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ABSTRACT 
 

The current societal needs for fuels and chemical commodities strongly depend on fossil 
resources. This dependence can lead to economic instabilities, political problems and 
insecurity of supplies. Moreover, global warming, which is associated with the massive use of 
fossil resources, is a dramatic “collateral damage” that endangers the future of the planet. 

Biomass is the main renewable source available today that can, produce various liquid, 
gaseous and solid products. Due to their lignocellulosic origin are considered CO2 neutral and 
thus can generate CO2 credits. Biomass processing can meet to the challenge of reducing of 
fossil resources by producing a liquid feedstock that can lessen the “fossil dependence” and 
/or meet the increased demand via a rapidly emerging thermochemical technology: pyrolysis. 

The ultimate goal of this process is to produce liquid with improved properties that could 
directly be used as liquid fuel, fuel additive and/or feedstock in modern oil refineries and 
petrochemical complexes. 

However, the liquids derived from biomass thermal processing are problematic with 
respect to their handling and end use applications. Thus, alternative routes of advanced liquid 
feedstock production are needed. Heterogeneous catalysis has long served the oil refining and 
petrochemical industries to produce a wide range of fuels and products. The combination of 
biomass pyrolysis and heterogeneous catalysis (by bringing in contact the produced 
vapours/liquids with suitable catalysts) is a very promising route. 

In this dissertation, the exploitation of biomass to produce of liquid feedstock via pyrolysis 
over a multifunctional catalyst and in a steam atmosphere is investigated.   

Steam pyrolysis in a fixed bed reactor demonstrated that steam can be considered a 
reactive agent even at lower temperatures affecting the yields and the composition of all the 
products. The devolatilisation accelerates and the amount of final volatile matter in the char. 

Fast pyrolysis in the presence of steam results in improved and controlled thermal 
decomposition of the biomass; higher liquid yields and slightly deoxygenated liquid products 
are also obtained. 

Steam pyrolysis over a bi-metallic Ni-V catalyst can produce liquids of improved quality 
(lower O content) and also provide routes for selective deoxygenation. However, a decrease in 
liquid yield was observed. 

The combination of metal and acid catalysts (Ni-V/HZSM5) shows enhanced 
deoxygenation activity and increased H preservation in the produced liquid. The final O 
content in the liquid was 12.83wt% at a zeolite (HZSM5) loading of~75wt%; however, the 
yield of the obtained liquid was substantially decreased. Moreover, increased coke formation 
on the catalyst was observed at highest zeolite rate. 

The increased catalyst space time (τ) results in a lower liquid yield with reduced oxygen 
(7.79 wt% at τ =2h) and increased aromatic content. The coke deposited per unit mass of 
catalyst is lower for longer catalyst space times, while the char yield seems to be unaffected.  
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The evaluation of the stability of the hybrid catalyst showed no significant structural 
defects and activity loss when the catalyst was regenerated at a low temperature (550οC). 
Keywords: Pyrolysis; Catalytic Cracking; Catalytic Upgrading; Biomass to Liquids; Bio-fuels 
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SAMMANFATTNING 

Det nuvarande samhällets behov av bränslen och kemiska produkter är starkt knutet till 
fossila resurser. Detta beroende kan leda till ekonomisk instabilititet, politiska svårigheter och 
osäker leveranssäkerhet. Dessutom riskeras allvarliga skador i framtiden på grund av global 
uppvärmning, vilket är relaterat till det ökande och massiva användandet av fossila bränslen.    
Biomassa är en förnybar resurs som är tillgänglig idag, möjlig att utnyttja för produktion av 
diverse flytande, gasformiga och fasta produkter. Dessa produkter, beroende på biogeniskt 
ursprung, betraktas som koldioxidneutrala och kan därför generera koldioxidkrediter. 
Processande av biomassa kan möta utmaningen av minskad fossilbränsleanvändning, genom 
produktion av flytande råvara som kan reducera beroendet och/eller möta ökad efterfrågan, 
via en snabbt expanderande termokemisk teknik - pyrolys.     

Det slutgiltiga målet med en sådan process är att producera en flytande produkt med 
förbättrade egenskaper som direkt skulle kunna användas som flytande bränslen, 
bränsleadditiv och/eller som råmaterial i moderna oljeraffinaderier och petrokemiska 
komplex. 
Vätskor som utvinns från termiska processer är problematiska med avseende på hantering och 
slutanvändningen i olika applikationer, därmed behövs olika spår för produktion av 
avancerade flytande råvaror. Heterogena katalysen har länge tjänat raffinaderi- och 
petrokemisk industri, som producerar ett brett utbud av bränslen och produkter, lämpliga för 
säker användning. Kombinationen av biomassapyrolys och heterogen katalys  (genom att 
bringa pyrolysångorna i kontakt med en lämplig katalysator) är ett väldigt lovande spår. 
I denna avhandling undersöks användningen av biomassa för produktion av flytande råvara, 
via pyrolys över en flerfunktionel katalysator i ångatmosfär. 

Ångpyrolys i en fastbäddsreaktor visade att ånga kan betraktas som ett reaktivt medium,  
även vid låga temperaturer, som påverkar utbyten och sammansättning av alla produkter. 
Avgasningen sker snabbare och den slutliga flykthalten i kolresterna blir lägren vid 
användning av ånga. 

