiatilizando
secuencialmente catalizadores con diferentes tamafios de poro y propiedades acido
base. Se eligié la zeolita nanocristalinaZBM-5 con estructura principalmente
microporosa y elevada acidez comtatiaador acido (A), mientras que la bentonita y

el 6xido de magnesio fueron elegidos como catalizadores basicos (B), teniendo
diferentes estructuras mesoporosas y concentraciones de centros basicos. Se
estudiaron dos configuraciones diferentes en fundérsi los vapores de pirdlisis
pasaban primero por el lecho de catalizador acido (A+B) o por el basico (B+A). La
combinacion de catalizadores acidos y basicos en la pirdlisis secuencial de paja de
trigo pretratada dio lugar a un bidl con un menor contéto en oxigeno a costa de

una disminucién de su rendimiento masico. En concreto, la combinacion de
bentonita/MgO y FHZSM-5 favorece la transformacion de oligdbmeros en especies de
menor tamafo que son precursoras de furanos y olefinas ligeras al pasaripware

lecho de catalizador basico, y su posterior conversion en hidrocarburos aromaticos en

su paso por el segundo lecho de catalizador &cido. Asi, -eilbbtenido corlas
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configuraciones B+A mostré mayores concentraciones de hidrocarburos arematico
que el de una Unica zeolita Z6M-5, especialmente en combinacion con MgO. La
mayor concentracion de hidrocarburos aromaticos en ebibicon la mayor
proporcion decompuestognonoaromaticosrente alos poliaromaticos, se alcanzé

para esteexperimento. Ademas, este b resulté tener el menor contenido de
oxigeno de entre todos los ensayos con los catalizadores y configuraciones estudiados.
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1. Introduction
1.1. Lignocellulosic biomass

Generally,biomassis defined as renewable organic material that comes from plants
and animalg1]. However, the ternbiomassis commonly used to refer to plant
biomass. Biomass resources can be classified as agricultural residues, forestry
residues, energy crops, algal biomass, and urban {2hs@oncretely, lignocellulosic
biomass is mainly derived from agricultural ance&iry residues and can be valorised

as biofuels and/or bibasedchemicals via thermochemical conversion technologies
[3]. The lignocellulosic feedstocks stand out for their abundance (10 GT/year) and low
cost[4]. However, lignocellulosic biomass hasery complex composition, consisting

of macromoleculesHgure 1.1), extractives, and some inorganic materials. The
content of these components depends on the nature of the biomass, whether woody or
not. Among macromolecules, three major biopolymersheatiistinguished: cellulose

and hemicellulosehplocellulose considered together), and lignin. Lignocellulosic

biomass components and contents are described f&low

1 Cellulose (30i 50 %): It is a linear homopolysaccharide with a long chain of
glucose wunits t h-éltd)glgcosalic lwoods, medcitesadd by
intramolecular Hbonds. Its chain length, crystallinity, and degree of
polymergation (300i 15,000) may vary depending on the type of lignocellulosic
biomasd5i 7].

1 Hemicellulose (15 30 %): It is a heteropolysaccharide composed by pentoses,
hexoses and sugar acids. It has a shorter chain length and lower degree of
polymeriation than cellulose (80 100), but it also depends on the type of
lignocellulosic biomasgb,6,8].

1 Lignin (207 40 %): It is a threedimensional polymer composed of three
monomeric units (coniferyl alcohol, coumaryl alcohol and sinapyl alcohol) which
are linked through GC and @ O bonds. Simultaneously, holocellulose and lignin
are crosslinkedy ether and ester bon{ig. Several functional groups, such as
carbonyl (CQ), carboxylic (CGQ-), hydroxyl (HO), and methoxyl (CHO-)
groups, can be found as part of lignin struc{8te

1 Extractives (2i 10 %): The nature of the components whicle aonsidered as

extractives is very variable. Components, such as flavonoids, lignans, lipids,
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1.2. Biomass conversion technologies

essential oils, proteins, resins, simple sugars, starch, tanins, terpenes, stilbenes, and
water, can be found in lignocellulosic biom#3$].

1 Inorganic matter (0.% 20 %): Alkali and Alkalihe Earth Metals (AAEMS) are
present in the lignocellulosic biomass as catior’s &', C&* and Md*, among
others)4] and have variable composition depending on whether biomass is woody
(<4 %) or not (>%%0) [7].
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Figure 1.1. Chemical structure of lignocellulosic biomd98%.

