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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 lines: Biomass and 

Bioenergy of the Chemical and Environmental Engineering Group of the Rey Juan 

Carlos University; and Sustainable Fuels of the Thermochemical Processes Unit of the 

IMDEA Energy Institute. 

Funding for this research has been provided through the BIOCASCHEM project: 

Valorisation of Lignocellulosic Waste through the Integration of Cascade Thermo-

catalytic Processes (reference: CTQ2017-87001-R), led by Rey Juan Carlos 

University and IMDEA Energy Institute, 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 origin. In the present Doctoral Thesis, pyrolysis has been chosen 

as the thermochemical conversion technology for the valorisation of lignocellulosic 

biomass from agroforestry residues, specifically wheat straw, due to its high 

availability and abundance. Pyrolysis of biomass is a thermal treatment in an inert 

atmosphere at moderate 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, and bio-oil, in variable proportions 

depending on the nature of the raw biomass and pyrolysis conditions. The liquid 

fraction or bio-oil 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, ketones, phenols, 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, dehydration, carbonisation, etc. Bio-oil has 

undesirable properties for its use as a fuel: high oxygen content (40 – 45 wt.%, dry 

basis), low higher heating value (16 – 19  MJ/kg), acidic pH (2 – 4), high viscosity and 

low stability.  
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When the objective of thermal pyrolysis is to maximise bio-oil production, the optimal 

operating conditions are: biomass with particle size of 2 – 3 mm to favour heat transfer, 

temperatures in the range of 500 – 600 °C, high heating rates (fast pyrolysis) 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 conditions, bio-oil yields in 

the order of 70 – 75 wt.% can be achieved. 

In recent years, a great research effort has been put into the development of catalytic 

processes to improve bio-oil 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 many limitations, due to 

the very complex nature of bio-oil 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 lignocellulosic biomass from 

agroforestry residues by means of a combination of cascade thermo-catalytic 

treatments, in order to maximise the production not only of aromatic hydrocarbons but 

also of oxygenated compounds of commercial interest. The aim is to maximise bio-oil 

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, pyrovapours are normally brought into contact with acid 

catalysts, mainly protonic zeolites such as H-ZSM-5, which allows the oxygen to be 

removed from the bio-oil by converting it into CO, CO2 and H2O, obtaining aromatic 

hydrocarbons and light olefins as the main end products. It can be carried out in-situ, 

by adding the catalyst to the biomass pyrolysis reactor itself, or ex-situ, by passing the 

gases and vapours from the thermal pyrolysis through a second reactor, in this case a 

catalytic one. This second option allows the two stages (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 place at atmospheric pressure and 

intermediate temperatures (400 – 500 °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 to the deposition 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, alkaline earth 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 as results 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 zeolites modified with K to provide them with 

basicity. 

To prevent the inorganic matter in the raw biomass from acting as an in-situ catalyst, 

a washing pre-treatment with a dilute solution of nitric acid (1 wt.%) was proposed in 

order to reduce its content in alkali 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 decreasing bio-oil yields. 

On the one hand, the characterisation of the different catalysts has been carried out by 

means of the following experimental techniques: thermal stability (TG), chemical 

composition (ICP-OES and EDX), crystallinity (XRD), textural properties (N2 and Ar 

physisorption), morphology and crystal size (SEM and TEM), acidity (NH3-TPD and 

pyridine FT-IR) and basicity (CO2-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 (ICP-OES and CHNS-O), 

water content (Karl-Fischer titration), ash, coke and volatile matter content (TG) and 

composition of liquid (GC-MS) and gaseous (μ-GC) products. 

An ex-situ reaction system has been used in the biomass catalytic tests, in which 

vapours and gases from 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, the first one at 

higher temperature being the thermal pyrolysis furnace, and the second one at 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 out: 
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• Coupling of thermal pyrolysis with basic or multifunctional catalysts for the 

production of oxygenated compounds from biomass. 

• Coupling of thermal pyrolysis with acid and basic catalysts in cascade for the 

production of aromatic hydrocarbons from biomass. 

The most relevant results obtained during this Doctoral Thesis are summarised below: 

1) Catalytic pyrolysis of lignocellulosic biomass over bentonite and attapulgite 

The cationic clays bentonite and attapulgite previously calcined in air have been used 

in the catalytic fast pyrolysis of pre-treated wheat straw in order to obtain high-added 

value bio-based chemicals. Both clay catalysts present mainly mesoporous structures 

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 bio-oil 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 the bio-oil produced 

using bentonite as catalyst and the synergistic effect of its textural properties and high 

weak-mild basicity seem to improve the yield towards this type of compounds. The 

catalytic pyrolysis of cellulose over bentonite has been shown to yield a bio-oil rich in 

anhydrosugars, 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 is concluded that a low catalyst/biomass ratio results in a higher 

levoglucosan yield in both catalytic pyrolysis of cellulose and pre-treated wheat straw, 

thus avoiding reduction in bio-oil yield and saving on catalyst costs. 

2) Catalytic pyrolysis of wheat 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 transition metals, such as 

ZrO2, catalyse C–C bond formation reactions, such as aldol condensation and 

ketonisation reactions. In addition, ZrO2 shows acidic sites that make it active in 

cracking and deoxygenation reactions. It has been confirmed by NH3-TPD that ZrO2 

exhibits the highest concentration of weak acidic sites among the three materials, 
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whereas a Mg-Zr 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 coprecipitated. In 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 and Mg-Zr mixed 

oxide showed the most promising results in terms of bio-oil deoxygenation and 

production of potential high-added value bio-based chemicals. However, unlike ZrO2, 

their bio-oil yields are considerably reduced. MgO resulted in a bio-oil with the lowest 

oxygen content and a high proportion of light oxygenates, such as cyclic ketones, and 

especially, aromatic oxygenates, such as acetophenones and guaiacols. Conversely, 

the Mg-Zr mixed oxide produced a bio-oil with a lower oxygen content, but richer in 

light oxygenates, including acetals and both linear and cyclic ketones. 

3) Catalytic pyrolysis of wheat straw over K-incorporated zeolites 

K-incorporated zeolites prepared by different methods have been used in the catalytic 

fast pyrolysis of pre-treated wheat straw. The incorporation of alkali metals such as 

potassium into protonic zeolites is an interesting way to increase their basicity and, at 

the same time, to reduce their cracking activity because of their high acidity, leading 

to a considerable decrease in bio-oil yield and increased deactivation due to the 

formation of coke deposits. Two different zeolites have been studied: a nanocrystalline 

H-ZSM-5 zeolite ion-exchanged with an aqueous KCl 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 zeolite. 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 basicity. 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 weak-medium basicity. However, contact with a strong base causes 

some desilication/amorphisation of the parent zeolite, accompanied by a reduction in 

its textural properties. 

Increasing the catalyst/biomass ratio in the catalytic pyrolysis of pre-treated wheat 

straw with K-modified zeolites causes a progressive reduction in the bio-oil yield, 
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followed by an enhancement in the production of water, gases and coke, and 

accompanied by a decrease in the oxygen content of the bio-oil. The KH-ZSM-5 

catalyst has proven to be less active than the parent H-ZSM-5 zeolite for the same 

catalyst/biomass ratio, due to a lower contribution in deoxygenation and cracking 

reactions, in line with the lower acidity of the K-exchanged zeolite. However, the KH-

ZSM-5 catalyst shows a more efficient behaviour, as its bio-oil oxygen contents in the 

bio-oil are close 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 

ketonisation and aldol condensation reactions between the components of bio-oil, 

releasing oxygen in the form of water and/or CO2 more effectively. Conversely, this 

catalyst produces oxygenated and light oxygenated aromatics, with the greatest 

variation observed for the latter family, which has a large proportion of ketones that 

could be assigned to the ketonisation activity of the basic sites of KH-ZSM-5. This 

enhanced production of oxygenated aromatics and light oxygenates is also observed 

over the K-USY catalyst with high weak-mild basicity and negligible acidity. By 

studying the synergistic effect on both catalytic temperature and catalyst/biomass ratio 

for this zeolite, the bio-oil composition was further optimised. Thus, when operating 

at 500 ºC in the catalytic zone 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 oligomers 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 three-stage cascade thermo-catalytic 

process combining acidic and basic catalysts 

Dual-catalytic staged-pyrolysis is an innovative way to produce aromatic 

hydrocarbons while deoxygenating bio-oil by sequentially using catalysts with 

different pore sizes and acid-base properties. The nanocrystalline zeolite H-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 concentrations of basic sites. 

Two different configurations have been studied depending on whether the pyrolysis 
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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 pyrolysis of 

pre-treated wheat straw resulted in a bio-oil with a lower oxygen content at the cost of 

a decrease in mass yield. In particular, the combination of bentonite/MgO and H-ZSM-

5 favours the transformation of oligomers into smaller species that are precursors of 

furans and light olefins when passing through the first basic catalyst bed, and their 

subsequent conversion into aromatic hydrocarbons when passing through the second 

acid catalyst bed. Thus, the bio-oil from the B+A configurations showed higher 

aromatic hydrocarbon concentrations than that of the sole H-ZSM-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 

achieved in this test. In addition, this bio-oil showed the lowest oxygen content of all 

the catalysts and configurations studied. 

 





 

 

 

 

 

 

 

 

 

 

Resumen 

 





Resumen 

13 

La presente Tesis Doctoral ha sido llevada a cabo en los laboratorios de la Escuela 

Superior de Ciencias Experimentales y Tecnología de la Universidad Rey Juan Carlos, 

y del Instituto IMDEA Energía. Concretamente, se engloba en las líneas de 

investigación: Biomasa y Bioenergía del Grupo de Ingeniería Química y Ambiental de 

la Universidad Rey Juan Carlos; y Combustibles Sostenibles de la Unidad de Procesos 

Termoquímicos del Instituto IMDEA Energía. 

La financiación de esta investigación se ha realizado a través del proyecto 

BIOCASCHEM: Valorización de Residuos Lignocelulósicos mediante la Integración 

de Procesos Termo-catalíticos en Cascada (referencia: CTQ2017-87001-R), liderado 

por la Universidad Rey Juan Carlos y el Instituto IMDEA Energía, y financiado por el 

Ministerio de Economía, Industria y Competitividad. 

La biomasa lignocelulósica es uno de los recursos renovables más abundante y de 

menor coste, considerándose como una fuente de gran potencial para la obtención de 

combustibles y/o productos químicos de interés. La biomasa lignocelulósica está 

formada por macromoléculas (celulosa, hemicelulosa y lignina), extractivos y materia 

inorgánica, en proporción variable según su origen. En la presente Tesis Doctoral, se 

ha escogido la pirólisis como tecnología de conversión termoquímica para la 

valorización de biomasa lignocelulósica procedente de residuos agroforestales, en 

concreto, de paja de trigo, debido a su alta disponibilidad y abundancia. La pirólisis de 

biomasa es un tratamiento térmico en atmósfera inerte a temperaturas moderadas (300 

– 700 °C) y, normalmente a presión atmosférica, lo que provoca su descomposición, 

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 pirólisis. La fracción líquida o bio-oil 

es el producto principal de la reacción de pirólisis. Consiste en una mezcla compleja 

de compuestos orgánicos oxigenados de distinta naturaleza (ácidos carboxílicos, 

azúcares, alcoholes, aldehídos, cetonas, fenoles, furanos, guaiacoles, etc.) y agua en 

diferente proporción, como consecuencia del elevado número de reacciones 

simultáneas que se producen durante el proceso de pirólisis: craqueo y 

despolimerización, descarbonilación, descarboxilación, deshidratación, 

carbonización, etc. El bio-oil cuenta con propiedades poco aptas para su utilización 

como combustible: elevado contenido en oxígeno (40 – 45 % en peso, base seca), bajo 
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poder calorífico superior (16 – 19 MJ/kg), pH ácido (2 – 4), elevada viscosidad y baja 

estabilidad.  

Cuando el objetivo es maximizar la producción de bio-oil, las condiciones óptimas son 

las siguientes: biomasa en forma de partículas de 0,5 – 1,0 mm para favorecer la 

transmisión de calor, temperaturas en el rango de 500 – 600 °C, elevadas velocidades 

de calefacción (pirólisis rápida) y cortos tiempos de residencia (2 – 3 s). Por ello, uno 

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

estas condiciones se pueden alcanzar rendimientos de bio-oil del orden del 70 – 75 %. 

Durante los últimos años se ha realizado un gran esfuerzo investigador en el desarrollo 

de procesos catalíticos que permitan mejorar las propiedades del bio-oil, eliminando 

la mayor parte del agua y del oxígeno presentes e incrementando el peso molecular de 

algunos de los componentes con el fin de producir principalmente hidrocarburos. Sin 

embargo, esta vía ha demostrado poseer numerosas limitaciones, como consecuencia 

de la propia naturaleza del bio-oil y del relativamente bajo valor económico de los 

productos finalmente obtenidos. En este contexto, la presente Tesis Doctoral tiene 

como objetivo general el estudio de nuevas rutas de valorización de biomasa 

lignocelulósica procedente de residuos agroforestales mediante la combinación de 

tratamientos termo-catalíticos en cascada, a fin de maximizar la producción no sólo de 

hidrocarburos aromáticos sino también de otros compuestos oxigenados de interés 

comercial. Se pretende maximizar la producción de bio-oil mediante un proceso de 

pirólisis catalítica que incluya catalizadores básicos y multifuncionales, y su 

selectividad hacia productos oxigenados de diferente naturaleza con aplicaciones 

como materias primas químicas. 

En la pirólisis catalítica, los vapores de pirólisis se ponen en contacto con catalizadores 

normalmente ácidos, fundamentalmente zeolitas protónicas como la H-ZSM-5, lo que 

permite eliminar el oxígeno del bio-oil mediante su conversión en CO, CO2 y H2O, y 

obteniéndose como productos finales mayoritarios hidrocarburos aromáticos y 

olefinas ligeras. Se puede llevar a cabo in-situ, añadiendo el catalizador al propio 

reactor de pirólisis de biomasa, o ex-situ, haciendo pasar los gases y vapores de la 

pirólisis térmica por un segundo reactor, en este caso catalítico. Esta segunda opción 

permite operar y optimizar de forma separada las dos etapas (térmica y catalítica) de 

conversión de la biomasa lignocelulósica y evita que el char entre en contacto directo 
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con el catalizador, atenuando su desactivación. La pirólisis catalítica de biomasa 

transcurre a presión atmosférica y temperaturas intermedias (400 – 500 °C). Sin 

embargo, ésta presenta importantes limitaciones como son el bajo rendimiento en 

hidrocarburos líquidos, el desarrollo de reacciones de craqueo severo y la extensiva 

desactivación que experimenta el catalizador por la deposición de grandes cantidades 

de coque.  

Por otro lado, entre los catalizadores básicos utilizados para incrementar la formación 

de compuestos oxigenados a partir de la pirólisis de biomasa, cabe mencionar los 

siguientes: arcillas, óxidos de metales alcalino-térreos y de transición, y zeolitas con 

propiedades básicas. La mayor parte de los catalizadores utilizados en la presente Tesis 

Doctoral se obtuvieron mediante la modificación de muestras comerciales, pero en 

algunos casos se sintetizaron en nuestros laboratorios con este fin. Se tomaron como 

referencia trabajos previos de la bibliografía, así como resultados del propio grupo de 

investigación. Los catalizadores básicos preparados son los siguientes: arcillas 

catiónicas (bentonita y atapulgita), óxidos metálicos simples y mixtos de Mg y Zr, y 

zeolitas H-ZSM-5 nanocristalina y USY comerciales modificadas con K para dotarles 

de basicidad. 

Para evitar que la materia inorgánica de la biomasa de partida actúe de por sí como un 

catalizador in-situ, se ha realizado un lavado con una disolución diluida de ácido 

nítrico (1 % en peso) con objeto de disminuir su contenido en metales alcalinos y 

alcalinotérreos (K, Na, Ca, Mg, etc.), ya que su presencia favorece el desarrollo de 

reacciones de carbonización, aumentando la producción de char y disminuyendo el 

rendimiento en bio-oil. 

La caracterización de los diferentes catalizadores se ha llevado a cabo mediante las 

siguientes técnicas experimentales: estabilidad térmica (TG), composición química 

(ICP-OES y EDX), cristalinidad (DRX), propiedades texturales (fisisorción de N2 y 

Ar), morfología y tamaño de cristal (SEM y TEM), acidez (TPD de amoníaco y FT-

IR de muestras tratadas con piridina) y basicidad (TPD de dióxido de carbono). Por 

otro lado, la caracterización de las diferentes materias primas y productos de reacción 

se ha llevado a cabo mediante las siguientes técnicas experimentales: composición 

química (ICP-OES y CHNS-O), contenido en agua (valoración Karl-Fischer), 
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contenido en cenizas, coque y materia volátil (TG) y distribución de productos líquidos 

(GC-MS) y gaseosos (μ-GC). 

Para llevar a cabo los experimentos de valorización catalítica del bio-oil, se ha 

utilizado un sistema de reacción ex-situ, en el que los vapores y gases procedentes de 

la etapa de pirólisis térmica se hacen pasar por un lecho fijo catalítico. El sistema de 

reacción consiste en un único reactor de lecho fijo vertical de flujo descendente 

calentado con dos zonas de calefacción por dos hornos eléctricos independientes a 

distinta temperatura, siendo el primero y de mayor temperatura el de pirólisis térmica, 

y el segundo y de menor temperatura el de pirólisis catalítica. De esta forma, se ha 

investigado el comportamiento de los diferentes tipos de catalizadores preparados 

llevándose a cabo los siguientes ensayos: 

• Acoplamiento de pirólisis térmica con catalizadores básicos o multifuncionales 

para la producción de compuestos oxigenados a partir de biomasa. 

• Acoplamiento de pirólisis térmica con catalizadores ácidos y básicos en cascada 

para la producción de hidrocarburos aromáticos a partir de biomasa. 

A continuación, se resumen los resultados más relevantes que se han obtenido a lo 

largo de esta Tesis Doctoral: 

1) Pirólisis catalítica de biomasa lignocelulósica sobre bentonita y atapulgita 

Se han utilizado las arcillas catiónicas bentonita y atapulgita previamente calcinadas 

en aire en la pirólisis rápida catalítica de paja de trigo pretratada con el objetivo de 

obtener potenciales productos químicos de interés. Ambos catalizadores de arcilla 

presentan estructuras principalmente mesoporosas con valores de superficie 

específica, acidez y basicidad relativamente bajos, siendo los de la atapulgita 

ligeramente superiores a los de la bentonita en todos los casos. El uso de bentonita 

como catalizador en la pirólisis catalítica de biomasa parece ser más apropiado debido 

a sus mayores rendimientos en bio-oil y su menor formación de subproductos, ya que 

la atapulgita muestra una actividad más elevada hacia las reacciones de craqueo y 

desoxigenación. Los azúcares anhidros son los compuestos más abundantes en el bio-

oil producido utilizando bentonita como catalizador y el efecto sinérgico entre sus 

propiedades texturales y elevada basicidad de fuerza débil-media parecen mejorar el 

rendimiento hacia este tipo de compuestos. Se ha comprobado que la pirólisis catalítica 

de la celulosa sobre bentonita da lugar a un bio-oil rico en azúcares anhidros, 
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principalmente levoglucosano, un compuesto con potencial interés en la industria 

química, alimentaria y farmacéutica. La vía de formación más aceptada del 

levoglucosano es la hidrólisis de la glucosa, que es el monómero de la celulosa. Se 

concluye que una baja relación catalizador/biomasa da lugar a un mayor rendimiento 

de levoglucosano tanto en la pirólisis catalítica de la celulosa como de la paja de trigo 

pretratada, evitando así la reducción del rendimiento en bio-oil y ahorrando en costes 

asociados al catalizador. 

2) Pirólisis catalítica de paja de trigo sobre óxidos metálicos de Mg y Zr 

Se han utilizado óxidos metálicos simples y mixtos de Mg y Zr preparados por 

precipitación en la pirólisis rápida catalítica de paja de trigo pretratada. Estos 

catalizadores presentan estructuras mesoporosas con superficies específicas muy 

similares. Los centros básicos de los óxidos de metales alcalinotérreos, como el MgO, 

y de algunos metales de transición, como el ZrO2, catalizan las reacciones de 

formación de enlaces C–C, como las reacciones de condensación aldólica y 

cetonización. Además, el ZrO2, en concreto, cuenta con centros ácidos que lo hacen 

activo en reacciones de craqueo y desoxigenación. Se ha confirmado mediante TPD 

de amoníaco que el ZrO2 presenta la mayor concentración de centros ácidos débiles 

entre los tres materiales, mientras que un óxido mixto Mg-Zr con una relación de 

Mg/(Mg+Zr) de 0.71 muestra la mayor proporción de centros ácidos medios y fuertes, 

lo que confirma el efecto sinérgico de los dos óxidos simples cuando co-precipitan. En 

cambio, el MgO presenta la mayor basicidad con una elevada contribución de 

basicidad de fuerza media, siendo este tipo de centros básicos los responsables de 

catalizar las reacciones de condensación aldólica. El óxido de magnesio y el óxido 

mixto Mg-Zr mostraron los resultados más prometedores en términos de 

desoxigenación del bio-oil y de producción de productos químicos de alto valor 

añadido. Sin embargo, a diferencia del ZrO2, el rendimiento a bio-oil se ve 

considerablemente reducido. El MgO dio lugar a un bio-oil con el menor contenido en 

oxígeno y con una gran proporción de compuestos oxigenados ligeros, como cetonas 

cíclicas, y, sobre todo, de aromáticos oxigenados, como acetofenonas y guaiacoles. 

Por otro lado, el óxido mixto Mg-Zr produjo un bio-oil con un contenido en oxígeno 

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

cetonas tanto lineales como cíclicas. 
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3) Pirólisis catalítica de paja de trigo sobre zeolitas protónicas modificadas con 

potasio 

Se han utilizado zeolitas modificadas mediante diferentes métodos de incorporación 

de potasio en la pirólisis rápida catalítica de paja de trigo pretratada. La incorporación 

de metales alcalinos como el potasio a las zeolitas protónicas es una forma interesante 

de aumentar su basicidad y, al mismo tiempo, de reducir su actividad de craqueo 

debido a su elevada acidez, lo que conlleva una disminución considerable del 

rendimiento del bio-oil y una mayor desactivación, ya que esta da lugar a la formación 

de depósitos de coque. Las dos zeolitas estudiadas son: una zeolita nanocristalina H-

ZSM-5 intercambiada con potasio de una solución acuosa de KCl, y una zeolita USY 

modificada por grafting de potasio con KOH en medio alcohólico. El intercambio 

iónico parcial con cationes K+ apenas afecta a la cristalinidad y propiedades de la 

zeolita H-ZSM-5. El material presenta un buen equilibrio entre sus propiedades ácidas 

y básicas, ya que este tratamiento disminuye notablemente la acidez de la zeolita de 

partida, reduciendo la concentración de los centros ácidos fuertes a la vez que genera 

centros básicos de fuerza débil-media. Por otro lado, el tratamiento de una zeolita USY 

comercial con una solución de KOH en metanol da lugar a un material zeolítico con 

una elevada concentración de centros básicos de fuerza débil-media. Sin embargo, el 

contacto con una base fuerte provoca una cierta desilicación/amorfización de la zeolita 

de partida, acompañada de una reducción en sus propiedades texturales. 

El aumento de la relación catalizador/biomasa en la pirólisis catalítica de paja de trigo 

pretratada con zeolitas modificadas con K provoca una reducción progresiva del 

rendimiento de bio-oil y acompañado de una disminución de su contenido en oxígeno, 

debido a una mejora en la producción de agua, gases y coque. El catalizador KH-ZSM-

5 resulta ser menos activo que la zeolita H-ZSM-5 de partida para una misma relación 

catalizador/biomasa, ya que presenta una menor contribución de las reacciones de 

desoxigenación y craqueo, en línea con la menor acidez de la zeolita intercambiada. 

Sin embargo, el catalizador KH-ZSM-5 muestra un comportamiento más eficiente ya 

que se obtienen contenidos de oxígeno iguales o incluso inferiores en el bio-oil a los 

obtenidos con la zeolita de partida, relacionado con la menor concentración de centros 

ácidos fuertes de este material. Además, la basicidad generada tiene un papel 

importante en la selectividad de desoxigenación, ya que promueve reacciones de 

cetonización y condensación aldólica entre los componentes del bio-oil, liberando 
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oxígeno en forma de agua y/o CO2 de manera más efectiva. Por otro lado, este 

catalizador produce compuestos aromáticos oxigenados y oxigenados ligeros, 

observándose la mayor variación para esta última familia, con una gran proporción de 

cetonas, que podría asignarse a la actividad de cetonización por parte los centros 

básicos de KH-ZSM-5. Esta producción mejorada de aromáticos oxigenados y 

oxigenados ligeros también se observa sobre el catalizador de K-USY con elevada 

basicidad de fuerza débil-media y acidez despreciable. Al estudiar el efecto sinérgico 

de la temperatura de la etapa catalítica y la relación catalizador/biomasa para esta 

zeolita, se optimizó aún más la composición del bio-oil. Así, cuando se trabajó a 500 

ºC en la zona catalítica del sistema de reacción y con una relación catalizador/biomasa 

de 0,6 g/g, se vio favorecida la formación tanto de cetonas (con una alta proporción de 

cetonas cíclicas) derivadas de la pirólisis de celulosa y hemicelulosa, como de fenoles 

provenientes de la transformación de los oligómeros de lignina y sus derivados. Ambos 

tipos de productos son de gran interés comercial, ya que tienen una amplia variedad 

de aplicaciones en Química Fina. 

4) Pirólisis catalítica de paja de trigo en un proceso termo-catalítico en cascada 

de tres etapas que combina catalizadores ácidos y básicos 

La pirólisis catalítica por etapas con dos catalizadores es una forma innovadora de 

producir hidrocarburos aromáticos a la vez que se desoxigena el bio-oil utilizando 

secuencialmente catalizadores con diferentes tamaños de poro y propiedades ácido-

base. Se eligió la zeolita nanocristalina H-ZSM-5 con estructura principalmente 

microporosa y elevada acidez como catalizador ácido (A), mientras que la bentonita y 

el óxido de magnesio fueron elegidos como catalizadores básicos (B), teniendo 

diferentes estructuras mesoporosas y concentraciones de centros básicos. Se 

estudiaron dos configuraciones diferentes en función de si los vapores de pirólisis 

pasaban primero por el lecho de catalizador ácido (A+B) o por el básico (B+A). La 

combinación de catalizadores ácidos y básicos en la pirólisis secuencial de paja de 

trigo pretratada dio lugar a un bio-oil con un menor contenido en oxígeno a costa de 

una disminución de su rendimiento másico. En concreto, la combinación de 

bentonita/MgO y H-ZSM-5 favorece la transformación de oligómeros en especies de 

menor tamaño que son precursoras de furanos y olefinas ligeras al pasar por el primer 

lecho de catalizador básico, y su posterior conversión en hidrocarburos aromáticos en 

su paso por el segundo lecho de catalizador ácido. Así, el bio-oil obtenido con las 
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configuraciones B+A mostró mayores concentraciones de hidrocarburos aromáticos 

que el de una única zeolita H-ZSM-5, especialmente en combinación con MgO. La 

mayor concentración de hidrocarburos aromáticos en el bio-oil, con la mayor 

proporción de compuestos monoaromáticos frente a los poliaromáticos, se alcanzó 

para este experimento. Además, este bio-oil resultó tener el menor contenido de 

oxígeno de entre todos los ensayos con los catalizadores y configuraciones estudiados. 
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1.1. Lignocellulosic biomass 

Generally, biomass is defined as renewable organic material that comes from plants 

and animals [1]. However, the term biomass is commonly used to refer to plant 

biomass. Biomass resources can be classified as agricultural residues, forestry 

residues, energy crops, algal biomass, and urban waste [2]. Concretely, lignocellulosic 

biomass is mainly derived from agricultural and forestry residues and can be valorised 

as biofuels and/or bio-based chemicals via thermochemical conversion technologies 

[3]. The lignocellulosic feedstocks stand out for their abundance (10 GT/year) and low 

cost [4]. However, lignocellulosic biomass has a very complex composition, consisting 

of macromolecules (Figure 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 biopolymers can be distinguished: cellulose 

and hemicellulose (holocellulose, considered together), and lignin. Lignocellulosic 

biomass components and contents are described below [5]: 

• Cellulose (30 – 50 %): It is a linear homopolysaccharide with a long chain of 

glucose units that are connected by β-(1-4)-glycosidic bonds, and inter- and 

intramolecular H-bonds. Its chain length, crystallinity, and degree of 

polymerisation (300 – 15,000) may vary depending on the type of lignocellulosic 

biomass [5–7]. 

• Hemicellulose (15 – 30 %): It is a heteropolysaccharide composed by pentoses, 

hexoses and sugar acids. It has a shorter chain length and lower degree of 

polymerisation than cellulose (80 – 100), but it also depends on the type of 

lignocellulosic biomass [5,6,8]. 

• Lignin (20 – 40 %): It is a three-dimensional polymer composed of three 

monomeric units (coniferyl alcohol, coumaryl alcohol and sinapyl alcohol) which 

are linked through C–C and C–O bonds. Simultaneously, holocellulose and lignin 

are crosslinked by ether and ester bonds [7]. Several functional groups, such as 

carbonyl (CO-), carboxylic (CO2-), hydroxyl (HO-), and methoxyl (CH3O-) 

groups, can be found as part of lignin structure [8]. 

• Extractives (2 – 10 %): The nature of the components which are considered as 

extractives is very variable. Components, such as flavonoids, lignans, lipids, 
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essential oils, proteins, resins, simple sugars, starch, tanins, terpenes, stilbenes, and 

water, can be found in lignocellulosic biomass [3,5]. 

• Inorganic matter (0.5 – 20 %): Alkali and Alkaline Earth Metals (AAEMs) are 

present in the lignocellulosic biomass as cations (K+, Na+, Ca2+ and Mg2+, among 

others) [4] and have variable composition depending on whether biomass is woody 

(<4 %) or not (>4 %) [7]. 

 

Figure 1.1. Chemical structure of lignocellulosic biomass [9]. 

1.2. Biomass conversion technologies 

Valorisation of biomass is commonly oriented to energy production. Biomass can be 

burnt to produce heat via direct combustion or transformed into fuels of any state of 

aggregation, either solid, liquid, or gaseous [1]. Modern bioenergy, i.e. renewable 

energy produced from biomass, accounts for 10 % of the world's primary energy 

according to the International Energy Agency [10], and it is expected that up to 27 % 

of world’s transportation fuel could be replaced by biofuels by 2050 [11,12],. 
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Typically, biomass is transformed into bioenergy via four different routes [2,7,13]. A 

summary of conversion technologies, products and utilisation of lignocellulosic 

biomass is depicted in Figure 1.2. 

i) Physical conversion: Biomass is compacted into pellets or briquettes for its use as 

a solid fuel in direct combustion. 

ii) 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 used to produce 

liquid and gaseous biofuels and/or bio-based chemicals. 

iv) Thermochemical conversion technologies: Biomass thermally degrades to give 

rise to solid (biochar), liquid (bio-oil) or gaseous (syngas) biofuels under 

moderate/severe temperature conditions. 

 

Figure 1.2. Conversion technologies, products and utilisation of lignocellulosic 

biomass [14]. S: solid; L: liquid; G: gaseous.  
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The present Doctoral Thesis focuses on the commoditisation of lignocellulosic 

biomass, and, among these valorisation routes, thermochemical conversion 

technologies are the most developed [15]. These thermal processes are carried out at 

moderate-high temperatures, variable pressure and absence/presence of oxygen [2]. 

Three technologies are mainly used to obtain high-added value bio-based chemicals 

from lignocellulosic biomass: 

• Gasification: Biomass is partially oxidised in the presence of gasifying agents, such 

as air, CO2, oxygen, steam, or a mixture of these. The main product of the reaction 

is syngas, which is a mixture of gaseous CO and H2 in variable concentrations. A 

carbonaceous residue or biochar, ash and oil/tar are obtained as by-products to a 

lesser extent [16]. Syngas can be a platform for alkenes and short-chain oxygenated 

hydrocarbons production after secondary processing, such as Fischer-Tropsch 

technology [8]. 

• Hydrothermal liquefaction (HTL): Generally, biomass decomposes into liquid bio-

oil in a pressurised hot water atmosphere [2]. 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 several processes to obtain bio-based 

chemicals, whereas the aqueous fraction can be digested by microorganisms to 

produce biogas. Biochar obtained from HTL is also an interesting by-product due 

to its potential as adsorbent or solid biofuel [17]. 

• Pyrolysis: This process consists of the thermal degradation of biomass in oxygen-

free conditions to produce either biochar, bio-oil or syngas depending on the 

operating temperature, heating rate and vapours residence time [18,19]. Bio-oil is 

the most desired product when it comes to producing bio-based chemicals. As this 

liquid product is rich in a wide variety of organic compounds, numerous high-

added value chemicals can be obtained from bio-oil after proper upgrading and 

separation [4]. 

1.3. Bio-oil production via pyrolysis of biomass 

The term pyrolysis refers to the irreversible thermal decomposition of materials in inert 

conditions. During the pyrolysis process, biomass is heated up in absence of oxygen 

and transformed into char and pyrovapours. These pyrolytic vapours are condensed 

into bio-oil after reaction and remaining gases are released. Resulting solid fraction is 
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called biochar. Hence, pyrolysis involves simultaneous solid, liquid and vapor phase 

reactions [8]. Products of the three states of aggregation are described in more detail 

below: 

• 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]. 

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

and water, which is obtained from the condensation of pyrovapours after proper 

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

45 wt.%, dry basis) and acidic pH (2 – 4), which cause the bio-oil to have low 

stability, high viscosity and low higher heating value (16 – 19 MJ/kg) [20]. Thus, 

further bio-oil upgrading is necessary. 

• Pyrolytic gases: It is a mixture of non-condensable gases which is separated from 

pyrovapours after their condensation into bio-oil. They contain variable 

concentrations of H2, CO, CO2 and C1-C4 hydrocarbons [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 time [13,18]. Pyrolysis can be categorised as slow, fast or flash depending 

on these parameters (see Table 1.1). Other factors, which are related to the nature of 

the biomass, such as, particle size, moisture and impurities contents, can affect 

maximum bio-oil yield [3,19]. 

Table 1.1. Maximum bio-oil yields according to pyrolysis types [7,13,18,19,21]. 

Pyrolysis 

type 

Temperature 

(°C)  

Heating rate  

(°C/min) 

Pyrovapours 

residence 

time 

(s) 

Maximum  

bio-oil yield  

(wt. %) 

Slow 300-700 <10 >600 <30 

Fast 400-600 10-200 0.5-10 50-75 

Flash 650-900 103-104 <0.5 75-80 

Lignocellulosic biomass is generally pretreated to maximise bio-oil yield. Several 

pretreatment technologies are used to improve the efficiency of biomass pyrolysis [20]. 

Among pretreatment technologies, the following stand out: 
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i) Chemical pretreatment: Water and acid washing are extensively employed to 

remove impurities from raw biomass. AAEMs are reactive during biomass 

pyrolysis and can affect the quality and yield of bio-oil [22]. 

ii) Physical pretreatment: Milling and grinding are employed to obtain a specific 

biomass particle size. It is necessary to select the correct 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 gases [3]. 

iii) Thermal pretreatment: Drying is commonly employed to reduce the moisture 

content of the biomass. If wet biomass undergoes pyrolysis, it results in poorer 

quality bio-oil [3]. Additionally, torrefaction is included as thermal pretreatment. 

During this mild pyrolysis process (200 – 300 °C), not only is water removed from 

biomass, but also light oxygenated compounds are released in the form of CO and 

CO2. In this way, the quality of the bio-oil is improved, despite the reduction in its 

yield [7]. 

1.4. Biomass pyrolysis chemistry 

As discussed in Section 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 works [3,5,13]: 

• Cellulose pyrolysis: This 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, CO2, and H2O. 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 stable compounds, such as furfural, 5-

hydroxymethylfurfural (HMF) and pyran. Light oxygenates, such as 

hydroxyacetaldehyde and acetone, are favoured at higher temperatures (550-600 

°C) and their oligomerisation provokes the formation of biochar. 

• Hemicellulose pyrolysis: 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 
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to similar low molecular weight compounds to cellulose 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 furfural. Additionally, 

biochar is also formed from oligomerisation of light oxygenates. 

• Lignin pyrolysis: C–O bonds start to cleave at 200 °C, whereas C–C bonds do so 

at 300 °C. The formation of methoxyphenols begins at 400 °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 CH4, CO and CO2 in the temperature range 

of 350 – 500 °C, whereas cathecols are more predominant below 550 °C, above 

this temperature formation of phenols and aliphatics, including methanol, is 

favoured. When it comes to catalytic fast pyrolysis, methyl- and methoxy- groups 

are central structural 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 semi-batch to continuous operation mode and selecting the correct reactor size 

and configuration are crucial for good scalability. The most relevant technologies in 

this research area are described below (Figure 1.3), from the smallest to the largest 

scale: 

• Pyroliser coupled with Gas Chromatography-Mass Spectrometry (Py/GC-MS): It 

consists of a micro-scale reactor which performs direct online analysis of the 

pyrovapours by GC-MS. Condensation of these vapours into bio-oil is not required 

for the analysis. This reactor operates with high heating rates (>100 °C/s) and short 

residence times (15 – 20 ms) [7]. Py/GC-MS technology is useful for catalyst 

screening and reaction pathway studies, among other research purposes [20]. 

• Fixed-bed reactor: It consists of a bench-scale tubular reactor and operates in batch 

or semi-batch mode [20]. In this configuration, pyrovapours pass through the 

catalytic bed and are then condensed into bio-oil for their separation from 

permanent gases and subsequent analysis. Despite its simple design, mass and heat 

transfer coefficients are generally low and numerous modifications must be done 

to take fixed-bed reactors to larger scales [7]. 
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• Fluidised bed reactor: It consists of a pilot- or commercial-scale reaction system 

which operates in continuous mode. There are two possible configurations: 

bubbling and circulating fluidised bed reactors [23]. The difference between both 

is whether char is obtained as by-product or burned to heat the sand inside the 

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

reactor [25]. Fluidised bed reactors have effective mass and heat transfer due to the 

turbulence and provide high bio-oil yields (70 – 75 wt.%), being easily scalable 

due to their simplicity in design and medium operational complexity [7]. 