Snabbpyrolys i ångatmosfär resulterar i förbättrad och mer kontrollerad termisk 
nedbrytning av biomassa, vilket ger ett högre vätskeutbyte och en något deoxygenerad 
flytande produkten. 

ångpyrolys i kombination med bimetalliska NiV-katalysatorer, ger upphov till en flytande 
råvara med förbättrad kvalitet och selektiv deoxygenering. Dock med ett minskande utbyte 
som följd. 

Kombinationen av metall och en sur katalysator (Ni-V/HZSM5) visade förstärkt 
deoxygenering med bibehållen vätehalt i den flytande produkten. Den slutliga syrehalten i 
vätskan var 12.83 vikt% vid en zeolithalt (HZSM5) på 75 vikt%, dock med ett kraftigt 
minskande vätskeutbyte. Dessutom noterades ökad koksbildning på katalysatormaterialet med 
den högsta zeolithalten.  

Ökad rymd-tid  för katalysatorn (τ) ger ett lägre vätskeutbyte med reducerad syrehalt (7.79 
vikt% vid τ=2h) och ökad aromathalt. Koksbildning på ytan, per massenhet 
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katalysatormaterial, minskade vid längre rymd-tider medan utbytet av kolrester förblev 
opåverkat.   

Undersökningen av stabiliteten hos hybridkatalysatorn visade inga strukturella defekter 
och ingen signifikant minskad aktivitet efter regenerering vid låg temperatur (550οC).   
Nyckelord: Pyrolys; Katalytisk krackning; Katalytisk uppgradering; Biomass to Liquids; 
Biobränslen        
  



ix 
 

ΠΕΡΙΛΗΨΗ 
 

Οι σύγχρονες ανάγκες της κοινωνίας για παραγωγή υγρών καυσίμων και χημικών 
προϊόντων εξαρτώνται από τους ορυκτούς πόρους. Αυτή η εξάρτηση μπορεί να οδηγήσει σε 
οικονομικά προβλήματα, πολιτκή αστάθεια, όπως επίσης και αβεβαιότητα στις προμήθειες 
της ενεργειακής εφοδιαστικής αλυσίδας. Επιπροσθέτως, μια δραματική «παράπλευρη 
απώλεια» η οποία θέτει σε κίνδυνο το μέλλον του πλανήτη είναι η υπερθέρμανσή του, η 
οποία έχει συσχετισθεί με την εκτεταμένη χρήση ορυκτών πόρων. 

Σήμερα, η βιομάζα είναι η μόνη ανανεώσιμη πηγή από την οποία μπορούν να παραχθούν 
υγρά, αέρια και στερεά προϊόντα, που λόγω της λιγνοκυταρρινικής τους προελεύσεως, η 
συνεισφορά τους στις εκομπές CO2 θεώρειται μηδενική. 

Η θερμοχημική επεξεργασία της βιομάζας συνεισφέρει στον περιορισμό της χρήσης 
ορυκτών πόρων, με την παραγωγή υγρών προϊόντων, τα οποία μπορούν να μειώσουν την 
εξάρτηση ή /και την αυξημένη ζήτηση μέσω μιας ταχέως αναπτυσόμενης τεχνολογίας, της 
πυρόλυσης. 

Στόχος της διεργασίας είναι η παραγωγή υγρών προϊόντων με ιδιότητες, που επιτρέπουν 
την απευθείας χρήση τους ως υγρά καύσιμα ή ως πρώτη ύλη, για την παραγώγη χημικών 
προϊόντων σε συγχρονες μονάδες διύλισης πετρελαίου και σε πετροχημικά συγκτροτήματα. 

Εν τούτοις, τα υγρά προϊόντα της θερμικής διάσπασης (πυρόλυση) είναι προβληματικά 
στη διαχείρηση και στις τελικές τους εφαρμογές, λόγω της σύστασής τους. Ως εκ τούτου, 
απαιτούνται νέες τεχνικές για παραγωγή προηγμένων υγρών προοϊόντων. Η ετερογενής 
κατάλυση έχει επιτυχώς εφαρμοσθεί στην πετρελαϊκή και χημική βιομηχανία, παράγοντας 
ένα μεγάλο εύρος προϊόντων. Ο συνδυασμός της με την πυρόλυση (φέρνοντας σε επαφη τα 
υγρά/ατμούς με κατάλληλο καταλύτη) αποτελεί μια πολλά υποσχόμενη ενναλακτική.  

Στην παρούσα διατριβή μελετάται η αξιοποίηση βιομάζας για παραγωγή υγρών προϊόντων 
μέσω καταλυτικής πυρόλυσης, με χρήση πολυλειτουρικού καταλύτη (multi-functional 
catalyst) υπό την παρουσία ατμού. 

Η χρήση ατμου κατά τη διαρκειά πυρόλυσης βιομαζας σε αντιδραστήρα σταθερής κλίνης, 
μεταβάλει τη σύσταση των επιμέρους προϊόντων. Η παρουσία ατμού έχει ως αποτέλεσμα την 
ταχύτερη αποπτητικοποίηση του υλικού, ενώ παράλληλα η περιεκτικότητα του 
υπολειπόμενου εξανθρακώματος σε πτητικά είναι μικρότερη. 