1.2. Biomass conversion technologies

Valorisation of biomass is commonly oriented to energy production. Biomass can be
burnt to produce heat vidirect combustion or transformed into fsief any state of
aggregation, either solid, liquid, or gasedllk Modern bioenergyi.e. renewable
energyproduced from biomass, accounts i % of the world's primary energy
according to the International Energy Ageffit@], andit is expected thaip to 27%

of worl dés transportation fuel [11¢d2lul d be
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1. Introduction

Typically, biomass is transformed into bioenergy via four different rd@t@sl3] A
summary of conversion technologies, products and utilisation of lignocellulosic

biomass is depicted frigure 1.2

i) Physical conversion: Biomass is compacted into {setiebriquettes for its use as
a solid fuel in direct combustion.

i) Chemical conversion: Biodiesel is produced via transesterification of a vegetable
oil or animal fat with an alcohol.

iii) Biological conversion: Fermentation and anaerobic digestion are upeaduace
liquid and gaseous biofuels and/or¥asedchemicals.

iv) Thermochemical conversion technologies: Biomass thermally degrades to give
rise to solid iochan, liquid (bio-oil) or gaseous sfynga$ biofuels under

moderate/severe temperature conditions.

Route =) Technology == Products == Utilisation

Physical
conversion

Compression Briquettes Solid fuels

Chemical Trans- Bio-diescl Liquid fuels
. N 10-diese ‘
conversion esterifica Chemicals
. . Liquid fuels
BlOlOgl?al Fermentation Ethanol .
conversion Chemicals
Anaerobic i Gaseous fuels
digesti Biogas )
1gestion Chemicals
Thermochemical Gasificati - Gaseous fuels
conversion asitication EEES el
L Hydrothermal Bio-oil Liquid fuels
liquefaction 10-01 :
Chemicals
, Biochar S/L/G fuels
Pyrolysis Bio-oil i
Syngas Chemicals

Figure 1.2. Conversion technologies, products and utilisation of lignocellulosic
biomasq14]. S: solid; L: liquid; G: gaseous.
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1.3. Biooil production via pyrolysis of biomass

The present Doctoralhesis focuses on theommoditisationof lignocellulosic
biomass, and, among these valorisation routes, thermochemical conversion
technologies are the most develop#s]. These thermal processes are carried out at
moderatehigh temperatures, variable pressure and absence/presence of [Hygen
Three technologies are mainly used to obtagh-addedvalue bio-based chemicals

from lignocellulosic biomass:

1 Gasification Biomass is partially oxidised in the presence of gasifying agents, such
as air, CQ, oxygen, steam, or a mixture of theSke main product of the reaction
is syngas, which is a mixture of gaseous CO apnthiariable concentrations. A
carbonaceous residue or biochar, ash and oil/tar are obtaineepasdiogts to a
lesser exterjtL6]. Syngas cahe a platform for alkenes and shohiain oxygenated
hydrocarbonsproduction after secondary processing, such as FisGhapsch
technology[8].

1 Hydrothermal liquefaction (HTL)Generally, biomass decomposes into liduia

oil in a pressurised hot watatmospherg?]. Bio-oil has two phases: a heavy and

an aqueous fraction, both of which contain a wide variety of organic compounds.
The heavy fraction can be upgraded by sevpratessg to obtain biebased
chemicals, whereas the aqueous fraction lwarligested by microorganisms to
produce biogas. Biochar obtained from HTL is also an interestifgydnjuct due

to its potential as adsorbent or solid bioflidl].

1 Pyrolysis This process consists of the thermal degradation of biomass in exygen
free conditions to produce either biochar,-bibor syngas depending on the
operating temperature, heating rate and vapours residencgl8rh@] Bio-oil is
the most desired prodt when it comes to produgjiio-based chemicals. As this
liquid product is rich in a wide variety of organic compounds, numerous high
added value chemicals can be obtained flworoil after proper upgrading and

separatiori4].
1.3. Bio-oil production via pyrolysis of biomass

The termpyrolysisrefers tahe irreversible thermal decomposition of materials in inert
conditions. During the pyrolysis process, biomass is heated up in absence of oxygen
and transformed intohar andpyrovapours These pyrolyt vapours are condensed

into bio-oil after reaction and remaining gases are released. Resulting solid fraction is
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1. Introduction

called biochar. Hence, pyrolysis involves simultaneous solid, liquid and vapor phase

reactiong8]. Products of the three states of aggtegaare described in more detail

below:

1 Biochar It is a solid carbonaceous residue which consists of unconverted inert

organic matter and ash remains. It has a variable carbon content of 65 to 90 wt.%

[3,15]

1 Bio-oil: It is a dark brown liquid rich in numerous oxygenated compounds (>300)

and water, which is obtained from the condensatiopyobvapoursafter proper

biomass pyrolysis. It has undesired properties, such as high oxygen content (40

45 wt.%, dry basiy andacidic pH (27 4), which cause the bioil to have low
stability, high viscosity and low higiheating value (16 19 MJ/kg)[20]. Thus,
further bicoil upgradingis necessary.