Other reactor types that are also found in literature are the following: TG-FTIR and 

TG-MS (micro-scale) [7]; microwave-assisted and grinding pyrolysis [5]; and spouted 

bed [13], rotating cone, auger and ablative reactors [23]. 

 

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

a) Py/GC-MS (micro-scale) [26]; b) fixed-bed reactor (bench-scale) [27]; c) fluidised 

bed reactor (pilot- or commercial-scale) [3]. 
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1.6. Catalytic fast pyrolysis 

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

upgrading with the aim of improving bio-oil quality. A correct selection of catalysts 

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 configurations can be found [13,19,20]: 

• In-situ: Catalyst is directly mixed with biomass, either pre-absorbed 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, react 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. Reaction conditions can 

be varied from pyrolytic to catalytic zones. 

• Staged: Several ex-situ catalysts with different properties can be located in the 

catalytic zone as a downstream cascade reaction system. In addition, in-situ and 

ex-situ catalysts can also be combined for pyrovapours upgrading. 

Numerous catalysts of different nature, such as mesoporous silica [6], zeolites, metal 

oxides and carbon-based catalysts [13], are used in ex-situ configurations, whereas 

inorganic salt additives and red mud are used as in-situ catalysts [19,20]. 

 

Figure 1.4. Configuration of in-situ, ex-situ and staged ex-situ CFP [13]. 
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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 CFP [28], whereas WHSV influences coke deposition [29].  

Coke is a by-product of CFP that is mainly produced by the polymerisation of furans 

and/or aromatic hydrocarbons over the surface of the catalyst [19,29]. Coke formation 

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

[6]. 

1.7. Ex-situ CFP over heterogeneous acid-base catalysts 

In-situ catalysts can be homogenous or heterogeneous, whereas ex-situ catalysts are 

only heterogeneous. Ex-situ catalysts are preferred over in-situ 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 addition, another advantage of using 

heterogeneous ex-situ catalysts is the possibility of conducting thermal and catalytic 

pyrolysis at different temperatures in the same reaction system. 

Catalysts for acid-base 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 Brønsted or Lewis, either donating a proton or accepting an electron pair, 

respectively. On the other hand, catalysts with Brønsted basic active sites are proton 

acceptors, whereas the ones with Lewis basic centres are electron pair donors [30]. 

Finally, multifunctional catalysts present more than one of these functionalities.  

Acid-base properties depend on the nature of the catalysts. In the present Doctoral 

Thesis, three families of catalysts will be used and described in depth: clay minerals, 

metal oxides and zeolites (Figure 1.5); but there are still numerous materials with such 

properties. 
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Figure 1.5. Classification of mineral clays, metal oxides and zeolites according to their 

acid-base properties [13,27,30–33]. 

1.7.1. Clay minerals 

Clay minerals are one of the most abundant materials on the surface of Earth and 

present a great number of applications, among which their use as adsorbents, catalysts 

or catalyst supports stand out. Depending on the charge of the layers or fibres of clay 

minerals, they can be grouped as cationic or anionic. Cationic clays are more abundant 

in nature than anionic clays, but the latter can be easily synthetised in the laboratory 

and are relatively inexpensive to manufacture industrially.  

Phyllosilicates are the most studied cationic clays in catalysis due to their particular 

physicochemical properties. They show layered or fibrous aluminosilicate structures 

formed by the combination of connected tetrahedral and octahedral sheets. The partial 

substitution of Si4+ by Al3+ in tetrahedral sheets and Al3+ by Mg2+ in the octahedral 

ones give rise to a negative charge that is compensated by alkali or alkaline earth metal 

cations in the interlayer space. Both Brønsted and Lewis acidities are present in 

cationic clays: Brønsted acidity arises from the partial substitution of Si4+ by Al3+, 

whereas Lewis acidity resides in the external hydroxyl groups. However, accessibility 

to active acidic sites is very limited due to the narrow interlayer space between 
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layers/fibres, so only external acidic centres are available [34]. On the one hand, 

montmorillonites of the smectite family present 2:1 dioctahedral structures (Figure 

1.6), in which each layer is composed by an octahedral sheet sandwiched between two 

tetrahedral ones and the interlayer space is expandable according to the size of the 

counterbalancing cations [35]. Sodium bentonite [36] and K10 montmorillonite [37], 

belonging to this group, have been evaluated in the CFP of cellulose, resulting in bio-

oils rich in levoglucosan and/or their derivatives. On the other hand, palygorskite 

(attapulgite) is a chain phyllosilicate with fibrous structure. It contains continuous two-

dimensional tetrahedral sheets, but lacks continuous octahedral sheets, giving rise to 

fibres of interconnected 2:1 ribbon-like units (Figure 1.6). Protons, exchangeable 

cations and zeolitic water are responsible for compensating the negative charge along 

the channels [38]. Attapulgite, along with other clay catalysts, including bentonite and 

red mud, were tested at different catalyst to biomass (C/B) ratios in an auger reactor 

for the CFP of forest pinewood chips [39]. The use of attapulgite was highlighted due 

to its cracking and deoxygenation activity, since the resulting bio-oil showed the 

lowest oxygen content among the materials studied. 

 

Figure 1.6. Crystalline structure and particle morphology of montmorillonite [40] and 

attapulgite [41]. 
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Natural hydrotalcite (Mg6Al2(OH)16CO3·4H2O) is the most representative material 

among anionic clays. Magnesium cations are octahedrally surrounded by hydroxyl 

groups forming infinite brucite-like sheets. The partial substitution of Mg2+ by Al3+ 

give rise to a positive charge that is compensated by CO3
2- anions in the interlayer 

space. Other hydrotalcite-like materials are also called layered double hydroxides 

(LDHs). Mg2+ and Al3+ cations can be replaced by any other two metal cations with 

the same valences (M2+ and M3+, respectively) during their preparation by co-

precipitation or sol-gel methods. The properties of resulting LDHs vary depending on 

the M2+/M3+ molar ratio and the compensating anions introduced into the interlayer 

space during their synthesis. Hydrotalcite-like materials are used in organic chemistry 

as solid base catalysts of weak strength [30]. However, LDHs are unstable under CFP 

temperature conditions and prior calcination is required to form their respective 

layered double oxides (LDO). 

1.7.2. Single and mixed metal oxides 

Alumina (Al2O3) and silica (SiO2) are acidic metal oxides that have been extensively 

studied as catalysts and catalyst supports and both present Lewis active sites of weak 

acidity [13]. Whereas Al2O3 acts as promoter of dehydration and decarbonylation 

reactions during CFP of lignocellulosic biomass [42,43], SiO2 contributes to the 

reduction of the amount of oxygenated compounds in bio-oil and inhibits the formation 

of coke [44].  

Alkaline earth metal oxides are typical solid base catalysts. Alkaline earth metals are 

usually found in the form of hydroxides (Mg, Ca) and carbonates (Sr, Ba) [30]. When 

thermally stabilised in the temperature range of 500 – 600 °C, adsorbed acidic 

molecules, such as H2O or CO2, are removed and give rise to their respective oxides 

revealing their generated basic sites. The basic strength of these active sites depends 

on the coordination number of the M2+–O2- ion pairs, M being an alkaline earth metal 

[45]. Conversely, the overall basicity of alkaline earth metal oxides is ordered by 

cation size (in other words, MgO < CaO < SrO < BaO), whereas surface area is in the 

reverse order. Surface areas of MgO, CaO, SrO and BaO are approximately on the 

order of 102, 101, 100 and 10-1 m2/g, respectively, if no special methods are employed 

during thermal treatment. Concretely, MgO and CaO have been more frequently 

studied because of their higher surface areas [30].  
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Basic alkaline earth metal oxides are mainly used to catalyse C–C bond-forming 

reactions, e.g., ketonisation of carboxylic acids and aldol condensation reactions of 

carbonyl groups. The addition of CaO in the catalytic pyrolysis of woody biomass 

gives rise to a better-quality bio-oil with lower acidity and oxygen content [13]. 

Ketonisation reactions avoid the formation of carboxylic acids, whereas dehydration 

reactions contribute to the deoxygenation of bio-oil. In addition, the concentration of 

anhydrosugars and phenolic compounds is reduced, whereas the production of 

hydrocarbons is enhanced compared to non-catalytic pyrolysis [7]. Similarly, the 

addition of MgO decreases oxygen content of bio-oil at the expense of its overall mass 

yield and organic content. Resulting bio-oil presents higher high heating value due to 

formation of diesel-range hydrocarbons and the removal of oxygenated functional 

groups [7,13]. When comparing the performance of natural MgO catalysts in CFP of 

biomass with that of H-ZSM-5 zeolite, these base metal oxides showed either similar 

bio-oil organic fraction yield with lower oxygen content or similar oxygen content 

with higher organics yield. In this way, MgO catalysts remove oxygen from bio-oil 

more effectively due to their basic features that promote CO2 formation as a by-product 

of ketonisation reactions. However, dehydration and decarbonylation pathways are 

more predominant in the deoxygenation of bio-oil when employing H-ZSM-5 zeolite. 

Not only that, but MgO can also be regenerated more easily since its calcination 

temperature does not need to be as high as in the case of the protonic zeolite [46]. 

In addition to alkaline earth metal oxides, transition and rare earth metal oxides, such 

as, ZnO, TiO2, ZrO2 and CeO2, show high selectivity towards ketonisation of 

carboxylic acids and aldol condensation reactions [47]. Concretely, zirconia is well 

known among metal oxides due to its amphoteric catalytic properties, or what it is the 

same, it possesses both acidic and basic active sites. However, this oxide presents 

weak-medium strength that depends on the crystalline phase of ZrO2. There are three 

different crystalline structures of zirconium oxide: monoclinic, tetragonal, and cubic. 

Monoclinic phase shows the acid-basic active sites of higher strength, in addition to a 

higher surface area, followed by tetragonal and cubic phases. Nevertheless, selectivity 

towards different products can be obtained for the same reaction depending on whether 

zirconia is used in one or another crystalline phase [32]. A similar phenomenon occurs 

in the case of TiO2, which also presents three different crystalline phases: rutile, 

anatase and brookite. In the work of Lu et al. [48], rutile and anatase phases of titania, 
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as well as a solid solution of 60-40 wt.% monoclinic/tetragonal zirconia and anatase 

(ZrO2-TiO2), were compared in the ex-situ CFP of poplar wood. Rutile produced a 

bio-oil richer in monoaromatic phenolic compounds derived from the pyrolysis of 

lignin, whereas that of ZrO2-TiO2 showed a lower content in phenolics, carboxylic 

acids and anhydrosugars, but a higher concentration of aromatic hydrocarbons, 

cyclopentanones and other ketones. 

The interest in mixed metal oxides, like ZrO2-TiO2, lies in their activity for 

ketonisation and aldol condensation reactions that improve bio-oil quality by reducing 

oxygen content and acidic pH [7]. In this line, by combining two or more different 

metal oxides, mixed metal oxides with multifunctional properties are obtained (Figure 

1.7). There are several preparation methods of mixed metal oxides, among which co-

precipitation, sol-gel and impregnation methods stand out. Regarding acid-base 

properties of mixed metal oxides, overall acidity can be increased by a synergistic 

effect of mixing different metal oxides with acid properties, but basic strength is 

limited to those of the base metal oxides that form the mixed oxide [49].  

 

Figure 1.7. Catalytic effects of metal oxides on fast pyrolysis of lignocellulosic 

biomass [13]. 

To give another example, amorphous silica-alumina (ASA) is synthesised by co-

precipitation or sol-gel methods from mixed Si and Al precursors. ASA presents both 

Brønsted and Lewis active centres, but their concentration depends on the preparation 

method and the SiO2/Al2O3 molar ratio. However, overall acidity of ASA is not 
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comparable to that of zeolites despite of similarities in composition [30]. Zabeti et al. 

[50] compared non-supported ASA with alkali or alkaline earth metal-loaded ASAs in 

the CFP of pinewood and observed that non-supported ASA produced a higher yield 

of less deoxygenated bio-oil than the impregnated samples and Cs/ASA showed the 

lowest oxygen content and highest yield of aromatic hydrocarbons. 

Moreover, calcination of layered double hydroxides give rise to their respective mixed 

oxides. Among LDOs, Mg/Al layered double oxide obtained by calcination of natural 

hydrotalcite is the most extensively studied. The strength of basic active sites can be 

altered by varying Mg/Al ratio of synthetic hydrotalcite-like materials [30]. Navarro 

et al. [51] probed Mg/Al layered double oxides with different Mg/Al ratio in ex-situ 

CFP of wheat straw and concluded that those LDOs with lower Al content contributed 

to a more effective deoxygenation of bio-oil. The increasing concentration of basic 

sites with Mg content promotes ketonisation and aldol condensation reactions 

removing oxygen in the form of H2O and CO2. 

1.7.3. Zeolites 

Zeolites are crystalline aluminosilicates with ordered tetrahedral structure showing a 

dense network of micropores and tuneable acidity [6]. Silicon and aluminium atoms 

are covalently bonded in the zeolite framework, and the substitution of aluminium for 

silicon generates a negative charge that must be compensated by extra-framework 

cations, which can be interchangeable. In the case of protonic zeolites, the 

compensating cations are protons that come from the decomposition of exchanged 

ammonium ions. Protonic zeolites stand out over other acid catalysts due to the strong 

Brønsted acidity of their Si-OH-Al hydroxyl groups generated by the presence of Al 

atoms and balancing protons, and their crystalline and microporous structures [52]. In 

addition to Brønsted acidity, Lewis acidity caused by the presence of tricoordinate 

silicon defects can also be observed in protonic zeolites. Numerous zeolite catalysts 

(e.g., BEA-, FAU- and MFI-type protonic zeolites) have been evaluated in catalytic 

fast pyrolysis of lignocellulosic biomass due to their deoxygenation capacities giving 

rise to bio-oils rich in aromatic hydrocarbons. Zeolite H-ZSM-5 (MFI-type) is the most 

effective catalyst in the CFP of biomass for aromatic hydrocarbons production due to 

its strong acidity, medium pore size, shape selectivity, and chemical and thermal 

stability [19]. This zeolite catalyst produces monoaromatic hydrocarbons (MAHs) 
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more selectively than others with larger pores, such as H-Beta (BEA-type) or H-USY 

(Ultrastable Y, FAU-type), which instead give rise to more polycyclic aromatic 

hydrocarbons (PAHs) and coke deposits [6]. 

The use of alkali-incorporated zeolites has not been extensively studied in ex-situ CFP 

of lignocellulosic biomass, but they present an interesting alternative to obtain high-

added value bio-based chemicals due to their already known textural and acid 

properties, but their not so explored basicity. Alkali-incorporated zeolites are divided 

into alkali ion-exchanged and alkali-grafted zeolites. On the one hand, the basicity of 

alkali ion-exchanged zeolites depends on their type of structure and chemical 

composition. Superficial oxygen atoms are the basic active sites of the zeolite. Their 

negative charge increases when more aluminium atoms are present in the zeolite 

framework due to its lower electronegativity compared to silicon. A good accessibility 

to more electronegative oxygen atoms is crucial for a better performance of zeolites in 

base-catalysed reactions [49]. Thus, faujasites (FAU) are typical base zeolites due to 

their more open structures (7.4 Å). It has been confirmed that X-zeolites are more 

efficient than Y-zeolites in typical base-catalysed test reactions. Overall basicity of 

zeolites can also be increased by exchanging charge compensation ions with higher 

radius alkali metal cations (Scheme 1.1.a). The less electronegative the alkali metal 

cation (Li+ < Na+ < K+ < Rb+ < Cs+), the more basic the resulting zeolite will be [32]. 

The basic sites generated by alkali cation-exchanged are considered as weak to 

medium in strength [49]. On the other hand, grafting consists of the deprotonation of 

Si-OH-Al hydroxyl groups at high pH in order to coordinate alkali metal cations 

generating basic active sites of medium strength (Scheme 1.1.b). As in the case of 

alkali-ion added zeolites, less electronegative alkali metal cations give rise to more 

basic alkali-grafted zeolites [33]. 

Loading metals on zeolite catalysts in the form of metal cations or metal oxides provide 

them bifunctional properties [27]. Numerous alkaline earth and transition metals, such 

as Mg, Zn [53,54], Fe, Co, Ni, Ga [6,7] or Zr [55,56], have been evaluated in CFP of 

lignocellulosic biomass with the aim of obtaining high bio-oil yields with low oxygen 

content and rich in aromatic hydrocarbons. In most cases, deposition of metals causes 

a reduction in Brønsted acidity, which is responsible of excessive cracking and 

oligomerisation reactions resulting in high gas and coke yields, respectively [6]. 

Conversely, the generation of weak Lewis acid and/or basic sites on zeolite catalysts 
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offers new possibilities for the production of high-added value bio-based chemicals 

from pyrolytic bio-oil. 

 

Scheme 1.1. Methods of alkali metal incorporation into protonated zeolites: a) ion-

exchange [49]; b) grafting [33]. 

1.8. Catalytic fast pyrolysis chemistry 

Numerous reactions occur simultaneously during catalytic upgrading of pyrovapours. 

Depending on the nature of catalysts employed the resulting bio-oil will present 

different properties and composition. The selectivity towards certain families of 

compounds is affected by the type of active centres of the catalysts used in CFP and 

their accessibility [5]. Acid-catalysed reactions over heterogeneous catalysts have 

been more extensively studied than base-catalysed ones in CFP of lignocellulosic 

biomass. Acid catalysis mainly affects the oxygen content and high heating value of 

bio-oils, since catalysts with such properties promote cracking and deoxygenation 

reactions, as well as the production of aromatic hydrocarbons. Conversely, the use of 

basic catalysts reduces acidic character of bio-oil through the production of longer-

chain compounds with lower oxygen content [14]. 

Several reaction mechanisms have been proposed for the fast catalytic pyrolysis of 

lignocellulosic biomass over acid catalysts, with zeolite H-ZSM-5 as a model catalyst. 
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However, no reaction mechanisms have been proposed for CFP of biomass over basic 

catalysts. MgO and CaO are typical base catalysts that have been studied in CFP of 

biomass giving rise to more deoxygenated bio-oils with enhanced properties compared 

to those obtained by thermal pyrolysis. Scheme 1.2 depicts a reaction mechanism that 

summarises both acid- and base-catalysed reactions that occur during the pyrovapours 

upgrading. These reactions will be described below according to the type of active 

centres that catalyse them. 

 

Scheme 1.2. Reaction mechanism for catalytic pyrolysis of biomass over acid-base 

catalysts [14,28,57–61]. 

 1.8.1. Acid-catalysed reactions 

Cracking of C6+ hydrocarbons proceeds by β-scission of carbenium ion intermediates, 

which are protonated olefins with a trivalent carbon atom. This kind of reaction 

provokes the cleavage of C‒C bonds of hydrocarbons giving rise to lower molecular 

weight alkenes (Scheme 1.3) [62]. β-scission is carried out at the β-position of 

carbenium ion intermediates and is followed by hydrogen transfer reactions [30]. 
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[1.3] 

In CFP of lignocellulosic biomass, cracking of low-molecular weight oxygenated 

compounds produces C1-C4 hydrocarbons [63], whereas that of lignin-derived 

aromatic oxygenates can contribute to the successive cleavage of Caromatic–O bonds 

giving rise to guaiacols and phenols [64]. 

Deoxygenation implies decreasing oxygen content of pyrolytic bio-oil, which 

enhances its properties. There are three main reaction pathways: dehydration, 

decarbonylation and decarboxylation. Dehydration reactions release oxygen in the 

form of water, whereas decarbonylation and decarboxylation reactions do so in the 

form of CO and CO2, respectively (Schemes 1.4 and 1.5) [62]. A great number of 

dehydration reactions are carried out simultaneously during CFP of lignocellulosic 

biomass, e.g. dehydration of glucose from hollocelulose into levoglucosan or that of 

anhydrosugars into furans, but both involve several transformations.  

 

[1.4] 

  

 

[1.5] 

A simple model reaction of dehydration would be the esterification of alcohols and 

carboxylic acids (Scheme 1.6). Acetic acid is an abundant compound in bio-oil that 

reduces its pH and makes it highly unstable [20]. In addition, a great share of 

compounds with hydroxy functional groups can be found in pyrovapours that can react 

with acetic acid. The use of a solid catalyst with Brønsted acidity, such as zirconia or 

zeolites Y and ZSM-5 [30], is convenient since it promotes the removal of both oxygen 

and acetic acid, but not very effectively. 
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[1.6] 

Lignocellulosic biomass is a possible source of aromatic hydrocarbons. However, the 

use of acidic catalysts is required to transform oxygenated compounds found in 

pyrovapours into this kind of compounds. Aromatic hydrocarbons can be obtained 

through different reaction pathways, but the optimal route is Diels-Alder condensation 

of furans and gaseous olefins followed by dehydration (Scheme 1.7). It has been 

confirmed that BEA [65] and ZSM-5 zeolites [66] selectively produce aromatic 

hydrocarbons via Diels-Alder condensation and dehydration reactions. 

 

[1.7] 

An alternative route to produce aromatic hydrocarbons is the oligomerisation-

cyclisation-aromatisation reaction mechanism (Scheme 1.8). Gaseous C2-C4 olefins 

oligomerise to form C6+ linear alkenes that tend to cyclise into carbenium ion 

intermediates and ultimately aromatise by releasing hydrogen [67]. It was found that 

aromatisation reactions are catalysed by Brønsted acid sites of modified H-ZSM-5 

zeolites in vacuum pyrolysis of rape straw [68].   

 

[1.8] 

Aromatic hydrocarbons react with gaseous olefins in the presence of acidic catalysts 

to produce alkylated aromatics. Olefins are first protonated by the action of the acidic 

active centres of the catalyst and then included in the aromatic system by electrophilic 

substitution (Scheme 1.9) [30]. It has been evaluated the performance of ZSM-5 and 

Ga/ZSM-5 zeolites in CFP of pinewood and it was found that alkylation reactions are 

limited by their overall acidity and pore diffusion of the catalysts. Thus, selectivity 
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towards p-xylene formation is increased concerning other xylene isomers due to 

zeolite pore features in the reaction between toluene and propylene with an ethylene 

leaving group [69]. 

 

[1.9] 

Polycyclic aromatic compounds (PAHs) are formed by polymerisation of monocyclic 

aromatic compounds (MAHs) (Scheme 1.10). Polymerisation into PAHs mainly occur 

on wide-pore catalysts with strong Brønsted acidity, such as protonic β or Y zeolites 

[70], and include successive dehydrogenation, hydrogen transfer, and isomerisation 

reactions [71]. In this way, excessive cracking of original biomass oligomers gives rise 

to high yields of gaseous olefins that tend to polymerise into coke within the catalyst 

pores, poisoning its active sites [56]. 

 

[1.10] 

1.8.2. Base-catalysed reactions 

Two molecules with carbonyl groups can generate C–C bonds by aldol condensation 

reactions. Self-condensation is called when two molecules of the same compound react 

with each other, whereas cross-condensation is called to the interaction between two 

molecules of a different nature, e.g. aldehydes with ketones, both present in significant 

concentrations in pyrolytic bio-oils. Base-catalysed aldol condensation followed by 

dehydration of the aldol intermediates yields unsaturated ketones and water (Scheme 

1.11) [72]. 
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[1.11] 

The ketonisation reaction consists of the formation of longer chain ketones from two 

carboxylic acid molecules, such as acetic acid. Interestingly, oxygen is effectively 

removed in the form of water and carbon dioxide (Scheme 1.12), whereas acidic pH 

of bio-oil is slightly neutralised [73].  

  

[1.12] 

As commented in Section 1.7.2, C–C bond-forming reactions are mainly catalysed by 

alkaline earth, transition, rare earth metal oxides and their combinations when it comes 

to CFP of lignocellulosic biomass [7,13,47]. 

1.9. Valorisation of bio-oil to bio-based chemicals 

Catalytic fast pyrolysis is a promising process to produce high-added value chemicals 

from lignocellulosic biomass. Specific bio-based chemicals can be selectively 

produced by using catalysts with certain acid-base properties [5]. The families of 

compounds found in catalytic bio-oils are classified according to their main functional 

groups. The catalytic reaction pathways and possible applications of each family of 

compounds are briefly explained below (Figure 1.8). 

Anhydrosugars (SUG): The most accepted formation pathway of levoglucosan (LG) 

is the hydrolysis of glucose, which is the monomer unit of cellulose. LG is the most 

abundant product of thermal bio-oil and its separation and recovery are relatively easy, 

but somewhat expensive in commercial applications [4]. LG is a potential building 

block for the synthesis of additives, agrochemicals, natural chemical fuels, platform 

chemicals, pharmaceuticals, polymers, surfactants, resins and solvents [74]. In the 

manufacture of platform chemicals, levoglucosenone (LGO) stands out. LGO is 

usually obtained by pyrolysis of cellulose over Brønsted acid catalysts with 
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levoglucosan as an intermediate [36]. LGO is used in asymmetric and enantiopure 

syntheses and as precursor of commodity and fine chemicals, polyols, polymers and 

solvents [75]. 

 

Figure 1.8. Obtainable high-added value bio-based chemicals from bio-oil classified 

by compound family. LG: levoglucosan; LGO: levoglucosenone; HMF: 5-hydroxy-

methyl-furfural; MAHs: monocyclic aromatic hydrocarbons; PAHs: polycyclic 

aromatic hydrocarbons. 

Carboxylic acids (AC): Acetic acid is the most abundant compound in the pyrolysis of 

hemicellulose [76], especially in presence of AAEMs if biomass is not previously 

treated. Although acetic acid could rather be considered as a by-product, as its presence 

in bio-oil is deleterious, its yield can be maximised by catalytic pyrolysis of 

lignocellulose. However, there is not an optimal separation technique to obtain pure 

acetic acid from pyrolytic bio-oil. Conversely, acetic acid has several applications in 

the manufacture of dyes, foods, pharmaceuticals and polymers, since it is precursor of 

ethyl and propyl acetates, vinegar, acetic anhydride, vinyl acetate monomer and 

terephthalic acid, among others [77]. 
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Furans (FUR): Furfural is the furan model compound found in bio-oil. It is obtained 

in the thermal pyrolysis of hollocelulose [3] and/or the dehydration of levoglucosan 

during CFP of lignocellulosic biomass [75] and serve as precursor of additives of 

biofuels and numerous high-added value C4-C5 bio-based chemicals. Furan and 

tetrahydrofuran (THF) stand out among other C4 bio-based chemicals. Furan is 

obtained from decarbonylation and THF from the successive hydrogenation of furan. 

Furan has relevant applications as a solvent and as a building block in the production 

of several agrochemicals and pharmaceuticals, whereas THF is a precursor for anionic 

polymerisation of urethane elastomer and fibre manufacture, as well as a solvent for 

many chromatographic techniques. There are numerous C5 bio-based chemicals of 

different nature that come from the catalytic transformation of furfural: furans, such as 

methyl furan; alcohols, such as furfuryl alcohol, tetrahydrofurfuryl alcohol and 

pentanediol; esters, such as γ-valerolactone; ketones, such as cyclopentanone; and 

ketoacids, such as levulinic acid [8]. Moreover, 5-hydroxy methyl furfural (HMF) can 

also be found in bio-oil in low concentrations, but it mainly serves as precursor of 

furfural through cracking reactions [3]. Among the HMF derivatives, C6 bio-based 

chemicals stand out, such as dimethylfuran, hexanediol or furandicarboxylic acid [75]. 

Light oxygenates (LO): This category gathers several families of compounds, 

including alcohols, aldehydes, esters, ethers, ketones, etc. Ketones stand out over other 

subfamilies in catalytic bio-oils since they are formed in both acid- and base-catalysed 

upgrading reactions. Concretely, C5+ cyclic ketones, such as cyclopentanones and 

cyclopentenones, are of great interest due to their potential use in industrial 

applications. They can be employed as precursors of flavours, fragrances, jet fuels, 

pesticides, pharmaceuticals and polymers [61,78]. Cyclopentenone, in particular, acts 

as an intermediate in the synthesis of dicyclopentadiene, which is of great importance 

in the manufacture of hydrocarbon resins [79]. Moreover, methyl cyclopentenone is 

considered the most remarkable intermediate in the phenol production via Diels-Alder 

condensation reactions when it comes to upgrading of pyrovapours over activated 

carbons with acid properties [58]. 

Oxygenated aromatics (O-AR): Pyrolysis of lignin gives rise to a bio-oil rich in 

phenolic compounds, including methoxybenzenes (guaiacols and syringols) and 

hydroxybenzenes (phenols and cathecols). On the one hand, guaiacol is derived from 

creosol and is precursor of other methoxybenzenes, such as eugenol or vanillin. On the 
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other hand, hydroxybenzenes are obtained by the degradation of methoxybenzenes, 

with phenol being the most representative compound of this family due to its 

widespread use in petrochemistry [5]. Both methoxy- and hydroxybenzenes have a 

wide variety of applications, since they can be used as intermediates of adhesives [80], 

flavourings [81], fuel additives [82], pesticides [83] and phenolic resins [84], among 

others. 

Aromatic hydrocarbons (AR): Catalytic fast pyrolysis over acid zeolite catalysts gives 

rise to bio-oils rich in mono- and polycyclic aromatic hydrocarbons (MAHs and PAHs, 

respectively) with variable concentrations depending on the acid strength and porosity 

of the catalysts employed [70]. Benzene, toluene, ethylbenzene and xylene (BTEX) 

are typical MAHs found in conventional liquid fuels. In addition to their use in 

combustion engines, MAHs are of great importance in petrochemistry with various 

applications as dyes, pharmaceuticals, plastics, surfactants, resins and solvents [85]. 

Conversely, the presence of PAHs in bio-oil increases its octane number, but also its 

toxicity. The most widespread use of naphthalenes is as pesticides, although 

applications such as dyes, resins and plasticisers are also highlighted [86]. In contrast, 

indenes and their derivatives arouse great interest in the pharmaceutical industry and 

organometallic chemistry [87].
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As mentioned in the previous chapter, lignocellulosic biomass derived from 

agricultural and forestry residues can be valorised as both biofuels and bio-based 

chemicals via thermochemical conversion technologies. The present Doctoral Thesis 

explores ex-situ catalytic fast pyrolysis as a thermochemical conversion technology 

for the transformation of wheat straw into a bio-oil rich in bio-based chemicals with 

interest in industry. Due to the high content of impurities found in lignocellulosic 

biomass, an acid pre-treatment of wheat straw is required. The main objective of this 

work is the evaluation of catalysts of different nature with diverse textural and acid-

base properties in the fast pyrolysis of acid-washed wheat straw. Acid catalysts have 

been more extensively studied in the catalytic fast pyrolysis of lignocellulosic biomass 

into biofuels; however, the novelty of this research lies in the use of basic catalysts to 

obtain bio-based chemicals from bio-oil. In order to achieve the main objective, this 

work has been divided into different specific objectives that are detailed below. 

I. Performance of clay catalysts in pyrolysis vapours upgrading in a two-stage 

thermocatalytic reaction system. The main objectives of this section are to study 

of the effect of bentonite and attapulgite clays on the composition of upgraded bio-

oil and other by-products and to optimise the operating conditions: 

- Evaluation of the composition of pre-treated wheat straw by acid-washing. 

- Evaluation of physicochemical properties of stabilised clays by calcination. 

- Study of the influence of the catalyst to biomass ratio in the ex-situ catalytic 

fast pyrolysis of wheat straw over bentonite and attapulgite clays. 

- Study of the influence of the catalyst to biomass ratio in the ex-situ catalytic 

fast pyrolysis of cellulose over bentonite clay. 

II. Performance of Mg and Zr single and mixed oxides in pyrolysis vapours 

upgrading in a two-stage thermocatalytic reaction system. The main objective 

of this section is to study the effect of Mg and Zr single and mixed oxides on the 

composition of upgraded bio-oil and other by-products: 

- Evaluation of physicochemical properties of Mg and Zr single and mixed 

oxides synthesised by precipitation. 

- Study of the effect of the acidity and basicity of Mg an Zr single and mixed 

oxides on the catalytic fast pyrolysis of wheat straw. 

III. Performance of K-incorporated zeolites in pyrolysis vapours upgrading in a 

two-stage thermocatalytic reaction system. The main objectives of this section 
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are to study the effect of K-incorporated zeolites on the composition of upgraded 

bio-oil and other by-products and to optimise the operating conditions: 

- Evaluation of physicochemical properties of K-incorporated zeolites by ion-

exchange and grafting. 

- Study of the influence of the catalyst to biomass ratio in the ex-situ catalytic 

fast pyrolysis of wheat straw over K-exchanged and parent H-ZSM-5 zeolites. 

- Study of the influence of the catalyst to biomass ratio and catalytic zone 

temperature in the ex-situ catalytic fast pyrolysis of wheat straw over K-grafted 

and parent USY zeolites. 

IV. Performance of tandem acid-base catalysts in pyrolysis vapours upgrading in 

a three-stage thermocatalytic reaction system. Starting from H-ZSM-5 zeolite 

as selected acid catalyst (A), and bentonite and magnesium oxide as selected basic 

catalysts (B), the main objectives of this section are to study the effect of tandem 

acid-base catalysts on the composition of the upgraded bio-oil and other by-

products and to optimise the operating conditions. The influence of the coupling 

configuration (A+B or B+A) in the ex-situ dual-catalyst catalytic fast pyrolysis of 

wheat straw over H-ZSM-5 zeolite and bentonite and magnesium oxide is also 

investigated.  
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3.1. Catalysts preparation 

3.1.1. Stabilisation of clay materials 

Bentonil A (standard sodium bentonite) and PFI-1 palygorskite (attapulgite) were 

provided by Clariant and Clay Minerals Society, respectively. Both clay materials 

were directly calcined in static air in a muffle furnace at 550 °C for 5 h (heating rate: 

1.8 °C/min). 

3.1.2. Synthesis of Mg and Zr single and mixed oxides 

The syntheses of Mg and Zr single and mixed oxides were based on the works of Faba 

et al. [72] and Sádaba et al. [88]. Concretely, magnesium nitrate hexahydrate (99 wt.%, 

Sigma Aldrich) and zirconyl nitrate hydrate (99 wt.%, Sigma Aldrich) were dissolved 

in 1 L of Milli-Q water (resistivity: 18.2 MΩ·cm) in variable concentrations depending 

on Mg/(Mg+Zr) nominal values (0.00, 0.75 and 1.00). The solution was stirred at 500 

rpm and room temperature, and an aqueous NaOH solution (25 wt.%, Sigma Aldrich) 

was added until the pH value was between 9-10. When pH was adjusted, whitish gels 

began to form. The resulting gels were aged at room temperature for 72 h. Solids were 

recovered by centrifugation due to their small particle size and washed three times with 

Milli-Q water. Samples were dried in a stove at 120 °C for 24 h and then calcined 

under flowing air in a tubular muffle furnace at 600 °C for 3 h (heating rate: 5 °C/min; 

air flow: 100 mL/min). 

3.1.3. Potassium incorporation to zeolitic materials 

3.1.3.1 K-exchanged H-ZSM-5 zeolite 

Nanocrystalline H-ZSM-5 zeolite (Si/Al = 39.5) was provided by Clariant (ref. HCZP-

90). The preparation of ion-exchanged KH-ZSM-5 sample was based on the procedure 

described by Nicolaides et al. [89]. Typically, the commercial H-ZSM-5 was ion-

exchanged three times with a fresh 0.4 M KCl (99.5 wt.%, Fluka) aqueous solution at 

25 °C (10 mL·gzeolite
-1). The ion-exchange consisted of stirring at 500 rpm for at least 

20 h. After each exchange, the sample was recovered by centrifugation due to its small 

particle size and< washed once with Milli-Q water. Finally, the solid material was 

washed with Milli-Q water three times to remove unexchanged potassium and chloride 
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ions, dried overnight (>16 h) at 110 °C in a stove and calcined in static air in a muffle 

furnace at 550 °C for 5 h (heating rate: 1.8 °C/min). 

3.1.3.2 K-grafted USY zeolite 

The high-silica USY zeolite in protonic form was provided by Tosoh Corporation (ref. 

HSZ-390HUA). The preparation of the grafted K-USY sample was based on the 

procedure described by Keller et al. [33]. Typically, 2 g of the as-received commercial 

USY zeolite was introduced into a solution (60 cm3) of 0.1 M of potassium hydroxide 

(Scharlau, 85 wt.%) in methanol (Scharlau, 99.9 wt.%) at room temperature (30 

ml·gzeolite
-1). The mixture was stirred at 500 rpm for 10 min, filtered under vacuum, 

washed with 100 ml of methanol, and dried in an oven at 60 °C for 6 h. Afterwards, 

the solid was crushed using an agate mortar and, subsequently, it was calcined in static 

air (550 °C, 5 h, heating rate of 1.8 °C/min) in a muffle furnace. 

3.1.4. Pelletisation of catalysts 

All catalysts were pelletised to a particle size of 180 – 250 μm in order to avoid internal 

diffusional limitations and excessive pressure drop during their use as catalysts in 

biomass pyrolysis reactions. A hydraulic press was used to fabricate tablets with 

variable heights and weights, depending on the density of the catalyst samples. The 

press die exhibits a diameter of 25 mm, and the force applied by the hydraulic press 

was 10,000 kgF, which was maintained for 1 – 2 min to obtain the catalyst tablets. The 

tablets were crushed with a porcelain mortar and then sieved to the desired particle 

size. Finally, catalysts were dried overnight at 110 °C in a stove before fast pyrolysis 

tests. 