Τα πειραματικά αποτελέσματα ταχείας πυρόλυσης σε αντιδραστήρα ρευστοστερεάς κλίνης 
δείχνουν ό,τι η χρήση ατμού βελτιώνει την θερμική διάσπαση της βιομαζας, αυξάνοντας την 
απόδοση σε υγρά προϊοντά, ενώ παράλληλα βοηθάει στην αποξυγόνωσή τους. 

Ο συνδυασμός της πυρόλυσης υπό την παρουσία ατμού και διμεταλλικού καταλύτη 
νικελίου–βαναδίου μπορεί να  βελτιώσει την ποιότητα των παραγόμενων υγρών 
(αποξυγόνωση) με παραλλήλη μείωση της απόδοσής τους, ενώ μπορεί να  παράγει προϊόντα 
εκλεκτικής αποξυγόνωσης. 

Συνδυασμός μεταλλικών και ζεολιθικών καταλυτών (Ni-V/HZSM5) εμφανίζει βελτιωμένη 
δραστικότητα στις αντιδράσεις αποξυγόνωσης, με παράλληλη συγκράτηση υδρογόνου (Η) 
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στα υγρά προϊόντα. Η τελική περιεκτικότητα των υγρών προϊόντων σε οξυγόνου (Ο) μετά 
από 90 min αντίδρασης είναι 12.83 wt%, με περιεκτικότητα ζεόλιθου (ΗZSΜ5) ~75 wt% 
στον καταλύτη. Ωστόσο, η αυξηση της περεικτικότητας σε ζεόλιθο έχει ως αποτέλεσμα την 
αύξηση των επικαθήσεων άνθρακα επάνω στον κατάλυτη, καθώς και την σημαντική μειώση 
της απόδοσης των υγρών προϊόντων (24.35wt% επι ξηρής βιομάζας).   

Η αύξηση του χώρου χρόνου του καταλύτη (τ) έχει ως αποτέλεσμα: τη μείωση των υγρών 
προϊόντων, τη μείωση του περιεχόμενου Ο στα υγρά προϊόντα (7.79 wt% at τ =2h), την 
αύξηση των αρωματικών υδρογονανθράκων και τη μείωση του επικαθήμενου κωκ ανά 
μονάδα μάζας καταλύτη. Η απόδοση του εξανθρακώματος παρέμεινε πρακτικά αμετάβλητη. 
Η αναγέννηση του υβριδικού καταλύτη σε χαμηλές θερμοκρασιές (550οC) δεν επέφερε 
σημαντικές δομικές αλλαγές και απώλεια δραστικότητας. 
Λέξεις Κλειδιά: Πυρόλυση;  Καταλυτική διάσπαση; Καταλυτική αναβάθμιση; Biomass to 
Liquids; Βιοκαύσιμα 
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CHAPTER 1 
1. Introduction 

 Introduction 1.1.

The depletion of crude oil reserves in conjunction with the increased demand for 
oil and its derivatives by emerging economies and the environmental burden because 
of the use of fossil fuels, have incentivised the quest for alternative routes of energy 
generation and of fuel and chemical production. 

The EU is currently 80% dependent on fossil fuels and should reduce GHG 
emissions by 80% by 2050 [1]. Considering that the demand for transportation fuels 
(diesel and gasoline) will see a net rise of 40% by 2040 [2], the need for liquid fuels 
from renewable sources increases. The world energy demand, energy sources and the 
energy demand by sector (excluding electricity) until 2040 are shown in Figure 1.1. 

Biomass is the only carbon-containing renewable source, which makes it suitable 
for fuel production [3] (especially for non-stationary applications), and is the only 
viable renewable source for the production of aromatic compounds [4], that our 
society currently depends on. The abundant and non-edible lignocellulosic feedstock 
has attracted significant interest in the recent years.  

A promising and rapidly advancing technology for producing a plethora of 
complex compounds (which otherwise could not be readily available via conventional 
routes) from biomass is fast pyrolysis, that produces a mobile liquid feedstock known 
as bio-oil. 

However, the biomass-derived pyrolytic liquid is very complex and highly 
oxygenated. The complexity comes from the uncontrolled and interactive thermal 
degradation of biomass components. The high oxygen content imparts undesirable 
properties, such as thermal instability, high acidity and reactivity. Moreover, because 
of the oxygen content and nature of the liquids obtained, it is difficult to use these 
liquids in the existing infrastructure for fuel and chemicals production. Thus 
upgrading routes for their exploitation are needed. The upgrading to suitable products 
requires careful process development such as catalyst use and/or modification of the 
reaction environment etc. [5]. The application of heterogeneous catalysis to biomass 
pyrolysis seems to be one of the most promising processes to improve the quality of 
the desired liquid products and represents an interesting area of opportunity [6].  

This work investigates the pyrolysis of biomass in a modified reaction environment 
(steam) and the use of hybrid multifunctional catalysts for the production of liquid 
feedstock suitable for use as fuel additive and/or chemical feedstock. The layout of 
this dissertation is described in the following section. 
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Figure 1.1 Energy outlook 2040 [2]. (a) Energy demand; (b) energy sources; (c) energy 

demand by sector. 
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 Structure of the dissertation 1.2.