1 Pyrolytic gasesilt is a mixture of norcondensable gases which is separétem

pyrovapours aftertheir condensation into bioil. They contain variable
concentration®f Hz, CO, CQ and G-C4 hydrocarbon$3].

Among thermochemical conversion technologies, pyrolysis has the highest maximum

yield of bio-oil at the adequate conditions of temperature, heating rate and vapours

residence tim¢l3,18] Pyrolysis can be categorised as slow, fast or flash depending

onthese parameters (s€able 1.1). Other factors, which are related to the nature of

the biomass, such as, particle size, moisture and impurities tntam affect

maximumbio-oil yield [3,19].

Table 11. Maximum bicoil yields according to pyrolysis typ§s,13,18,19,21]

Pyrovapours .
. . . Maximum
Pyrolysis Temperature | Heating rate residence S
o o . : bio-oil yield
type (°C) (°C/min) time
(wt. %)
(s)
Slow 300-700 <10 >600 <30
Fast 400600 10-200 0.510 50-75
Flash 650-900 10%-10* <0.5 75-80

Lignocellulosic biomass is generally pretreated to masdntioc-oil yield. Several

pretreatment technologies are used to improve the efficiency of biomass py&i}ysis

Among pretreatment technologies, the following stand out:
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1.4. Biomass pyrolysis chemistry

ii)

Chemical pretreatment: Water and acid washing are extensively employed to
remove inpurities from raw biomass. AAEMs are reactive during biomass
pyrolysis and can affect the quality and yield of-bib[22].

Physical pretreatment: Milling and grinding are employed to obtain a specific
biomass particle size. It is necessary to selexicthrrect particle size to have a
good mass and heat transfer during biomass pyrolysis, since greater particles tend
to transform into char and finer ones into permanent gakes

Thermal pretreatment: Drying is commonly employed to reduce the moisture
content of the biomass. If wet biomass undergoes pyrolysis, it results in poorer
quality biooil [3]. Additionally, torrefaction is included as thermal pretreatment.
During thismild pyrolysisprocess (200 300°C), not only is water removed from
biomas, but also light oxygenated compounds are released in the form of CO and
CQo. In this way, the quality of the biail is improved, despite the reduction in its
yield [7].

1.4. Biomass pyrolysis chemistry

As discussed irBection 1.1 lignocellulosic biomass is composed of three major

components: cellulose, hemicellulose, and lignin. It is interesting to analyse the

pyrolysis mechanisms of these three individual biopolymers to understand better how

lignocellulosic biomass pyrolysis wks [3,5,13]

T
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Cellulose pyrolysisThis homopolysaccharide starts to degrade at about 300 °C

with the cleavage of its more unstable glycosidic bonds, which leads to the
formation of low molecular weight compounds, like formic acid, furan,
glycolaldehyde,CO, CQ, and HO. On the other hand, anhydrosugars and
levoglucosenone are formed by cracking and dehydration reactions at moderate
temperatures (< 450 °C). When temperature rises slightly (> 450 °C), multiple
competing reactions give rise to more stabdepounds, such as furfural; 5
hydroxymethylfurfural (HMF) and pyran. Light oxygenates, such as
hydroxyacetaldehyde and acetone, are favoured at higher temperaturé9@550

°C) and their oligomerisation provokes the formatiobiothar.

Hemicellulose pwlysis Xylan is the most abundant unit of this hetero
polysaccharide, and the cleavage of its glycosidic bonds induces xylose

production. Simultaneously, multiple decomposition reactions take place leading



1. Introduction

to similar low molecular weight compounds to oklse pyrolysis at low
temperatures (< 300 °C). On the other hand, acetic acid and furfural are the main
products of xylose degradation, which occurs at higher temperatures (> 425 °C).
A low yield of HMF is also obtained since it is a precursor of furfuxdditionally,
biochar is also formed from oligomerisation of light oxygenates.