3.2. Catalyst characterisation 

3.2.1. Thermogravimetric and chemical analyses of the catalyst samples 

Thermogravimetric analyses (TG) of clay catalysts were performed on a Mettler 

Toledo TGA/DSC 1 instrument in order to study their stability in fast pyrolysis 

conditions. Representative amounts of raw bentonite and attapulgite (10 – 20 mg) were 

deposited in 70 μL alumina capsules and subjected to TG analysis in flowing nitrogen 

(heating rate: 10 °C/min up to 550 °C; N2 flow: 100 mL/min). TG curves illustrate the 

evolution of the catalyst weight loss with temperature. Likewise, derivative 
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thermogravimetry (DTG) curves indicate the temperature ranges at which the different 

compounds are released. 

Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES) was used to 

determine the metal contents of the Mg-Zr mixed metal oxide, as well as the K/Al and 

Si/Al ratios of the K-incorporated zeolites. 

• Mg-Zr mixed metal oxide: ICP-OES technique was used to determine Mg and Zr 

contents. The equipment used was a Perkin Elmer Optima 3300 DV. A 

representative amount of Mg-Zr mixed metal oxide (≈ 0.1 g) was digested by 

treatment with an HNO3/HF solution (3 mL : 1 mL per 0.025 g) in an Anton Paar 

Multiwave 3000 microwave oven and then diluted with Milli-Q water. 

• K-incorporated zeolites: ICP-OES technique was used to determine Al and K 

contents. The equipment used was a Varian Vista AX spectrometer. Representative 

amounts of parent and K-incorporated H-ZSM-5 and USY zeolites (≈ 0.1 g) were 

digested in an HF/H2SO4 solution (5 mL : 1 mL per 0.05 g) and then diluted with 

Milli-Q water. 

Quantification of elements was carried out from a previous calibration, using standards 

prepared with certified solutions for ICP analysis (Scharlau) with concentrations of 

1,000 mg/L in water (K), 2 wt.% nitric acid (Mg and Al), and 5 wt.% nitric acid + 0.5 

wt.% hydrofluoric acid (Zr). The metal contents of the catalyst samples is determined 

according to Equation 1: 

𝑀𝑒𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤𝑡. %) =
𝐶𝑜𝑛𝑐. (𝑚𝑔/𝐿) · 𝑣𝑜𝑙. 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝐿)

𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 (𝑚𝑔)
· 100 (1) 

3.2.2. Crystallinity, textural properties and morphology of the catalyst samples 

X-ray diffraction (XRD) was employed to determine the crystallinity of all catalyst 

samples. The equipment used was a PHILIPS X’PERT diffractometer with Cu Kα 

radiation (λ = 1.5406 Å), operated at 45 kV and 40 mA. The step size, scanning step 

time and 2θ angle range of the X-ray diffractograms were varied according to the 

catalyst samples studied (Table 3.1).  
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Table 3.1. X-ray diffraction parameters as a function of the type of catalyst studied. 

Catalyst type Step size (°) Scanning step time (s) 2θ angle range (°) 

Clays 0.02 1 2 – 70 

Metal oxides 0.02 1 10 – 80 

Zeolites 0.04 2 5 – 50 

For comparison purposes, X-ray diffractograms of the catalyst samples discussed in 

Section 4.2.1 were obtained with a step size of 0.04°, a scanning step time of 2 s and 

a 2θ angle range of 5 – 70°. 

Gas physisorption was used to determine the textural properties of all catalyst samples. 

The analyses were carried out employing two different adsorbates depending on the 

type of porosity of the samples: 

• N2 physisorption at 77 K. The equipment used was a Micromeritics TriStar 3000 

analyser. Representative amounts of the Mg-Zr single and double metal oxides and 

K-grafted and parent USY zeolites (≈ 0.1 g) were first outgassed at 300 °C under 

vacuum for 5 h in a Micromeritics VacPrep 061 instrument. 

• Ar physisorption at 87 K. The equipment employed was an AUTOSORB iQ 

analyser of Quantachrome Instruments. Representative amounts of the clay 

catalysts, K-exchanged and parent H-ZSM-5 zeolites (≈ 0.1 g), were first outgassed 

at 300 °C under vacuum for 3 h. 

Adsorption-desorption isotherms were obtained by measuring the amount of gas 

adsorbed/desorbed over a wide range of relative pressures at a constant temperature. 

The range of relative pressures selected for each test depended on the nature, expected 

surface area and porosity type of the catalyst samples, as well as the adsorbate used. 

The specific surface area of all the catalysts was determined by applying the Brunauer-

Emmet-Teller (BET) equation in the range of P/P0 = 0.05 – 0.20. The application of 

the t-plot method estimated the micro- and mesopore contributions to the overall 

surface area. The total pore volume was calculated from the amount of gas adsorbed 

at a relative pressure of 0.98. The pore size distribution was obtained by applying the 

Barret-Joyner-Halenda (BJH) model in the case of K-grafted and parent USY zeolites 

and the NL-DFT (Non-Local Density Functional Theory) equilibrium model, 

assuming cylindrical pore geometry, in the case of the K-exchanged and parent H-

ZSM-5 zeolites. 
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Electron microscopy was employed to study the crystal sizes and morphologies at high 

resolution of the zeolite samples. Two different techniques were used, depending on 

whether it is desired to examine the external (SEM-EDX) or internal features (TEM) 

of the catalyst samples: 

• Scanning Electron Microscopy – Energy-Dispersive X-ray spectroscopy (SEM-

EDX): The equipment used was a JEOL JSM-7900 F microscope, operated at 1 

kV. No pre-treatment of the catalyst samples was required. Micrographs were 

taken at magnification from x50,000 to x250,000 by SEM. The most representative 

elements of the surface of the K-USY sample were determined by EDX. 

• Transmission electron microscopy (TEM): The equipment used was a JEOL JEM-

2100 microscope, operated at 200 kV. Representative amounts of catalyst samples 

were dispersed in acetone and sonicated in an ultrasonic bath for 5 min prior to 

analysis. Micrographs were taken at magnifications from x25,000 to x500,000. 

3.2.3. Acid-base properties of the catalyst samples 

Temperature-Programmed Desorption (TPD) of probe molecules was used to quantify 

the concentrations and strength of acidic and basic sites in all catalyst samples. The 

equipment employed was a Micromeritics Autochem 2910 (TPD/TPR) apparatus 

provided with a thermal conductivity detector (TCD). 

• NH3-TPD: Ammonia was used as probe molecule to determine the acidity of the 

catalyst samples. Typically, a representative amount of catalyst (≈ 0.1 g) was 

degassed under He flow at 550 °C for 2 h followed by saturation at 120 °C using a 

NH3-He mixture (10 vol.% of NH3). After that, the sample was purged for 30 min 

under He flow to remove the weakly physisorbed ammonia. NH3-TPD profiles 

were subsequently recorded increasing the temperature from 120 to 550 °C using 

a ramp rate of 10 °C/min with isothermal step during 30 min. 

• CO2-TPD: Carbon dioxide was used as probe molecule to quantify the basicity of 

the catalyst samples. A similar procedure was used for the CO2-TPD analyses, but 

the saturation temperature was changed to 50 °C, and the flowing gas mixture was 

replaced with a CO2-He mixture (5 vol.% of CO2). The maximum desorption 

temperature was varied from 350 to 550 °C depending on the catalyst evaluated. 
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For the calibration of the TPD apparatus, 1 mL pulses of NH3 and CO2 at 50 and 120 

°C, respectively, were introduced directly to the TCD detector to determine the 

response factors for the estimation of the concentration (conc.) of acidic and basic 

active sites in the catalyst samples. Overall acidities and basicities were expressed in 

mmol/g of respective probe molecules and calculated according to Equation 2: 

𝐶𝑜𝑛𝑐. 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 (𝑚𝑚𝑜𝑙/𝑔) =
𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑚𝑚𝑜𝑙) · 𝑇𝑃𝐷 𝑐𝑢𝑟𝑣𝑒 𝑎𝑟𝑒𝑎 

𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 (𝑔)
 (2) 

Pyridine adsorption/desorption followed by Fourier transform infrared spectroscopy 

(FT-IR) was employed to determine the nature and strength of acidic sites of the K-

grafted and parent USY zeolites. The equipment used was a Jasco FT/IR-4600 

spectroscometer provided with a triglycine sulphate detector (TGS). The sample was 

prepared as self-supporting wafers (⌀ = 13 mm, 8 – 15 mg/cm2), mounted into a 316SS 

cell provided with CaF2 windows. Wafers were dried overnight at 110 °C and activated 

at 500 °C for 2 h under vacuum prior to the adsorption of the pyridine at 150 °C and a 

pressure of 4 mbar. All spectra were recorded with a resolution of 4 cm-1 in the 4000 

– 1000 cm-1 region (background: 64 scans; samples: 32 scans). The strength of the 

acidic sites was studied by recording the FT-IR spectra after treating the sample at 

different desorption temperatures (150, 250, 350, and 450 °C). The quantification of 

the acidic sites was performed using the following bands (vibration mode of pyridine) 

and absorption coefficients: pyridinium PyH+ band at 1545 cm-1 (ε = 1.67 cm/mol) and 

pyridine PyL band at 1455 cm-1 (ε = 2.2 cm/mol) [90]. 

3.3. Pre-treatment of raw biomass 

Wheat straw (ws) obtained from agricultural residues (Segovia, Spain) was the 

lignocellulosic biomass feedstock chosen for the fast pyrolysis tests. Softwood 

lignocellulosic biomass, like wheat straw, presents a noticeable ash content (around 5 

wt.% in the case of ws), composed mostly by silica and Alkali and Alkaline Earth 

Metals (AAEMs), that can act as indigenous catalysts during fast pyrolysis reducing 

bio-oil* (water-free bio-oil) yield [91]. In order to remove these interferences, wheat 

straw is subjected to acid washing. Before that, raw biomass is ground with a cutter 

mill and sieved to the desired particle size of 0.5 – 1.0 mm to favour mass and heat 

transfer during fast pyrolysis.  
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Acid washing of wheat straw was described in the work of Hernando et al. [28]. A 1 

wt.% HNO3 solution is prepared from a 70 wt.% HNO3 solution (Sigma-Aldrich) and 

diluted with Milli-Q water. The acid solution to biomass ratio was 20 mL per gram of 

wheat straw. HNO3 solution is introduced in an Erlenmeyer flask and heated up to 40 

°C in a thermal bath. When the target temperature is reached, biomass is added to the 

solution to form a suspension, and it is vigorously stirred for 2 h. The resulting biomass 

is filtered under vacuum and repeatedly washed with Milli-Q water until the filtrate 

reaches a pH value of 5 – 6. Wet biomass is subjected to drying in a stove at 110 °C 

for 48 h and then stored in a sealed container at room temperature for its later use. 

3.4. Fast pyrolysis tests 

The schematic diagram of the lab-scale experimental set-up used for the 

lignocellulosic biomass fast-pyrolysis tests is shown in Figure 3.1. This set-up consists 

of a down-flow stainless steel fixed-bed reactor (ID: 16 mm; length: 400 mm) with an 

ex-situ configuration. The reaction system operates at atmospheric pressure and is 

separated into two zones: a thermal non-catalytic section and a catalytic one, being 

heated with independent electric furnaces. The thermal zone operates at 550 °C, 

whereas the effect of the temperature of the catalytic zone was studied by varying it in 

the range 400 – 500 °C. The reaction temperatures are measured by two type-K 

thermocouples placed on the char and catalyst beds, respectively. In a typical 

experiment, a representative amount of lignocellulosic biomass (4 g) is introduced in 

the purged feeding tank located above the thermal zone of the reactor and kept at room 

temperature. The catalyst sample is placed inside the reactor over a bed consisting of 

quartz wool and metallic grids. In case of using two different catalysts, both materials 

are physically separated by another metallic grid. The system is purged by passing a 

nitrogen flow of 100 cm3/min. Two pierced stainless steel inner cylinders allow the 

char to be retained in the thermal part. The tests were carried out using catalyst to 

biomass (C/B) ratios in the range 0.2 – 0.8 g/g by varying the catalyst load. Once the 

target temperatures are reached, and the oxygen concentration levels in the reaction 

system are lower than 0.1 vol.%, the biomass is discharged as once, being subjected to 

thermal fast pyrolysis to produce a carbonaceous residue (char), gases and vapours. 

The char is accumulated in the thermal zone of the reactor, avoiding its contact with 
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the catalyst. The gases and vapours coming from biomass pyrolysis are swept by the 

nitrogen stream and passed through the catalytic zone.  

Once the reaction is completed, char and the spent catalyst are recovered from 

pyrolytic and catalytic reaction zones, respectively, for further characterisation. The 

liquid bio-oil fraction is recovered employing a condensation system comprised of 

refrigerating flasks connected in series and cooled by an ice-water bath (0 – 4 °C). 

Two different condensation systems were used in the fast pyrolysis tests, depending 

on the procedure employed for the bio-oil recovery and the collection of non-

condensable gases: 

 

Figure 3.1. Schematic diagram of the experimental set-up used for the fast pyrolysis 

tests. 
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• Procedure 1: The condensation system is composed of four 125 cm3 glass flasks. 

The bio-oil is recovered directly from the bottom of the flasks and stored in a 

separate closed vial. Traces of bio-oil from the condenser walls and the lower part 

of the reactor are recovered with acetone and kept in another air-open vial. When 

the acetone is evaporated, the contents of the two vials are mixed in a single closed 

vial. When two phases are formed, as in the case of the catalytic tests with a C/B 

ratio > 0.4, aqueous and organic phases are divided into different vials and 

analysed separately. Permanent gases are collected in a Tedlar sampling bag for 

their further analysis. A handcrafted stainless steel filter filled with magnesium 

perchlorate (ACS reagent, Sigma Aldrich) is placed before the sampling bag to 

remove moisture from the permanent gases and prevent malfunction of the gas 

analyser. This procedure was followed in the fast pyrolysis tests of acid-washed 

wheat straw over K-exchanged and parent H-ZSM-5 zeolites. 

• Procedure 2: The condensation system is composed of two 50 cm3 cylindrical 

stainless steel vessels. Bio-oil is recovered directly from the bottom of the flasks 

and stored in a closed vial. Traces of bio-oil from the condenser walls and the lower 

part of the reactor are recovered with acetone for subsequent weighing but are not 

mixed with the rest of the bio-oil. Aqueous and organic phases are separated when 

needed. Permanent gases are first collected in a totaliser, which measures the gas 

volume by water displacement and is subsequently connected to the gas 

chromatograph for further analysis. This procedure was followed in the fast 

pyrolysis tests of acid-washed wheat straw (and cellulose) over clay catalysts, Mg-

Zr single and mixed metal oxides, K-grafted and parent USY zeolites, and staged 

CFP tests of ws-ac over acid-base catalysts. 

3.5. Characterisation of raw materials and products  

3.5.1. Solid fractions: raw biomass, char and coke 

In order to obtain representative amounts of ash samples, 10 g of the different 

lignocellulosic feedstocks were calcined in static air in a muffle furnace at 900 °C 

(heating rate: 1.8 °C/min). 

Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES) was 

employed to determine the composition of the ash samples from calcination of raw 

(ws) and acid-washed (ws-ac) wheat straw. The equipment used was a Perkin Elmer 
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Optima 3300 DV. Representative amounts of ash samples (≈ 0.1 g) were digested by 

treatment with an HNO3/HF solution (3 mL : 1 mL per 0.025 g) in an Anton Paar 

Multiwave 3000 microwave oven and then diluted with Milli-Q water.  

Thermogravimetric analysis (TG) was employed to determine the ash and volatile 

matter contents of the different lignocellulosic feedstocks, as well as the coke 

deposited on the catalysts after the fast pyrolysis tests (proximate analyses): 

• TG analyses of the different lignocellulosic feedstocks and pyrolytic chars were 

performed on a NETZSCH STA 449 instrument. Representative amounts of raw 

and acid-washed wheat straw, cellulose and pyrolytic chars (3 – 5 mg) were 

deposited in 70 μL alumina crucibles and subjected to TG analysis in flowing air 

or nitrogen depending on whether it is desired to determine ash and volatile matter, 

respectively (heating rate: 10 °C/min up to 800 °C; gas flow: 100 mL/min). 

• TG analyses of the spent catalysts were performed on a Mettler Toledo TGA/DSC 

1 instrument. Representative amounts of spent catalyst samples (5 – 35 mg) were 

deposited in 70 μL alumina crucibles and subjected to TG analysis in flowing air 

to determine the coke deposited on the spent catalyst samples after fast pyrolysis 

tests (heating rate: 10 °C/min up to 850 °C; air flow: 100 mL/min). 

When the final temperature of the TG analysis was reached, the ash and volatile matter 

contents of biomass and char, and that of coke of the spent catalysts were calculated 

as total weight losses expressed in wt.% according to Equation 3: 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (𝑤𝑡. %)

=
(𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠)𝑇0

 (𝑔) − (𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠)𝑇𝑡
 (𝑔)

(𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠)𝑇0
 (𝑔)

· 100 
(3) 

where T0 and Tt  refer to the start and final temperatures of the TG analyses, 

respectively. 

Elemental analysis (CHNS-O) was employed to determine the C, H, N, S and O (by 

difference) contents of the different lignocellulosic feedstocks, pyrolytic chars and 

coke deposited on the spent catalysts after the fast pyrolysis tests (ultimate analyses). 

The equipment used was a Thermo Fisher Scientific Flash 2000 micro-elemental 

analyser provided with a thermal conductivity detector (TCD). Representative 
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amounts of the solid samples (1 – 2 mg) were deposited in 157 μL sealed tin capsules 

and were fully oxidised at 900 °C under an atmosphere of pure O2. The resulting CO2, 

H2O, N2 and SO2 were carried by 140 mL/min of flowing helium and separated in a 

packed column CHNS/NCS (PTFE; 2 m; 6x5 mm). When desorbed, these gases were 

quantified separately by TCD. Sulphanilic acid (Thermo Scientific, 99 wt.%) and 2,5-

bis(5-t-butylbenzoxazol-2-yl)thiophene (BBOT; Thermo Scientific, 99 wt.%) were 

applied as standards for the CHNS-O analysis. Sulphanilic acid was employed for the 

samples with a carbon content lower than 50 wt.% (i.e. coke and lignocellulosic 

feedstocks), whereas BBOT was used for the samples with a carbon content higher 

than 50 wt.% (i.e. char). 

3.5.1.1. Characterisation of lignocellulosic feedstocks 

In this thesis work, acid-washed wheat straw (ws-ac) was the lignocellulosic biomass 

feedstock chosen for the fast pyrolysis tests. On the other hand, cellulose medium 

fibres (quality level: 200, Sigma Aldrich) were employed as raw material for the fast 

pyrolysis over bentonite. 

Proximate analyses of the different lignocellulosic feedstocks were carried out 

according to European standards for the determination of ash (UNE-EN 14775:2010), 

volatile matter (UNE-EN 15148:2010) and fixed carbon (determined by difference), 

using Equation 4: 

𝐹𝑖𝑥𝑒𝑑 𝐶𝑎𝑟𝑏𝑜𝑛 (𝑤𝑡. %) = 100 − 𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑀𝑎𝑡𝑡𝑒𝑟 (𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠) − 𝐴𝑠ℎ (𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠) (4) 

Ultimate analyses were carried out in a micro-elemental analyser to determine C, H, 

N, S and O (by difference), as explained in the previous section. In addition, the higher 

heating values (HHV) of the different lignocellulosic feedstocks were calculated 

according to the following empirical correlation (Equation 5) [92]: 

𝐻𝐻𝑉 (
𝑀𝐽

𝑘𝑔
) = 0.3491 · 𝐶 + 1.1783 · 𝐻 + 0.1005 · 𝑆 − 0.1034 · 𝑂 − 0.0151 · 𝑁 − 0.2110 · 𝐴 (5) 

where C, H, S, O, N and A stand for carbon, hydrogen, sulphur, oxygen, nitrogen and 

ash contents expressed in wt.% on dry basis. 
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Proximate and ultimate analyses of raw wheat straw and biopolymers distribution and 

chemical composition of both raw and acid-washed wheat straw were extracted from 

the work of Hernando et al. [28].  

3.5.2. Liquid fractions: bio-oil* (water-free bio-oil) and water 

Karl-Fischer titrations (KF) were carried out in order to determine the water content 

of the bio-oil samples. The equipment used was a Metrohm Titrando 801 instrument. 

The procedure followed was described in the ASTM E203-08 method. Representative 

amounts of bio-oil samples (0.03 – 0.06 g) were dissolved in HYDRANAL™ Medium 

K (Honeywell Fluka™) under constant stirring. HYDRANAL™ Composite 5K 

(Honeywell Fluka™) was then added to the solution until the equivalence point was 

reached and detected by voltammetry. HYDRANAL™ Water Standard 10.0, 

containing 1.0 wt.% water, was used for the calibration of the Karl Fischer titrator. 

Prior to analysis, the titre was verified to have an average value of 4.5 – 5.5  mg water 

per mL reagent by measuring 1 mL aliquots of water standard three times. The water 

content of the bio-oil samples was expressed in mg/g and calculated according to 

Equation 6: 

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑚𝑔/𝑔) = 0.5 ·
𝑏𝑢𝑟𝑒𝑡𝑡𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) · 𝑡𝑖𝑡𝑟𝑒 (𝑚𝑔/𝑚𝐿)

𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 (𝑔) 
 

 
(6) 

Elemental analysis (CHNS-O) was employed to determine the C, H, N, S and O (by 

difference) contents of the bio-oil samples. The equipment used was a Thermo Fisher 

Scientific Flash 2000 micro-elemental analyser provided with a thermal conductivity 

detector (TCD). Representative amounts of the liquid samples (1 – 2 mg) were 

adsorbed on Chromosorb® W/AW (Thermo Scientific) and sealed in 87 μL tin 

capsules. The same procedure followed for the solid samples was carried out for the 

liquid ones. Sulphanilic acid was applied as the standard for the CHNS-O analyses of 

the bio-oil samples. 

Gas Chromatography – Mass Spectrometry (GC-MS) was employed to identify the 

major components present in the bio-oil samples. The equipment used was a gas 

chromatograph coupled to a triple quadrupole mass spectrometer, Bruker® SCION 

436-GC (Electron Energy: 70 eV; Emission: 300 V), provided with WCOT fused silica 

column (30 m x 0.25 mm ID x 0.25 μm), operating helium as the carrier gas (flow rate: 
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1 cm3/min). Representative amounts of bio-oil samples (0.03 – 0.10 g) were diluted in 

ethanol (1:11 in mass) and then filtered through 0.22 μm nylon syringe filters to 

remove char, glass wool and/or spent catalyst traces. The products were identified 

through comparison with the NIST EI-MS spectral library (v2.0), applying a minimum 

match score of 700 as identification criteria. The bio-oil compounds were grouped into 

different families according to their main functional groups: carboxylic acids (AC), 

light oxygenates (LO: including aldehydes, ketones and ethers, among others), furans 

(FUR), anhydrosugars (SUG), oxygenated aromatics (O-AR) and aromatic 

hydrocarbons (AR). A total of 20 compounds, typically present in either thermal and 

catalytic bio-oils as major components, were calibrated (including AC: acetic acid, 

propanoic acid; LO: hydroxyacetone, diethoxypropane, cyclopentenone; FUR: 

furfural; O-AR: phenol, guaiacol, cresol, creosol, syringol, trimethoxytoluene, 

eugenol, methoxycathecol, vanillin; AR: toluene, xylene, styrene, trimethylbenzene, 

naphthalene, and SUG: levoglucosan). As the response factors were found to vary 

within 15 % for each family, an average response factor was assigned to the rest of the 

components detected in the differet families to estimate their concentration. The 

concentration of any individual compound detected by GC-MS expressed in wt.% is 

computed according to Equation 7: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑤𝑡. %) =
𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑔/𝑔) · 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

1
11 ·

(100 − 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤𝑡. %))
100

· 100 
(7) 

3.5.3. Gas fractions: permanent gases 

Gas Chromatography was employed to identify the molecular composition of the 

permanent gases. The equipment used was an Agilent CP-4900 Micro Gas 

Chromatograph (μ-GC), provided with a molecular sieve (Molsieve 5 Å) and PPQ 

columns and a thermal conductivity detector (TCD), operating argon and helium as 

carrier gases, respectively. The equipment was periodically calibrated with standard 

gas mixtures of different gas concentrations containing N2, O2, H2, CO, CO2, CH4, 

C2H4, C2H6, C3H6, C3H8, C4H8 and C4H10. 
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3.5.4. Mass and energy balances and catalytic deoxygenation selectivities 

Global mass balances were closed to the amount of the biomass fed in the reaction 

system with an experimental error lower than 5 wt.% in all trials. According to the 

procedure followed for bio-oil recovery and gas collection, the weights of the different 

product fractions are calculated differently.  

• Procedure 1: Bio-oil and char fractions are weighted directly; coke fraction data is 

obtained by TG analysis of the spent catalyst under air flow; and the gas fraction 

is calculated by difference. 

• Procedure 2: Char fraction is weighted directly; coke fraction data is obtained by 

TG analysis of the spent catalyst under air flow; gas fraction is quantified from the 

volume stored in the totaliser; and bio-oil fraction is calculated by difference. 

Mass yields of the different product fractions were determined according to Equation 

8: 

𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑𝑖  (𝑤𝑡. %) =  
𝑚𝑎𝑠𝑠𝑖 (𝑔)

𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔)
· 100 (8) 

where i = char, coke, bio-oil* (water-free bio-oil), water, or gas. 

Concretely, mass yields of the different components of the gas fraction were computed 

according to Equation 9: 

𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑𝑗 (𝑤𝑡. %) =  
𝑚𝑎𝑠𝑠𝑗 (𝑔)

𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔)
· 100 (9) 

where j = H2, CH4, (C2-C4)paraffins, (C2-C4)olefins, CO and CO2. 

Elemental (C, H and O) mass balances were also closed to the ultimate analysis of the 

biomass fed in the reaction system with an experimental error lower than 10 wt.% in 

all trials. Nitrogen mass balance was normalised to the N content of the biomass fed 

due to the experimental error associated with the CHNS-O analysis of bio-oil. 

The oxygen distribution in the different product fractions was computed according to 

Equation 10: 
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𝑂𝑖  (𝑤𝑡. %) =  
𝑂𝑖 (𝑔)

𝑂𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔)
· 100 (10) 

where i = char, bio-oil* (water-free bio-oil), water, coke and gas. 

The overall deoxygenation selectivities corresponding to the three main deoxygenation 

pathways (decarbonylation, decarboxylation and dehydration) were calculated from 

the oxygen contained in the produced CO, CO2 and H2O, respectively, by means of 

Equation 11:  

𝑆𝑘 (%) =  
𝑂𝑘 (𝑔)

𝑂𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔)
· 100 (11) 

where k represents the respective deoxygenation route. 

The deoxygenation selectivity corresponding to the catalytic step in each test was 

determined with a similar equation, but subtracting to the overall production of CO, 

CO2 and H2O the amounts obtained in a pure thermal test performed in the same 

conditions as the catalytic ones but with no catalyst in the reaction system. 

The energy yield of any i fraction was determined according to Equation 12: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑𝑖  (%) =  
𝑚𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑𝑖 (𝑤𝑡. %) · 𝐻𝐻𝑉𝑖 (𝑀𝐽/𝑘𝑔)

𝐻𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (𝑀𝐽/𝑘𝑔)
· 100 (12) 

The quality of bio-oil is evaluated representing atomic O/C ratios vs. atomic H/C and 

effective H/C ratios (H/Ceff) in Van Krevelen diagrams. The latter accounts only for 

the hydrogen that could be finally available if all the oxygen present in the bio-oil is 

removed in the form of water as it has been defined in the work of Chen et al. [93] as 

Equation 13: 

𝐻/𝐶𝑒𝑓𝑓  = (𝐻 − 2𝑂 − 3𝑁 − 2𝑆)/𝐶 (13) 

where H, O, N, S and C represent the mole percentages of hydrogen, oxygen, nitrogen, 

sulphur and carbon in bio-oil, respectively.
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4.1. Catalytic fast pyrolysis of wheat streaw and cellulose over clay 

catalysts 

Clay minerals have many applications, including catalysis, due to their low cost and 

availability. Bentonite is a phyllosilicate that belongs to the montmorillonite subfamily 

and therefore has a layered structure. In contrast, attapulgite has a fibrous structure as 

it is a chain phyllosilicate. Both clay catalysts tend to have relatively low surface areas 

and acid-base properties without further modification. 

In this section, bentonite and attapulgite clays have been used in the catalytic fast 

pyrolysis of wheat straw with the aim of obtaining high-added value bio-based 

chemicals. Wheat straw has been previously washed with a 1 wt.% aqueous solution 

of HNO3 in order to remove interferences and maximise bio-oil yields. In addition to 

catalyst type, variation of catalyst to biomass ratio has been also studied. These clay 

catalysts were previously stabilised by calcination in air. In the case of bentonite, it 

has also been employed in the catalytic pyrolysis of cellulose to better understand the 

reaction mechanism of this biopolymer, since cellulose is one of the predominant 

components in lignocellulosic biomass. 

4.1.1. Characterisation of lignocellulosic feedstocks 

Acid-washed wheat straw (ws-ac) was the lignocellulosic biomass feedstock chosen 

for the fast pyrolysis tests. Cellulose was employed as feedstock for the fast pyrolysis 

over bentonite. Their characterisation results, as well as those of raw wheat straw, were 

listed in Table 4.1.1. 

When comparing wheat straw before and after de-ashing, it is observed that their 

proximal analyses differ in their contents of volatile matter and fixed carbon. Acid 

washing has a negative effect on the lignin content in the treated biomass, since the 

holocellulose/lignin ratio increases from 1.9 to 2.6 after ash removal. Fixed carbon is 

reduced until half of its value after acid pretreatment, suggesting that lignin contributes 

to a greater extent to char formation. This fact is consistent with the low content of 

fixed carbon in cellulose. In contrast, cellulose presents the highest volatile matter 

content, in line with that of acid-washed wheat straw, which shows a higher 

concentration of cellulose than raw biomass. 
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Table 4.1.1. Proximate, ultimate and biopolymers analyses of the raw (ws), acid-

washed (ws-ac) wheat straw and cellulose samples [28]. 

Sample 

Proximate analysis 

(wt.%) 

Ultimate analysis 

(wt.%) 

 
Biopolymers distribution 

(wt.%) 
HHV 

(MJ/kg)  

VMa Asha FCa,b C H N Ob Cell Hemicell Lign 
  

ws 75.3 4.7 20.0 45.6 5.6 0.5 43.7 17.9 37.8 27.5 34.7 

ws-ac 88.2 1.3 10.5 47.8 5.9 0.2 44.8 19.0 42.3 29.9 27.8 

cell 94.8 0.8 4.4 43.9 6.3 – 49.1 17.6 100.0 – – 

 

Sample 
Ash elements (wt.%·102) 

Al Ba Ca Fe K Mg Mn Na P Si Sn Sr Ti Zn 

ws 1.01 0.34 17.28 0.55 28.03 5.02 0.27 4.42 4.69 89.06 0.56 0.25 0.06 0.06 

ws-ac 0.62 0.05 0.19 0.30 0.59 0.08 0.01 0.12 0.55 87.20 0.29 0.01 0.04 0.01 

 VM: volatile matter; FC: fixed carbon; Cell: cellulose; Hemicell: hemicellulose; Lign: lignin 

 aDry basis; bDetermined by difference 

In addition, one of the advantages of ash removal (with an effectiveness of 72 wt.%) 

is the increase of the higher heating value of treated biomass. Not only did the ash 

content decrease, but also the carbon and hydrogen contents increased compared to 

raw wheat straw. Coming back to Equation 5, these increments have a more positive 

impact on HHV than the detriment due to the higher oxygen content. 

Alkali and Alkaline Earth Metals (AAEMs) can act as indigenous catalysts during fast 

pyrolysis. Acid-washing had an effectiveness of 96 – 99 % in removing Ca, K, Mg, 

Na and Sr (except Ba, which is only 85 % effective), which would favour the 

production of bio-oil from biomass. Phosphorus is other element that is found in 

notable concentration (around 0.05 wt.%) in the raw biomass. In this case, de-ashing 

had an effectiveness of 88 %. Finally, elements with negligible catalytic activity, such 

as Si, were scarcely removed (2 %).  

4.1.2. Characterisation of the catalysts 

Raw bentonite (BNT) and attapulgite (ATP) were previously calcined at 550 ºC for 

their stabilisation. Thermo-gravimetric analysis in air was performed in order to study 

their stability in CFP conditions. Maximum temperature of 550 °C was chosen because 

thermal step is heated up until this value, despite the fact that catalyst bed is only heated 
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up until 450 °C. Thermogravimetry (TG) and derivative thermogravimetry (DTG) 

curves are shown in Figure 4.1.1. 
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Figure 4.1.1. TG/DTG curves in nitrogen of parent bentonite and attapulgite.  

It is observed that the total weight loss of bentonite is lower than that of attapulgite 

(9.3 vs. 14.5 wt.%). When comparing DTG curves, it is noticed that BNT shows a 

more intense peak in the range of 50 – 125 °C, which is mainly attributed to the 

desorption of adsorbed and exchangeable-cation coordinated H2O (recorded weight 

loss of 6.5 wt.%), and a less intense and broader peak in the range of 400 – 550 °C, 

which is associated to the dehydroxylation of amorphous smectites [94,95]. However, 

ATP shows three distinct peaks: i) the first one at 86 °C coincides with the desorption 

of superficial H2O and less strongly bonded zeolitic H2O, but its maximum is slightly 

displaced compared to that of BNT; ii) the second one is in the range of 150 – 250 °C 

and corresponds to the desorption of residual zeolitic H2O and a first dehydroxylation 

step of structural H2O; and iii) the third one is broader in the range of 325 – 550 °C 

and is attributed to the dehydroxylation of residual structural H2O [96]. Moreover, it 

should be noted that stabilisation of both clay materials is reached at approximately 

550 °C, as both TG and DTG curves begin to flatten at that temperature value, 

indicating no further weight loss for either material. 
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XRD patterns of the clay catalysts are given in Figure 4.1.2.a. The reflections of 

sodium bentonite (Na-Al-Si-OH), quartz (SiO2) and attapulgite (Mg-Al-Si-OH) are 

indicated in the diffractograms matching with the those found in literature [97,98]. 

Quartz, which is a frequent impurity in clay minerals, has a common peak with high 

intensity at 26.5º, in addition to the rest of the quartz peaks found in both 

diffractograms [99]. 
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Figure 4.1.2. a) XRD patterns; b) N2 adsorption-desorption isotherms at 77 K; of the 

clay catalysts. 

Textural properties of the catalysts were studied by N2 adsorption-desorption 

isotherms at 77 K. Both samples exhibit type IV isotherms and H3 hysterysis loops 

according to IUPAC classification (Figure 4.1.2.b), which are typical of particles with 

slit-like mesopores [100,101]. Both clays have low BET surface areas, which coincide 
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with their external surface areas due to the absence of micropores. Attapulgite particles 

are needle-shaped, whereas bentonite particles have a lamellar structure [99]. When 

comparing the textural properties of both catalysts, attapulgite presents a higher BET 

surface area and total pore volume than bentonite (Table 4.1.2). Bentonite shows 

typical values of BET surface area (9 – 70 m2/g) of Na-montmorillonites, but presents 

slightly higher values of total pore volume (0.04 – 0.11 cm3/g), whereas attapulgite 

exhibits slightly lower values of BET surface area and higher values of total pore 

volume than those found in literature (125 – 140 m2/g and 0.32 – 0.37 cm3/g, 

respectively) [102]. 

Table 4.1.2. Physicochemical properties of the clay catalysts. 

Catalyst 
aSBET 

(m2/g) 

bVT 

(cm3/g) 

Acidity 

(mmolNH3/g) 

Basicity 

(mmolCO2/g) 

BNT 43 0.126 0.080 0.592 

ATP 117 0.526 0.200 0.689 
aBET surface area; bTotal pore volume (P/P0 ≈ 0.98) 

Acid-base properties of the clay catalysts are studied by NH3- and CO2-TPD, 

respectively. On the one hand, attapulgite shows a higher overall acidity than bentonite 

(Table 4.1.2). Ammonia-TPD of attapulgite shows a broader and more intense signal 

than bentonite with a maximum peak at 191 ºC, whereas that of bentonite is centred at 

180 ºC (Figure 4.1.3.a). On the other hand, basicity was probed by CO2-TPD. 

Bentonite exhibits high weak-mild basicity through an intense and asymmetrical peak 

centred at 96 ºC (Figure 4.1.3.b). Attapulgite shows an intense peak with similar 

shape, but centred at 89 ºC and with slightly higher overall basicity (0.689 vs. 0.596 

mmolCO2/g) (Table 4.1.2). 

L. Novikova et al. studied the effect of acid-base properties of natural clays in the 

catalytic conversion of methylbutynol. Their study concluded that attapulgite showed 

higher yields of methylbutyne (55.8 vs. 33.9 mol%) and acetone (18.0 vs. 15.2 mol%) 

than bentonite. These reactions are catalysed by acidic and basic active sites, 

respectively; which is in line with the characterisation data [103]. 
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Figure 4.1.3. Acid-base properties of the clay catalysts: a) NH3-TPD; b) CO2-TPD. 

4.1.3. Catalytic pyrolysis tests 

Clay catalysts were evaluated in catalytic fast pyrolysis (CFP) of acid-washed wheat 

straw (ws-ac) and cellulose (cell). Catalyst to biomass (C/B) ratio was varied from 0.2 

to 0.6 g/g in the catalytic pyrolysis tests. Reference non-catalytic (N-C) experiments 

with both acid-washed wheat straw and cellulose are also included in the study (Tables 

A.1 – A.8 in the Appendix). Temperatures of thermal and catalytic zones were set at 

550 and 450 ºC in all trials, respectively. 

4.1.3.1 Wheat straw pyrolysis over clay catalysts 

The following products were obtained from CFP of ws-ac over bentonite and 

attapulgite: i) Char and coke, which are solid; ii) bio-oil* (water-free bio-oil) and 

water, which are liquid; and iii) permanent gases. Figure 4.1.4.a shows fraction yields 

when both clay catalysts are employed in CFP of ws-ac. The char mass yield has been 

omitted because an average value of 17.8 wt.% was calculated for all experiments. The 

activity tests were performed without catalyst (designed as N-C) and with C/B ratios 

of 0.2 and 0.6 g/g. 