This dissertation is organised into nine chapters, each chapter providing 
information and conclusions that are used in successive chapters. Chapters 2 and 3 
provide a brief background and review of basic concepts of biomass and its 
conversion to liquid products while the research objectives are set. Chapter 4 
describes all of the experimental and analytical procedures. Chapters 5, 6, 7, 8 and 9 
discuss different aspects of biomass conversion to liquids via the pyrolysis process. 
Finally, chapter 10 summarises the overall conclusions and recommendations for 
future research are made. More specifically, the structure of the dissertation can be 
described as follows:  

 Chapter 2 provides a brief overview of the biomass pyrolysis process, the structure 
and composition of the biomass, and some important bio-oil characteristics that will 
help with the understanding and identification of the implications of the pyrolysis 
conditions and the biomass composition on the liquids that are obtained. 

In chapter 3, a literature review is carried out to point out what has been done in 
the field, and what alternatives are promising. Chapter 3 identifies research and 
development opportunities while motivating the scientific approach followed in the 
dissertation. 

Chapter 4 describes the experimental facilities as well as the raw material used. A 
new experimental facility was designed and constructed by the author. The different 
parts of the facility are described and explanation about the selection and design is 
given. Experimental procedures are described followed by information about the raw 
material that was used. Catalyst preparation procedures are also described. Finally, a 
description of the analytical and characterisation methods as well as the evaluation 
tools that they were used throughout the experimental investigation is presented in the 
final part of the chapter. 

Parts of  chapters 2, 3 and 4 are based on: E. Kantarelis, W. Yang, W. Blasiak 
“Biomass Pyrolysis for Energy and Fuel Production”,  In: Technologies for 
converting biomass to useful energy, Ed. E. Dahlquist, CRC Press/Balkema, Taylor 
& Francis Group, ISBN 9780415620888,  Leiden, 
2013, http://www.crcpress.com/product/isbn/9780415620888. The material of those 
chapters is reproduced with permission of Taylor & Francis Group and the reader 
should refer to the aforementioned publication for more information. 

Chapters 5, 6, 7, 8 and 9 present the results and the discussion of the investigation 
of different aspects of the conversion of biomass to liquid feedstock based on the 
description and scientific approach that is presented in chapter 3 and 4. 

Schematically the research work is shown in the next figure. 

http://www.crcpress.com/product/isbn/9780415620888
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Figure 1.2 Overview of research contents  

 
Chapter 5 describes the effect of the presence of steam during the non-catalytic 

(thermal) pyrolysis of biomass in a batch fixed bed system to identify any effects due 
to the different atmosphere. The effects and products uses are discussed, and a 
preliminary evaluation is performed.  The chapter is partially based on : E. Kantarelis, 
J. Liu, W. Yang, W. Blasiak, “Sustainable Valorization of Bamboo via High-
Temperature Steam Pyrolysis for Energy Production and Added Value Materials”, 
Energy and Fuels 24(2010), 6142-6150, provided as Supplement I. 

After investigating the effects of steam in a fixed bed system, where mass and heat 
transfer limitations are high, the effects of steam and temperature during fast pyrolysis 
in a fluidised bed reactor, which is more suitable for liquids production, are discussed 
in chapter 6. The optimal steam-to-biomass (S/B) ratio for maximum liquid 
production during thermal conversion is found and the results are used for further 
evaluation during catalytic processing in the following chapters. The chapter is 
partially based on the following work: E. Kantarelis, W. Yang, W. Blasiak 
“Production of Liquid Feedstock from Biomass via Steam Pyrolysis in a Fluidized 
Bed Reactor”, Energy and Fuels 27(2013), 4748-4759, provided as Supplement II. 

Based on the results for optimum thermal (non-catalytic) treatment and 
understanding of the influence of steam presented in chapter 6, the effects of selected 
metals during catalytic treatment on liquid yield and composition are investigated in 
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chapter 7. The metals are deposited on an inert support to isolate their effect on 
products and minimise any metal–support interaction. The chapter is partially based 
on: E. Kantarelis, W. Yang, W. Blasiak “Effects of silica supported Ni and V on 
liquids produced during catalytic steam pyrolysis of biomass” Energy and Fuels, 
28(2014), 591-599, provided as Supplement III. 

Based on the findings presented in chapter 7, a discussion regarding the effects of 
the relative binder to zeolite loading and the presence of the metals in hybrid catalysts 
on product yields and composition is provided in chapter 8. The relative importance 
of different catalytic functions (metallic and acidic) on liquid composition and yield is 
investigated while the role of the binder, which is important for the development of an 
industrial catalyst, is also discussed. The chapter is partially based on: E. Kantarelis, 
W. Yang, W. Blasiak, “Effect of zeolite to binder ratio on product yields and 
composition during catalytic steam pyrolysis of biomass over transition metal 
modified HZSM5”, 122(2014),119-125, provided as Supplement IV. 

While chapter 8 tries to identify the different catalytic functions that govern the 
conversion of pyrolysis vapours, the change in conversion of the hybrid catalyst is 
investigated in chapter 9. The effects of catalyst space time on the liquid product and 
on the coke deposited on the catalyst are discussed. Preliminary evaluation of the 
regeneration of deactivated catalysts is presented. The chapter is partially based on the 
following work: E. Kantarelis, W. Yang, W. Blasiak, “Investigation of the effect of 
space time of Nickel-Vanadium modified HZSM5 on products and coke formation 
during catalytic steam pyrolysis of biomass”, which will be submitted for publication 
to the Journal of Green Chemistry and is provided as Supplement V. 