9 Lignin pyrolysis Ci O bonds start t@leaveat 200 °C, whereasiC bonds do so

at 300 °C. The formation of methoxyphenols bsgih400 °C. Depending on the
biomass origin, lignin pyrolysis results into syringol (both softwood and hardwood
biomass) and/or guaiacol derivatives (softwood biomass). Dealkylation and
demethoxylation reactions give rise to £B80 and CQin the temperafre range

of 3507 500 °C, whereas athecols are more predominant below 550 dibve

this temperature formation of phenols and aliphatics, including methanol, is
favoured. When it comes to catalytic fast pyrolysis, methpd methoxygroups

are centrastructural elements for coke production.
1.5. Pyrolysis reactor types

The reactor design is one of the key parts of the pyrolysis process. Changing from
batch or sembatch to continuous operation mode and selecting the correct reactor size
and configuratin are crucial for good scalability. The most relevant technologies in
this research area are described beleigure 1.3, from the smallest to the largest

scale:

1 Pyroliser coupled with Gas Chromatogragigss Spectrometry (Py/GRIS): It
consists of a micrgcale reactor which performs direct online analysis of the
pyrovapours by G@1S. Condensation of these vapours intadilas not required
for the analysis. Tireactor operates with high heating rates (>100 °C/s) and short
residence times (15 20 ms) [7]. PYGC-MS technology is useful for catalyst
screening and reaction pathwstydes, among other research purpofa3.

1 Fixedbed reactor: It consists afbenchscale tubular reactor and operates in batch
or semibatch mode20]. In this configuration, pyrovapours pass through the
catalytic bed and are then condensed into-diicfor their separation from
permanent gases and subsequent analysis. Desit@ple design, mass and heat
transfer coefficients are generally low and numerous modifications must be done

to take fixedbed reactors to larger scal&$.
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1.5. Pyrolysis reactor types

1 Fluidised bed reactor: It consists of a pilot commercialscale reaction system
which opeates in continuous mode. There are two possible configurations:
bubbling and circulating fluidised bed reactf#8]. The difference between both
is whether char is obtained as-pgoduct or burned to heat the sand inside the

fluidised bed[24]. Pyrovapours upgrading usually carried out in a secondary

reactorf25]. Fluidised bed reactors have effective mass aatithansfer due tihe

turbulenceand provide high bimil yields (701 75 wt.%), being easily scalable

due to their simplicity in design and medium operational complxjty

Other reactor types that are also found in literature are the followindg=TI& and

TG-MS (microscale)[7]; microwaveassistednd grinding pyrolysi§s]; and spouted

bed[13], rotating cone, auger and ablative reacf®83.

a)

l Carrier gas

o

Biomass

) Pyroliser

Column

Quadrupole

—

Gas chromatograph

c)

Fludised
bed reactor

TN

Mass spectrometer

Biomass

Figure 1.3. Types of biomass pyrolysis reactors from the smallest to the largest scale:

Biochar

Cyclone |

v

@ Fixed bed reactor
Biomass
P  Biochar
\I/ |—’ Syngas
Condenser ¢
Upgrading reactor Bio-oil

(

|—P Syngas

Condenser ¢

Bio-oil

a) PYGC-MS (micro-scale)[26]; b) fixed-bed reactor (benebcak) [27]; ¢) fluidised
bed reactor (piletor commercialscale)[3].
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1. Introduction

1.6. Catalytic fast pyrolysis

Catalytic fast pyrolsy(CFP) integrates biomass thermal decomposition and catalytic

upgrading with the aim of improving biml quality. A correct selection of cdyasts

and configuration are necessary to obtain desirable products from specific chemical

reactions[6,7]. Depending on how the catalyst is introduced in the reaction system
(Figure 1.4), different configurationsan ke found[13,19,20]

T

In-situ: Catalyst is directly mixed with biomass, either-gbsorbed or physically
mixed. Biomass and catalyst are heated up under fast pyrolysis conditions (450
550 °C and atmospheric pressure). Pyrovapours are released from biomass, and
subsequently, ext with the surrounding catalyst.

Ex-situ: Catalyst is deposited in a fixed bed in the same reactor or in a separate
one. Degradable components of biomass are transformed into vapours in the
pyrolytic zone, which then pass through the catalytic bed. Reaminditions can

be varied from pyrolytic to catalytic zones.

Staged: Several esitu catalysts with different properties can be located in the
catalytic zone as a downstream cascade reaction system. In addisdn, and

ex-situ catalystganalso becombined for pyrovapours upgrading.