The non-catalytic test exhibited the highest bio-oil* yield, and it was reduced as a 

higher amount of catalyst was used, since the presence of catalysts in CFP favours its 

conversion into other fractions. Bentonite showed higher bio-oil* yields compared to 

attapulgite at the same C/B ratios. Improved textural and acid-base properties of 

attapulgite lead to the transformation of pyrolytic vapours into other fractions. 

Otherwise, the experiment without catalyst presented the lowest values of water and 

permanent gases and no coke was formed because of the lack of catalyst, which is the 

main responsible for deoxygenation reactions. Mass yields of water, permanent gases, 
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and coke increased with the catalyst to biomass ratio, especially in the case of using 

attapulgite as catalyst. These results can be attributed to attapulgite being more active 

in cracking and deoxygenation reactions, which are promoted by both acidic [104] and 

basic sites [105,106], which are more abundant than in bentonite, as was observed in 

TPD results. This fact also explains the lowest oxygen concentrations of bio-oil* 

obtained when using attapulgite at the same catalyst to biomass ratios (Figure 4.1.4.b). 
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Figure 4.1.4. Fast pyrolysis of ws-ac over BNT and ATP at different C/B ratios, 

including reference thermal test: a) fraction yields; b) bio-oil* oxygen concentration; 

c) gaseous components yields (GO: gaseous olefins, GP: gaseous paraffins). 

Considering that oxygen is mainly removed from bio-oil* in the form of water 

(dehydration), CO (decarbonylation) and CO2 (decarboxylation) [107], mass yields of 

COx, as well as hydrogen and C1-C4 hydrocarbons yields, are depicted in Figure 

4.1.4.c. It can be observed that the production of permanent gases when using a low 

C/B ratio of bentonite (0.2) is close to that of the non-catalytic experiment due to the 

low acidity of the catalyst, which is responsible for the cracking reactions. In contrast, 

CO and CO2 yields, which are the main components in the permanent gases, start to 

differ with the non-catalytic experiment at a catalyst to biomass ratio of 0.6. On the 

other hand, a greater difference is observed when using attapulgite as catalyst. 

Concretely, CO and CO2 yields are significantly enhanced at both catalysts to biomass 
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ratios. The synergetic effect of acidity and basicity favours their production, especially 

that of CO2, since several reactions promoted by basic sites give rise to CO2 [105,106]. 

Additionally, mass yields of C2-C4 olefins are doubled compared to the experiments 

performed with bentonite since cracking reactions are promoted due to the higher 

concentration of acidic active sites in attapulgite [99].  

The catalytic deoxygenation selectivities have been calculated from the incremental 

production of H2O and CO and CO2 with respect to the thermal test, being represented 

in Figure 4.1.5. In the case of bentonite, oxygen is mainly removed from bio-oil* via 

dehydration and with a low contribution of decarbonylation and decarboxylation. The 

latter one is more significant only for the highest C/B ratio. Conversely, attapulgite 

shows a higher catalytic activity than bentonite due to its needle-like morphology, 

which provides it with higher surface area and accessibility to its both acidic and basic 

sites [103]. Deoxygenation is more efficient when attapulgite is employed as catalyst 

because oxygen elimination is balanced among all deoxygenation routes. Concretely, 

decarboxylation has a greater influence on deoxygenation, which can be attributed to 

two atoms of oxygen being removed in the same molecule. Due to this fact, lower 

values of bio-oil* oxygen concentrations have been observed in the fast pyrolysis tests 

using attapulgite as catalyst (Figure 4.1.4.b). 

 

Figure 4.1.5. Catalytic deoxygenation selectivity obtained in the fast pyrolysis of ws-

ac over BNT and ATP at different C/B ratios. 
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Compositions and HHVs of char and coke are shown in Table 4.1.3. On the one hand, 

the mass yield and elemental composition of char is calculated as average in the non-

catalytic and catalytic experiments. As will be discussed in more detail in the next 

section, char could be valorised as a solid biofuel, but it should have a lower atomic 

O/C ratio in order to be categorised as a coal. Char fraction shows a high HHV 

compared to raw biomass (29.4 vs. 19.0 MJ/kg), which is mainly attributed to its higher 

carbon and lower oxygen contents. 

 On the other hand, coke is another by-product of CFP and is formed by 

oligomerisation and polymerisation reactions reducing catalytic activity by blocking 

the pores and depositing on the external surfaces of the catalysts. Thus, coke formation 

is not beneficial because it implies the need to regenerate the catalyst in continuous 

CFP processes [6]. Coming back to Table 4.1.3, it can be observed that coke mass 

yields augmented with C/B ratio, especially in the case of attapulgite, since it shows 

the highest surface area and concentration of acid active sites, which are responsible 

of these oligomerisation and polymerisation reactions [104]. In addition, cokes from 

these tests with attapulgite retain more energy from ws-ac than those of bentonite, 

which is translated in cokes with more carbon and less oxygen content, as C/B ratio is 

increased. 

Table 4.1.3. Compositions and HHVs of char and coke obtained in the fast pyrolysis 

of ws-ac over BNT and ATP at different C/B ratios, including reference thermal test. 

Experiment Fraction 

Coke in 

catalyst 

(wt.%) 

Mass 

yield 

(wt.%) 

Elemental analysis  

(wt.%, dry basis) 
HHV 

(MJ/kg) 
C H N O 

N-C Char ‒ 17.8 78.7 2.7 0.9 10.5 29.4 

BNT-0.2 

Coke 

10.8 2.1 36.1 5.6 ‒ 58.3 12.7 

BNT-0.6 9.3 5.4 39.8 5.4 ‒ 54.8 14.3 

ATP-0.2 18.4 3.5 46.7 3.8 ‒ 49.5 15.6 

ATP-0.6 13.3 7.5 54.9 4.5 ‒ 40.6 20.0 

The interest in using bentonite for the production of high-added value bio-based 

chemicals from CFP of ws-ac instead of attapulgite has been verified by its GC-MS 

analyses. Figures 4.1.6.a and 4.1.6.b show the mass yields and proportions of detected 

compounds concerning the total bio-oil*. The bio-oil* obtained in the non-catalytic 

experiment presented only 19 % of detected compounds out of 57 wt.% of total mass 
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yield, being most of them not quantified due to their complex composition. Concretely, 

these compounds are formed by the partial decomposition of original biomass 

biopolymers. On the other hand, the use of clay catalysts in CFP of ws-ac promotes 

the transformation of these oligomeric species into simpler compounds. It is observed 

that bentonite can convert more than 45 % of total bio-oil* into quantifiable 

compounds at a C/B ratio of 0.2, and increases to 48 % when C/B ratio is 0.6. To a 

lesser extent, only 38 % of total bio-oil* is quantified for a C/B ratio of 0.2 of 

attapulgite, and a negligible increase was observed with catalyst loading. The higher 

basicity to acidity ratio of bentonite appears to play a more important role in 

transforming oligomers into detectable components than that of attapulgite (7.4 vs. 3.4 

molCO2/molNH3). 

The products distribution per families in bio-oil* is depicted in Figure 4.1.6.c. Main 

compound families found in bio-oil* are carboxylic acids (AC); light oxygenates (LO), 

including aldehydes, ethers, esters and ketones; furans (FUR); oxygated aromatics (O-

AR); and anhydrosugars (SUG). The non-catalytic test shows a yield of 6 wt.% of 

anhydrosugars, whereas other compound families (AC, LO, FUR and O-AR) do not 

exceed 2 wt.%. However, cracking reactions are promoted, and sugars are 

descomposed by the use of a catalyst with acid properties in the process, such as 

attapulgite [4,104]. For this clay, the sugar content of bio-oil* in the test with C/B ratio 

of 0.2 is less than half of the content of thermal bio-oil* and is depleted when C/B ratio 

is 0.6, confirming the effect of attapulgite on sugar content. Consequently, the 

concentration of the rest of the families is enhanced, highlighting the production of 

carboxylic acids, among others. However, the production of anhydrosugars (mainly 

levoglucosan) stands out when bentonite is employed, especially at lower catalyst 

loadings (C/B ratio = 0.2), which is in line with the literature. Levoglucosan production 

in presence of bentonite is maximised at 20 wt.% of catalyst [36]. The improvement 

of the levoglucosan yield could justify the high bio-oil* yield compared to the other 

catalytic tests. Levoglucosan is the primary intermediate of cellulose thermal pyrolysis 

and the passage of pyrovapours through bentonite bed prevents its decomposition into 

lighter compounds by secondary reactions [108]. Concretely, the SUG mass yield is 

almost doubled compared to the non-catalytic test (11.6 vs. 6.0 wt.%), whereas the 

yields of the other compound families are similar to those obtained with attapulgite 

and for both C/B ratios. There is a reduction in SUG yield when C/B ratio was 
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increased to 0.6 and the SUG concentration does not improve (22 wt.% of both bio-

oils* are composed by anhydrosugars), so it is advisable to work with lower catalyst 

loadings due to the higher bio-oil* yield and the saving on raw materials.  
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Figure 4.1.6. Quantitative GC-MS analyses of the bio-oil* obtained in the fast 

pyrolysis of ws-ac over BNT and ATP at different C/B ratios, including reference 

thermal test: a) total and GC-MS detected mass yields; b) concentration of GC-MS 

detected components; and c) GC-MS detected mass yields of compound families (AC: 

carboxylic acids, LO: light oxygenates, FUR: furans, SUG: anhydrosugars and O-AR: 

oxygenated aromatics). 

In addition to the production of anhydrosugars, carboxylic acids are present to a great 

extent in bio-oils* from the experiments with both catalysts (BNT: 5.6 to 5.3 wt.%; 

ATP: 6.1 to 4.7 wt.%; when C/B ratio is increased from 0.2 to 0.6). Acetic acid is the 

most abundant compound in this family and could be separated as a bio-based 

chemical of commercial interest, but its presence in bio-oil can be deleterious as it 

affects bio-oil properties by increasing pH and corrosivity, making it very unstable. In 

the case of LO and O-AR for both catalysts, bio-oils* have similar decreasing yields 

with increasing C/B ratios, but those of attapulgite have slightly higher and increasing 

FUR yields due to the degradation of anhydrosugars in more stable molecules, such as 

furfural [3]. Anhydrosugars are dehydrated into furans, which is favoured by acidic 

sites [8] and attapulgite presents more acidity than bentonite (Table 4.1.2).  
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In summary, the use of bentonite as catalyst in the process seems to be more 

appropriate due to its higher bio-oil* yields and its lower formation of undesired by-

products, which facilitates CFP operability; and despite having higher bio-oil* oxygen 

concentrations. Anhydrosugars are the most abundant compounds in the bio-oil* 

produced by CFP of ws-ac using bentonite as catalyst. This fact can be attributed to 

the synergistic effect of its textural properties and high weak-mild basicity, which 

seem to improve SUG mass yield. In order to clarify these results, in the next section, 

pure cellulose is used as pyrolysis feedstock and bentonite as catalyst. Thus, the 

catalyst features and reaction mechanisms will be studied in more detail since 

anhydrosugars are also the main products of cellulose pyrolysis [3]. 

4.1.3.2 Cellulose pyrolysis over bentonite 

Cellulose is one of the major components of lignocellulose, being in the case of wheat 

straw, approximately one-third of the overall biomass (Table 4.1.1) [28]. For this 

reason, in the CFP experiments carried out employing this feedstock, the C/B ratio is 

maintained considering this relationship between cellulose and wheat straw. In other 

words, for a C/B ratio of 0.2, the amount of cellulose introduced in the feeding system 

was 4 g, and the catalyst bed was 2.4 g instead of 0.8 g, as in the case of acid-washed 

wheat straw. The same proportion was kept for the C/B ratio of 0.6. The catalyst 

employed in the pyrolysis tests was bentonite, and a non-catalytic test with cellulose 

was also included as reference in the study. As in the previous case, char obtained from 

thermal pyrolysis of cellulose has an average value of 15.9 wt.% and is common to all 

experiments performed with the same feedstock. 

Mass yields of the different fractions obtained from ws-ac and cellulose CFP are 

compared in Figure 4.1.7.a. The difference between char yields of both feedstocks 

does not have a great negative influence on the rest of the fraction yields since these 

values are very close to each other (17.8 vs. 15.9 wt.% for ws-ac and cellulose, 

respectively). Char from CFP of ws-ac has a higher yield due to the presence of lignin 

in the original biomass, which is not easy to degrade fully. As was observed in CFP of 

ws-ac over bentonite, bio-oil* yield decreases with increasing C/B ratio in cellulose 

pyrolysis, since bio-oil* is converted into the other fractions. However, cellulose 

pyrolysis produces lower yields of bio-oil*, even when no catalyst was used. 

Consecutively, the rest of fraction yields is augmented with C/B ratio. On the one hand, 



4. Results and discussion 

85 

water yield reaches a constant value of approximately 32 wt.% at a C/B ratio of 0.2. 

In any case, water yields of cellulose CFP are higher at any C/B ratio than that of the 

non-catalytic test due to the promotion of dehydration reactions. 
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Figure 4.1.7. Fast pyrolysis of ws-ac and cellulose over BNT, including reference 

thermal tests: a) fraction yields; b) gaseous components yields (GO: gaseous olefins, 

GP: gaseous paraffins); c) bio-oil* oxygen concentration. 

On the other hand, gas yields also increase with the C/B ratio and have similar values 

between both feedstocks. The composition of gas yields for both series of experiments  

(denoted as ws-ac_x and cell_x, where x corresponds to C/B ratio) is further indicated 

in Figure 4.1.7.b. In the case of using cellulose as feedstock, C1-C4 gaseous 

hydrocarbons are produced to a lesser extent, highlighting the reduction in methane 

formation, whose production is mainly linked to lignin degradation by dealkylation 

reactions [13]. Nevertheless, CO produced by non-catalytic and CFP of both 

feedstocks has similar yields. Otherwise, the highest production of CO2 is observed 

for the cellulose test with the highest catalyst loading (C/B = 0.6), despite the fact that 

cellulose thermal test had the lowest value of CO2 yield. M. Sulman et al. explain in 

their work about low-temperature pyrolysis of peat over bentonite that the increase of 

clay concentration results in the increase of H2 and CO2 yields, which are product of 
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the exothermal reaction of CO and water [109] In this line, a slight increase in the mass 

yield of hydrogen is observed for the cellulose test with C/B = 0.6. 

Turning back to Figure 4.1.7.c, where bio-oil* oxygen concentrations are compared, 

bio-oils* that come from cellulose fast pyrolysis show higher oxygen content when no 

catalyst was used, but as C/B ratio increases, bio-oil* oxygen concentration descends 

to the point that it becomes lower than that of acid-washed wheat straw with the highest 

C/B ratio (36.0 vs. 39.2 wt.%). The elimination of oxygen from bio-oil* via the 

formation of water, CO and CO2 are represented in Figure 4.1.8, where catalytic 

deoxygenation selectivities are compared between feedstocks and C/B ratios. It is 

observed that in cellulose CFP, decarboxylation has an important contribution in the 

deoxygenation of bio-oil*, even at a low catalyst loading (C/B = 0.2). When C/B ratio 

is increased to 0.6, decarboxylation selectivity becomes higher than that of 

dehydration, which is the most predominant deoxygenation pathway in CFP of ws-ac. 

As it was explained in the previous section, elimination of oxygen via CO2 is more 

effective than any other deoxygenation route, resulting in a bio-oil* with 36.0 wt.% of 

oxygen content in the case of using a C/B ratio of 0.6 of bentonite over cellulose. Thus, 

using cellulose in CFP over bentonite gives rise to a better quality bio-oil* due to its 

lower oxygen content. 
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Figure 4.1.8. Catalytic deoxygenation selectivity obtained in the fast pyrolysis of ws-

ac and cellulose over BNT at different C/B ratios. 
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Table 4.1.4. Compositions and HHVs of char and coke obtained in the fast pyrolysis 

of ws-ac and cellulose over BNT at different C/B ratios, including reference thermal 

tests. 

Sample Experiment Fraction 

Coke in 

catalyst 

(wt.%) 

Mass 

yield 

(wt.%) 

Elemental analysis  

(wt.%, dry basis) 
HHV  

(MJ/kg) 
C H N O 

ws-ac 

N-C Char ‒ 17.8 78.7 2.7 0.9 10.5 29.4 

BNT-0.2 Coke 10.8 2.1 36.1 5.6 ‒ 58.3 12.7 

BNT-0.6 Coke 9.3 5.4 39.8 5.4 ‒ 54.8 14.3 

Cellulose 

N-C Char ‒ 15.9 81.9 3.3 ‒ 10.0 31.4 

BNT-0.2 Coke 10.0 7.7 31.7 4.9 ‒ 63.4 10.3 

BNT-0.6 Coke 8.8 16.5 29.0 4.8 ‒ 66.3 8.9 

Char and coke yields, elemental analyses and higher heating values of ws-ac and 

cellulose CFP are compared in further detail in Table 4.1.4. The higher heating value 

of char from cellulose experiments is slightly higher than that of ws-ac (31.4 vs. 29.4 

MJ/kg), which is in line with their elemental analyses. Char from cellulose tests present 

lower mass yields with higher carbon and lower oxygen contents than those from ws-

ac tests. Their possible valorisation as solid biofuels is illustrated in Figure 4.1.9. Both 

chars present compositions close to coals, but their atomic O/C ratios are slightly high, 

as can be observed in the Van Krevelen diagram. In addition, it is observed that coke 

yields augmented with C/B ratio, being more pronounced when cellulose is used as 

feedstock. Cellulose pyrolysis produces more coke than that of xylan (most common 

unit of hemicellulose) and lignin [110]. 
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Figure 4.1.9. Van Krevelen diagram, comparing ws-ac and cellulose feedstocks and 

their respective pyrolytic chars [111]. 

GC-MS quantitative results of fast pyrolysis of ws-ac over bentonite from the previous 

section are compared with those using cellulose as feedstock. Total and GC-MS 

detected mass yields, as well as concentrations of quantifiable compounds, are 

illustrated in Figures 4.1.10.a and 4.1.10.b, respectively. Based on the results of the 

non-catalytic tests, bio-oil* from cellulose CFP has a considerably higher proportion 

of detected compounds than that of thermal pyrolysis of ws-ac (33 vs. 19 wt.%) 

because the complexity of the single cellulose polymer is not as great as in the 

lignocellulosic biomass, where hollocellulose and lignin are cross-linked. In this way, 

this tendency is maintained when comparing experiments with different C/B ratios. An 

increase in the C/B ratio implies a higher proportion of detected compounds in bio-

oil*, achieving a value of 69 wt.% in the test with cellulose over bentonite at a C/B 

ratio of 0.6. However, it should be noted that the total bio-oil* yield of this particular 

test is reduced to half of the value of the non-catalytic test. To get a better insight into 

the nature of these detected species, quantified bio-oil* yields are separated into 

different compound families in Figure 4.1.10.c. 
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Figure 4.1.10. Quantitative GC-MS analyses of the bio-oil* obtained in the fast 

pyrolysis of ws-ac and cellulose over bentonite, including reference thermal tests: a) 

total and GC-MS detected mass yields; b) concentration of GC-MS detected 

components; and c) GC-MS detected mass yields of compound families (AC: 

carboxylic acids, LO: light oxygenates, FUR: furans, SUG: anhydrosugars and O-AR: 

oxygenated aromatics). 

As cellulose is formed by glucose units linked by glycosidic bonds, when it is 

pyrolysed without catalyst, these linkages are cleaved and intermediates are 

dehydrated, giving rise to anhydrosugars [13]. Low mass yields of AC, LO and FUR 

are also found in the bio-oil* of N-C test with cellulose, as it is observed in Figure 

4.1.10.c. Levoglucosan, the only detected and quantifiable anhydrosugar by GC-MS, 

presents a mass yield of 11.5 wt.%, compared to 6.0 wt.% of non-catalytic test 

employing ws-ac as feedstock. AC and FUR yields are lower than in the thermal 

pyrolysis of ws-ac, but instead LO production is moderately improved. O-AR are not 

detected in the bio-oil* of N-C test with cellulose because these compounds are mainly 

obtained from the pyrolysis of lignin, which is only present in acid-washed wheat 

straw. 
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Regarding cellulose CFP over bentonite, SUG yield is enhanced when a C/B ratio of 

0.2 is employed, as it occurred with acid-washed wheat straw. The maximum value of 

levoglucosan is obtained for cellulose CFP over bentonite at this ratio (13.9 wt.%). 

Analogously to CFP of ws-ac, SUG yield decreases when the C/B ratio is 0.6. Lighter 

compounds, such as carboxylic acids exhibit a higher yield when catalyst loading 

increases (C/B ratio = 0.6). Nevertheless, FUR yields have negligible differences 

between catalytic tests with both C/B ratios, and LO yields are slightly lower than 

those of CFP of ws-ac, unlike in the case of cellulose. As in the thermal test with 

cellulose as feedstock, no O-AR were found in bio-oil*. These compounds have their 

origin in the degradation of lignin, which is absent in this feedstock [5]. 

In conclusion, the use of bentonite as catalyst in lignocellulosic biomass CFP enhances 

levoglucosan production, unlike other highly acidic or basic catalysts that easily 

decompose it into other by-products. Moreover, a low catalyst to biomass ratio is 

preferred to increase levoglucosan yields in CFP of both cellulose and ws-ac in order 

to avoid the reduction in bio-oil* yield and save on catalyst costs.
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4.2. Catalytic fast pyrolysis of wheat straw over metal oxides  

Basic alkaline earth metal oxides, like MgO, catalyse C–C bond-forming reactions, 

such as aldol condensation and ketonisation reactions. Certain transition metal oxides, 

like ZrO2, also promote this kind of reactions, as well as acid-catalysed reactions, such 

as cracking and deoxygenation, since this particular metal oxide exhibits ampotheric 

properties. Taking into account this background, a Mg-Zr mixed metal oxide was 

prepared by co-precipitation of Mg and zirconyl nitrates in order to obtain a 

multifunctional catalyst with improved acid-basic properties. 

In this section, MgO, ZrO2 and the Mg-Zr mixed oxide have been probed in the 

catalytic fast pyrolysis of acid-washed wheat straw to produce a less oxygenated bio-

oil with enhanced properties and rich in bio-based chemicals. Among these products, 

long-chain ketones are being sought, as they are formed by ketonisation and aldol 

condensation of low-molecular weight oxygenated compounds usually found in bio-

oil, which are promoted by basic active sites. 

4.2.1. Characterisation of the catalysts 

The Mg-Zr mixed oxide was synthesised by co-precipitation with a theoretical 

Mg/(Mg+Zr) atomic ratio of 0.75 and was denoted as 75MgZr. MgO and ZrO2 were 

synthetised in the same conditions using exclusively their respective precursor 

inorganic salts. 

X-Ray Diffraction was used to identify the crystallinity of the different phases of the 

Mg and Zr single and mixed oxides. The XRD patterns for all the samples are depicted 

in Figure 4.2.1.a. Both cubic MgO (2θ = 36.8°, 42.7°, 62.1° and 74.5°) and tetragonal 

ZrO2 (2θ = 30.4°, 35.1°, 50.5°, 60.2°, 63.0°, 74.5° and 78.5°) diffraction peaks can be 

observed in their respective single oxides. Conversely, 75MgZr presents typical 

diffraction peaks of both cubic MgO and cubic MgxZr1-xO2-x (2θ = 30.7°, 51.0° and 

74.5°), according to Inorganic Crystal Structure Database #060443 [88]. The latter 

ones are displaced with respect to tetragonal ZrO2 in the case of the Mg-Zr mixed 

oxide because of the formation of these dual species. However, a small and broad 

signal is found at 74.5°, which can be related to cubic MgO or cubic MgxZr1-xO2-x. It 

should be noted that the intensities of the diffraction peaks depend on the concentration 

of each oxide in the coprecipitate, being the cubic MgO peaks more intense than those 
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of cubic MgxZr1-xO2-x. Apart from that, no hexagonal Mg(OH)2 patterns are observed 

due to suitable calcination conditions employed for mixed oxide synthesis [88,112]. 
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Figure 4.2.1. a) XRD patterns (● Cubic MgO; ▲ Cubic MgxZr1-xO2-x; ▼ Tetragonal 

ZrO2); b) N2 adsorption-desorption isotherms at 77 K; of the Mg and Zr single and 

mixed oxides. 

N2 physisorption isotherms at 77 K are identified as type IV according to IUPAC 

classification [100], which is characteristic of mesoporous materials (Figure 4.2.1.b). 

Differences among shapes and hysteresis loops depend on whether Mg and/or Zr are 

present in the oxides studied. Mg single and mixed oxides present type H3 hysteresis 

loops, which are typical of non-rigid agglomerates of plate-like particles, whereas 

ZrO2 exhibits type H2b loop, which is associated with pore blocking during N2 

desorption. All oxides have relatively low values of BET surface area (70-80 m2/g), 
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which matches with their external surface area. MgO exhibits the highest BET surface 

area, and as the Mg/(Mg+Zr) ratio decreases, lower values are observed. The values 

and trends of BET surface area are in agreement with the literature [88,105]. A more 

evident ascending trend is observed in their total pore volumes with Mg/(Mg+Zr) ratio 

(Table 4.2.1). 

Table 4.2.1. Physicochemical properties of the Mg and Zr single and mixed oxides. 

Catalyst 
Mg/(Mg+Zr) 

atomic ratio 

aSBET 

(m2/g) 

bVT 

(cm3/g) 

Acidity 

(μmolNH3/g) 

Basicity 

(mmolCO2/g) 

MgO 1.00 82 0.47 40 4.13 

ZrO2 – 71 0.09 73 1.39 

75MgZr 0.71 75 0.30 85 2.06 
aBET surface area; bTotal pore volume (P/P0 ≈ 0.98) 

Mg and Zr contents of the sample were determined by ICP-OES. Thus, a Mg/(Mg+Zr) 

atomic ratio of 0.71 was obtained (Table 4.2.1), which is slightly lower than the 

theoretical value since magnesium hydroxide species could have been formed during 

co-precipitation and removed during the centrifugation step [88]. Acid-base properties 

of the Mg and Zr single and mixed oxides have been studied by Temperature 

Programmed Desorption (TPD) of probe molecules.  
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Figure 4.2.2. Acid-base properties of the Mg and Zr single and mixed oxides: a) NH3-

TPD; b) CO2-TPD. 

Acid-base properties of the samples are gathered in Table 4.2.1. On the one hand, the 

mixed oxide is the material with the highest overall acidity (85 μmolNH3/g). Its NH3-

TPD curve shows a more intense peak at a maximum temperature of 244 °C and a 

smaller and broader peak centred at 494 °C (Figure 4.2.2.a). The shape of this curve 
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matches with that found in the work of Faba et al. [113], but the desorption peaks are 

displaced with respect to those obtained for the 75MgZr sample. In this work, a 

saturation temperature of 50 °C was used for the NH3-TPD of a Mg-Zr mixed oxide 

with an atomic ratio of 11.7. The peak found at lower temperature corresponds partly 

to NH3 physisorption over weak acidic sites and its desorption is affected by the 

saturation temperature. Conversely, the peak at higher temperature corresponds to 

stronger acidity and its wider shape is attributed to the superposition of two peaks, 

which correspond to strong acidic sites from the two single oxides. When the two 

single oxides are considered separately, more intense desorption peaks of milder 

acidity are observed at 225 and 204 °C for the MgO and ZrO2 samples, respectively. 

These results are consistent with the literature: MgO shows a NH3 desorption peak at 

230 °C [114] and ZrO2 at 216 °C [115]. 

On the other hand, MgO is the material with the highest basicity (4.13 mmolCO2/g) and 

its CO2-TPD curve shows an intense and broad peak centred at 168 °C (Figure 

4.2.2.b), which is close to that of 190 °C found in the work of Liang et al. [116]. 

Conversely, the mixed oxide has an intermediate value of basicity between the two 

single oxides and its maximum peak temperature matches with the MgO sample (168 

°C), which has a higher contribution in overall basicity because of its high Mg 

concentration (Mg/(Mg+Zr) ratio of 0.71). A broad signal was found for the ZrO2 

sample with a maximum temperature of 108 °C that corresponds to weak-medium 

basicity, in accordance with that found at 130 °C in the work of Liang et al [116]. 

Both NH3- and CO2-TPD curves were deconvoluted for comparison purposes (Figure 

4.2.3). Firstly, NH3-TPD curves were deconvoluted in three single curves based on the 

strength of acidic sites: weak (temperature range of 120-250 °C), medium (250-400 

°C) and strong (>400 °C) [114]. Secondly, CO2-TPD curves were deconvoluted in four 

single curves based on the formed species during CO2 desorption: bicarbonates (weak 

basic sites); bidentate carbonates (bridged and chelating, medium basic sites) and 

monodentate carbonates (strong basic sites). Bicarbonates are desorbed in the 

temperature range of 25 – 100 °C, bridged and chelating bidendate carbonates at 100 

– 200 and 200 – 300 °C, respectively, and monodendate carbonates over 300 °C [116]. 

Strength types and concentrations of both acidic and basic sites in the Mg and Zr single 

and mixed oxides are listed in Table 4.2.2. 
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Figure 4.2.3. Deconvolution analyses of: a) NH3-TPD; and b) CO2-TPD curves; of the 

Mg and Zr single and mixed oxides. 

In terms of acidity, ZrO2 presents the highest concentration of weak acidic sites among 

the three materials, whereas the Mg-Zr mixed oxide shows the highest proportion of 

medium and strong acidic sites, confirming the synergistic effect of the two single 

oxides when co-precipitated. In contrast, MgO exhibits the lowest overall acidity (40 

μmolNH3/g) with negligible weak acidity and low medium-strong acidities compared 

to 75MgZr. Regarding basicity, MgO presents the highest overall basicity with a 

contribution of 71 % of medium basicity. Basic centres associated to bidentates are 

known to catalyse aldol condensation reactions [113]. In particular, chelating bidentate 

carbonates are predominant over the other formed species. When comparing basicities 

of Zr-containing oxides, ZrO2 shows higher proportion of weak-medium basic sites 

than 75MgZr. In return, Mg-Zr mixed oxide exhibits higher contribution of medium-

strong basic sites due to the presence of MgO in its structure. 
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Table 4.2.2. Strength types and concentration (conc.) of both acidic and basic sites in 

the Mg and Zr single and mixed oxides. 

Catalyst Acidic sites (NH3-TPD) Basic sites (CO2-TPD) 

aStrength type Conc. (μmol/g) bStrength type Conc. (mmol/g) 

MgO 

Weak 5 Bicarbonates 0.36 

Medium 15 
Bridged bidentate carbonate 0.78 

Chelating bidentate carbonate 2.15 

Strong 20 Monodentate carbonate 0.84 

75MgZr 

Weak 10 Bicarbonates 0.09 

Medium 34 
Bridged bidentate carbonate 0.43 

Chelating bidentate carbonate 0.75 

Strong 42 Monodentate carbonate 0.79 

ZrO2 

Weak 27 Bicarbonates 0.20 

Medium 31 
Bridged bidentate carbonate 0.32 

Chelating bidentate carbonate 0.41 

Strong 15 Monodentate carbonate 0.46 
aStrength of acidic sites: weak (120 – 250 °C); medium (250 – 400 °C); strong (>400 °C) 
bStrength of basic sites: weak: bicarbonates (25 – 100 °C); medium: bridged bidentate carbonate (100 

– 200 °C) and chelating bidentate carbonate (200 – 300 °C); strong: monodentate carbonate (>300 °C)  

4.2.2. Wheat straw catalytic tests 

Single and mixed oxides have been tested in catalytic fast pyrolysis (CFP) of acid-

washed wheat straw (ws-ac). The main variable of this study was the catalyst type, 

whereas the rest of the parameters were maintained constant in all trials: the catalyst 

to biomass ratio (C/B) ratio was 0.2 g/g, and the temperatures of the pyrolytic and 

catalytic zones were 550 and 450 °C, respectively. In addition, a reference non-

catalytic (N-C) test was also included in the study (Tables A.1, A.9 – A.11 in the 

Appendix). An average value of 17.8 wt.% of char mass yield was calculated for all 

experiments. 

Mass yields of bio-oil* (water-free bio-oil), water, permanent gases and coke are 

represented in Figure 4.2.4.a. It is observed that the non-catalytic test has the highest 

yield of bio-oil* (57.4 wt.%) and when a catalyst is employed, this yield exhibits a 

remarkable decrease. The catalyst with the lowest bio-oil* yield is the Mg-Zr mixed 

oxide (75MgZr) because it has the highest acidity among the three catalysts studied. 

The inclusion of a catalyst in the fast pyrolysis of biomass is translated into the increase 

of the formation of water, permanent gases and the deposition of coke on the surface 

of the catalysts. Water, CO and CO2 are formed by deoxygenation reactions, whereas 
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gaseous hydrocarbons are produced by cracking reactions. Conversely, coke is formed 

by oligomerisation and polymerisation reactions. These reactions are promoted 

differently by both acidic and basic sites, which are present to a greater or lesser extent 

in the three oxides studied. 

43.2

26.6

35.3

28.6

BIO-OIL* GAS COKE
0

10

20

30

40

50

60

b)

a)

M
a
s
s
 y

ie
ld

 (
w

t.
%

)

H2O

c)

N-C MgO  75MgZr
0

10

20

30

40

50

B
io

-o
il

* 
O

 c
o

n
c

e
n

tr
a
ti

o
n

 (
w

t.
%

)

ZrO2

 GO GP CO

0.0

0.2

0.4

0.6

0.8

1.0

M
a
s
s
 y

ie
ld

 (
w

t.
%

)   N-C   MgO   ZrO2  75MgZr

0

2

4

6

8

CO2CH4

M
a
s
s
 y

ie
ld

 (
w

t.
%

)

H2

 

Figure 4.2.4. Fast pyrolysis of ws-ac over Mg and Zr single and mixed oxides: a) 

fraction yields; b) gaseous components yields (GO: gaseous olefins, GP: gaseous 

paraffins); c) bio-oil* oxygen concentration. 

Firstly, bio-oil is deoxygenated in the form of water, which is formed by dehydration 

and promoted by both acidic and basic sites, and aldol condensation reactions 

catalysed by medium basic sites [113,117]. The Mg-Zr mixed oxide has the highest 

water yield because of the presence of both types of active sites. Although MgO has 

higher basicity than 75MgZr, the lower concentration of acidic sites makes it the least 

active catalyst for water formation. Secondly, the permanent gases yield increases 

when a catalyst is employed compared to the non-catalytic test. The mixed oxide has 

the highest yield of permanent gases, followed by MgO and ZrO2. Permanent gases 

are separated into different gaseous components in Figure 4.2.4.b. Higher acidity 

favours cracking, decarbonylation and decarboxylation reactions, which produce 

gaseous hydrocarbons, CO and CO2, respectively. Simultaneously, C–C bond 

formation reactions that release CO2 are promoted by basic sites [117]. Thus, 75MgZr 
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is the catalyst with the highest yields of H2, gaseous hydrocarbons and COx. Contrarily, 

ZrO2 has the lowest activity in the transformation of biomass into permanent gases due 

to its lower basicity and pore volume despite having similar acidity to 75MgZr. 

Otherwise, MgO presents higher yields of gaseous C2-C4 hydrocarbons and COx than 

ZrO2 although it is the oxide with the lowest acidity, but it has the highest textural 

properties and overall basicity. 

Finally, coke is deposited on the surface of the oxides during catalytic pyrolysis. The 

catalyst with the lowest coke production is ZrO2 because it has the mildest basicity 

among the three oxides and its acidity is less than twice that of MgO. ZrO2 is followed 

by 75MgZr, which exhibits intermediate basicity between the single oxides and the 

highest acidity although it is very similar to that of ZrO2. Lastly, MgO has considerably 

higher basicity compared to the mixed oxide, which causes the highest deposition of 

coke among the three materials. 

On the other hand, in terms of deoxygenation, the bio-oil* from the non-catalytic 

experiment has a high oxygen concentration with a value of 43.2 wt.% (Figure 

4.2.4.c), which negatively affects its properties. The decrease in the oxygen content 

depends on the acid-base properties of the catalysts, which affect the production of 

deoxygenation products, such as water and COx. These deoxygenation pathways are 

compared in the form of catalytic selectivities in Figure 4.2.5, which are calculated by 

the incremental production of water, CO and CO2 concerning the thermal test. The 

three catalytic systems show similar catalytic selectivities, with dehydration being the 

predominant route of bio-oil deoxygenation* in all cases. It should be noted that 

75MgZr exhibits the highest decarboxylation selectivity, which is advantageous in 

terms of deoxygenation because two atoms of oxygen are effectively removed from 

bio-oil* as part of the same molecule. CO2 is eliminated by the action of both acidic 

and basic sites of the mixed oxide during ws-ac CFP. In spite of having the highest 

production of water and COx, 75MgZr does not show the lowest bio-oil* oxygen 

concentration. It is the bio-oil* from the MgO test which exhibits the lowest oxygen 

content (26.6 wt.%), whereas that of ZrO2 has a considerable higher value due to its 

poorer basicity and coke and gas productions. The compositions of the coke deposits 

formed on the surface of the catalysts need to be examined for further explanation. 
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Figure 4.2.5. Catalytic deoxygenation selectivity obtained in the fast pyrolysis of ws-

ac over Mg and Zr single and mixed oxides. 

In addition to the coke compositions, mass yields and higher heating values of char 

and the spent catalysts are gathered in Table 4.2.3. On the one hand, MgO has the 

drawback that it produced the highest coke yield. However, almost half of its 

composition is oxygen, suggesting that these are carbonaceous deposits of sugars 

rather than coke (levoglucosan has an oxygen content of 49.3 wt.%). On the other 

hand, 75MgZr produced slightly lower amount of coke, but less oxygen is found than 

in that of MgO. Due to the higher carbon and lower oxygen contents, coke over Mg-

Zr mixed oxide showed higher HHV than that over MgO, which is not beneficial in 

terms of energy valorisation of lignocellulosic biomass. Finally, although ZrO2 was 

the metal oxide with the lowest coke yield due to its milder acid-base properties, its 

bio-oil* oxygen content is not comparable with those of Mg-containing catalysts (35.3 

vs. 26.6 – 28.3 wt.%). 