General conclusions on different effects of the chapters described above are 
presented in chapter 10. A general evaluation of the multi-functional catalysis and 
modified reaction environment during the pyrolysis of biomass is provided. 
Moreover, recommendations and future research opportunities are discussed.  
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CHAPTER 2 
2. Pyrolysis, Biomass and Bio-oil 

 Pyrolysis 2.1.

Pyrolysis is the thermochemical decomposition of organic matter in the absence of 
oxygen and produces a wide range of useful products. The word is coined from the 
Greek-derived elements pyr “πυρ-fire” and lysis “λύσις-breakdown/separation” 
emphasizing the disintegration of matter because of heat. Pyrolysis is a standalone 
process or one of several reaction steps in the gasification -combustion processes1 and 
is considered as the basic thermochemical process to produce valuable fuels and 
energy from biomass. Pyrolysis is also known as thermolysis, thermal cracking, dry 
distillation, destructive distillation, etc. During pyrolysis, complex macromolecules of 
biomass break down into relatively smaller molecules producing, three major 
products that can be classified as follows: 

• a solid residue (consisting mainly of carbon and ash) known as char 
• gases (mainly CO, CO2, CH4, H2 and other light hydrocarbons) and  
• Vapours/liquids known as bio-oil or bio-crude (mainly oxygenates, aromatics, 

water, products of low degree of polymerization, tars, etc.) 
The quality2 and relative proportion of the products depend on several factors such 

as temperature, heating rate, vapours residence time, pressure, biomass composition, 
etc. Pyrolysis generally starts at 300◦C and continues up to 600–700◦C – those limits 
are not absolute – leading to the formation of the products mentioned above. 
Generally, lower process temperatures and long vapour residence time favour char 
production, whereas high temperature and long vapour residence time increase the gas 
yield. Moderate temperature and short vapour residence time favor production of 
liquids [5]. Based on the operating conditions, pyrolysis can be classified into three 
regimes/subclasses: 

(i) conventional or slow pyrolysis,  
(ii) intermediate pyrolysis,  
(iii) fast/flash pyrolysis. 

Slow pyrolysis occurs under very slow heating rates (0.1–1◦C/s) and very long 
residence time using large wood blocks as feedstock [7]. The major product is 

                                                 
1A limited number of authors distinguish between pyrolysis and devolatilization. According to this 

limited number of authors, pyrolysis takes place in an inert or reducing environment and 
devolatilization occurs in an oxidizing environment [201]. 

2The term quality is arbitrary and according to ISO 9000:2005 refers to the degree to which 
inherent characteristics fulfill a requirement. In this dissertation, unless otherwise defined, quality 
refers to liquid fuel requirements.  
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charcoal, and it is also called carbonisation [8]. Intermediate pyrolysis occurs at 
higher temperatures (300–700◦C) at a fast heating rate, with residence time ranging 
from 10–30 s [8]. 

Fast pyrolysis occurs in a temperature range of 300–750◦C, at a fast heating rate, 
and very short residence time (∼1–2 s). In fast pyrolysis, biomass decomposes to 
generate vapours, aerosols, and some char. After condensation of vapours, a brown 
mobile liquid is obtained (bio-oil). The terms ‘fast’ and ‘slow’ pyrolysis are 
somewhat arbitrary, and they cannot be defined precisely [9]. 

Liquids from biomass are CO2 neutral, and therefore they can generate CO2 
credits. The lower value solid char yield from traditional slow pyrolysis 
(carbonisation) can be replaced by the higher value fuel gas, liquid fuel oil or 
chemicals from fast pyrolysis. The nature of the process and the high versatility of the 
products are expected to offer in the short-term sustainable exploitation of biomass 
resources (especially in remote areas), improved efficiency and environmental 
acceptability [10]. The overall scheme of fast pyrolysis and its products is shown 
below. 

 

 
Figure 2.1 Fast pyrolysis products versatility3 

Fast pyrolysis has only recently been developed and is the least understood of the 
thermochemical processes with the products being quite complex [9]. The elevated 
level of petroleum prices has clearly incentivised this recent development [11], 

                                                 
3 Reproduced with permission of Taylor & Francis Group.  More details in : E. Kantarelis, W. 

Yang, W. Blasiak , “Biomass Pyrolysis for Energy and Fuel Production”,  In:  Technologies for 
converting biomass to useful energy, Ed. E. Dahlquist, CRC Press/Balkema, Taylor & Francis Group, 
Leiden, 2013, http://www.crcpress.com/product/isbn/9780415620888. 

http://www.crcpress.com/product/isbn/9780415620888
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making fast pyrolysis and related biomass processing a rapidly advancing technology 
field. 

Fast pyrolysis is a complicated process involving several multiphase reactions with 
complex chemical pathways and highly unstable intermediates. These chemical 
effects are coupled to heat and mass transfer effects that add to the complexity of such 
a process. The liquid product (bio-oil) of biomass pyrolysis is the most attractive for 
commercial use because of its increased energy density, ease of transportation/use and 
de-coupling of production and utilisation processes [5]. Biochar is another useful 
product and can be permanently sequestered in soil. The carbon of biochar is highly 
stable in soil environments and may be sequestered for thousands of years [12].  

The content of solids in liquids creates many problems if not handled properly, 
while the low heating value, incompatibility with conventional fuels, high viscosity, 
low volatility, and chemical instability which are related to oxygen content4 limit the 
use of bio-oil 

Of particular potential significance is the integration of catalytic processes into the 
thermal conversion process to improve efficiency and reduce costs [5]. 