Numerous catalysts of different nature, such as mesoporoug/8jliezolites, metal

oxides and carbehased catalystfl3], are used in egitu configurations, whereas

inorganic salt additives and red mud aredua® insitu catalyst$19,20]

In-situ configuration % Heat Biomass &) Catalyst

& @ @ [ }Upgraded vapours

Ex-situ configuration

Upgraded vapours

Upgraded vapours

Vapours Vapours

Figure 14. Configuration of insitu, exsitu and staged esitu CFP[13].
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1.7. Exsitu CFP over heterogeneous actdase catalysts

When catalysts are included, additional parameters must be considered, such as
temperature of the catalytic zone, catalyst to biomass (C/B) ratio and weight hourly
space velocity (WHSV)[20]. Temperature and C/B ratio affect deoxygenation
reactions during CFR8], whereas WHSV influences coke depositi29.

Coke is a byproduct of CFRhatis mainly producedby the polymerisation of furans
andor aromatic hydrocarbons over the surfatéhe catalysf19,29] Coke formation

involves the physical deactivation of the catalyst due to the blocking of its active sites

[6].
1.7. Exsitu CFP over heterogeneous actdase catalysts

In-situ catalysts can be homogenous or heterogeneous,ashexsitu catalysts are

only heterogeneous. Esitu catalysts are preferred oversitu catalysts since they can

be easily separated from the other solid fractions, i.e., char, and regenerated by burning
the residues deposited on their surfaces. In aadianother advantage ofsing
heterogeneous esitu catalysts is the possibility abndudting thermal and catalytic

pyrolysisat differenttemperatuesin the sameeaction system

Catalysts for acidase reactions can be categorised as acid, basic, or multifunctional
based on the nature of their active sites. On the one hand, catalysts with acidic centres
can be Brgnsted or Lewis, either donating a proton or accepting an eledtron pa
respectively. On the other hand, catalysts with Brgnsted basic active sites are proton
acceptors, whereas the ones with Lewis basic centres are electron pair[80hors

Finally, multifunctional catalysts present more than one of these functiesaliti

Acid-base properties depend on the nature of the catalysts. In the present Doctoral
Thesis, three families of catalysts will bsed andlescribed in depth: clay minerals,
metal oxides and zeoliteBigure 1.5); but there are still numerous materiaith such

properties.
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Acid-base
catalysts

Metal oxides

Acidic Basic
metal metal Protonic zeolites
oxides oxides

Cationic clays

Bifunctional . e
4 incorporated
metal oxides

Anionic clays

- Mainly acid

- Mainly basic Mixed Metal-loaded
) ) metal oxides zeolites

- Bifunctional

Figure 15. Classification of mineral clays, metal oxides and zeolites according to their
acid-base propertied 3,27,30 33].

1.7.1. Clay minerals

Clay minerals are one of the most abundar

present a great number of applications, an
or catalyst supports stand out. Depending
mi nerals, they can be grouped as cationic
i n nature than anionic cl ays, but the | at
and are relatively inexpensive to manufact
Phyl |l ositthe amest asteudi ed cationic clays ir
physicochemical properties. They show | ay.

formed by the combination of connected tet
substitSt'bycd@dinoft etrahed?fly Yigeet beaadt ahed

ones give rise to a negative charge that i

cations in the interl ayer space. Both Br |
cationic clays: BrRBnsted atciiodn?*'lyy H8li ses f
whereas Lewis acidity resides in the exter
to active acidic sites is very I|limited d

33



1.7. Exsitu CFP over heterogeneous actdase catalysts

| ayers/ fibres, so only efB4ler@mal tlaei dne ban
mont morillonites of the smectit@i gamely pr
1),6 in which each | ayer is composed by an o:
tetrahedr al ones and the intehéagereespéaceh
counterbal dg3ci B8gdcamiB@amd okl ® emo nt3p7olr i | | oni
bel onging to this group, have been-evaluat e
oils rich in |l evoglucosaant haenrd/ loand,hep al ydgeo
(attapulgite) is a chain phyllosilikrcate wit
di mensi onal tetrahedr al Sheet s, but | acks
fibres of I nt erlcioknen g gt .26Pt orobdonexchang

cationsiwatterealtetresponsi ble for compensat
the cha&88jat sapul gite, alongcwudhngt bentolhay
red mud, were testedaas (CfBgeremati oatahysamn
for the CFP of 1{38lr eBhe puse wonfodatcthapws!l gite w
to its cracking and deoxyge+atli osnh oavetdi vtihtey

| owest oxygen contenstd.among the materials s

OO0 @QOH @Al Fe,Mg O® Si, partially Al

porns P

VRSV S

S AT o v
NN o b R

»0=0 O=0H @=H,0 =8i°=Al & Mg

Figue@r wstalline structure and pa@thdcl e mor
attapullgi t e

34






































































































































































































































































































































































































































































