Table 4.2.3. Compositions and HHVs of char and coke obtained in the fast pyrolysis 

of ws-ac over Mg and Zr single and mixed oxides. 

Experiment Fraction 

Coke in 

catalyst 

(wt.%) 

Mass yield  

(wt.%) 

Elemental analysis  

(wt.%, dry basis) 
HHV  

(MJ/kg) 
C H N O 

N-C Char – 17.8 78.7 2.7 0.9 10.5 29.4 

MgO 

Coke 

34.0 6.0 47.3 2.8 – 49.9 14.7 

ZrO2 11.1 2.0 61.3 3.2 – 35.4 21.6 

75MgZr 31.6 5.7 51.3 3.0 – 45.7 16.8 
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GC-MS quantification was used to determine the components of the bio-oil*. Total 

bio-oil* yields are compared with the yields of detected compounds in Figure 4.2.6.a, 

whereas the proportions of detected compounds found in the bio-oils* are shown in 

Figure 4.2.6.b. Only 18.8 wt.% of thermal bio-oil* could be quantified, corresponding 

to 10.8 wt.% of total mass yield. When a catalyst is used, these concentrations are 

enhanced (ZrO2: 39.3 wt.%; 75MgZr: 57.9 wt.%; MgO: 61.5 wt.%). This behaviour 

can be related to the oligomers produced by the partial decomposition of biomass 

interacting with the acidic and basic sites of the metal oxides to produce more 

straightforward and quantifiable compounds. Despite having the highest total bio-oil* 

yield, ZrO2 is the catalyst with the lowest proportion of detected compounds. It has 

noticeable acid properties which allow the formation of water, gaseous hydrocarbons 

and coke, among others, but its not so high basicity did not contribute greatly to the 

formation of compounds in the bio-oil* quantifiable by GC-MS. On the contrary, MgO 

and 75MgZr, which have high basicity, show high proportions of detected compounds 

in their bio-oils* (61 and 57 wt.%, respectively). Thus, MgO is preferred in terms of 

detection rate because not only does 75MgZr have a lower proportion of detected 

compounds, but it also has lower total bio-oil* yield. 

GC-MS detected mass yields are divided into compound families in Figure 4.2.6.c. 

The production of SUG (mainly levoglucosan) is highlighted in the thermal bio-oil* 

with a 6.0 wt.%. However, the other fractions have low mass yields not exceeding 2.0 

wt.%. When ZrO2 is employed, part of the unidentifiable oligomers and anhydrosugars 

are transformed into simpler compounds, among which AC (mainly acetic acid) stand 

out. AC production is even higher when MgO is employed. In addition, a noticeable 

increase in the formation of LO, FUR and O-AR is observed, whereas SUG yield is 

slightly reduced. As discussed earlier, basic sites promote C–C bond formation 

reactions, and numerous ketones and condensation products are found between the LO 

and O-AR families. MgO test exhibits slightly higher AC and SUG mass yields than 

those obtained using 75MgZr as catalyst, but more notable differences are observed in 

the LO and O-AR families. The Mg single oxide has higher yields of O-AR, whereas 

the Mg-Zr mixed oxide has higher yields of LO. Conversely, MgO has the highest 

FUR mass yield. Furans are mainly produced by dehydration of hollocelulose 

fragments, with anhydrosugars as intermediates. It has been observed that typical base 

metal oxides, such as CaO [118] and MgO [119], can also promote dehydration 
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reactions and ring-opening reactions of anhydrosugars to form furans when used at 

high temperatures in CFP of lignocellulosic biomass. 
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Figure 4.2.6. Quantitative GC-MS analyses of the bio-oil* obtained in the fast 

pyrolysis of ws-ac over Mg and Zr single and mixed oxides: a) total and GC-MS 

detected mass yields; b) concentration of GC-MS detected components; and c) GC-

MS detected mass yields of compound families (AC: carboxylic acids, LO: light 

oxygenates, FUR: furans, SUG: anhydrosugars and O-AR: oxygenated aromatics). 

Concentrations of the different subfamilies found in the LO fraction without catalyst 

and using the three oxides are compared in Table 4.2.4. It is observed that the thermal 

bio-oil* presents a low overall concentration of light oxygenates (0.8 wt.%), followed 

by ZrO2 (5.3 wt.%) and MgO (11.5 wt.%). It is 75MgZr that which showed the bio-

oil* with the highest overall LO concentration (16.5 wt.%).  

This bio-oil* exhibits the highest concentration of acetals of all bio-oils*. These 

compounds are produced by acetalisation of aldehydes with alcohols [120]. These 

reactions are promoted by acidic sites and it was proved that 75MgZr presents the 

highest aciditiy among the three oxides. Overlapping peaks of low-molecular-weight 

alcohols were found in the chromatograms at low retention times but could not be 

adequately quantified since the solvent used for the dilutions was ethanol, so it can be 

envisaged that these alcohols formed during CFP of ws-ac can act as intermediates of 

acetalisation reactions. 
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Table 4.2.4. Concentration (wt.%) of the LO subfamilies present in the bio-oil* 

produced by ws-ac CFP over Mg and Zr single and mixed oxides. 

Catalyst N-C MgO ZrO2 75MgZr 

Acetals 0.061 1.068 1.159 4.232 

Diethoxyethane – 0.935 1.017 4.109 

Aldehydes 0.083 0.371 0.162 0.385 

Esters 0.040 2.200 0.369 2.765 

Ketones 0.525 7.844 2.450 9.131 

Cyclic ketones 0.117 4.744 2.110 4.809 

Cyclohexanone 0.007 2.217 1.091 1.535 

Dimethylcyclopentenone – 1.227 – 1.019 

Cyclopentenone – 0.532 0.361 0.960 

Cyclopentanone – 0.402 0.193 0.707 

Methylcyclopentenone 0.009 – – 0.587 

Linear ketones 0.408 3.100 0.340 4.322 

Hydroxyacetone 0.027 1.569 – 1.689 

Hydroxybutanone 0.012 0.750 0.183 0.406 

Pentenone – 0.491 – 0.640 

Oxacycles 0.033 – – – 

Pyranones 0.052 – 1.112 – 

Total LO 0.795 11.484 5.251 16.513 

On the other hand, MgO and 75MgZr present similar concentrations of esters (2.2 and 

2.7 wt.%, respectively). These compounds are formed by Tishchenko reaction, which 

is catalysed by basic and bifunctional catalysts. Aldehydes with no α-H are directly 

converted to esters by basic alkaline earth metal oxides, such as MgO, whereas in the 

esterification of aldehydes with α-H, Tishchenko reaction competes with aldol 

condensation and acidic sites are required in order to produce esters [45]. This fact 

could explain the higher concentration of esters in the CFP test over bifunctional 

75MgZr since both types of aldehydes are transformed.  

Regarding the percentages of ketones in LO subfamilies, these are consistent with the 

basicity values of their respective catalysts (ZrO2 < 75MgZr < MgO, see Figure 

4.2.6.c), since aldol condensation and ketonisation reactions are promoted by basic 

sites. Except in the case thermal bio-oil*, cyclic ketones are more abundant than linear 

ketones in catalytic bio-oils*. A recent work of Gupta et. al [61] could give an 

explanation to the high production of cyclic ketones in the case of MgO. In this work, 

a basic CaO catalyst is used to transform furfural into cyclopentanone and 
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cyclopentenone by successive hydrogenation, dehydroxylation, rearrangement and 

dehydration reactions. 

Finally, thermal bio-oil* shows negligible concentrations of oxacycles and pyranones. 

The latter are obtained from the degradation of sugars [121], and their production is 

improved when ZrO2 with milder acid-base properties is used. However, these 

compounds are not observed in the case of catalysts with higher basicity. 

Similarly, concentrations of the different subfamilies found in the O-AR fraction are 

listed in Table 4.2.5. Methoxybenzenes constitute 79 wt.% of O-AR subfamily in the 

thermal bio-oil*, where 63 % are guaiacols. However, the total concentration of O-AR 

subfamily in thermal bio-oil* does not exceed 2 wt.%. This concentration augmented 

to almost double its value when ZrO2 was used as catalyst, being 60 % of this 

subfamily composed by methoxybenzenes. Moreover, syringols and 

trimethoxybenzenes are almost tripled compared to those of the non-catalytic test. 

Taking into account that methoxybenzenes are formed by the cleavage of lignin C–C 

bonds in thermal pyrolysis, the addition of a slightly acid catalyst seems to favour the 

cracking reactions, giving rise to more methoxybenzenes [5]. Conversely, MgO shows 

the highest concentration of methoxybenzenes (8.4 wt.%, where 78 % are guaiacols). 

In the literature, it was found that guaiacols exhibit their maximum concentrations at 

mild temperature conditions (400 – 450 °C) and low catalyst to biomass ratios (C/B = 

0.2) over solid base catalysts [122]. Since 75MgZr has a lower basicity than MgO, it 

shows an intermediate concentration of methoxybenzenes between both single oxides.  

On the other hand, acetophenones are formed by the cross-ketonisation of acetates 

found in the ester subfamily and benzyl acetates, which should act as reaction 

intermediates due to their absence in the O-AR family. This reaction is mainly 

catalysed by basic sites [47] and therefore the highest concentration of acetophenones 

(3.0 wt.%) is observed in the MgO bio-oil*. 

Finally, MgO and 75MgZr present similar values of hydroxybenzenes (1.9 and 2.2 

wt.%, respectively), but with different distributions of phenols and benzenediols. 

Demethylation and demethoxylation of syringols and guaiacols give rise to cathecols 

and other phenolic compounds, both reactions being promoted by base metal oxides 

[3,5].  
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Table 4.2.5. Concentration of the O-AR subfamilies present in the bio-oil* produced 

by ws-ac CFP over Mg and Zr single and mixed oxides. 

Catalyst N-C MgO ZrO2 75MgZr 

Acetophenones 0.104 3.049 1.356 2.182 

Hydroxymethylacetophenone – 2.438 1.166 1.666 

Benzalacetones 0.016 0.149 – 0.103 

Benzaldehydes 0.141 0.236 0.178 0.164 

Hydroxybenzenes 0.138 1.908 0.425 2.164 

Phenols 0.130 1.099 0.425 1.511 

Benzenediols 0.008 0.809 – 0.653 

Methoxybenzenes 1.496 8.369 2.945 4.737 

Guaiacols 1.191 6.517 2.091 3.215 

Guaiacol 0.140 2.996 0.508 0.768 

Creosol 0.216 1.284 0.562 1.058 

Isoeugenol 0.142 1.048 0.556 0.690 

Ethylguaiacol 0.162 0.765 0.341 0.392 

Dihydroeugenol 0.049 0.425 0.123 0.307 

Syringols 0.219 1.208 0.631 0.979 

Trimethoxybenzenes 0.086 0.643 0.223 0.543 

Total O-AR (wt.%) 1.895 13.711 4.903 9.351 

In summary, MgO and the 75MgZr mixed oxide showed the most promising results in 

CFP of ws-ac in terms of deoxygenation of bio-oil* and production of high-added 

value bio-based chemicals. However, unlike ZrO2, their bio-oil* yields are 

considerably reduced. On the one hand, basic MgO gave rise to a highly deoxygenated 

bio-oil* (oxygen content of 26.6 wt.%) with a great share of LO (11.5 wt.%) and O-

AR (13.7 wt.%). Cyclic ketones, such as cyclopentenones, stand out among other LO, 

due to its versatility in organic reactions as chemical intermediates for natural products 

and drug molecules [123]. In addition, production of acetophenones and guaiacols is 

highlighted among other O-AR because of their application in cosmetics and 

pharmaceutical industries [124,125]. On the other hand, bifunctional 75MgZr 

produced a not-so-highly deoxygenated bio-oil* (oxygen content of 28.6 wt.%) rich in 

LO (16.5 wt.%), including acetals and both linear and cyclic ketones, although its 

production of O-AR is somewhat diminished compared to MgO (9.4 wt.%). 

Diethoxyethane stands out due to its use as a precursor in the synthesis of 

pharmaceuticals, perfumes, polyacetal resins and alkyl vinyl ethers [126], whereas 

hydroxyacetone is employed as an intermediate to produce low-molecular-weight 

chemicals and a food flavouring [127]. 
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4.3. Catalytic fast pyrolysis of wheat straw over K-incorporated 

zeolites 

The addition of alkali metals to protonated zeolites is an interesting way to increase 

their basicity and, at the same time, to reduce their cracking activity due to their high 

acidity leading to a considerable decrease in bio-oil yield and further deactivation due 

to the formation of coke deposits.  

In this section, two different protonic zeolites and potassium incorporation methods 

have been studied. On the one hand, a nanocrystalline zeolite H-ZSM-5 was ion-

exchanged with an aqueous KCl solution. On the other hand, an Ultrastable Y (USY) 

zeolite was potassium grafted with KOH in alcoholic medium. 

Basic properties of KH-ZSM-5 and K-USY zeolites have been evaluated in the 

catalytic fast pyrolysis of acid-washed wheat straw. Catalyst to biomass ratios were 

varied for the catalytic tests with both zeolites, whereas catalytic step temperature was 

only varied for the catalytic tests with K-grafted USY. Parent H-ZSM-5 and USY 

zeolites have also been included in their respective studies. The use of protonated 

zeolites in CFP of lignocellulose is usually oriented to the production of biofuels. 

However, when K-incorporated zeolites are employed instead of their protonated 

forms, the focus is more on obtaining high-added value bio-based chemicals from bio-

oil. 

The results of catalytic tests with different K-incorporated zeolites cannot be easily 

compared since the procedures followed for bio-oil recovery and permanent gases 

collection were different. It was decided to follow Procedure 2 for the fast pyrolysis 

tests of ws-ac over K-USY zeolite instead of Procedure 1, since bio-oil recovery with 

acetone may affect the concentration of light oxygenates (LO) and anhydrosugars 

(SUG) in bio-oils. In addition, due to the different collection procedures of the 

individual product fractions, their mass yields were calculated differently. 

4.3.1 K-exchanged and parent H-ZSM-5 zeolites 

4.3.1.1. Characterisation of the catalysts 

The KH-ZSM-5 sample has been prepared by repeated ion-exchange (three-times) of 

the parent H-ZSM-5 material, which has afforded the partial replacement of H+ protons 
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by K+ cations. Thus, as shown in Table 4.3.1, the KH-ZSM-5 sample presents a K/Al 

ratio of 0.5, clearly below the maximum theoretical value (K/Al = 1) that could be 

attained if all the negative charges associated with Al atoms in the zeolite framework 

are counterbalanced by K+ species. This partial ion-exchange does not affect 

negatively the zeolite crystallinity since both H-ZSM-5 and KH-ZSM-5 materials 

show very similar XRD patterns (Figure 4.3.1.a). 

Table 4.3.1. Physicochemical properties of the H-ZSM-5-based samples. 

Sample K/Ala Si/Ala 
SBET

b 

(m2/g) 

SMES+EXT
c 

(m2/g) 

SMIC
d 

(m2/g) 

VT
e  

(cm3/g) 

VMIC
f 

(cm3/g) 

Acidity 

(mmol 

NH3/g) 

Basicity 

(mmol 

CO2/g) 

H-ZSM-5 – 39.5 384 53 331 0.36 0.197 0.314 0.018 

KH-ZSM-5 0.5 36.8 397 83 314 0.39 0.187 0.160 0.460 
a Atomic ratio; b BET surface area; c Mesopore + external surface area;  
d Micropore surface area; e Total pore volume (P/P0 ≈ 0.98); f Micropore volume 
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Figure 4.3.1. XRD patterns (a) and Ar adsorption isotherms at -87 K (b) of the catalyst 

samples. 



4. Results and discussion 

107 

In the same way, just small variations are observed in the textural properties of the H-

ZSM-5 sample after the introduction of K+ cations. Thus, as illustrated in Figure 

4.3.1.b, both materials present very similar Ar adsorption isotherms. The presence of 

a relatively pronounced slope in the adsorption curve at intermediate pressures is 

consistent with the nanocrystalline features of these samples that provide them with a 

significant external surface. This fact has been confirmed by TEM images (Figure 

4.3.2), showing that both samples are formed by aggregates of nanocrystals with sizes 

in the range 25-50 nm [56]. This is a convenient property for favouring the catalyst 

accessibility, in particular in the conversion of bulky compounds, as many of those 

derived from the lignocellulose pyrolysis.  

 

Figure 4.3.2. TEM images of: (a) parent H-ZSM-5 zeolite and (b) K-exchanged H-

ZSM-5 zeolite. 

The KH-ZSM-5 sample possesses BET and external surface areas slightly higher, and 

lower micropore surface, in comparison with the parent H-ZSM-5 material. Although 

these differences are close to the experimental error of the Ar adsorption 
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measurements, it could also indicate that some mesoporosity has been created during 

the ion-exchange treatment, probably by desilication of the zeolite framework, as 

suggested by the slight decrease observed in the Si/Al ratio (Table 4.3.1). 

In contrast with the small changes in the crystallinity and textural properties of the 

zeolite as a consequence of the partial K+ ion-exchange, this treatment has a strong 

effect on its acid-base properties. The acidity of the zeolite samples has been probed 

by ammonia TPD. As shown in Figure 4.3.3.a, two peaks are clearly seen in the 

ammonia TPD curve of the parent H-ZSM-5 catalyst that correspond with weak and 

strong acidic sites, having maxima at 187 and 358 ºC, respectively. The first one 

represents about 35 % of the overall acidity in this sample, showing that most of its 

acidic sites are of high strength. Ion-exchange with K+ provokes a significant reduction 

of the acidity, in spite of the fact that alkali cations, ion-exchanged in zeolites, have 

been reported to behave as weak Lewis acidic sites [52,99,128]. In this way, the 

intensity of the signals corresponding to both weak and strong acidic sites is reduced 

in the KH-ZSM-5 sample, but with a more pronounced effect on the latter. Thus, 

whereas the peak corresponding to the weak acidic sites is still clearly visible for this 

material, the signal associated to the strong acidic sites is transformed into a broad 

signal in the range 250 – 400 ºC. In overall, after the K+ ion-exchange, the total acidity 

of the zeolite probed by NH3-TPD is almost reduced to half regarding the parent 

sample (Table.4.3.1).  
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Figure 4.3.3. Acid-base properties of the catalyst samples: a) NH3-TPD; b) CO2-TPD. 

On the other hand, the presence of basic properties in both zeolite samples has been 

investigated by CO2-TPD. As depicted in Figure 4.3.3.b, just a very small and broad 
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signal is observed in the case of the H-ZSM-5 sample, denoting the lack of basicity in 

this material. However, an intense signal, centred at 160 ºC, is present in the CO2 TPD 

of the KH-ZSM-5 sample. This finding shows that basic sites have been generated in 

the zeolite sample as a consequence of the ion-exchange with K+. The overall basicity 

so estimated for this material is 0.46 mmolCO2·g
-1, value that is about twice the 

potassium content (0.21 mmol·g-1). Since in alkali-exchanged zeolites the basic 

properties arise from the framework oxygen sites [52,129], it can be envisaged that 

two CO2 molecules are adsorbed in two oxygen atoms located in the vicinity of the 

ion-exchanged K+ cations. 

In conclusion, characterisation of the catalysts indicates that the zeolite crystallinity 

and its textural properties are mostly retained after partial ion-exchange with K+ 

cations. However, this treatment strongly modifies and decreases the acidity of the 

parent sample, whereas it provokes the generation of basic sites. Accordingly, the KH-

ZSM-5 material exhibits a combination of acid and basic properties with a good 

balance of both types of active sites. 

4.3.1.2. Wheat straw catalytic tests 

The performance of the KH-ZSM-5 catalyst in biomass pyrolysis (ws-ac as feedstock) 

has been investigated varying the catalyst to biomass ratio (C/B) in the range 0.2 – 0.8. 

All the experiments have been carried out using the same combination of temperatures 

for the thermal and catalytic zones: 550 and 450 ºC, respectively. Under these 

conditions the amount of char, formed and accumulated in the thermal zone of the 

reactor, was very similar (about 17.1 wt.%). Fast pyrolysis tests carried out following 

the procedure 1 of bio-oil recovery are found in Tables A.12 – A.18 in the Appendix. 

Figure 4.3.4.a illustrates the evolution of the product distribution per fractions with 

the variation of the C/B ratio, including also the results obtained in a reference thermal 

test, carried out in the same conditions but with no catalyst in the second reaction zone. 

As it was expected, increasing the catalyst loading provokes important changes in the 

yield of the different fractions: progressive reduction of the bio-oil* yield with and 

enhancement in the production of gases, water and coke, confirming that the organic 

liquid fraction is an intermediate product, being formed by pyrolysis of the biomass in 

the thermal zone and subsequently converted in the catalytic section of the reactor. 

This strong reduction in the bio-oil* yield leads to a value of 28.8 % for the test with 
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C/B = 0.8 that is almost half of that corresponding to the thermal experiment (57.9 %). 

Nevertheless, as shown in Figure 4.3.4.b, conversion of the bio-oil* fraction is 

accompanied by a decrease of the bio-oil* oxygen content from about 39.5 % in the 

thermal test down to 25.6 % for the catalytic test with C/B = 0.8.  
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Figure 4.3.4. Catalytic fast pyrolysis of ws-ac over KH-ZSM-5 as a function of the 

C/B ratio: (a) mass yield of the fractions; (b) bio-oil* oxygen content. 

The variation of the C/B ratio caused also a strong increase in the yield of most of the 

non-condensable gases, as it can be appreciated in Figure 4.3.5. This effect is quite 

remarkable regarding the production of CO and, in a lesser extension of CO2, which 

are the final products formed in decarbonylation and decarboxylation reactions, 

respectively. Likewise, the yield of gaseous hydrocarbons is progressively enhanced 

with the C/B ratio, in particular of gaseous olefins (mainly propylene), formed by a 

combination of cracking and deoxygenation reactions. Finally, although in low 

concentration, the KH-ZSM-5 catalyst increases the production of H2 in comparison 

with the thermal test. 
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Figure 4.3.5. Catalytic fast pyrolysis of ws-ac over KH-ZSM-5 as a function of the 

C/B ratio: yield of the main components in the gas fraction. GO: gaseous olefins (C2–

C4); GP: gaseous paraffins (C2–C4). 
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As reported in previous works of our research group [53,54,130], the overall efficiency 

of the bio-oil deoxygenation process can be assessed by the relationship between the 

yield and oxygen content of the organic liquid phase. Thereby, this relationship has 

been depicted in Figure 4.3.6. This figure illustrates the behaviour of the KH-ZSM-5 

catalyst in regard to the parent H-ZSM-5 sample when varying the C/B ratio. 

If both materials are compared at the same catalyst loading (i.e. for C/B = 0.2 and 0.6), 

it is evident that KH-ZSM-5 is less active than the parent zeolite, leading to a lower 

extension of deoxygenation and cracking reactions, as indicated by the higher yield 

and oxygen content of the bio-oil* so produced. This is an expected result taking into 

account the lower overall acidity of the zeolite after the partial K+ ion-exchange. 

However, this catalyst shows a more efficient deoxygenation pathway since, for the 

same or even lower oxygen contents, the bio-oil* fraction is produced in clearly larger 

mass yields. The improved bio-oil* deoxygenation efficiency of the KH-ZSM-5 could 

be assigned either to the attenuation of the acidity of H-ZSM-5 zeolite, to the 

generation of basic sites or to a combination of both effects. 
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Figure 4.3.6. Relationship between mass yield and oxygen content of the bio-oil* 

fraction in the catalytic fast pyrolysis of WS-ac over H-ZSM-5 and KH-ZSM-5 when 

varying the C/B ratio. 

As previously mentioned, bio-oil deoxygenation involves three main deoxygenation 

pathways: dehydration, decarbonylation and decarboxylation. Using the thermal test 

as reference, the deoxygenation selectivities corresponding to the catalytic step can be 
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estimated from the incremental productions of water, CO and CO2 that occur when the 

pyrolysis products are passed through the catalyst bed. Figure 4.3.7 illustrates the 

catalytic deoxygenation selectivities corresponding to the experiments carried out with 

C/B = 0.2 and 0.6 over the two catalysts. For the H-ZSM-5 catalyst the major pathway 

is decarbonylation, which reaches a selectivity of 52.7 % for C/B = 0.6, whereas 

dehydration has a very small contribution. When using the KH-ZSM-5 sample, the 

selectivity pattern is quite well balanced among the three deoxygenation routes. Thus, 

for C/B = 0.6 the three routes present a similar selectivity. The lower contribution of 

decarbonylation when using KH-ZSM-5 in comparison with the parent zeolite is a 

positive fact since it also contributes to improve the efficiency of the bio-oil* 

deoxygenation process. This effect can be related to the removal of a great part of the 

strong acidic sites present in the zeolite by ion-exchange with K+, which catalyse 

decarbonylation reactions. In addition, the generation of basicity in the KH-ZSM-5 

samples may have also a role in the changes observed in the deoxygenation selectivity 

since basic catalysts have been reported to promote ketonisation and aldol 

condensation reactions between the components of the bio-oil, leading to the formation 

of C–C bonds and the release of oxygen in the form of water and/or CO2 

[105,106,131,132]. 0
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Figure 4.3.7. Catalytic fast pyrolysis of ws-ac over KH-ZSM-5 and H-ZSM-5 

catalysts (C/B = 0.2 and 0.6): deoxygenation selectivity. 
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The components present in the bio-oil* fraction have been determined by GC-MS, 

being grouped into families according to their chemical nature. By calibration of the 

most abundant components, the yield of each family has been determined. Moreover, 

by difference in respect to the total bio-oil* yield, it has been possible to quantify the 

yield of the components in bio-oil*, which are not detected or identified by the GC-

MS analyses. The results so obtained with the KH-ZSM-5 and H-ZSM-5 catalysts for 

C/B = 0.2 are shown in Figure 4.3.8.a in terms of mass yields of both GC-MS detected 

and non-detected components. As a reference, this figure includes also the yields 

corresponding to the bio-oil* produced in a pure thermal test. In this last case, the mass 

yield of the GC-MS detected species is 17 %, which represents just about 29 % of the 

overall bio-oil* production, showing that oligomers are predominant in the organic 

liquid obtained in the thermal test. When using the H-ZSM-5 catalyst, the proportion 

of GC-MS detected species is increased up to 44 %. However, the mass yields of both 

GC-MS detected and non-detected components are reduced in respect to the thermal 

test. These results denote that the H-ZSM-5 catalyst is little effective for transforming 

the oligomers into compounds with molecular size / boiling points within the bio-oil* 

fraction. In contrast, the KH-ZSM-5 material leads to quite larger yields of the GC-

MS detected components in comparison with both the parent zeolite and the thermal 

test, which evidences that it is able of converting the oligomers into bio-oil* 

components in a more effective way than the sole acid zeolite.  

The positive effect on the conversion of oligomers, evidenced with the KH-ZSM-5 

catalyst, can be assigned to the modifications produced in the acid-base properties of 

the zeolite by partial ion-exchange with K+. In particular, it can be envisaged that the 

so created basic sites play an important role catalysing the transformation of 

oligomeric fragments into smaller species, but with a molecular size large enough to 

remain in the bio-oil* fraction. In contrast, for the parent H-ZSM-5 material the 

predominant pathway seems to be the conversion of oligomers into gaseous 

components due to its high decarbonylation and cracking activity, in addition to its 

higher tendency for coke formation, all these results arising from the presence of strong 

acidic sites [53,133]. 
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Figure 4.3.8. GC-MS analysis of the bio-oil* obtained in the ws-ac pyrolysis over KH-

ZSM-5 and H-ZSM-5 catalysts (C/B = 0.2): (a) mass yields of total/quantified 

components; (b) mass yield of the quantified components according to families of 

compounds. 

Regarding the distribution of compounds in the bio-oil* per families (Figure 4.3.8.b), 

in the case of the thermal test the main components are sugars (mainly levoglucosan) 

with a mass yield of 8.4 %, while the rest of the families (AC, LO, FUR and O-AR) 

are present with yields in the range 1.5 – 2.4 %). As expected, no hydrocarbons are 

detected in the thermal bio-oil*. A drastic change in the distribution of these families 

occurs when using the H-ZSM-5 catalyst. Thus, a strong decrease of the SUG yield 

(down to 2.9 %) is observed whereas that of LO is augmented (up to 5.5 %) in respect 

to the thermal test, and just small variations are observed for the AC, FUR and O-AR 

families. In addition, although present in low concentrations, aromatic hydrocarbons 

are detected in the bio-oil obtained with the H-ZSM-5 material. These results are 

qualitatively in line with those reported in previous literature [28]. Significant 
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differences are observed when assessing the product distribution in the bio-oil* 

produced over the KH-ZSM-5 catalyst. Thus, an enhanced production of AC, LO and 

O-AR takes place with this material in comparison with both the thermal test and the 

parent H-ZSM-5 catalyst. These results agree partially with those earlier reported by 

Mullen et al. [122], who observed that K-exchanged ZSM-5 catalysts favored 

significantly the formation of alkyl phenols. However, these authors also detected a 

strong increase in the production of furans, which is not the case of the current work. 

This fact is probably originated by the important differences existing between the 

reaction conditions employed, as in the earlier work the biomass catalytic pyrolysis 

tests were performed in a micropyroliser operating with C/B ratios about 10 times 

higher than the ones here applied. In the current work, the largest variation in the bio-

oil* components over the KH-ZSM-5 catalyst is observed for the LO family, with a 

great share of ketones, which could be assigned to the ketonisation activity reported 

for basic catalysts. Although the reaction networks involving all these families, formed 

by hundreds of components, within the bio-oil* fraction are really complex, these 

findings indicate that the lack of strong acidic sites and the presence of basicity in the 

KH-ZSM-5 catalyst provokes a significant change in the products distribution, 

increasing the yield of specific components that could be employed as raw chemicals. 

4.3.2. K-grafted and parent USY zeolites 

4.3.2.1. Characterisation of the catalysts 

K-USY sample was prepared by grafting of K+ cations over the surface of the parent 

USY zeolite, replacing H+ protons from silanol groups [33]. ICP-OES analysis showed 

that 1.59 wt.% of potassium was incorporated into the resulting material. This 

treatment involved exposure to a strong base solution, which caused a decrease in the 

Si/Al ratio (see Table 4.3.2), denoting the occurrence of some desilication of the 

zeolite framework. This fact is also reflected in the rougher surface and less defined 

morphology of the K-USY crystals in comparison with the parent zeolite, as observed 

in TEM and SEM images (Figures 4.3.9 and 4.3.10). 



4.3. Catalytic fast pyrolysis of wheat straw over K-incorporated zeolites 

116 

 

Figure 4.3.9. TEM images of: a) parent USY zeolite and b) K-grafted USY zeolite. 

 

Figure 4.3.10.  SEM images of: a) parent USY zeolite and b) K-grafted USY zeolite. 
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XRD patterns show the high crystallinity of the K-grafted USY sample (Figure 

4.3.11.a), although with some decrease in the peaks intensity in comparison with the 

parent zeolite, which can be also related to the framework desilication as it may cause 

the formation of minor amounts of amorphous silica. On the other hand, the textural 

properties of the original USY zeolite were affected by potassium grafting. Both 

samples present basically type I N2 physisorption isotherms (Figure 4.3.11.b), which 

are typical of microporous materials. However, the application of the t-plot method 

shows the presence of significant external/mesopore surface area (Table 4.3.2). This 

fact can be related to the presence of some mesoporosity in both samples as denoted 

by the BJH pore size distribution depicted in Figure 4.3.11.c. In this way, mesopores 

are clearly seen in both TEM and SEM images (Figures 4.3.9 and 4.3.10), which are 

generated during the dealumination treatment applied for the USY preparation. After 

the potassium grafting treatment, a reduction in the values of the textural properties is 

observed. Thus, the micropore volume and surface area are decreased by about 18-

19%, which can be assigned to some degradation of the zeolite structure, although the 

bulkier size of the incorporated K+ cations in respect to H+ may have also an effect on 

the micropore volume reduction. Conversely, as seen in the EDX analyses depicted in 

Figure 4.3.12, the potassium is evenly distributed over the entire surface of the K-

USY sample. 

Table 4.3.2. Physicochemical properties of the USY-based catalysts. 

Sample 
mK

 

(wt.%) 
Si/Ala 

SBET
b 

(m2/g) 

SMES+EXT
c 

(m2/g) 

SMIC
d 

(m2/g) 

VTOT
e 

(cm3/g) 

VMIC
f 

(cm3/g) 

Acidityg 

(mmol/g) 

Basicity 

(mmol 

CO2/g) 
CB

 CL
 

USY – 419 687 95 592 0.51 0.296 – – 0.097 

K-USY 1.59 346 574 88 486 0.46 0.239 – 0.018 0.587 

aAtomic ratio; bBET surface area; cMesopore+external surface area; dMicropore surface area;  
eTotal pore volume (P/P0 ≈ 0.98); fMicropore volume; gDetermined by FT-IR/pyridine with CB 

and CL as concentration of Brønsted and Lewis acidic sites at 150 ºC, respectively. 
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Figure 4.3.11. a) XRD patterns; b) N2 adsorption-desorption isotherms at 77 K; c) 

BJH pore size distribution of the USY – based catalysts.  
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Figure 4.3.12. EDX analysis performed on K-grafted USY zeolite. 

Acid-base properties of the parent USY zeolite were also significantly altered after K-

grafting. The acidity of the samples was probed by ammonia TPD (Figure 4.3.13.a). 

Both samples present very low acidity, which is consistent with their high Si/Al ratios 

(346 and 419 for K-USY and USY, respectively). Nevertheless, K-USY catalyst 

showed a more marked ammonia TPD peak, centred at 177 °C. In the same way, FT-
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IR/pyridine measurements showed that for USY zeolite the concentration of acidic 

sites was below the detection limit (Table 4.3.2 and Figure 4.3.14). In the case of the 

K-USY catalyst, only a low population of weak Lewis acidic sites (0.018 mmol/g at 

150 ºC), that did not remain at higher evacuation temperatures, was present. This 

residual Lewis acidity could be originated by a small proportion of K+ species being 

incorporated by ion-exchange with Al-associated protons (signals located at 1607 and 

1588 cm-1 in Figure 4.3.14). Weak Lewis acid sites were also detected at 1446 cm-1 

(H-bonded Py) [134]. Conversely, the interest of potassium grafting relies on the 

generation of basic sites, which was assessed by CO2 TPD (Figure 4.3.13.b). USY 

zeolite exhibited a small and broad signal with a peak maximum at 220 °C. In contrast, 

an intense signal was observed in the CO2 TPD of the K-USY sample, confirming that 

the grafting was successful in generating basic sites. The peak maximum in this case 

is placed at 83 ºC, although the signal is quite asymmetrical and extends up to 

significantly higher temperature, showing the presence of basic sites with different 

strength. The overall basicity of the K-USY sample (0.587 mmolCO2/gsample) is six 

times higher than that of the parent zeolite, confirming that potassium grafting fulfils 

its purpose of generating basic sites with weak-medium strength. 
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Figure 4.3.13. Acid-base properties of the USY-based catalysts: a) NH3-TPD; b) CO2-

TPD. 

In addition, stability tests for the K-USY zeolite were performed by steaming 2 g/h 

H2O over K-USY zeolite at 450 ºC for 30 min, using a catalyst/water ratio (1.6:1 g/g) 

similar to that occurring during the pyrolysis tests performed. XRD patterns show that 

the zeolite barely loses crystallinity and preserves its integrity (Figure 4.3.11.a). On 

the other hand, the total surface area was decreased by 10 % respecting the fresh K-
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USY zeolite, which is within the error of this analysis. Finally, to assess the possible 

hydrolysis of the K-OSi linkages, which are the origin of the basic properties of this 

material, CO2-TPD was also performed for the sample after the steaming treatment 

(Figure 4.3.13.b). The profile of the curve and the overall basicity of the steamed 

material were practically identical to those of the fresh K-USY zeolite, showing that 

the concentration and strength of the basic sites are not modified by the applied 

steaming treatment. 
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Figure 4.3.14. Pyridine adsorption FT-IR spectra after treating the K-grafted USY 

zeolite at different desorption temperatures (150, 250, 350, and 450 °C).  

4.3.2.2. Effect of catalyst to biomass ratio on K-grafted and parent USY zeolites 

USY and K-USY samples were tested in catalytic fast pyrolysis (CFP) of acid-washed 

wheat straw (ws-ac). Experiments were carried out varying the catalyst to biomass 

ratio (C/B) from 0.2 to 0.6. A reference non-catalytic (N-C) experiment was also 

performed for comparison purposes (Tables A.1, A.19 – A.22 in the Appendix) . The 

conditions employed initially for the thermal and catalytic zones were 550 and 450 °C, 

respectively. Nevertheless, the effect of the catalytic bed temperature was further 

investigated in the range 400 – 500 °C. Since the thermal pyrolysis step is common to 

all trials, the amount of char formed in the upper part of the reactor was very similar 

with an average value of 17.8 wt.% rate. Mass yields of the different fractions obtained 
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in the catalytic pyrolysis of the acid-washed wheat straw over both USY and K-USY 

zeolites at two different C/B ratios is shown in Figure 4.3.15.a, including also the 

results of the reference thermal test. 
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Figure 4.3.15. Catalytic pyrolysis of ws-ac over USY-based samples: a) fractions 

yield; b) bio-oil* oxygen concentration (dry basis); c) gaseous components yield (GO: 

gaseous olefins, GP: gaseous paraffins). 

It is observed that the presence of the catalyst, and the increase of the C/B ratio, 

resulted in a significant reduction of the bio-oil* yield and a subsequent enhancement 

of the production of coke, water, and non-condensable gases. This finding is a 

consequence of the variety of transformations undergone by the bio-oil* vapours when 

passing through the catalyst bed, such as deoxygenation and cracking. The changes in 

the product distribution are quite more pronounced for the K-USY catalyst, denoting 

the high activity of their basic sites, which are practically absent in the parent zeolite. 