 Biomass and Bio-oil 2.2.

To understand the nature and the associated chemical and structural 
transformations of biomass and bio oil a brief description of their composition and 
properties is given below. 

2.2.1. Biomass composition 

Biomass comprises three major biopolymers; namely cellulose, hemicellulose and 
lignin. 

Cellulose comprises approximately 40 to 45 wt% dry wood matter and provides 
wood’s strength. Cellulose is a high-molecular-weight linear polymer of β-(1 4)-D-
glucopyranose units (Figure 2.2) [13]. The basic repeating building block consists of 
two glucose anhydride units (cellobiose). The fully equatorial conformation of β-
linked glucopyranose residues stabilizes the chair structure, minimising flexibility [9].   

n

O

OH
O H

O

O H

O

 
Figure 2.2 D-glucopyranose unit 

Cellulose is the basis of an extensive network of hydrogen bonds that gives 
partially crystalline structures and morphologies [14]. The crystalline structure 

                                                 
4Oxygen in liquid products usually increases the polarity, which hinders blending with fossil fuels. 
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provides high resistance to thermal decomposition [9]. The presence of crystalline 
cellulose, (with regions of less order) and the size of the elementary fibrils work 
together to produce an interesting combination of contrary properties such as stiffness 
and rigidity on one side and flexibility on the other. Cellulose degradation occurs at 
240-350 °C and contributes mainly to bio-oil production to produce anhydrocellulose 
and levoglucosan [9].  

Hemicellulose constitutes approximately 20-30% by mass of dry wood [13]. 
Contrary to cellulose, hemicellulose is a heteropolysaccharide made up of 
monosaccharaides such as D-glucose, D-mannose, D-xylose, L-arabinose, 4-O-methyl 
glucuronic acid and D-galacturonic acid (Figure 2.3). 

Unlike cellulose, hemicellulose has a lower degree of polymerisation and is 
essentially amorphous. The types of hemicellulose found in wood depend on the type 
of wood, and they vary in structure and amount. In soft wood the main types of 
hemicellulose present are galactoglucomannans (~20 wt%) and 
arabinoglucoronoxylan (5-10 wt%). Most of the acetic acid produced during pyrolysis 
comes from hemicellulose. [9], [13].  

Lignin is the third major wood component. In soft wood, lignin accounts for 25%-
35% of the organic matrix of the wood [15]. Structurally, lignin is a three-
dimensional, highly branched, polyphenolic substance that consists of “hydroxy-” and 
“methoxy-” substituted phenylpropane units [16]. Lignin is an amorphous cross-link 
resin serving as a binder for the fibrous cellulosic components. The p-coumaryl, 
coniferyl and sinapyl structures (Figure 2.4) are polymerised and cross linked to form 
lignin. Softwood contains mostly guaiacyl lignin formed from the polymerisation of a 
higher fraction of coniferyl phenyl propane units.  
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Figure 2.3  Main compounds of hemicellulose 
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Figure 2.4 Lignin monomers 

In terms of bond linkages between units, ether bonds predominate among the lignin 
units whilst in cellulose and hemicellulose, the acetyl functional group predominates. 
Lignin exhibits C-C bonds. Lignin isolation from the polysaccharides results in a 
modified and partially degraded product. The chemical and physical properties of 
lignin differ depending on the extraction or isolation method used [9]. 

2.2.2. Bio-Oil 

Bio-oil is a complex multi-component mixture of molecules derived from 
depolymerisation and fragmentation of biomass building blocks, and is classified into 
the following generalised categories: hydroxyaldehydes, hydroxyketones, sugars and 
dehydrosugars, carboxylic acids, and phenolic compounds [17]. The major difference 
from petroleum-derived fuels lies in the oxygenated compounds.  

The properties  and composition of bio-oil affect its fuel quality negatively and 
slow the application and adaption of bio-oil to the power generation market.  

The relative proportion and class in the final product depends on the cracking 
severity and type (thermal or catalytic). A general pathway of the compound classes 
as a function of temperature is given by Elliot [18] and is described in Figure 2.5. 

Mixed 
Oxygenates

Phenolic 
Ethers

Alkyl
 Ethers

Heterocyclic
 Ethers PAH Larger

PAH

500oC400oC 600oC 700oC 800oC 900oC
 

Figure 2.5 General pathway for liquid product chemical functional degradation [18] 

Pyrolysis is not a process at thermodynamic equilibrium. Bio-oil will consequently 
have a non-equilibrium composition. Bio-oil tends to reach thermodynamic 
equilibrium during storage and changes its composition and properties [19]. These 
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properties are (directly or indirectly) related to the oxygen content. The oxygen 
content in bio-oil is usually greater than 35% in more than 300 different compounds.  

The chemical composition of bio-oil is important because it gives insights into its 
properties and suitability for downstream upgrading/processing, handling etc. 

Aldehydes have been identified as the most unstable fraction of bio-oil. Aldehydes 
react with alcohols to form hemiacetals, acetals and water; with water to form 
hydrates; with phenolics to form resins and water; with proteins to form dimers and 
with one another to form resins and oligomers. Carboxylic acids react with alcohols in 
esterification reactions to form esters and water as well as with mercaptans to form 
dimers [20]. 