This effect is also clearly seen in the bio-oil* oxygen content (Figure 4.3.15.b), which 

is strongly reduced over the K-USY catalysts, passing from 43.2 wt.% in the thermal 

test to 25 wt.% for C/B = 0.6. In contrast, this parameter is quite less modified when 

using the USY sample due to its low concentration of both acidic and basic sites.  
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The deoxygenation of the bio-oil* can occur via three main pathways: 

decarbonylation, decarboxylation and dehydration, leading to the formation of CO, 

CO2 and H2O, respectively [107,135]. As seen in Figure 4.3.14.c, the main 

components of the non-condensable gases were CO and CO2, whose yield increased 

sharply with the C/B ratio, this fact being more pronounced for the K-USY catalyst in 

good agreement with its higher activity in comparison with the USY sample. However, 

the opposite is observed regarding the water yield which is higher over the USY 

sample than when using the basic zeolite. The deoxygenation selectivity of the two 

catalysts have been calculated from the incremental production of H2O, CO and CO2 

with respect to the thermal test, being represented in Figure 4.3.16. Dehydration is the 

predominant pathway over USY zeolite, although it seems to be little effective to 

reduce the oxygen content of the bio-oil*. Conversely, the basic K-USY catalyst 

exhibits a more balanced deoxygenation pattern with a rather higher contribution of 

both decarbonylation and decarboxylation than the parent zeolite. Moreover, the 

deoxygenation selectivity of the K-USY sample is just slightly modified by the 

increase of the C/B ratio. 
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Figure 4.3.16. Catalytic deoxygenation selectivity, estimated from the incremental 

production of H2O, CO and CO2 regarding the thermal pyrolysis test, obtained in the 

ws-ac pyrolysis over USY - based catalysts. 
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In addition to deoxygenation, other types of reactions taking place in the presence of 

the catalysts are cracking and coke formation, which in general are non-desired 

transformations as they contribute to reduce the bio-oil yield and/or provoke the 

catalyst deactivation. Severe cracking reactions, combined with deoxygenation, lead 

to the formation of different types of gaseous hydrocarbons (methane and both light 

olefins and paraffins), as shown in Figure 4.3.15.c. For the highest C/B ratio, the K-

USY sample exhibits a rather enhanced production of methane, as well as of C2 – C4 

olefins, regarding the parent zeolite. Thus, under these conditions, up to about 0.9 wt.% 

and 1.3 wt.% yields of methane and gaseous olefins, respectively, are obtained over 

K-USY. The superior activity of the basic zeolite sample in comparison with the parent 

USY is also reflected in the increased production of H2 at C/B = 0.6 due to the 

extension of dehydrogenation reactions.  

Coke formation is also more pronounced over the K-USY catalysts, as illustrated in 

Figure 4.3.15.a. This carbonaceous solid is produced through successive 

oligomerisation and polymerisation reactions and deposited on the surface of the 

catalysts, blocking the access to the zeolite channels and active sites. In general terms, 

the coke amounts here measured during the ws-ac catalytic pyrolysis over the USY 

zeolite is significantly higher than those obtained over medium pore slites, such as 

ZSM-5 [136], with this type of feedstock. The presence of large pores and cavities in 

zeolites with faujasite structure are the major reasons that explain the high coke 

contents of the catalysts, being in the range 7.4 – 23.2 wt.% (Table 4.3.3). The 

formation of this undesirable by-product was enhanced linearly with the C/B ratio and 

was especially noticeable over the K-USY sample as a consequence of their superior 

activity. This means that, from a practical point of view, reaction systems affording a 

fast catalyst regeneration would be necessary, such as circulating fluidised-bed 

reactors. On the other hand, significant variations can be noticed in Table 4.3.3 

between the coke elemental composition for both zeolite catalysts. Thus, the coke 

produced over the USY catalyst at C/B = 0.6 possesses more hydrogen but lower 

oxygen content. The removal of this oxygen is expected to have proceeded mainly in 

the form of water, according to the above commented high dehydration selectivity over 

USY. Therefore, a part of the increased water production over the parent zeolite is not 

really linked to bio-oil* deoxygenation but it is due to coke dehydration reactions. 

However, this is not the case of the K-grafted zeolite as the coke fraction contains a 
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high share of oxygen (up to 29.9 wt.% for C/B = 0.6, Table 4.3.3). This fact indicates 

a change in the nature of the species retained in this catalyst with the increase of the 

C/B ratio, shifting towards the accumulation of highly oxygenated species, originated 

probably from levoglucosan and furfural, which are the main components of the sugar 

and furan families, respectively, as commented below when discussing the bio-oil* 

GC-MS analyses. In summary, the introduction of basic sites in the K-USY sample 

induces important changes in the amount and nature of the carbonaceous matter 

deposited over the catalyst surface. 

Table 4.3.3. Char and coke composition obtained in the catalytic pyrolysis of ws-ac 

over USY-based samples. 

Experiment Fraction 
Coke in catalyst  

(wt.%) 

Mass yield  

(wt.%) 

Elemental analysis  

(wt.%, dry basis) 

C H N O 

N-C Char ‒ 17.8 78.7 2.7 0.9 10.5 

USY-0.2 

Coke 

10.9 2.4 77.9 5.8 ‒ 16.3 

USY-0.6 7.4 4.8 87.6 5.9 ‒ 6.5 

K-USY-0.2 23.2 6.1 78.7 3.4 ‒ 17.9 

K-USY-0.6 14.1 10.6 67.2 3.0 ‒ 29.9 

Detailed information about the molecular composition of bio-oils* has been obtained 

by means of GC-MS analyses, using calibration methods of the major components 

present in each family to get quantitative data in terms of mass yield and concentration. 

Moreover, from these results it has been possible to calculate the overall yield and 

concentration of both GC-MS detected and non-detected components, the latter being 

estimated by difference. As illustrated in Figures 4.3.17.a and 4.3.17.b, for the bio-

oil* obtained in the thermal pyrolysis test, the yield of the GC-MS detected 

components is about 10 wt.%, whereas their overall concentration in the organic liquid 

fraction is just 19 wt.%. Therefore, the major part of this bio-oil* is formed by heavy 

species (oligomers) that may have different origins. They can be compounds coming 

from the partial decomposition of the lignocellulose biopolymers (cellulose, 

hemicellulose and lignin). Alternatively, they could be bulky species generated in 

secondary condensation reactions involving the most reactive components present in 

bio-oil*.  
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As observed in Figure 4.3.17, the USY catalyst exhibited negligible beneficial effects 

for transforming biopolymers into simpler compounds, not even increasing their 

concentration. Accordingly, the yield nor the proportion of GC-MS detected 

components do not improve when increasing the C/B ratio over the USY sample. 

Conversely, the K-USY catalyst leads to a noticeable increase in the yield of GC-MS 

detected species when working at C/B = 0.2, suggesting that the basic sites of this 

material are able to catalyse the conversion of oligomeric compounds into lighter ones 

(Figure 4.3.17.a). Thus, the bio-oils* produced over the K-USY catalyst possess 

concentrations of GC-MS detected components in the range 37 – 40 wt.%, i.e. double 

than that corresponding to the thermal pyrolysis test (Figure 4.3.17.b). 

 

Figure 4.3.17. GC-MS analyses of the bio-oil* obtained in the ws-ac catalytic 

pyrolysis over USY-based samples: a) overall mass yields; b) overall concentration of 

GC-MS detected components; and c) mass yields of compound families (AC: 

carboxylic acids, LO: light oxygenates, FUR: furans, SUG: anhydrosugars, O-AR: 

oxygenated aromatics and AR: aromatic hydrocarbons). 

Figure 4.3.17.c illustrates the product distribution per family in the bio-oil* fraction. 

Concretely, bio-oil* from the non-catalytic test contained mainly sugars (assimilable 

to levoglucosan) with a mass yield of 6 wt.%. Other families found in this bio-oil* 
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(AC, LO, FUR and O-AR) do not exceed 2 wt.% yields, whereas aromatic 

hydrocarbons were absent. When using USY zeolite, the mass yields of most of these 

families did not vary significantly with the increase of the C/B ratio. However, the 

levoglucosan yield declined sharply with the USY catalyst loading, being transformed 

into non-condensable gases and coke. This finding confirms the lack of effectiveness 

of the USY zeolite for bio-oil* upgrading.  

In contrast, a very different picture arises when assessing the composition of the bio-

oils* produced over the K-USY catalyst. In this case, whereas the SUG yield declined 

with the C/B ratio until their total depletion, an increase was observed in the production 

of the rest of the families for C/B = 0.2 regarding the thermal experiment. On the other 

hand, for the highest C/B ratio (0.6), i.e. for longer contact times, the production of 

AC and FUR decreased whereas those of LO, O-AR and AR further augmented. The 

important reduction in the AC yield can be connected with the occurrence of acetic 

acid cracking reactions, thus contributing to the sharp increase observed in the yield 

of methane, CO and CO2 with the C/B ratio (see Figure 4.3.15.c). It can be envisaged 

that the presence of basic sites in the catalyst favours the interaction with acetic acid 

and its subsequent conversion. In the case of FUR, consisting of furfural as the major 

component, the oxygen content of the coke fraction reported in Table 4.3.3 (29.9 

wt.%) is quite close to that of this component (33.3 wt.%), suggesting that it may act 

as one of the main precursors for the formation and accumulation of carbonaceous 

matter over the catalyst at C/B = 0.6. The increase in the O-AR and AR yields denotes 

the capability of the K-USY catalyst to achieve the conversion of lignin oligomers into 

lighter and more valuable aromatic compounds. Substituted monoaromatics become 

the major family of AR compounds, most of them formed by toluene and xylene, 

representing around 65 wt.% of this family, whereas the rest correspond to indenes 

and polyaromatics. Therefore, the incorporation of basicity via K-grafting of the USY 

zeolite presents clear advantages in biomass CFP, provoking a deeper bio-oil* 

deoxygenation and doubling the concentration of valuable components. Further 

insights about the composition of these upgraded bio-oils*, as well as on the different 

reactions taking place, is provided in the next section. 
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4.3.2.3. Effect of both catalytic zone temperature and catalyst to biomass ratio on 

K-grafted USY zeolite 

In order to complete the study of the K-USY performance in ws-ac CFP, as well as to 

maximise the production of valuable compounds in the bio-oil*, the temperature of the 

catalytic zone was varied from 400 to 500 °C. For each temperature, two C/B ratios 

(0.2 and 0.6) were employed. In addition, the results of the thermal pyrolysis test were 

included as a reference, similarly to the previous section (Tables A.1, A.21 – A.26 in 

the Appendix). 

The results obtained in these experiments in terms of fraction yields and bio-oil* 

oxygen content are depicted in Figures 4.3.18.a and 4.3.18.b, respectively. In general, 

it can be appreciated that the effect of the temperature is less marked than that of the 

C/B ratio. Moreover, the increase of the temperature presents in some cases opposite 

trends depending on the value of the C/B ratio. This is particularly observed in the case 

of the bio-oil* yield that is slightly enhanced with the temperature for C/B = 0.2, (from 

about to 34 up to 39 wt.%), whereas a decreasing effect is observed at C/B = 0.6 (from 

about 25 to 20 %). This finding can be interpreted as a result of the intermediate 

character of many bio-oil components, which are formed from primary cracking 

reactions but are subsequently converted into other fractions (gases, water and coke) 

through secondary transformations, which become predominant when working at high 

C/B ratios.  

On the other hand, the variation of the temperature in the catalytic zone does not almost 

change the bio-oil* oxygen content, showing values of 29 and 25 wt.% for C/B = 0.2 

and 0.6, respectively. When using acid catalysts in biomass catalytic pyrolysis, the 

major pathway contributing to bio-oil deoxygenation is the formation of aromatic 

hydrocarbons. However, the extension of aromatisation reactions is very low over the 

K-USY catalyst. Accordingly, a limit of bio-oil* oxygen content of about 25 wt.% is 

reached when increasing the temperature and the C/B ratio.  

While no clear trend is noticed for the temperature effect on the water yield, the 

production of non-condensable gases augmented with this variable, especially when 

working with C/B = 0.6. Figure 4.3.18.c. shows the evolution of the different gaseous 

components with the temperature at the two investigated C/B ratios. The production 

of GO, GP, CO and H2 increases continuously with both the temperature and the C/B 
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ratio, showing that these variables favour the occurrence of cracking, decarbonylation 

and dehydrogenation reactions. In the case of methane production, the variation is not 

linear but a sharp increase in its yield is appreciated when augmenting the temperature 

from 450 to 500 ºC.  
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Figure 4.3.18. Catalytic pyrolysis of ws-ac over K-USY sample at different 

temperatures and C/B ratios: a) fractions yield; b) bio-oil* oxygen concentration (dry 

basis); c) gaseous components yield (wt.%) (GO: gaseous olefins, GP: gaseous 

paraffins). 

On the other hand, the evolution of the CO2 yield with the temperature presents a 

relatively complex behaviour, as it shows a decreasing trend at C/B = 0.2 but tends to 

be enhanced at C/B = 0.6. To explain this finding, it should be considered that CO2 

can be formed by decarboxylation of a variety of oxygenated groups. Moreover, 

decarboxylation and decarbonylation are in part competitive deoxygenation processes, 

being affected in a different manner by the increase of the temperature. As shown in 

Figure 4.3.19, the CO/CO2 ratio is augmented with both the C/B ratio and the 

temperature. This last fact indicates that, overall, the activation energy of the 

decarbonylation reactions is higher than that of decarboxylation processes over the 

basic K-USY catalyst. 
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Figure 4.3.19. CO/CO2 ratio obtained in the pyrolysis of ws-ac over K-USY zeolites 

at different temperatures and C/B ratios. 

Analogously to the previous section, GC-MS was employed to determine and identify 

the components present in the bio-oil* fraction. As depicted in Figure 4.3.20.a, the 

overall yield of GC-MS detected components remains practically constant with the 

temperature but showing lower values for the tests performed at C/B = 0.6. Moreover, 

for this catalyst loading, the overall yield of non-detected GC-MS species is 

progressively reduced with the temperature. Accordingly, as shown in Figure 

4.3.20.b, the concentration in the bio-oil* of GC-MS detected components is 

significantly enhanced with the temperature reaching a value of c.a. 47 wt.% at 500 

ºC. In other words, extensive conversion of bio-oil* into other fractions occurred when 

the C/B ratio was increased to 0.6, but this organic liquid phase become richer in 

valuable compounds, especially when working at 500 ºC and C/B = 0.6. 

The distribution of GC-MS components per family obtained in these experiments 

using the K-USY catalyst is shown in Figure 4.3.20.c. The results obtained varying 

the two operational parameters (temperature and C/B ratio) confirm most of the 

conclusions stated in the previous section. In this way, SUG (i.e. levoglucosan), which 

is formed from the decomposition of holocellulose fragments, are converted into FUR 

first and then to smaller oxygenated molecules (LO and AC) in series, in addition to 

the likely transformation of sugars into the other fractions (mainly gases and coke). 

Due to the weak-mild strength of the basic sites present in the studied K-grafted 

zeolite, it seems these transformations are more pronounced with the increase of the 

C/B ratio rather than by rising the temperature. 
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Figure 4.3.20. GC-MS analyses of the bio-oil* obtained in the ws-ac catalytic 

pyrolysis over K-USY sample: a) overall mass yields; b) overall concentration of GC-

MS detected components; and c) mass yields of compound families (AC: carboxylic 

acids, LO: light oxygenates, FUR: furans, SUG: anhydrosugars, O-AR: oxygenated 

aromatics and AR: aromatic hydrocarbons). 

Another noticeable fact is the progressive reduction of the AC yield when increasing 

the temperature, which can be assigned to cracking into gaseous compounds as the 

yield of CH4 and CO is also enhanced. Finally, the conversion of lignin fragments over 

the potassium grafted USY zeolite is also favoured at higher temperatures, as denoted 

by the increasing yields of O-AR and AR, which reach values of 4.3 and 0.6 wt.%, 

respectively. In short, it is observed how the production of compounds of interest 

included in LO and O-AR families are enhanced when both C/B ratio and temperature 

of the catalytic zone are increased, reaching a maximum at C/B = 0.6 and 500 °C, 

while the yield of SUG, FUR and AC families is sharply reduced. Accordingly, K-

USY not only favours the production of added-value compounds, but it also reduces 

the presence of the most reactive molecules (sugar derivates), which hinder their latter 

purification via distillation, and of carboxylic acids (mainly acetic acid), responsible 

of the low bio-oil* pH, preventing corrosion problems that could appear in the 

subsequent processing of this fraction. 
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Table 4.3.4 discloses the concentration in the bio-oil* fraction of the main components 

included in the O-AR family. Mono-O-AR are important raw materials in the chemical 

industry, which at present are obtained mainly from fossil sources [137]. Among the 

O-AR produced over the K-USY catalyst, guaiacols and phenols subfamilies are 

predominant, being reaction intermediates and final products, respectively, as 

concluded from their variation with the increment of both temperature and catalyst 

loading. Most of the guaiacols are produced with maximum concentrations at C/B=0.2 

and temperatures between 400-450 ºC. Creosol, guaiacol, isoeugenol and ethyl-

guaiacol are the most important compounds of this group. They present a variety of 

uses in industry, such as starting materials for the preparation of cosmetics and 

pesticides and as platform molecules in pharmacy [125].  

Table 4.3.4. Concentration (wt.%) of the main O-AR components present in the bio-

oil* produced by ws-ac catalytic pyrolysis over K-USY sample at different 

temperatures and C/B ratios. 

C/B ratio (g/g) N-C 0.2 0.6 

Tcatalysis (°C) 450 400 450 500 400 450 500 

Acetophenones 0.10 0.32 0.28 0.35 0.19 0.25 0.23 

Anisols - - - - 0.16 - 0.65 

Benzalacetones 0.02 - - - 0.06 - 0.14 

Benzaldehydes 0.14 0.19 0.11 0.43 1.03 0.35 0.94 

Benzyl alcohols - 0.03 - - 0.12 - - 

Guaiacols 1.19 3.87 3.35 3.21 1.28 1.35 0.48 

Creosol 0.22 0.73 0.81 0.61 0.41 0.44 0.16 

Guaiacol 0.14 0.64 0.53 0.51 0.43 - - 

Isoeugenol 0.14 0.60 0.66 0.42 - 0.07 - 

Ethylguaiacol 0.16 0.57 0.09 0.48 0.27 0.40 0.15 

O-polyaromatics - 0.17 0.44 0.31 1.13 1.15 1.18 

Phenols 0.14 3.13 3.49 5.08 11.51 12.05 17.02 

Dimethylphenol 0.02 0.39 0.49 0.64 1.92 2.00 2.09 

Ethylmethylphenol - - - - 0.50 1.01 1.16 

Ethylphenol 0.02 0.41 0.67 0.72 0.43 2.49 2.47 

Methylphenol 0.05 0.60 0.48 1.07 2.88 2.05 3.96 

Phenol 0.03 1.02 1.01 1.62 4.44 4.02 6.06 

Phenyl esters - - - - - - 0.60 

Syringols 0.22 0.74 1.15 0.55 0.12 - - 

Methoxyeugenol 0.09 0.32 0.35 0.18 - - - 

Syringol 0.12 0.42 0.80 0.38 0.12 - - 

Trimethoxybenzenes 0.09 0.37 0.38 0.31 0.16 0.17 - 

Total O-AR 1.89 8.84 9.20 10.24 15.76 15.32 21.24 



4. Results and discussion 

133 

More severe conditions of C/B and/or temperature contribute to the rupture of the 

labile -OCH3 group, provoking that great part of guaiacols is converted into phenols 

[122,138]. Within this subfamily, phenol is the most abundant compound, showing a 

concentration of up to 6 wt.%. Phenol is widely used for the formulation of pesticides, 

explosives, paints, pharmaceuticals, dyes and textiles, among others. Moreover, 

phenol is an intermediate in the production of bisphenol A (BPA), which is used in the 

manufacture of polycarbonates and epoxy resins [137,139]. In addition, alkylphenols, 

such as methyl-phenol, ethyl-phenol, dimethylphenol and ethyl-methyl-phenol are 

also produced to a great extent in these conditions, being valuable compounds for the 

synthesis of surfactants, fuel additives and a variety of fine chemicals [139,140]. 

On the other hand, the LO family represents an important source of valuable products 

with industrial applications, whose composition is provided in Table 4.3.5 in the form 

of concentration referred to the whole bio-oil* fraction. In the thermal pyrolysis test, 

the LO family possessed a concentration of just 0.79 % in the whole bio-oil*, showing 

a broad composition in terms of individual components (acetals, aldehydes, esters and 

ketones). However, the use of the K-USY catalyst provokes a sharp enhancement in 

the yield and concentration of light oxygenates, reaching values for the latter within 

the range 7.04 – 15.32 wt.%. Increasing both the temperature and the C/B ratios led to 

higher LO concentrations. These variations affected mostly to the ketones sub-family, 

which reached a share of about 94 % of the whole LO group for the test performed in 

the most severe conditions (C/B = 0.6 and T = 500 ºC), while the ketone yield was 

almost ten times higher than that of the reference thermal pyrolysis test. A number of 

both linear and cyclic ketones can be found as major components in this sub-family, 

as detailed in Table 4.3.5. The transformation of SUG and FUR through ring-

rearrangement reactions is probably the major route for the production of the cyclic 

ketones, as it has been observed in ws-ac CFP tests over KH-ZSM-5 in Section 4.3.2.1. 

In this way, Gupta et al. have reported the transformation of furfural into both 

cyclopentenone and cyclopentanone in vapour phase over basic CaO catalyst [61], 

proposing a pathway that starts with a hydrogenation step into furfuryl alcohol, 

followed by dehydroxylation, rearrangement and further dehydration to form 2-

cyclopentenone. The authors propose that the required hydrogen is in-situ generated 

from coke formation and water gas shift reactions. Likewise, it has been reported that 

the presence of water may enhance the conversion of furfural towards cyclic ketones 
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over TiO2 supported Ru and Pd catalysts [79]. These components are of great interest 

to be used as building blocks for the synthesis of a variety of natural products, drug 

molecules and chemical intermediates, as well as fuel precursors and additives 

[123,141]. 

Table 4.3.5. Concentration (wt.%) of the main LO components in the bio-oil* 

produced by ws-ac catalytic pyrolysis over K-USY sample at different temperatures 

and C/B ratios. 

C/B ratio (g/g) N-C 0.2 0.6 

Tcatalysis (°C) 450 400 450 500 400 450 500 

Acetals 0.06 0.00 0.15 0.02 0.00 0.00 0.11 

Aldehydes 0.08 0.68 0.32 0.49 0.67 0.54 0.69 

Esters 0.04 0.77 0.38 0.56 0.07 0.00 0.07 

Ketones 0.52 5.68 6.18 6.41 9.84 11.33 14.44 

Cyclic ketones 0.12 3.62 3.56 3.8 5.98 6.75 8.68 

Cyclopentanone 0.00 0.14 0.13 0.19 0.46 0.35 0.41 

Cyclopentenone 0.00 1.74 1.77 1.64 0.00 2.57 2.56 

Methyl cyclopentenone 0.01 0.63 0.74 0.92 4.17 3.15 3.53 

Methyl cyclopentanedione 0.03 0.65 0.40 0.34 0.17 0.00 0.00 

Dimethyl cyclopentenone 0.00 0.00 0.31 0.50 0.29 0.68 1.72 

Linear ketones 0.41 2.05 2.62 2.61 3.86 4.59 5.76 

Butanone 0.00 0.00 0.93 0.33 1.63 2.20 2.06 

Methyl vinyl ketone 0.00 0.35 0.74 0.89 0.95 0.76 1.11 

Hydroxyacetone 0.03 0.83 0.31 0.55 0.00 0.00 0.28 

Pentenone 0.02 0.56 0.24 0.60 1.12 1.27 1.43 

Total LO 0.79 7.13 7.04 7.48 10.58 11.87 15.32 

In summary, the use of the K-USY catalyst, having a high concentration of weak basic 

sites, drastically affects the bio-oil* composition, leading to more uniform product 

distribution and favouring the formation of high-added value compounds, mainly 

phenols and ketones. Considered together, these type of products reaches a 

concentration in the bio-oil* fraction of 31.5 wt.% for the catalytic test performed in 

the most severe conditions, which is a value quite higher in comparison with the one 

(0.66 wt.%) corresponding to the thermal pyrolysis experiment. After a proper 

separation, these compounds could be valorised as raw chemicals, mainly for fine 

chemistry applications. 
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4.4. Fast pyrolysis of wheat straw by dual-catalyst tandem system 

Acid catalysts, such as H-ZSM-5 zeolite, have been used in catalytic fast pyrolysis of 

lignocellulosic biomass due to its ability to produce bio-oils with high concentrations 

of aromatic hydrocarbons, whereas basic metal oxides have been proven to be a good 

alternative to efficiently remove oxygen in the form of CO2. In this way, several 

authors [142–145] suggest that a dual-catalyst staged catalytic pyrolysis is an 

innovative way to produce aromatic hydrocarbons while deoxygenating bio-oil by 

sequentially using catalysts with different pore sizes and acid-base properties.  

In this section, a nanocrystalline zeolite H-ZSM-5 with mainly microporous structure 

and high overall acidity was chosen as the only acid catalyst, whereas bentonite and 

magnesium oxide were chosen as basic catalysts, having different mesoporous 

structures and overall basicities. Acid H-ZSM-5 zeolite and basic BNT/MgO have 

been evaluated in the catalytic fast pyrolysis of acid-washed wheat straw. Two 

different catalytic studies have been conducted by varying the basic catalyst tested in 

the three-stage thermocatalytic cascade reaction system. In addition, two different 

coupling configurations have been employed depending on whether the acid or the 

basic catalyst bed was placed first. 

4.4.1. Characterisation of the catalysts 

The three catalysts used in this chapter are different in nature and their 

physicochemical properties do not have many similarities to each other. Although 

these catalysts were described in previous chapters, their physicochemical and 

crystalline properties are briefly explained here.  

XRD patterns of the catalysts are shown in Figure 4.4.1.a. As discussed in Section 

4.1.2, Na-montmorillonite (Na-Al-Si-OH) and quartz (SiO2) patterns can be identified 

in the BNT diffractogram. Na-Al-Si-OH patterns are found at 2θ = 8.4°, 19.3°, 34.7° 

and 60.5°; whereas SiO2 diffraction peaks are observed at 2θ = 24.5° and 27.4° [97–

99]. MgO diffractogram was described in Section 4.2.1. Its characteristic cubic MgO 

patterns are found at 2θ = 36.9°, 42.7° and 62.1° [88]. Conversely, XRD patterns of 

H-ZSM-5 match with IZA standards of MFI framework [146]. 
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Figure 4.4.1. a) XRD patterns; b) N2 and Ar adsorption-desorption isotherms; of the 

catalysts. 

Ar and N2 physisorption isotherms and the corresponding textural properties are shown 

in Figure 4.4.1.b and Table 4.4.1, respectively. Bentonite and magnesium oxide 

exhibit type IV N2 physisorption isotherms and H3 hysteresis loops according to 

IUPAC classification, which are typical of plate-like particles. On the other hand, 

nanocrystalline H-ZSM-5 shows type IV Ar physisorption isotherm, with both micro- 

and mesoporosity. For this reason, Ar physisorption isotherms at 87 K were employed 

for H-ZSM-5, since using argon as adsorbate is more adequate for the micropore filling 

step during physisorption [100]. H-ZSM-5 has the highest BET surface (384 m2/g), 

where 86 % corresponds to micropore surface area. On the contrary, BNT and MgO 
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have low BET surface areas (40 – 80 m2/g), which match with their mesopore and 

external surface areas due to their lack of micropores. Conversely, MgO has the 

highest total pore volume (0.470 cm3/g), followed by H-ZSM-5 and BNT. Despite H-

ZSM-5 has high density of micropores, larger pores like those of MgO are translated 

into a higher total pore volume. 

Table 4.4.1. Physicochemical properties of the coupling catalysts. 

Catalyst 
SBET

a
 

(m2/g) 

SMZ-

EXT
b

 

(m2/g) 

SMICRO
c
 

(m2/g) 

VT
d

 

(cm3/g) 

VMZ-

EXT
e
 

(cm3/g) 

VMIC
f
 

(cm3/g) 

Acidity 

(mmolNH3/g) 

Basicity 

(mmolCO2/g) 

BNT 43 43 – 0.126 0.126 – 0.080 0.596 

H-ZSM-5 384 53 331 0.360 0.163 0.197 0.314 0.018 

MgO 82 82 – 0.470 0.470 – 0.040 4.127 
aBET surface area; bMesopore+external surface area; cMicropore surface area; dTotal pore 

volume (P/P0 ≈ 0.98); eMesopore+external volume; fMicropore volume 

The focus of this chapter is on the use of two different catalysts in a thermo-catalytic 

cascade reaction system consisting of an acid and a basic catalyst in different 

configurations. For this reason, their acid-base properties have been quantified by 

NH3- and CO2-TPD. Acidity of the samples was measured using ammonia as adsorbate 

(Figure 4.4.2.a and Table 4.4.1). H-ZSM-5 shows the highest acidity (0.314 

mmolNH3/g) among the three catalysts, which is in good agreement with its Al content 

(Si/Al ratio = 39.5). Its NH3-TPD curve presents two clear peaks: a more intense peak 

of weak acidity centred at 187 °C, which corresponds to NH3 molecules adsorbed onto 

silanol groups, and a broader peak of medium acidity centred at 358 °C, which is 

attributed to the interaction of NH3 molecules with framework Al species [53]. Both 

BNT and MgO have low acidities (0.040 and 0.080 mmolNH3/g, respectively) 

compared to H-ZSM-5. On the other hand, CO2 is the adsorbate employed for the 

quantification of basicity (Figure 4.4.2.b and Table 4.4.1). In this case, MgO is the 

catalyst with the highest basicity, which is considerably more basic than BNT (4.127 

vs. 0.589 mmolCO2/g). Magnesium oxide exhibits an intense and broad peak centred at 

168 °C, which is deconvoluted in three different curves of weak-medium basicity (see 

Section 4.2.1), whereas bentonite has a less intense peak of weak basicity centred at 

96 °C. H-ZSM-5 shows a small and broad peak of medium basicity at 192 °C, which 

is negligible compared to those of the other two catalysts. 
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Figure 4.4.2. Acid and base properties of the catalysts: a) NH3-TPD; b) CO2-TPD. 

4.4.2. Wheat straw catalytic tests 

Catalytic fast pyrolysis (CFP) of acid-washed wheat straw (ws-ac) was carried out 

employing two catalysts with different acid and basic properties coupled in the 

catalytic zone. The objective of this study is to obtain aromatic hydrocarbons through 

the synergetic effect of acid and basic catalysts. The pyrolysis tests were performed at 

atmospheric pressure and temperatures of 550 °C and 450 °C for the pyrolysis and 

catalytic zones, respectively. The catalyst to biomass (C/B) ratio was set at 0.2 g/g in 

single-catalyst tests and 0.4 g/g in the sequential coupling tests (0.2 in each catalyst 

bed). The acid and basic catalysts are denoted as A and B, respectively. Two different 

coupling configurations were studied depending on whether the pyrolytic vapours 

(pyrovapours) first passed through the acid (A+B) or the basic (B+A) catalyst bed. 

Reference non-catalytic (N-C) and single-catalyst (A and B) tests are also included in 

the study (Tables A.1, A.2, A.9 and A.27 – 31 in the Appendix). The amount of char 

formed in the thermal zone presented an average value of 17.8 wt.% for all trials. 

4.4.2.1. CFP by coupling H-ZSM-5 and basic-bentonite as catalysts 

The distribution in mass yields of bio-oil* and the rest of by-products are depicted in 

Figure 4.4.3.a. The use of two catalysts in the catalytic zone gave rise to the lower 

bio-oil* and higher gas yields than the single-catalyst tests due to the larger number of 

transformations (including cracking, deoxygenation, and C–C bond formation 

reactions, among others [105–107]) that pyrovapours undergo when they pass through 

both catalyst beds, regardless of the coupling configuration. When comparing both 

configurations, A+B presents a slightly higher bio-oil* yield than the opposite 
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configuration. The lower bio-oil* yields obtained employing a tandem of catalysts lead 

to an increase of by-products compared to the single-catalyst tests. The water yield is 

close to that of H-ZSM-5 with a difference of less than < 1 wt.%, whether the acid or 

basic catalyst is placed on top. However, differences between coke yields are greater, 

since that of H-ZSM-5 is almost doubled when using B+A configuration. These results 

are in agreement with the oxygen contents of the bio-oils*, compared in Figure 

4.4.3.b. The combination of both catalysts favours the deoxygenation of bio-oil*, 

reducing it the oxygen content to 25.6 wt.% in the best scenario (B+A configuration). 

This finding confirms the effectiveness of coupling two different catalysts rather than 

using a single catalyst bed. 
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Figure 4.4.3. Catalytic pyrolysis of ws-ac over H-ZSM-5 and BNT in single-catalyst 

and coupling configurations: a) fraction yields; b) bio-oil* oxygen concentration; c) 

gaseous components yields (GO: gaseous olefins, GP: gaseous paraffins). 

The composition of non-condensable gases determined by micro-GC are depicted in 

Figure 4.4.3.c. When comparing both coupling configurations, the production of C1-

C4 hydrocarbons stands out in the case of B+A configuration because of the sharp 

increase in its gas yield. Methoxyl groups from lignin structure are degraded by 

demethylation reactions, whereas gaseous olefins are product of decarbonylation 

reactions of light oxygenates intermediates in pyrovapours, confirming the high yields 
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of CH4, GO and CO [56]. Likewise, the highest CO2 yield between the single catalyst 

and the staged catalytic tests is observed for the B+A configuration. However, A+B 

configuration has similar levels of gaseous hydrocarbons and CO2 to those of the sole 

H-ZSM-5. 

Catalytic deoxygenation selectivities to H2O, CO, and CO2 regarding the thermal test 

are illustrated in Figure 4.4.4. In the single-catalyst tests, it is observed that 

dehydration is the main deoxygenation pathway, especially in the case of bentonite 

because decarboxylation selectivity is almost negligible. However, the three reaction 

pathways are more balanced when the sequential coupling is used since COx 

production is enhanced. B+A configuration stands out due to its higher 

decarbonylation and decarboxylation selectivities, being the latter the most remarkable 

because deoxygenation is more efficient by removing two atoms of oxygen in the same 

molecule. These results are consistent with the lowest bio-oil* oxygen content (25.6 

wt.%) of B+A configuration. 
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Figure 4.4.4. Catalytic deoxygenation selectivity obtained in the fast pyrolysis of ws-

ac over H-ZSM-5 and BNT in single-catalyst and coupling configurations. 

The variation of the elemental composition of the bio-oils* in the CFP tests performed 

using different catalyst configurations is shown in Figures 4.4.5.a and 4.4.5.b in the 

form of van Krevelen diagrams, representing overall and effective H/C ratios versus 

O/C one [147]. According to Figure 4.4.5.a, the reduction in the O/C ratios is more 



4. Results and discussion 

141 

pronounced for the coupling configurations than the single-catalyst tests, which is in 

line with the oxygen contents of the bio-oils*. Conversely, the H/C ratio of the B+A 

configuration is similar to that of the sole H-ZSM-5. When analysed together, BNT 

presents a relationship between H/C and O/C ratios very close to that of the thermal 

test and shows a decreasing trend with the single-H-ZSM-5 and A+B configurations. 

However, when correlating the values obtained from B+A configuration and the 

thermal test, a different trend is observed. This curve has a slope closer to the gasoline-

diesel region of the Van Krevelen diagram, which is even clearer when comparing 

H/Ceff and O/C ratios (Figure 4.4.5.b). As previously discussed, catalytic 

deoxygenation selectivities were more balanced in the case of B+A configuration 

(Figure 4.4.4), confirming the increasing trend towards potential low-oxygen biofuels.  

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

 ws-ac

 N-C

 H-ZSM-5 (A)

 BNT (B)

 A+B

 B+A

b)

-CO

-CO
2

A
to

m
ic

 H
/C

 r
a
ti

o

G
a
s
o
lin

e
-D

ie
s
e

l

-H
2
O

a)

B+A

A+B

-CO
-CO

2

A
to

m
ic

 H
/C

 e
ff
 r

a
ti

o

Atomic O/C ratio

G
a
s
o

lin
e
-D

ie
s
e

l

-H
2
O

B+A

A+B

 

Figure 4.4.5. Van Krevelen diagram [147], comparing elemental compositions of bio-

oils* in the fast pyrolysis of ws-ac over H-ZSM-5 and BNT in single-catalyst and 

coupling configurations. 
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Distribution of the energy contained in the different product fractions regarding initial 

biomass for the different configurations is illustrated in Figure 4.4.6. Bio-oil* energy 

yield are considerably reduced when H-ZSM-5 and BNT are employed as part of a 

coupling configuration, since their respective mass yields are considerably reduced 

due to the severe cracking reactions carried out in their corresponding staged-CFP 

tests. As higher mass yields of gas and coke are produced in single-step and staged-

catalytic tests, especially in those which include H-ZSM-5, their respective energy 

yields are also enhanced. Particularly, gas fractions with higher concentrations of CO 

and GO give rise to higher energy yields due to their higher HHVs. B+A configuration 

stands out among the rest of configurations with a gas yield of 11.2 %, which is 1.6 

and 3.7 times higher than its opposite configuration and the thermal test, respectively.  
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Figure 4.4.6. Energy yield distribution obtained in fast pyrolysis of ws-ac over H-

ZSM-5 and BNT in single-catalyst and coupling configurations. 

Additionally, ultimate analyses and higher heating values of char and coke, as well as 

their fraction yields and coke content in catalysts, are included in Table 4.4.2. Char 

presents an average elemental composition and oxygen removed common to all trials, 

but coke elemental composition depends on the catalyst(s) and configurations 

employed. It is observed that BNT coke contains more oxygen than H-ZSM-5 due to 

the oxygenated nature of the compounds found in pyrovapours that oligomerise when 
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they pass through this catalyst and are retained. As will be discussed later, H-ZSM-5 

produces oxygen-free aromatic hydrocarbons that tend to polymerise and are deposited 

as coke within its pores, blocking its acidic active sites [6]. These cokes present greater 

HHVs (23.2 – 24.2 MJ/kg) due to their higher carbon contents. However, the coke 

retained on the surface and within the pores of BNT is richer in oxygen than in the 

case of H-ZSM-5, especially when used as the sole or top catalyst (B+A 

configuration), reducing their higher heating values and, therefore, their energy yields 

(Figure 4.4.6). 