The presence of carboxylic acids in produced liquids reduces the pH to a value of 
2–3 and the Total Acid Number (TAN) ranges between 50 to 100 mg KOH/g, , so 
bio-oil can be characterised by high corrosiveness [19], [21]. 

Polymerisation reactions take place even under storage conditions and any bio-oil 
containing olefin will polymerise to form oligomers and polymers. As mentioned 
above, oxygen from the air oxidises the bio-oil, and reactive peroxides are formed 
along with acids, which catalyse polymerisation reactions. Coke formation occurs at 
higher temperatures. 
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CHAPTER 3 
3. Literature Review – Scientific Objective 

and Approach 
 Literature Review 3.1.

As described previously, even though bio-oil can potentially be used as a 
renewable feedstock for the production of transportation fuels and/or chemicals, there 
are still challenges for direct drop-in into standard refineries and/or petrochemical 
complexes. The main challenge is to remove, or reduce, the oxygen content of the bio 
oil in an efficient5 manner with no/minimum hydrogen consumption and convert the 
bio-oil to a more suitable feedstock for exploitation in the existing infrastructure. 

The alternative most thoroughly investigated for production of transportation fuels 
from bio-oil is hydrotreating and hydrocracking of the raw oil. This treatment 
enhances the hydrodeoxygenation (HDO) of the oil producing high quality fuel. HDO 
is closely related to the hydrodesulphurisation (HDS) used in the oil refining industry, 
for sulphur elimination from organic compounds [22]. HDO uses hydrogen under 
high pressure in the presence of a catalyst to remove oxygen in the form of water and 
the final product can be described as a naphtha equivalent (-CH2-) [5]. The general 
conceptual reaction describing the several deoxygenation reactions during the 
hydrotreating process can be written as follows [5]:  

C6H8O4 + 6H2 → 6CH2 + 4H2O  
The above reaction scheme suggests that the whole process is limited by the carbon 

content of the system and the stoichiometric yield of hydrodeoxygenated product is 
limited to 58.3% of the bio-oil on a mass basis, without considering the H2 
requirements. 
HDO is normally carried out at a temperature range of 220–600◦C and pressures of 
35–190 bar. During HDO, reactions are exothermic and equilibrium calculations 
propose temperatures of at least 600◦C to achieve full conversion [22], [23]. Although 
hydroprocessing is feasible, the key factor for fuel cost is the price and availability of 
hydrogen, especially in remote areas. 

A techno-economic study of Pacific Northwest National Laboratory (PNNL) notes 
that the biggest impacts of technical improvements are in the area of catalysis as far as 
bio-oil upgrading is concerned. Pyrolytic catalytic processing that leads to a better 
quality of bio-oil requiring less upgrading would reduce product costs [24]. 

                                                 
5 Complete deoxygenation is not always necessary, as small amounts of oxygen may provide power 
and/or reduce soot formation. 



Chapter 3- Literature Review-Scientific Objectives and Approach 

14 

Production of upgraded bio-oil can also be achieved by catalytic cracking which 
has recently received additional impetus in a competitive economic environment [25]. 
Catalytic upgrading of bio-oil can take place online (in-situ) or off-line after non-
catalytic pyrolysis of biomass. However, a combined process is superior because it 
increases the liquid yield and improves the product quality over two separated 
processes [21]. In-situ catalytic pyrolysis has the advantage of being de-coupled from 
an integrated bio or conventional refinery which implies that catalytic pyrolysis can 
be used in remote areas in close proximity to the original biomass feedstock which 
offers the potential for optimisation, greater economies of scale and further 
exploitation of bio-refineries [26]. Furthermore, in-situ catalytic pyrolysis does not 
require re-evaporation of the condensed liquid, which would create problems because 
of the unstable nature of raw bio-oil as well as added costs [27]. Therefore the most 
promising route is the direct upgrading of produced vapours(in bed or ex-bed). 

Catalytic cracking of biomass produces more liquid product in comparison with the 
use of bio-oil as a feedstock [28]. 

In the in-bed catalytic pyrolysis of biomass, the catalyst is also the heat carrier, 
unless other means of external heating are used. Heterogeneous catalysis has been 
used for many years in conventional oil refineries to convert heavy hydrocarbons into 
suitable fuels and chemicals. Using catalytic pyrolysis  of biomass an improved bio-
oil is aimed to be suitable for use within the refinery infrastructure and use of this 
existing infrastructure for the production of biofuels requires a lower capital 
investment [29]. The bio-oil of improved quality can be processed with 
conventionally formed hydrocarbon fractions and further refined by FCC and/or HT 
processes [30].  

Different types of catalysts have been used, including metal oxides, zeolites, 
transition metal-based catalysts, etc. 

Zeolite catalysts have been shown to be more effective in the selective 
deoxygenation of pyrolytic vapours, resulting in the formation of decreased O/C bio-
oil [31].  

Several zeolite structures have been tested in catalytic biomass pyrolysis such as Y, 
HZSM-5, Al-MCM-41, Beta, and SBA-l5. Generally, zeolites with stronger acidity 
promote decomposition  of the lignin fraction. 