Table 4.4.2. Compositions and HHVs of char and coke obtained in the fast pyrolysis 

of ws-ac over H-ZSM-5 and BNT in single-catalyst and coupling configurations. 

Experiment Fraction 

Coke in 

catalyst 

(wt.%) 

Mass yield 

(wt.%) 

Elemental analysis  

(wt.%, dry basis) 
HHV  

(MJ/kg) 
C H N O 

N-C Char – 17.8 78.7 2.7 0.9 10.5 29.4 

H-ZSM-5 (A) Coke 13.9 2.8 63.5 4.4 – 32.1 24.0 

BNT (B) Coke 10.8 2.1 36.1 5.6 – 58.3 12.7 

A+B 
Coke A 13.4 2.6 61.8 4.4 – 33.9 23.2 

Coke B 12.6 2.4 56.5 4.8 – 38.8 21.3 

B+A 
Coke B 14.7 2.8 29.7 4.6 – 65.8 8.9 

Coke A 14.3 2.7 63.6 4.5 – 31.9 24.2 

The composition of the bio-oils* from the CFP tests are quantified by GC-MS. Figure 

4.4.7.a shows the mass yields of the detected compounds in the bio-oil* fraction. 

Proportions of detected compounds can be calculated by the relationship between 

detected and total mass yields. Despite having the highest bio-oil* yield, the thermal 

test has a lower proportion of detected compounds than the catalytic tests (19 vs. 40 – 

45 wt.%). The undetected species are formed mainly by the partial decomposition of 

original biomass biopolymers. It is observed that bio-oils* from coupling 

configurations present lower total mass yields and, particularly, in the case of B+A 

configuration, the proportion of detected compounds is even lower than that of BNT 

as the top catalyst (40.3 vs. 44.5 wt.%), which is not favourable for the valorisation of 

ws-ac as bio-oil*. Decreasing trends of total mass yields with C/B ratio are also 

observed in total energy yields (Figure 4.4.7.b). 
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Figure 4.4.7. Quantitative GC-MS analyses of the bio-oil* obtained in the ws-ac 

catalytic pyrolysis over H-ZSM-5 and BNT in single-catalyst and coupling 

configurations: a) total and GC-MS detected mass yields; b) total and GC-MS detected 

energy yields; and c) GC-MS detected mass yields of compound families (AC: 

carboxylic acids, LO: light oxygenates, FUR: furans, SUG: anhydrosugars and O-AR: 

oxygenated aromatics). 

When the quantified mass yield is separated into the different families found in bio-

oil* (Figure 4.4.7.c), it is observed that B+A configuration has a slightly higher 

production of LO and AR concerning the other configurations. In addition, the SUG 

family (mainly composed of levoglucosan, which is formed by approx. 50 wt.% of 

oxygen) is considerably reduced in this configuration (1.6 wt.%), which could explain 

the low oxygen content of this bio-oil (25.6 wt.%). Levoglucosan is dehydrated by H-

ZSM-5 acidic sites into furans, which interact with gaseous olefins from cracking 

reactions giving rise to aromatic hydrocarbons through Diels-Alder condensation 

reactions [66,148]. In addition, acid properties of H-ZSM-5 zeolite promote an 

increase in the amount of gaseous olefins and their successive oligomerisation-

cyclisation-aromatisation chain reactions [149]. However, the increase in AR yields 

compared to the catalytic test with the sole H-ZSM-5 is of little significance (1.0 vs. 

1.2 wt.%). On the other hand, basic sites of BNT promote ketonisation and aldol 

condensation reactions, giving rise to longer-chain oxygenated compounds, as is 

slightly observed in the LO yield. Water and CO2 yields are consistent with the 
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deoxygenation reactions involved in the CFP of ws-ac over both acid and basic 

catalysts. 

4.4.2.2. CFP by coupling H-ZSM-5 and basic-MgO as catalysts 

Similarly to the previous section, Figure 4.4.8.a. summarised the fraction yields of 

bio-oil*, water, permanent gases and coke obtained in the catalytic and thermal tests. 

Compared to the thermal test, the yields of catalytic bio-oil* decrease with a 

consequent increase in the yield of the other fractions. H-ZSM-5 and MgO exhibit 

similar bio-oil* yields, but they are reduced when both catalysts are used sequentially, 

as a consequence of the variety of reactions that take place in staged-CFP [142]. The 

lowest bio-oil* yield was obtained with B+A coupling configuration, as occurred in 

the staged-catalytic pyrolysis test with bentonite. In this way, A+B configuration 

presents once more higher water yield than the opposite configuration. Conversely, 

MgO yields fewer permanent gases than H-ZSM-5, but it has the highest gas 

production when used as the top catalyst in a coupling configuration. In contrast, coke 

formation is enhanced when MgO is employed as sole or top catalyst. 
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Figure 4.4.8. Catalytic pyrolysis of ws-ac over H-ZSM-5 and MgO in single-catalyst 

and coupling configurations: a) fraction yields; b) bio-oil* oxygen concentration (dry 

basis); c) gaseous components yields (GO: gaseous olefins, GP: gaseous paraffins). 

Bio-oil* oxygen concentrations are depicted in Figure 4.4.8.b. Compared to the 

reference thermal test, H-ZSM-5 has a degree of deoxygenation of 26.3 %, whereas 
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MgO has one of 38.4 % despite having lower COx yields, since oxygen can also be 

removed in the form of other by-products, such as coke. Thus, the more basic character 

of MgO appears to be beneficial for the deoxygenation of bio-oil*. Oxygen contents 

of bio-oils* from staged-catalytic pyrolysis tests are even lower than those with BNT. 

These values are consistent with their production of water and COx, with B+A 

configuration having the highest degree of deoxygenation (45.8 %).  

Distribution of different non-condensable gases are compared in Figure 4.4.8.c. Since 

the overall MgO gas yield is lower than the other catalytic tests, it is reasonable that 

specific gas yields are lower than those of H-ZSM-5 and both coupling configurations. 

In the case of A+B configuration, gaseous C1-C4 hydrocarbons have similar yields to 

those of H-ZSM-5. However, the production of these gases is highly enhanced when 

the opposite configuration is employed, especially in the case of gaseous olefins (GO). 

Regarding COx, H-ZSM-5 presents higher yields of CO and CO2 than MgO. A greater 

difference can be observed between CO than CO2 yields, since decarbonylation 

reactions mainly take place over acidic centres, whereas decarboxylation reactions are 

promoted by both acidic and basic active sites. Thus, CO2/CO ratio is significantly 

higher with basic MgO than with acid H-ZSM-5 (1.8 vs. 1.4), which is in agreement 

with that found in literature [57]. In addition, COx yields are also affected by the 

placement order of the catalyst beds. CO2 yields are very similar in both coupling 

configurations, but CO production increases when H-ZSM-5 is used as the bottom 

catalyst. These events also occurred when BNT was employed instead of MgO.  

The catalytic deoxygenation selectivities from Figure 4.4.9 are calculated analogously 

to those in the previous section. No remarkable differences are noticed between single-

H-ZSM-5 and A+B configurations. In the case of MgO, this catalyst presents the 

highest dehydration selectivity, which is reasonable because H2O is a by-product of 

ketonisation and aldol condensation reactions that are promoted by basic sites 

[105,106]. Moreover, decarboxylation selectivity is also increased in the pyrolysis 

reactions over the basic sites of MgO. Therefore, the deoxygenation effectivity is 

improved, being observed to a greater extent in the B+A configuration, where the three 

deoxygenation pathways are more balanced. In this case, decarbonylation selectivity 

is also enhanced, but CO production is attributed to the acid properties of the second 

catalyst [56]. A similar trend was observed for the coupling configurations with BNT 

as basic catalyst.  
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Figure 4.4.9. Catalytic deoxygenation selectivity obtained in the fast pyrolysis of ws-

ac over H-ZSM-5 and MgO in single-catalyst and coupling configurations. 

Van Krevelen diagrams comparing elemental composition of bio-oils* are depicted in 

Figures 4.4.10.a and 4.4.10.b. As occurred with MgO, the reduction in the O/C ratios 

is more pronounced for the coupling configuration than the single-catalyst tests. 

However, O/C ratio of the bio-oil* obtained in the CFP over MgO has a similar value 

to those of the coupling configurations leaving aside those of the thermal and single-

H-ZSM-5 tests. Therefore, these values of O/C ratio are reasonable since the oxygen 

contents of the bio-oils* of the CFP that include MgO are very close to each other. 

When comparing H/C ratios in Figure 4.4.10.a, single-catalyst and A+B 

configurations show comparable values and their relationship with their respective 

O/C values result in trends with a similar slope regarding the non-catalytic test. In 

contrast, B+A coupling configuration presents a more ascending slope closer to the 

gasoline-diesel region of the Van Krevelen diagram when related with the non-

catalytic test. Like in the case of the same configuration with BNT, this slope is more 

pronounced when H/Ceff and O/C ratios are compared (Figure 4.4.10.b). The fact that 

the catalytic deoxygenation selectivities were more balanced in this particular case 

(Figure 4.4.9) is reflected in the Van Krevelen diagram. The H/Ceff vs. O/C curve of 

B+A configuration regarding the thermal test shows a slope more similar to that of 

decarboxylation reactions, whereas the other configurations have a behaviour closer 

to that of dehydration reactions. These slopes, along with that of decarbonylation 
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reactions, were calculated by subtracting oxygen from the thermal bio-oil in the form 

of H2O, CO and CO2 until the complete elimination of oxygen. 
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Figure 4.4.10. Van Krevelen diagram [147], comparing elemental compositions of 

bio-oils* in the ws-ac fast pyrolysis over H-ZSM-5 and MgO in single-catalyst and 

coupling configurations. 

Energy yields of the different product fractions for the single-catalyst and coupling 

configurations are compared in Figure 4.4.11. Similarly to the CFP tests with BNT, 

bio-oil* energy yield is considerably reduced when staged-CFP are carried out. In 

addition, gas and coke energy yields are enhanced with the increase of their respective 

mass yields. CFP tests that include H-ZSM-5 show higher gas energy yields than the 

other configurations, especially both coupling configurations. Their higher production 

of CO and GO give rise to higher energy yields, as discussed in the previous section. 

In the case of A+B, the energy contained in the H2 fraction stands out. Despite having 

a low mass yield, slight increase results in a significant contribution to the overall gas 

yield due to the high HHV of H2. Nevertheless, B+A configuration is the coupling 
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configuration with the highest gas energy yield (12.1 %), even higher than the 

analogous test with BNT. 

Char and coke yields, and their ultimate analyses and contained energies, are 

summarised in Table 4.4.3. Coke from CFP of ws-ac over MgO presents a mass yield 

that doubles that of H-ZSM-5 and the oxygen content in this coke is half of its overall 

mass yield, which explains the decay in the oxygen concentration of the bio-oil* 

obtained in this CFP test. H-ZSM-5 has an oxygen content in coke in the range of 

furans (33.3 wt.% in the case of furfural), whereas MgO has one in the range of 

anhydrosugars (49.3 wt.% in the case of levoglucosan). However, these values are 

slightly altered when these catalysts are placed in the secondary beds of the coupling 

configurations.  Finally, the higher C and H contents of coke result in greater HHVs, 

so more energy should be retained in cokes of spent H-ZSM-5 samples than in the 

spent MgO ones. However, the lower coke concentrations of H-ZSM-5 samples are 

translated into lower energy yields (see Figure 4.4.11). 

GAS COKE BIO-OIL
0

10

20

30

40

50

60

70

E
n

e
rg

y
 y

ie
ld

 (
%

)

N-C A B A+B B+A
0

2

4

6

8

10

12

14

E
n

e
rg

y
 y

ie
ld

 (
%

)

 H
2

 CH
4

 CO
1

 GO
1

 GP

 N-C  H-ZSM-5 (A)  MgO  A+B  B+A  

Figure 4.4.11. Energy yield distribution obtained in fast pyrolysis of ws-ac over H-

ZSM-5 and MgO in single-catalyst and coupling configurations. 
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Table 4.4.3. Compositions and HHVs of char and coke obtained in the fast pyrolysis 

of ws-ac over H-ZSM-5 and MgO in single-catalyst and coupling configurations. 

Experiment Fraction 

Coke in 

catalyst 

(wt.%) 

Mass 

yield 

(wt.%) 

Elemental analysis  

(wt.%, dry basis) 
HHV  

(MJ/kg) 
C H N O 

N-C Char – 17.8 78.7 2.7 0.9 10.5 29.4 

H-ZSM-5 (A) Coke 13.9 2.8 63.5 4.4 – 32.1 24.0 

MgO (B) Coke 34.0 6.0 47.3 2.8 – 49.9 14.7 

A+B 
Coke A 14.4 2.7 63.3 4.1 – 32.6 23.5 

Coke B 22.2 4.3 56.9 3.1 – 40.0 19.4 

B+A 
Coke B 30.8 6.3 50.1 2.4 – 47.5 15.4 

Coke A 16.2 3.3 52.4 3.6 – 44.0 18.0 

GC-MS detected and total mass yields are depicted in Figure 4.4.12.a. It is observed 

that total mass yields of the single-catalyst tests are very close to each other, but MgO 

shows a higher proportion of detected compounds than H-ZSM-5 (61.5 vs. 42.8 wt.%). 

In the case of employing MgO as the bottom catalyst, the proportion of detected 

compounds maintains its value around 60 wt.%, but its total mass yield decreased 

considerably because of the action of the two catalysts. However, in the B+A 

configuration, a decay in both total mass yield and proportion of detected compounds 

is observed. As occurred with BNT tests, a remarkable decrease in energy yields is 

observed when two catalysts are employed in staged-CFP, being B+A configuration 

the one with the lowest total energy yield (Figure 4.4.12.b). 
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Figure 4.4.12. Quantitative GC-MS analyses of the bio-oil* obtained in the ws-ac 

catalytic pyrolysis over H-ZSM-5 and MgO in single-catalyst and coupling 

configurations: a) total and GC-MS detected mass yields; b) total and GC-MS detected 

energy yields; and c) GC-MS detected mass yields of compound families (AC: 

carboxylic acids, LO: light oxygenates, FUR: furans, SUG: anhydrosugars and O-AR: 

oxygenated aromatics). 

In order to explain these behaviours, it is necessary to examine the compositions of the 

quantifiable fractions of the bio-oils* (Figure 4.4.12.c). MgO presents the highest 

proportion of detected compounds, with the highest yields of AC, LO, FUR and O-AR 

families. In contrast, SUG yield is lower than that of the non-catalyst test, but similar 

to H-ZSM-5. Anhydrosugars are first dehydrated into furans and then decomposed into 

low-molecular-weight oxygenates, such as carboxylic acids. In addition, the 

production of light oxygenates is enhanced because MgO basic sites promote 

ketonisation and aldol condensation reactions. Moreover, basic MgO properties favour 

lignin decomposition into oxygenated aromatic compounds. However, unlike the CFP 

tests that include H-ZSM-5 as a single or combined catalyst, MgO does not produce 

aromatic hydrocarbons. Although MgO was part of both coupling configurations, the 

production of LO, FUR and O-AR decreased compared to the single-catalyst test. In 

contrast, AC and SUG yields with MgO are very similar to that of A+B configuration. 

Anhydrosugars are similarly transformed into aromatic hydrocarbons as explained in 
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the previous section. However, AR yield of A+B configuration is slightly lower than 

that of H-ZSM-5 due to the presence of the MgO catalyst bed beneath, where aromatic 

hydrocarbons may undergo some transformations as they pass through it. In the case 

of staged B+A catalytic pyrolysis configuration, AR production stands out. AC and 

LO from MgO bed act as GO precursors [57,73], which are then transformed into AR 

through Diels-Alder condensation reactions with FUR and oligomerisation-

cyclisation-aromatisation reactions in the H-ZSM-5 bed, proving that B+A coupling 

configuration is the most efficient in this regard. 

4.4.2.3. Comparison of high-added value bio-based chemicals obtained by CFP 

employing single-catalyst and coupling configurations 

As aromatic hydrocarbons are the most relevant compounds found in bio-oils* of acid-

basic coupling configurations, the AR concentrations are disclosed into their different 

subfamilies in Table 4.4.4.  

As shown in Figures 4.4.7.c and 4.4.12.c, no aromatic hydrocarbons were found in 

the non-catalytic and single BNT and MgO tests. It can be observed that bio-oils* from 

B+A configurations present higher total AR concentrations than that of single H-ZSM-

5 configuration (2.7 vs. 1.2 and 2.5 wt.% for BNT and MgO, respectively). However, 

substituted benzenes become more abundant when a secondary basic catalyst is used 

(from 46 to 52 and 61 % for BNT and MgO, respectively). Polycyclic aromatic 

hydrocarbons (PAHs) are simplified into single aromatic ring components when they 

pass through the basic catalyst beds. When B+A configurations are employed, the total 

AR concentrations improve from 1.5 to 4.4 times with respect to that of the single-H-

ZSM-5 test, for BNT and MgO, respectively. In the case of MgO, substituted benzenes 

represent more than 65 % of AR subfamily, with xylenes being the most abundant 

compounds. Mixed xylenes (composed of m-xylene, p-xylene, o-xylene and ethyl 

benzene in varying proportions), in conjunction with toluene and mesitylene, are 

components of high-octane number in gasolines, whereas, together with styrene, 

xylenes are fundamental building blocks in the plastics industry. Furthermore, xylenes 

are extensively used as thinners and solvents in adhesives, inks, paints and varnishes 

[150–152]. 
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Table 4.4.4. Concentration (wt.%) of the main AR components present in the bio-oil* 

produced by fast pyrolysis of ws-ac over H-ZSM-5 in single-catalyst and coupling 

configurations with BNT/MgO (catalyst A: H-ZSM-5; catalyst B: MgO). Polycyclic 

aromatic hydrocarbons (PAHs) in italics. 

Catalyst(s) H-ZSM-5 H-ZSM-5 & BNT H-ZSM-5 & MgO 

Configuration A A+B B+A A+B B+A 

Anthracenes <0.01 <0.01 0.04 0.03 0.10 

Biphenyls <0.01 – 0.09 – 0.13 

Fluorenes 0.04 0.01 0.10 0.03 0.18 

Indenes 0.66 0.28 0.66 0.35 1.63 

Methylindene 0.19 0.06 – 0.10 0.49 

Indane 0.13 0.05 0.14 0.11 0.41 

Dimethylindene 0.17 0.01 0.14 0.08 0.29 

Naphthalenes 0.71 0.28 1.25 0.56 1.97 

Methylnaphthalene 0.25 0.14 0.32 0.20 0.56 

Naphthalene 0.20 – 0.27 0.10 0.49 

Dimethylnaphthalene 0.19 0.09 0.27 0.15 0.43 

Phenanthrenes 0.02 0.00 0.03 – – 

Substituted benzenes 1.22 0.64 1.79 1.53 7.60 

Xylene 0.56 0.36 0.68 0.72 2.96 

Toluene 0.25 0.18 0.40 0.30 1.70 

Ethylbenzene 0.07 – 0.20 0.16 0.50 

Mesitylene 0.08 0.03 0.09 0.09 0.37 

Styrene 0.05 0.03 0.09 0.06 0.28 

Total AR 2.66 1.21 3.97 2.49 11.62 

Moreover, PAHs are also abundant in bio-oils* of B+A configurations, especially in 

the case of MgO, which almost doubles its concentration compared to that of BNT. In 

general, PAHs are formed by oligomerisation of substituted benzenes, and these 

reactions are carried out by the acidic active sites of H-ZSM-5 in the second catalytic 

bed [6]. Indenes and naphthalenes stand out among other PAHs found in these bio-

oils*. Indenes have numerous applications in manufacturing pharmaceutically active 

compounds, functional molecules, and ligands for metal complexes [87], whereas 

naphthalenes are used directly as pesticides and as precursors in the production of dyes, 

plasticisers, and resins [86]. 

In summary, the combination of acid and basic catalysts in sequential pyrolysis of 

lignocellulosic biomass gives rise to a more deoxygenated bio-oil* at the expense of a 

decrease in its total mass yield. It was demonstrated that the bio-oils* from the B+A 



4.4. Fast pyrolysis of wheat straw by dual-catalyst tandem system 

154 

configurations have lower proportions of detected compounds. However, in return 

they have higher aromatic hydrocarbons concentration, especially when using a 

catalyst with high concentration of basic sites in the upper bed, such as MgO. This bio-

oil* shows a total concentration of 11.6 wt.% of aromatic hydrocarbons, where 

substituted benzenes stand out over PAHs.
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4.5. Comparison of studied catalysts and coupling configurations 

This section compiles the most relevant results of the previous sections with the goal 

of establishing a comparison between the different catalytic systems in terms of 

products that may have a commercial value. 

Firstly, and aimed to the possible use of the whole bio-oil as a biofuel, the relationship 

between oxygen contents and bio-oil* mass and energy yields of selected catalytic 

tests, performed at the same operating conditions (C/B ratio = 0.2 and Tcatalysis = 450 

°C), are compared in Figures 4.5.1.a and 4.5.1.b, respectively. In addition, non-

catalytic tests performed following the two different bio-oil recovery procedures are 

also included in the study for reference (denoted as N-C_x, where x corresponds to the 

number of the procedure). Apart from the reference thermal test, the only catalytic test 

carried out following Procedure 1 that involved the use of acetone in the recovery of 

bio-oil, is the one performed with KH-ZSM-5 zeolite. 
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Figure 4.5.1. Relationship between the oxygen content and yields of the bio-oil* 

fraction in the fast pyrolysis of wheat straw over the different catalysts and coupling 

configurations studied when C/B ratio = 0.2 and Tcatalysis = 450 °C: a) mass yield; b) 

energy yield. 

Coupling catalyst tests exhibit the lowest oxygen concentrations of bio-oils*, showing 

also the greatest difference between mass and energy yields regarding those of their 

respective thermal test. Having these low oxygen contents should imply higher energy 

yields of both bio-oils*. However, due to the low mass yields obtained for both dual-

catalyst catalytic tests, these values are at the lower left-hand side of the graphs. In 

addition, bio-oils* obtained over MgO and K-USY catalysts can be also interesting as 

biofuels since they present a significantly lower oxygen content than the thermal ones 
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whereas their energy yields are over 50 %, which are very close to that of the non-

catalytic test. Thus, the use of MgO and K-grafted USY zeolite in catalytic fast 

pyrolysis of wheat straw is not only interesting in their valorisation as a source of high-

added value bio-based chemicals, but also as potential biofuels. 

On the other hand, the interest of this catalyst screening is to analyse the influence of 

the nature of the catalysts studied on the compound families obtained in each bio-oil*. 

In this way, Figure 4.5.2 represents the yield of GC-MS detected species. As has been 

commented throughout the discussion, the non-catalytic tests exhibit low mass yields 

of GC-MS detected compounds (10.8 – 16.9 wt.%), only accounting for 18.8 – 29.2 

wt.% of the total bio-oil*. The inclusion of catalysts in the fast pyrolysis of acid-

washed wheat straw results in bio-oils* with more detected compounds due to the 

relatively simpler chemical structures of the molecules so obtained. The highest 

increase in this parameter corresponds with the use of BNT and MgO catalysts, 

reaching yields that are more than twice higher than that of their respective thermal 

bio-oil*. 

 

 

Figure 4.5.2.  GC-MS analyses of the bio-oil* obtained in the bio-oil* produced by 

fast pyrolysis of wheat straw over different catalysts and coupling configurations: 

overall mass yields of GC-MS detected components. 

When detected compounds are considered individually by families (Figure 4.5.3), the 

nature of the catalysts, as well as their textural and acid-base properties, have a great 

impact on the composition of bio-oils*. 
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Firstly, carboxylic acids are present to a great extent in bio-oils* of most single-step 

catalytic tests under mild conditions of C/B ratio and catalytic temperature, especially 

in the case of attapulgite. Conversely, production of furans stands out in bio-oils* from 

tests involving basic Mg-containing metal oxides, as dehydration of anhydrosugars 

into furans is promoted. 

Secondly, the most notorious compound family in thermal tests is that of 

anhydrosugars (6.0 – 8.4 wt.%). Unlike other catalytic systems, bentonite clay showed 

the highest yield of anhydrosugars (11.6 wt.%), concretely levoglucosan, which 

appears to be the most abundant product of cellulose fast pyrolysis. 
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Figure 4.5.3. GC-MS detected mass yields of compound families present in the bio-

oil* produced by fast pyrolysis of ws-ac over different catalysts and coupling 

configurations (AC: carboxylic acids, LO: light oxygenates, FUR: furans, SUG: 

anhydrosugars, O-AR: oxygenated aromatics, and AR: aromatic hydrocarbons). 
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Thirdly, Mg-containing metal oxides and K-incorporated zeolites showed moderate-

high yields of both light oxygenates (3.1 – 8.2 wt.%) and oxygenated aromatics (3.1 – 

5.3 wt.%). The former are derived from cellulose and hemicellulose pyrolysis, whereas 

the latter are product of the transformation of lignin oligomers. Ketones, specifically 

cyclic ketones, are the most abundant compounds in the light oxygenates family, 

whereas methoxybenzenes and hydroxybenzenes are those of the oxygenated 

aromatics family. As discussed previously, hydroxybenzenes are more abundant at 

more severe conditions of C/B ratio and temperature, as observed in the K-USY bio-

oil* obtained at C/B = 0.6 and 500 °C, since methoxybenzenes act as their precursors. 

Moreover, in this particular case, ketones account for 94 % of the total light 

oxygenates. Conversely, among Mg-containing metal oxides and K-incorporated 

zeolites, catalysts with more balanced acid-base properties, such as the Mg-Zr mixed 

metal oxide and the KH-ZSM-5 zeolite, exhibit higher yields of light oxygenates than 

oxygenated aromatics. In contrast, those with higher basicity to acidity ratio, like MgO 

and K-grafted USY zeolite, produce more oxygenated aromatics than light oxygenates, 

since C‒C bond formation reactions predominate over cracking reactions, resulting in 

compounds of higher molecular weight. 

Finally, catalytic tests involving zeolites exhibit low-moderate yields of aromatic 

hydrocarbons. Dual-catalyst catalytic tests stand out over single-catalyst tests, 

specifically, that of MgO + H-ZSM-5 shows a remarkable yield of aromatic 

hydrocarbons (2.7 wt.%). The synergistic effect of a highly basic catalyst and a highly 

acid catalyst result in the transformation of carboxylic acids, light oxygenates and 

furans into aromatic hydrocarbons through sequential reaction mechanisms described 

in the previous section. Furthermore, the proportion between mono- and polycyclic 

aromatic hydrocarbons of such configuration (1.9 : 1) is higher than in any other 

catalytic systems.
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The main conclusions of this Doctoral Thesis are summarised below, aiming to 

respond in general terms to the objectives set out at the beginning of the research:  

• Bentonite clay showed high bio-oil* yields with low formation of undesirable by-

products. Anhydrosugars are the most abundant compounds in both bio-oils* 

produced by catalytic pyrolysis of acid-washed wheat straw and cellulose. This 

fact can be attributed to the synergistic effect of its textural properties and high 

weak-mild basicity. Their production is maximised at a catalyst to biomass ratio of 

0.2 (11.6 and 13.9 wt.%, respectively). 

• Compared to bentonite clay, attapulgite clay exhibited considerably reduced bio-

oil* yields due to its higher textural and acid-base properties leading to excessive 

cracking and deoxygenation reactions. However, this fact benefits the formation 

of gaseous hydrocarbons and the reduction in the oxygen concentration of bio-oil*. 

Regarding the composition of bio-oil*, the highest yield of carboxylic acids (6.0 

wt.%) is observed for a catalyst to biomass ratio of 0.2.  

• Magnesium oxide presents the highest overall basicity (4.13 mmolCO2/g) among 

all catalysts studied with a high contribution of medium basicity (71 %). Bio-oil* 

yield is significantly reduced due to the more efficient deoxygenation and 

extensive C‒C bond formation reactions, including aldol condensation and 

ketonisation reactions, promoted by its high concentrations of basic sites. Thus, 

basic MgO gives rise to a highly deoxygenated bio-oil* (oxygen content of 26.6 

wt.%), but its energy yield remains very similar to the reference thermal test 

despite the reduction in its mass yield. The bio-oil* so obtained shows the highest 

concentration of detected compounds by GC-MS and remarkable yields of light 

oxygenates (4.4 wt.%) and oxygenated aromatics (5.3 wt.%). Cyclic ketones, such 

as cyclopentenones, stand out among other light oxygenates, whereas production 

of acetophenones and guaiacols is highlighted among other oxygenated aromatics. 

In addition, the highest yield of furans (4.8 wt.%) is observed for this catalytic test. 

• Zirconium oxide showed amphoteric acid-base properties, but its overall basicity 

is not comparable with the other Mg-containing oxides. Thus, ZrO2 exhibited low 

activity in the fast pyrolysis of wheat straw, which is reflected in the highest bio-

oil yield* and oxygen concentration among catalytic tests with the other materials 

studied. Regarding the composition of bio-oil*, the most predominant compounds 

are carboxylic acids and anhydrosugars. 
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• A Mg-Zr mixed oxide with a Mg/(Mg+Zr) ratio of 0.71, synthesised by co-

precipitation of magnesium and zirconyl nitrates, results in an enhanced overall 

acidity due to synergistic effect of both single oxides and an intermediate overall 

basicity between the two single oxides. As in the case of MgO, bio-oil* yield was 

considerably reduced due to its remarkable acid-base properties. 75MgZr produced 

a not-so-highly deoxygenated bio-oil* (oxygen content of 28.6 wt.%) rich in light 

oxygenates (5.6 wt.%), including acetals and ketones, although its production of 

oxygenated aromatics is somewhat diminished compared to MgO (3.1 wt.%). 

• The K-exchanged H-ZSM-5 zeolite showed similar crystallinity and textural 

properties to its parent material. However, ion-exchange strongly modified its 

acid-base properties, decreasing the concentration of strong acid sites, while 

generating basic sites of weak-mild strength. When tested in the catalytic pyrolysis 

of wheat straw, the increase of the KH-ZSM-5 catalyst to biomass ratio provokes 

a progressive reduction of the bio-oil* yield with and enhancement in the 

production of gases, water and coke. It showed a more efficient behaviour than 

parent H-ZSM-5 zeolite since, for the same or even lower oxygen contents, the 

bio-oil* is produced in clearly larger mass yields. In terms of bio-oil* composition, 

KH-ZSM-5 zeolite showed quite larger yields of GC-MS detected components 

with an enhanced production of carboxylic acids, oxygenated aromatics and light 

oxygenates, with a great share of ketones, which could be assigned to ketonisation 

activity arising from its generated basic sites. 

• The K-grafted USY zeolite showed a high concentration of basic sites of weak-

mild strength, but with reduced textural properties caused by partial 

desilication/amorphisation of the parent zeolite. The stability of the K-USY zeolite 

was tested by steaming at 450 °C, showing that its crystallinity and basicity were 

not affected. The K-USY zeolite showed enhanced activity for the catalytic 

pyrolysis of acid-washed wheat straw in comparison with the USY sample. This 

fact was clearly reflected in the reduction of both the yield and oxygen content of 

the bio-oil* fraction when increasing the catalyst to biomass ratio. Remarkable 

changes were also observed in the bio-oil* composition when using the K-USY 

catalyst. Thus, an increase in the yield of GC-MS detected components was 

denoted, showing that this basic catalyst promotes the transformation of oligomers 

and heavy species into lighter and more valuable compounds, such as light 

oxygenates and oxygenated aromatics. Moreover, varying the temperature of the 



5. General conclusions 

163 

catalyst bed and the C/B ratio allowed the bio-oil* composition to be further 

optimised. Accordingly, when working at 500 °C in the catalytic zone of the 

reaction system and with a catalyst to biomass ratio of 0.6, the formation of both 

ketones (with a great share of cyclic ketones) and phenolics was favoured. 

• The combination of bentonite and H-ZSM-5 zeolite in sequential pyrolysis of 

wheat straw gives rise to a more deoxygenated bio-oil* at the expense of a decrease 

in its total mass yield. A little positive effect on aromatic hydrocarbons 

concentration is observed with respect to the catalytic test with the sole H-ZSM-5 

zeolite (1.2 vs. 1.0 wt.%, respectively). As in this case, polycyclic aromatic 

hydrocarbons predominate over substituted benzenes.  

• In contrast, the combination of MgO and H-ZSM-5 zeolite in sequential pyrolysis 

of wheat straw significantly enhances the production of aromatic hydrocarbons. 

Oligomeric fragments are transformed into smaller species that are precursors of 

furans and light olefins in a primary step over basic MgO and are further converted 

into aromatic hydrocarbons in a secondary step over a mainly microporous and 

acid catalyst like H-ZSM-5 zeolite. The highest yield of aromatic hydrocarbons 

(2.7 wt.%) with the highest proportion of monoaromatic/polycyclic aromatic 

hydrocarbons (1.9 : 1) was achieved for this dual-catalyst catalytic test.
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As a consequence of the results and conclusions obtained in the present Doctoral 

Thesis on the ex-situ catalytic fast pyrolysis of acid-washed wheat straw over diverse 

acid-base catalysts and coupling configurations, the following recommendations for 

future research are suggested: 

• To prepare multifunctional catalysts by loading metals with different 

functionalities on either Mg-containing metal oxides or K-incorporated zeolites. 

• To deepen the use of the basic+acid coupling catalyst configuration by testing 

innovative combinations of acid-base catalysts. 

• To study the nature of the carbonaceous deposits on the surface of the catalysts, 

their deactivation and their regenerability. 

• To bring bio-oil upgrading over basic or both basic and acid catalysts to larger 

scales. 

• To consider both material and energy valorisation of other by-products of catalytic 

fast pyrolysis, such as char and gaseous hydrocarbons. 

• To evaluate the environmental impact and the techno-economic viability of the 

process under optimised conditions. 

• To develop an effective system of separation/fractionation of the components 

present in the bio-oil finally obtained. 
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Table A.1. Fast pyrolysis of ws-ac (N-C test; procedure 2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  SBET (m2/g) ‒ 

Catalyst sample N-C  SMES+EXT (m
2/g) ‒ 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) ‒ 

C/B ratio (g/g) 0.0  Acidity (mmolNH3/g) ‒ 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) ‒ 

 

Products distribution 

Solid phase Mass yield (wt.%) Energy yield (%) 

Char 17.8 27.6 

Coke ‒ ‒ 

Liquid phase Mass yield (wt.%) Energy yield (%) 

Bio-oil* 57.4 61.5 

Carboxylic acids 1.8 1.8 

Light oxygenates 0.5 0.9 

Furans 1.4 1.9 

Sugars 6.0 6.4 

Oxygenated aromatics 1.1 2.0 

Aromatic hydrocarbons – ‒ 

Non-detected compounds 46.6 48.6 

Water 16.3 – 

Gaseous phase Mass yield (wt.%) Energy yield (%) 

Hydrogen 0.003 0.028 

Methane 0.351 1.136 

Gaseous olefins 0.105 0.306 

Ethylene 0.047 0.140 

Propylene 0.041 0.119 

Butylene 0.017 0.048 

Gaseous paraffins 0.075 0.227 

Ethane 0.054 0.166 

Propane 0.017 0.053 

Butane 0.003 0.008 

Carbon oxide 2.223 1.302 

Carbon dioxide 5.684 – 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke ‒ ‒ ‒ ‒ – – 

Bio-oil* 53.3 3.3 0.2 43.2 – 20.4 
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Table A.2. Fast pyrolysis of ws-ac over BNT (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  SBET (m2/g) 43 

Catalyst sample BNT  SMES+EXT (m
2/g) 43 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.126 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.080 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.596 

 

Products distribution 

Solid phase Mass yield (wt.%) Energy yield (%) 

Char 17.8 27.6 

Coke 2.1 1.4 

Liquid phase Mass yield (wt.%) Energy yield (%) 

Bio-oil* 52.5 58.7 

Carboxylic acids 5.6 4.9 

Light oxygenates 2.2 3.6 

Furans 1.7 2.1 

Sugars 11.6 10.9 

Oxygenated aromatics 2.8 4.5 

Aromatic hydrocarbons ‒ ‒ 

Non-detected compounds 28.7 32.7 

Water 18.4 ‒ 

Gaseous phase Mass yield (wt.%) Energy yield (%) 

Hydrogen 0.009 0.061 

Methane 0.363 0.941 

Gaseous olefins 0.089 0.206 

Ethylene 0.007 0.017 

Propylene 0.054 0.126 

Butylene 0.028 0.062 

Gaseous paraffins 0.127 0.310 

Ethane 0.086 0.210 

Propane 0.027 0.065 

Butane 0.015 0.035 

Carbon oxide 2.870 1.346 

Carbon dioxide 5.690 0.061 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 36.1 5.6 ‒ 58.3 – 12.7 

Bio-oil* 53.3 5.6 ‒ 41.0 – 21.0 
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Table A.3. Fast pyrolysis of ws-ac over BNT (C/B = 0.6) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  SBET (m2/g) 43 

Catalyst sample BNT  SMES+EXT (m
2/g) 43 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.126 

C/B ratio (g/g) 0.6  Acidity (mmolNH3/g) 0.080 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.596 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 5.4 

Liquid phase Mass yield (wt.%) 

Bio-oil* 40.6 

Carboxylic acids 5.3 

Light oxygenates 2.0 

Furans 1.4 

Sugars 8.9 

Oxygenated aromatics 2.2 

Aromatic hydrocarbons ‒ 

Non-detected compounds 20.8 

Water 25.6 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.012 

Methane 0.385 

Gaseous olefins 0.197 

Ethylene 0.090 

Propylene 0.071 

Butylene 0.035 

Gaseous paraffins 0.141 

Ethane 0.096 

Propane 0.030 

Butane 0.015 

Carbon oxide 3.439 

Carbon dioxide 6.391 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 39.8 5.4 ‒ 54.8 – 14.3 

Bio-oil* 54.9 5.9 0.1 39.2 – 22.1 
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Table A.4. Fast pyrolysis of ws-ac over ATP (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  SBET (m2/g) 117 

Catalyst sample ATP  SMES+EXT (m
2/g) 117 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.526 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.200 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.689 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 3.5 

Liquid phase Mass yield (wt.%) 

Bio-oil* 44.1 

Carboxylic acids 6.0 

Light oxygenates 3.2 

Furans 2.7 

Sugars 2.7 

Oxygenated aromatics 2.1 

Aromatic hydrocarbons ‒ 

Non-detected compounds 27.4 

Water 21.8 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.013 

Methane 0.388 

Gaseous olefins 0.166 

Ethylene 0.091 

Propylene 0.067 

Butylene 0.008 

Gaseous paraffins 0.120 

Ethane 0.091 

Propane 0.024 

Butane 0.005 

Carbon oxide 4.208 

Carbon dioxide 7.935 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 46.7 3.8 ‒ 49.5 – 15.6 

Bio-oil* 52.9 6.2 0.1 40.8 – 21.5 
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Table A.5. Fast pyrolysis of ws-ac over ATP (C/B = 0.6) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  SBET (m2/g) 117 

Catalyst sample ATP  SMES+EXT (m
2/g) 117 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.526 

C/B ratio (g/g) 0.6  Acidity (mmolNH3/g) 0.200 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.689 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 7.5 

Liquid phase Mass yield (wt.%) 

Bio-oil* 30.5 

Carboxylic acids 4.7 

Light oxygenates 1.8 

Furans 3.3 

Sugars ‒ 

Oxygenated aromatics 2.0 

Aromatic hydrocarbons ‒ 

Non-detected compounds 18.8 

Water 27.9 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.019 

Methane 0.408 

Gaseous olefins 0.359 

Ethylene 0.171 

Propylene 0.162 

Butylene 0.026 

Gaseous paraffins 0.176 

Ethane 0.132 

Propane 0.032 

Butane 0.012 

Carbon oxide 6.533 

Carbon dioxide 8.800 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 54.9 4.5 ‒ 40.6 – 20.0 

Bio-oil* 57.8 6.1 0.1 36.0 – 23.7 
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Table A.6. Fast pyrolysis of cellulose (N-C test) 

Reaction conditions  Catalyst properties 

Raw biomass cellulose  SBET (m2/g) ‒ 

Catalyst sample N-C  SMES+EXT (m
2/g) ‒ 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) ‒ 

C/B ratio (g/g) 0.0  Acidity (mmolNH3/g) ‒ 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) ‒ 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 15.9 

Coke ‒ 

Liquid phase Mass yield (wt.%) 

Bio-oil* 48.1 

Carboxylic acids 1.5 

Light oxygenates 2.2 

Furans 0.4 

Sugars 11.5 

Oxygenated aromatics ‒ 

Aromatic hydrocarbons ‒ 

Non-detected compounds 32.4 

Water 28.5 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.006 

Methane 0.107 

Gaseous olefins 0.139 

Ethylene 0.064 

Propylene 0.058 

Butylene 0.016 

Gaseous paraffins 0.096 

Ethane 0.070 

Propane 0.020 

Butane 0.006 

Carbon oxide 2.496 

Carbon dioxide 4.667 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 43.9 6.3 – 49.1 0.8 17.6 

Char 81.9 3.3 ‒ 10.0 4.8 31.4 

Coke ‒ ‒ ‒ ‒ – – 

Bio-oil* 46.4 5.1 ‒ 48.5 46.4 17.3 
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Table A.7. Fast pyrolysis of cellulose over BNT (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass cellulose  SBET (m2/g) 43 

Catalyst sample BNT  SMES+EXT (m
2/g) 43 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.126 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.080 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.596 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 15.9 

Coke 7.7 

Liquid phase Mass yield (wt.%) 

Bio-oil* 35.4 

Carboxylic acids 3.1 

Light oxygenates 1.3 

Furans 1.6 

Sugars 13.9 

Oxygenated aromatics ‒ 

Aromatic hydrocarbons ‒ 

Non-detected compounds 15.4 

Water 32.2 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.009 

Methane 0.060 

Gaseous olefins 0.091 

Ethylene 0.039 

Propylene 0.040 

Butylene 0.011 

Gaseous paraffins 0.034 

Ethane 0.025 

Propane 0.009 

Butane 0.001 

Carbon oxide 2.558 

Carbon dioxide 6.034 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 43.9 6.3 – 49.1 0.8 17.6 

Char 81.9 3.3 ‒ 10.0 4.8 31.4 

Coke 31.7 4.9 ‒ 63.4 – 10.3 

Bio-oil* 52.4 6.5 ‒ 41.2 – 21.7 
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Table A.8. Fast pyrolysis of cellulose over BNT (C/B = 0.6) 

Reaction conditions  Catalyst properties 

Raw biomass cellulose  SBET (m2/g) 43 

Catalyst sample BNT  SMES+EXT (m
2/g) 43 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.126 

C/B ratio (g/g) 0.6  Acidity (mmolNH3/g) 0.080 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.596 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 15.9 

Coke 16.5 

Liquid phase Mass yield (wt.%) 

Bio-oil* 24.4 

Carboxylic acids 4.7 

Light oxygenates 1.3 

Furans 1.7 

Sugars 8.9 

Oxygenated aromatics 0.1 

Aromatic hydrocarbons ‒ 

Non-detected compounds 7.7 

Water 31.9 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.022 

Methane 0.082 

Gaseous olefins 0.136 

Ethylene 0.053 

Propylene 0.059 

Butylene 0.024 

Gaseous paraffins 0.049 

Ethane 0.034 

Propane 0.013 

Butane 0.002 

Carbon oxide 3.315 

Carbon dioxide 7.717 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 43.9 6.3 – 49.1 43.9 17.6 

Char 81.9 3.3 ‒ 10.0 81.9 31.4 

Coke 29.0 4.8 ‒ 66.3 29.0 8.9 

Bio-oil* 58.9 5.1 ‒ 36.0 58.9 22.8 
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Table A.9. Fast pyrolysis of ws-ac over MgO (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  Mg/(Mg+Zr) atomic ratio 1.00 

Catalyst sample MgO  SBET/SMES+EXT (m
2/g) 82/82 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.47 

C/B ratio (g/g) 0.2  Acidity (µmolNH3/g) 40 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 4.13 

 

Products distribution 

Solid phase Mass yield (wt.%) Energy yield (%) 

Char 17.8 27.6 

Coke 6.0 4.6 

Liquid phase Mass yield (wt.%) Energy yield (%) 

Bio-oil* 38.6 56.6 

Carboxylic acids 5.5 4.8 

Light oxygenates 4.4 7.4 

Furans 4.8 5.9 

Sugars 3.7 4.5 

Oxygenated aromatics 5.3 8.4 

Aromatic hydrocarbons – – 

Non-detected compounds 14.9 25.7 

Water 26.5 – 

Gaseous phase Mass yield (wt.%) Energy yield (%) 

Hydrogen 0.015 0.109 

Methane 0.350 0.988 

Gaseous olefins 0.265 0.672 

Ethylene 0.123 0.316 

Propylene 0.095 0.240 

Butylene 0.048 0.117 

Gaseous paraffins 0.192 0.509 

Ethane 0.127 0.340 

Propane 0.050 0.131 

Butane 0.015 0.038 

Carbon oxide 3.598 1.842 

Carbon dioxide 6.622 0.109 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 47.3 2.8 – 49.9 – 14.7 

Bio-oil* 67.3 6.0 0.1 26.6 – 27.8 
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Table A.10. Fast pyrolysis of ws-ac over ZrO2 (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  Mg/(Mg+Zr) atomic ratio – 

Catalyst sample ZrO2  SBET/SMES+EXT (m
2/g) 71/71 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.09 

C/B ratio (g/g) 0.2  Acidity (µmolNH3/g) 73 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 1.39 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 2.0 

Liquid phase Mass yield (wt.%) 

Bio-oil* 41.7 

Carboxylic acids 4.4 

Light oxygenates 2.2 

Furans 2.3 

Sugars 5.4 

Oxygenated aromatics 2.0 

Aromatic hydrocarbons – 

Non-detected compounds 25.3 

Water 28.7 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.030 

Methane 0.250 

Gaseous olefins 0.166 

Ethylene 0.093 

Propylene 0.073 

Butylene 0.000 

Gaseous paraffins 0.144 

Ethane 0.106 

Propane 0.028 

Butane 0.010 

Carbon oxide 3.059 

Carbon dioxide 6.119 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 61.3 3.2 – 35.4 – 21.6 

Bio-oil* 58.3 6.3 0.1 35.3 – 24.1 
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Table A.11. Fast pyrolysis of ws-ac over 75MgZr (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  Mg/(Mg+Zr) atomic ratio 0.71 

Catalyst sample 75MgZr  SBET/SMES+EXT (m
2/g) 75/75 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.30 

C/B ratio (g/g) 0.2  Acidity (µmolNH3/g) 85 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 2.06 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 5.7 

Liquid phase Mass yield (wt.%) 

Bio-oil* 34.2 

Carboxylic acids 4.5 

Light oxygenates 5.6 

Furans 3.3 

Sugars 3.2 

Oxygenated aromatics 3.1 

Aromatic hydrocarbons – 

Non-detected compounds 14.4 

Water 29.9 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.034 

Methane 0.427 

Gaseous olefins 0.309 

Ethylene 0.141 

Propylene 0.127 

Butylene 0.042 

Gaseous paraffins 0.206 

Ethane 0.153 

Propane 0.042 

Butane 0.012 

Carbon oxide 4.020 

Carbon dioxide 7.472 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 51.3 3.0 – 45.7 – 16.8 

Bio-oil* 65.6 5.7 0.1 28.6 – 26.7 
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Table A.12. Fast pyrolysis of ws-ac (N-C test; procedure 1) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K/Al ‒ 

Catalyst sample N-C  Si/Al ‒ 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) ‒ 

C/B ratio (g/g) 0.0  Acidity (mmolNH3/g) ‒ 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) ‒ 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.1 

Coke ‒ 

Liquid phase Mass yield (wt.%) 

Bio-oil* 57.9 

Carboxylic acids 2.4 

Light oxygenates 2.5 

Furans 2.1 

Sugars 8.4 

Oxygenated aromatics 1.5 

Aromatic hydrocarbons ‒ 

Non-detected compounds 41.1 

Water 15.9 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.005 

Methane 0.323 

Gaseous olefins 0.106 

Ethylene 0.057 

Propylene 0.046 

Butylene 0.002 

Gaseous paraffins 0.094 

Ethane 0.066 

Propane 0.023 

Butane 0.005 

Carbon oxide 2.622 

Carbon dioxide 5.853 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 46.9 5.9 0.9 44.5 1.8 18.7 

Char 75.0 3.0 1.9 9.7 10.3 28.5 

Coke ‒ ‒ ‒ ‒ – – 

Bio-oil* 54.3 6.0 0.1 39.5 – 22.0 
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Table A.13. Fast pyrolysis of ws-ac over KH-ZSM-5 (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K/Al 0.5 

Catalyst sample KH-ZSM-5  Si/Al 36.8 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 397/83 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.160 

Procedure for bio-oil recovery 1  Basicity (mmolCO2/g) 0.460 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.1 

Coke 1.5 

Liquid phase Mass yield (wt.%) 

Bio-oil* 51.2 

Carboxylic acids 5.3 

Light oxygenates 8.2 

Furans 1.4 

Sugars 5.2 

Oxygenated aromatics 3.7 

Aromatic hydrocarbons ‒ 

Non-detected compounds 27.4 

Water 16.9 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.008 

Methane 0.399 

Gaseous olefins 0.264 

Ethylene 0.100 

Propylene 0.140 

Butylene 0.024 

Gaseous paraffins 0.134 

Ethane 0.088 

Propane 0.031 

Butane 0.014 

Carbon oxide 4.833 

Carbon dioxide 7.650 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 46.9 5.9 0.9 44.5 1.8 18.7 

Char 75.0 3.0 1.9 9.7 10.3 28.5 

Coke 87.3 7.2 2.7 2.8 – 38.7 

Bio-oil* 55.7 6.3 0.1 37.9 – 22.9 
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Table A.14. Fast pyrolysis of ws-ac over KH-ZSM-5 (C/B = 0.4) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K/Al 0.5 

Catalyst sample KH-ZSM-5  Si/Al 36.8 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 397/83 

C/B ratio (g/g) 0.4  Acidity (mmolNH3/g) 0.160 

Procedure for bio-oil recovery 1  Basicity (mmolCO2/g) 0.460 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.1 

Coke 2.6 

Liquid phase Mass yield (wt.%) 

Bio-oil* 41.1 

Carboxylic acids 4.3 

Light oxygenates 4.6 

Furans 1.2 

Sugars 4.4 

Oxygenated aromatics 3.3 

Aromatic hydrocarbons 0.2 

Non-detected compounds 20.4 

Water 19.3 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.013 

Methane 0.505 

Gaseous olefins 0.732 

Ethylene 0.255 

Propylene 0.432 

Butylene 0.045 

Gaseous paraffins 0.197 

Ethane 0.118 

Propane 0.038 

Butane 0.040 

Carbon oxide 8.639 

Carbon dioxide 9.816 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 46.9 5.9 0.9 44.5 1.8 18.7 

Char 75.0 3.0 1.9 9.7 10.3 28.5 

Coke 86.0 7.5 4.0 2.4 – 38.6 

Bio-oil* 60.2 6.7 0.1 32.9 – 25.5 
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Table A.15. Fast pyrolysis of ws-ac over KH-ZSM-5 (C/B = 0.6) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K/Al 0.5 

Catalyst sample KH-ZSM-5  Si/Al 36.8 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 397/83 

C/B ratio (g/g) 0.6  Acidity (mmolNH3/g) 0.160 

Procedure for bio-oil recovery 1  Basicity (mmolCO2/g) 0.460 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.1 

Coke 3.5 

Liquid phase Mass yield (wt.%) 

Bio-oil* 34.6 

Carboxylic acids 2.9 

Light oxygenates 2.5 

Furans 0.5 

Sugars 3.3 

Oxygenated aromatics 3.3 

Aromatic hydrocarbons 0.4 

Non-detected compounds 21.7 

Water 20.6 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.014 

Methane 0.608 

Gaseous olefins 1.631 

Ethylene 0.540 

Propylene 0.993 

Butylene 0.098 

Gaseous paraffins 0.245 

Ethane 0.136 

Propane 0.050 

Butane 0.060 

Carbon oxide 10.342 

Carbon dioxide 11.312 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 46.9 5.9 0.9 44.5 1.8 18.7 

Char 75.0 3.0 1.9 9.7 10.3 28.5 

Coke 85.8 8.5 2.4 3.3 – 39.6 

Bio-oil* 63.3 6.8 0.2 29.7 – 27.0 
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Table A.16. Fast pyrolysis of ws-ac over KH-ZSM-5 (C/B = 0.8) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K/Al 0.5 

Catalyst sample KH-ZSM-5  Si/Al 36.8 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 397/83 

C/B ratio (g/g) 0.8  Acidity (mmolNH3/g) 0.160 

Procedure for bio-oil recovery 1  Basicity (mmolCO2/g) 0.460 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.1 

Coke 4.5 

Liquid phase Mass yield (wt.%) 

Bio-oil* 28.8 

Carboxylic acids 3.0 

Light oxygenates 2.2 

Furans 0.6 

Sugars 1.0 

Oxygenated aromatics 3.2 

Aromatic hydrocarbons 0.7 

Non-detected compounds 14.4 

Water 21.1 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.014 

Methane 0.654 

Gaseous olefins 1.882 

Ethylene 0.619 

Propylene 1.152 

Butylene 0.112 

Gaseous paraffins 0.275 

Ethane 0.140 

Propane 0.048 

Butane 0.088 

Carbon oxide 12.798 

Carbon dioxide 12.849 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 46.9 5.9 0.9 44.5 1.8 18.7 

Char 75.0 3.0 1.9 9.7 10.3 28.5 

Coke 85.5 8.8 4.8 0.9 – 40.0 

Bio-oil* 66.8 7.4 0.2 25.6 – 29.4 
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Table A.17. Fast pyrolysis of ws-ac over H-ZSM-5 (C/B = 0.2; procedure 1) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K/Al ‒ 

Catalyst sample H-ZSM-5  Si/Al 39.5 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 384/53 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.314 

Procedure for bio-oil recovery 1  Basicity (mmolCO2/g) 0.018 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.1 

Coke 3.3 

Liquid phase Mass yield (wt.%) 

Bio-oil* 33.1 

Carboxylic acids 2.9 

Light oxygenates 5.5 

Furans 1.7 

Sugars 2.9 

Oxygenated aromatics 2.0 

Aromatic hydrocarbons 0.2 

Non-detected compounds 24.0 

Water 19.4 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.009 

Methane 0.578 

Gaseous olefins 1.079 

Ethylene 0.396 

Propylene 0.511 

Butylene 0.172 

Gaseous paraffins 0.214 

Ethane 0.112 

Propane 0.041 

Butane 0.061 

Carbon oxide 9.875 

Carbon dioxide 9.273 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 46.9 5.9 0.9 44.5 1.8 18.7 

Char 75.0 3.0 1.9 9.7 10.3 28.5 

Coke 91.2 7.3 0.1 1.4 – 40.3 

Bio-oil* 59.6 6.7 0.1 33.6 – 25.2 
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Table A.18. Fast pyrolysis of ws-ac over H-ZSM-5 (C/B = 0.6) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K/Al ‒ 

Catalyst sample H-ZSM-5  Si/Al 39.5 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 384/53 

C/B ratio (g/g) 0.6  Acidity (mmolNH3/g) 0.314 

Procedure for bio-oil recovery 1  Basicity (mmolCO2/g) 0.018 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.1 

Coke 4.6 

Liquid phase Mass yield (wt.%) 

Bio-oil* 24.1 

Carboxylic acids 0.6 

Light oxygenates 1.3 

Furans 0.2 

Sugars 1.9 

Oxygenated aromatics 1.7 

Aromatic hydrocarbons 0.5 

Non-detected compounds 17.8 

Water 17.2 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.022 

Methane 0.887 

Gaseous olefins 2.890 

Ethylene 1.244 

Propylene 1.335 

Butylene 0.311 

Gaseous paraffins 0.576 

Ethane 0.236 

Propane 0.300 

Butane 0.040 

Carbon oxide 17.316 

Carbon dioxide 15.328 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 46.9 5.9 0.9 44.5 1.8 18.7 

Char 75.0 3.0 1.9 9.7 10.3 28.5 

Coke 85.4 13.5 ‒ 1.1 – 45.6 

Bio-oil* 64.3 8.7 0.2 26.9 – 29.9 
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Table A.19. Fast pyrolysis of ws-ac over USY (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K content (wt.%) ‒ 

Catalyst sample USY  Si/Al 419 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 687/95 

C/B ratio (g/g) 0.2  Lewis acidity (mmolNH3/g) ‒ 

Procedure for bio-oil recovery 2  Overall basicity (mmolCO2/g) 0.097 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 2.4 

Liquid phase Mass yield (wt.%) 

Bio-oil* 43.8 

Carboxylic acids 2.0 

Light oxygenates 0.5 

Furans 0.7 

Sugars 3.6 

Oxygenated aromatics 1.2 

Aromatic hydrocarbons – 

Non-detected compounds 35.8 

Water 25.4 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.005 

Methane 0.373 

Gaseous olefins 0.160 

Ethylene 0.064 

Propylene 0.058 

Butylene 0.038 

Gaseous paraffins 0.092 

Ethane 0.068 

Propane 0.020 

Butane 0.004 

Carbon oxide 2.895 

Carbon dioxide 7.040 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 77.9 5.8 – 16.3 – 27.7 

Bio-oil* 52.3 6.0 1.8 39.9 – 21.2 
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Table A.20. Fast pyrolysis of ws-ac over USY (C/B = 0.6) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K content (wt.%) ‒ 

Catalyst sample USY  Si/Al 419 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 687/95 

C/B ratio (g/g) 0.6  Lewis acidity (mmolNH3/g) ‒ 

Procedure for bio-oil recovery 2  Overall basicity (mmolCO2/g) 0.097 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 4.8 

Liquid phase Mass yield (wt.%) 

Bio-oil* 36.8 

Carboxylic acids 2.1 

Light oxygenates 0.6 

Furans 1.5 

Sugars 0.4 

Oxygenated aromatics 1.3 

Aromatic hydrocarbons – 

Non-detected compounds 30.9 

Water 25.8 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.008 

Methane 0.543 

Gaseous olefins 0.261 

Ethylene 0.119 

Propylene 0.102 

Butylene 0.040 

Gaseous paraffins 0.134 

Ethane 0.101 

Propane 0.032 

Butane 0.001 

Carbon oxide 4.837 

Carbon dioxide 9.027 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 87.6 5.9 ‒ 6.5 – 33.3 

Bio-oil* 54.6 6.0 2.1 37.3 – 22.3 
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Table A.21. Fast pyrolysis of ws-ac over K-USY (C/B = 0.2; Tcatalysis = 450 °C) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K content (wt.%) 1.59 

Catalyst sample K-USY  Si/Al 346 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 574/88 

C/B ratio (g/g) 0.2  Lewis acidity (mmolNH3/g) 0.018 

Procedure for bio-oil recovery 2  Overall basicity (mmolCO2/g) 0.597 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 6.1 

Liquid phase Mass yield (wt.%) 

Bio-oil* 38.2 

Carboxylic acids 2.6 

Light oxygenates 2.8 

Furans 3.0 

Sugars 1.8 

Oxygenated aromatics 3.5 

Aromatic hydrocarbons 0.1 

Non-detected compounds 24.0 

Water 20.4 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.025 

Methane 0.424 

Gaseous olefins 0.621 

Ethylene 0.180 

Propylene 0.254 

Butylene 0.187 

Gaseous paraffins 0.248 

Ethane 0.163 

Propane 0.027 

Butane 0.059 

Carbon oxide 5.926 

Carbon dioxide 10.198 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 78.7 3.4 ‒ 17.9 ‒ 20.3 

Bio-oil* 65.4 6.2 0.1 28.3 – 27.2 
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Table A.22. Fast pyrolysis of ws-ac over K-USY (C/B = 0.6; Tcatalysis = 450 °C) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K content (wt.%) 1.59 

Catalyst sample K-USY  Si/Al 346 

Tpyrolysis/Tcatalysis (°C) 550/450  SBET/SMES+EXT (m
2/g) 574/88 

C/B ratio (g/g) 0.6  Lewis acidity (mmolNH3/g) 0.018 

Procedure for bio-oil recovery 2  Overall basicity (mmolCO2/g) 0.597 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 10.6 

Liquid phase Mass yield (wt.%) 

Bio-oil* 24.9 

Carboxylic acids 0.8 

Light oxygenates 3.2 

Furans 1.8 

Sugars – 

Oxygenated aromatics 4.1 

Aromatic hydrocarbons 0.5 

Non-detected compounds 14.9 

Water 23.0 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.091 

Methane 0.894 

Gaseous olefins 1.281 

Ethylene 0.365 

Propylene 0.487 

Butylene 0.429 

Gaseous paraffins 0.467 

Ethane 0.262 

Propane 0.079 

Butane 0.127 

Carbon oxide 8.916 

Carbon dioxide 12.016 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 67.2 3.0 ‒ 29.9 – 19.0 

Bio-oil* 67.7 7.2 0.1 25.0 – 29.5 
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Table A.23. Fast pyrolysis of ws-ac over K-USY (C/B = 0.2; Tcatalysis = 400 °C) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K content (wt.%) 1.59 

Catalyst sample K-USY  Si/Al 346 

Tpyrolysis/Tcatalysis (°C) 550/400  SBET/SMES+EXT (m
2/g) 574/88 

C/B ratio (g/g) 0.2  Lewis acidity (mmolNH3/g) 0.018 

Procedure for bio-oil recovery 2  Overall basicity (mmolCO2/g) 0.597 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 6.3 

Liquid phase Mass yield (wt.%) 

Bio-oil* 34.0 

Carboxylic acids 3.3 

Light oxygenates 2.4 

Furans 2.7 

Sugars 1.8 

Oxygenated aromatics 3.0 

Aromatic hydrocarbons 0.1 

Non-detected compounds 20.8 

Water 24.1 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.017 

Methane 0.389 

Gaseous olefins 0.520 

Ethylene 0.164 

Propylene 0.228 

Butylene 0.128 

Gaseous paraffins 0.238 

Ethane 0.151 

Propane 0.043 

Butane 0.043 

Carbon oxide 5.659 

Carbon dioxide 10.878 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 75.2 3.8 – 21.0 – 28.6 

Bio-oil* 63.9 6.7 0.1 29.3 – 27.1 
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Table A.24. Fast pyrolysis of ws-ac over K-USY (C/B = 0.6; Tcatalysis = 400 °C) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K content (wt.%) 1.59 

Catalyst sample K-USY  Si/Al 346 

Tpyrolysis/Tcatalysis (°C) 550/400  SBET/SMES+EXT (m
2/g) 574/88 

C/B ratio (g/g) 0.6  Lewis acidity (mmolNH3/g) 0.018 

Procedure for bio-oil recovery 2  Overall basicity (mmolCO2/g) 0.597 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 7.8 

Liquid phase Mass yield (wt.%) 

Bio-oil* 24.5 

Carboxylic acids 1.3 

Light oxygenates 2.6 

Furans 0.9 

Sugars – 

Oxygenated aromatics 3.9 

Aromatic hydrocarbons 0.4 

Non-detected compounds 15.5 

Water 29.2 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.059 

Methane 0.900 

Gaseous olefins 1.090 

Ethylene 0.292 

Propylene 0.423 

Butylene 0.375 

Gaseous paraffins 0.419 

Ethane 0.254 

Propane 0.061 

Butane 0.104 

Carbon oxide 7.002 

Carbon dioxide 11.195 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 87.6 4.1 – 8.3 – 34.6 

Bio-oil* 67.0 7.8 0.1 25.2 – 29.9 
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Table A.25. Fast pyrolysis of ws-ac over K-USY (C/B = 0.2; Tcatalysis = 500 °C) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K content (wt.%) 1.59 

Catalyst sample K-USY  Si/Al 346 

Tpyrolysis/Tcatalysis (°C) 550/500  SBET/SMES+EXT (m
2/g) 574/88 

C/B ratio (g/g) 0.2  Lewis acidity (mmolNH3/g) 0.018 

Procedure for bio-oil recovery 2  Overall basicity (mmolCO2/g) 0.597 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 3.9 

Liquid phase Mass yield (wt.%) 

Bio-oil* 39.0 

Carboxylic acids 2.1 

Light oxygenates 2.9 

Furans 2.9 

Sugars 1.7 

Oxygenated aromatics 4.0 

Aromatic hydrocarbons – 

Non-detected compounds 25.3 

Water 20.8 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.046 

Methane 0.804 

Gaseous olefins 0.922 

Ethylene 0.284 

Propylene 0.360 

Butylene 0.277 

Gaseous paraffins 0.332 

Ethane 0.215 

Propane 0.054 

Butane 0.062 

Carbon oxide 6.852 

Carbon dioxide 9.566 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 90.4 3.6 – 5.9 – 35.2 

Bio-oil* 64.1 6.8 0.1 29.0 – 27.4 
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Table A.26. Fast pyrolysis of ws-ac over K-USY (C/B = 0.6; Tcatalysis = 500 °C) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  K content (wt.%) 1.59 

Catalyst sample K-USY  Si/Al 346 

Tpyrolysis/Tcatalysis (°C) 550/500  SBET/SMES+EXT (m
2/g) 574/88 

C/B ratio (g/g) 0.6  Lewis acidity (mmolNH3/g) 0.018 

Procedure for bio-oil recovery 2  Overall basicity (mmolCO2/g) 0.597 

 

Products distribution 

Solid phase Mass yield (wt.%) 

Char 17.8 

Coke 7.4 

Liquid phase Mass yield (wt.%) 

Bio-oil* 20.2 

Carboxylic acids 0.2 

Light oxygenates 3.1 

Furans 1.2 

Sugars – 

Oxygenated aromatics 4.3 

Aromatic hydrocarbons 0.5 

Non-detected compounds 10.8 

Water 29.2 

Gaseous phase Mass yield (wt.%) 

Hydrogen 0.134 

Methane 1.434 

Gaseous olefins 1.685 

Ethylene 0.513 

Propylene 0.657 

Butylene 0.515 

Gaseous paraffins 0.555 

Ethane 0.355 

Propane 0.077 

Butane 0.123 

Carbon oxide 9.705 

Carbon dioxide 11.866 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 90.1 3.4 – 6.5 – 34.8 

Bio-oil* 68.6 6.8 0.2 24.5 – 29.4 
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Table A.27. Fast pyrolysis of ws-ac over H-ZSM-5 (C/B = 0.2; procedure 2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  Si/Al 39.5 

Catalyst sample H-ZSM-5  SBET/SMES+EXT (m2/g) 384/53 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.360 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.314 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.018 

 

Products distribution 

Solid phase Mass yield (wt.%) Energy yield (%) 

Char 17.8 27.6 

Coke 2.8 3.5 

Liquid phase Mass yield (wt.%) Energy yield (%) 

Bio-oil* 39.2 52.2 

Carboxylic acids 4.2 3.6 

Light oxygenates 2.0 3.4 

Furans 1.9 2.3 

Sugars 4.1 4.9 

Oxygenated aromatics 3.6 5.8 

Aromatic hydrocarbons 1.0 2.3 

Non-detected compounds 22.4 22.3 

Water 26.1 – 

Gaseous phase Mass yield (wt.%) Energy yield (%) 

Hydrogen 0.012 0.089 

Methane 0.220 0.631 

Gaseous olefins 0.559 1.448 

Ethylene 0.284 0.743 

Propylene 0.249 0.640 

Butylene 0.026 0.065 

Gaseous paraffins 0.139 0.374 

Ethane 0.091 0.246 

Propane 0.025 0.068 

Butane 0.023 0.061 

Carbon oxide 5.493 2.854 

Carbon dioxide 7.633 0.089 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke 63.5 4.4 – 32.1 – 24.0 

Bio-oil* 62.3 5.8 0.1 31.8 – 25.3 
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Table A.28. Fast pyrolysis of ws-ac over H-ZSM-5 and BNT (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  Catalyst bed Top Bottom 

Top catalyst sample H-ZSM-5  Si/Al 39.5 – 

Bottom catalyst sample BNT  SBET/SMES+EXT (m2/g) 384/53 43/43 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.360 0.126 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.314 0.080 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.018 0.596 

 

Products distribution 

Solid phase Mass yield (wt.%) Energy yield (%) 

Char 17.8 27.6 

Coke 5.0 5.9 

Coke in top catalyst bed 2.6 3.2 

Coke in bottom catalyst bed 2.4 2.7 

Liquid phase Mass yield (wt.%) Energy yield (%) 

Bio-oil* 33.7 47.4 

Carboxylic acids 4.5 3.9 

Light oxygenates 2.1 3.6 

Furans 1.4 1.7 

Sugars 4.7 4.3 

Oxygenated aromatics 1.8 2.9 

Aromatic hydrocarbons 0.4 0.9 

Non-detected compounds 18.7 30.1 

Water 27.0 – 

Gaseous phase Mass yield (wt.%) Energy yield (%) 

Hydrogen 0.015 0.108 

Methane 0.273 0.787 

Gaseous olefins 0.707 1.836 

Ethylene 0.366 0.958 

Propylene 0.315 0.811 

Butylene 0.027 0.067 

Gaseous paraffins 0.172 0.465 

Ethane 0.105 0.284 

Propane 0.038 0.100 

Butane 0.030 0.081 

Carbon oxide 7.275 3.789 

Carbon dioxide 7.972 – 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke in top catalyst 61.8 4.4 – 33.9 – 23.2 

Coke in bottom catalyst 56.5 4.8 – 38.8 – 21.3 

Bio-oil* 65.4 5.8 0.1 28.7 – 26.7 
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Table A.29. Fast pyrolysis of ws-ac over BNT and H-ZSM-5 (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  Catalyst bed Top Bottom 

Top catalyst sample BNT  Si/Al – 39.5 

Bottom catalyst sample H-ZSM-5  SBET/SMES+EXT (m2/g) 43/43 384/53 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.126 0.360 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.080 0.314 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.596 0.018 

 

Products distribution 

Solid phase Mass yield (wt.%) Energy yield (%) 

Char 17.8 27.6 

Coke 5.5 4.8 

Coke in top catalyst bed 2.8 1.3 

Coke in bottom catalyst bed 2.7 3.5 

Liquid phase Mass yield (wt.%) Energy yield (%) 

Bio-oil* 30.9 46.3 

Carboxylic acids 2.6 2.3 

Light oxygenates 2.9 5.0 

Furans 1.9 2.3 

Sugars 1.6 1.5 

Oxygenated aromatics 2.1 3.5 

Aromatic hydrocarbons 1.2 2.7 

Non-detected compounds 18.4 29.0 

Water 25.7 – 

Gaseous phase Mass yield (wt.%) Energy yield (%) 

Hydrogen 0.024 0.170 

Methane 0.716 1.952 

Gaseous olefins 1.448 3.549 

Ethylene 0.615 1.527 

Propylene 0.629 1.538 

Butylene 0.204 0.484 

Gaseous paraffins 0.366 0.934 

Ethane 0.176 0.452 

Propane 0.063 0.159 

Butane 0.128 0.323 

Carbon oxide 9.353 4.618 

Carbon dioxide 8.270 – 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke in top catalyst 29.7 4.6 – 65.8 – 8.9 

Coke in bottom catalyst 63.6 4.5 – 31.9 – 24.2 

Bio-oil* 68.1 6.2 0.1 25.6 – 28.5 
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Table A.30. Fast pyrolysis of ws-ac over H-ZSM-5 and MgO (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  Catalyst bed Top Bottom 

Top catalyst sample H-ZSM-5  Si/Al 39.5 – 

Bottom catalyst sample MgO  SBET/SMES+EXT (m2/g) 384/53 82/82 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.360 0.47 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.314 0.040 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 0.018 4.130 

 

Products distribution 

Solid phase Mass yield (wt.%) Energy yield (%) 

Char 17.8 27.6 

Coke 7.0 7.7 

Coke in top catalyst bed 2.7 3.4 

Coke in bottom catalyst bed 4.3 3.3 

Liquid phase Mass yield (wt.%) Energy yield (%) 

Bio-oil* 26.1 39.0 

Carboxylic acids 4.7 4.1 

Light oxygenates 2.1 3.4 

Furans 2.0 2.5 

Sugars 3.9 3.8 

Oxygenated aromatics 2.3 3.7 

Aromatic hydrocarbons 0.7 1.4 

Non-detected compounds 10.4 20.0 

Water 32.6 – 

Gaseous phase Mass yield (wt.%) Energy yield (%) 

Hydrogen 0.141 1.040 

Methane 0.295 0.852 

Gaseous olefins 0.527 1.371 

Ethylene 0.269 0.706 

Propylene 0.230 0.595 

Butylene 0.028 0.070 

Gaseous paraffins 0.168 0.455 

Ethane 0.109 0.296 

Propane 0.037 0.099 

Butane 0.022 0.060 

Carbon oxide 6.943 3.629 

Carbon dioxide 8.400 – 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke in top catalyst 63.3 4.1 – 32.6 – 23.5 

Coke in bottom catalyst 56.9 3.1 – 40.0 – 19.4 

Bio-oil* 69.0 5.9 0.1 25.0 – 28.4 
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Table A.31. Fast pyrolysis of ws-ac over MgO and H-ZSM-5 (C/B = 0.2) 

Reaction conditions  Catalyst properties 

Raw biomass ws-ac  Catalyst bed Top Bottom 

Top catalyst sample MgO  Si/Al – 39.5 

Bottom catalyst sample H-ZSM-5  SBET/SMES+EXT (m2/g) 82/82 384/53 

Tpyrolysis/Tcatalysis (°C) 550/450  VT (cm3/g) 0.47 0.360 

C/B ratio (g/g) 0.2  Acidity (mmolNH3/g) 0.040 0.314 

Procedure for bio-oil recovery 2  Basicity (mmolCO2/g) 4.130 0.018 

 

Products distribution 

Solid phase Mass yield (wt.%) Energy yield (%) 

Char 17.8 27.6 

Coke 9.6 8.2 

Coke in top catalyst bed 6.3 5.1 

Coke in bottom catalyst bed 3.3 3.1 

Liquid phase Mass yield (wt.%) Energy yield (%) 

Bio-oil* 23.1 37.0 

Carboxylic acids 1.0 0.8 

Light oxygenates 2.1 3.7 

Furans 1.2 1.4 

Sugars 1.1 1.6 

Oxygenated aromatics 2.2 3.6 

Aromatic hydrocarbons 2.7 6.0 

Non-detected compounds 12.9 19.9 

Water 29.2 – 

Gaseous phase Mass yield (wt.%) Energy yield (%) 

Hydrogen 0.041 0.289 

Methane 0.875 2.391 

Gaseous olefins 1.694 4.165 

Ethylene 0.729 1.814 

Propylene 0.756 1.853 

Butylene 0.209 0.498 

Gaseous paraffins 0.387 0.989 

Ethane 0.184 0.476 

Propane 0.066 0.168 

Butane 0.136 0.346 

Carbon oxide 8.712 4.313 

Carbon dioxide 8.490 – 

 

Fraction 
Proximate and ultimate analysis (wt.%) HHV 

(MJ/kg) C H N O Ash 

Biomass 47.8 5.9 0.2 44.8 1.3 19.0 

Char 78.7 2.7 0.9 10.5 7.2 29.4 

Coke in top catalyst 50.1 2.4 – 47.5 – 15.4 

Coke in bottom catalyst 52.4 3.6 – 44.0 – 18.0 

Bio-oil* 69.2 7.3 0.1 23.4 – 30.4 
 