The conceptual reaction over a mono-functional zeolite catalyst as proposed by 
Bridgewater [5] is: 

C6H8O4→4.6CH1.2 +1.4CO2 + 1.2H2O 

The product is of aromatic structure and oxygen is rejected both as water and 
carbon oxides. The maximum theoretical yield according to the above equation is ~42 
wt% of a liquid that corresponds to a maximum energetic yield of 50%. 
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The above reaction is hydrogen limited and the formation of aromatics and water 
depends on hydrogen availability. An introduction of a component to generate 
hydrogen in situ from product gases through the water-gas shift reaction using a  
multi-functional catalyst that can operate in a carbon limited environment rather than 
hydrogen limited one assuming that there is sufficient carbon monoxide available in 
the product gas for production of hydrogen, represents an optimum route [5].  

The overall reaction scheme for a carbon limited environment using a multi-
functional catalyst is [5]: 

3.6CO+3.6H2O→3.6H2 +3.6CO2 

C6H8O4+3.6H2 →6CH1.2 + 4H2O 

The above scheme increases the stoichiometric maximum yield to 55 wt% . 
Zeolite cracking seems to be less developed than hydrotreating and there is a much 

wider spectrum of possibilities to be explored with mono- and multi-functional 
catalysts [5]. The inherent nature of a one-step catalytic pyrolysis of biomass for 
synthesis of hydrocarbons is very attractive and offers much potential for fuels and 
chemicals. 

The significant processing and economic advantages of catalytic 
pyrolysis/upgrading compared with hydrotreating can be summarised as follows:  

i. no H2 is required,  
ii. treatment takes place at atmospheric pressure which reduces operating and 

capital cost, 
iii. temperatures employed are similar to those used in the production of bio-

oil [22], and 
iv. aromatic compounds obtained have a potentially higher market value as 

fuel additives and chemical feedstock [5]. 
 

3.1.1. Steam Pyrolysis 

The first step in the catalytic pyrolysis process is the thermal decomposition of the 
biomass to smaller oxygenated molecules. The operating parameters and reaction 
conditions affect the overall stability and composition of the produced molecules that 
will undergo further catalytic transformations affecting the final products and process. 

Investigation of the thermal process under a modified reaction atmosphere is 
important for the understanding of effects during thermal decomposition. 

Contrary to pyrolysis in an inert gas atmosphere, there have been a small number 
of studies investigating the product distribution and composition in the presence of 
other gases such as CO, CO2, CH4, and H2 as well as steam.  

Several researchers have reported that the bio-oil yield increases when the raw 
biomass is pyrolysed in a steam atmosphere and the liquid obtained is of higher 
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quality. The char also exhibits good adsorption characteristics [32], [33], [34], [35], 
[36]. 

Zhang et al. [37] have studied the effect of different atmospheres on the yield and 
composition of liquids. In their study, they reported that different atmospheres 
strongly affect product yields and composition with CO and CO2 atmospheres 
increasing the acid and ketones content of the bio-oil with a decrease in the methoxy 
containing compounds (which are regarded as polymerisation precursors) in favour of 
mono-functional phenols.  

The pyrolysis of biomass in the presence of steam is a promising method for the 
simultaneous production of liquid fuels and/or chemicals as well as activated carbon 

[38]. Steam pyrolysis has been investigated in a number of studies mainly in fixed bed 
reactors, also for activated carbon and biochar production [39], [40], [41]. 

Sagehashi et al. [42] have studied the pyrolysis of Japanese cedar and its building 
blocks (cellulose, hemicellulose and lignin) in the presence of super-heated steam in a 
temperature range of 150 to 400oC as an alternative route for carbonization of 
biomass [42]. Several studies indicate that the presence of a steam atmosphere during 
biomass pyrolysis influences the products distribution increasing the yield of the 
liquids [38], [43], [44], [45]. Similar results have been reported for other feedstocks 
such as coal, oil shale and lignite [46], [47], [48], [49].  

Characterisation of the liquids obtained indicates that liquids exhibit a lower 
oxygen content compared with liquids obtained from pyrolysis in an inert atmosphere 
and can be utilised as transport fuels and /or for chemical production [38], [43], [50].   

3.1.2. Catalytic Pyrolysis-Upgrading 

An enormous number of studies deal with catalytic pyrolysis of biomass and 
catalytic upgrading of the vapours produced. It is outside the scope of the dissertation 
to list all of the studies related to catalytic treatment and thus the review will be 
limited to catalytic pyrolysis of biomass and vapours over zeolites and modified 
zeolites as well as interesting metals and metal oxides.  

Few studies investigate the combination of new catalytic routes and steam 
pyrolysis for liquids production from biomass, indicating that catalytic steam 
pyrolysis can be a promising route for production of chemicals and fuels [34], [50], 
[51].  

Putun et al. [34], have investigated the catalytic effects of Al2O3 on product yields 
and composition during catalytic steam pyrolysis of Euphorbia rigida, indicating that 
the steam atmosphere caused significant differences regarding in the product 
characteristics. 

Catalytic steam pyrolysis of Euphorbia rigida in the presence of Co-Mo 
commercial catalyst has also been investigated by  Ateş et al. [50]. Their results 
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indicate that it is possible to produce a petroleum-like liquid pyrolysis product by 
catalytic pyrolysis of E. rigida in the presence of water vapour. 

The same research group investigated the effect of steam during catalytic pyrolysis 
of cottonseed cake using natural zeolite (clinoptilolite). Their results indicate that 
catalytic steam pyrolysis favors production of lighter hydrocarbon fractions with the 
liquid obtained containing a large number of aliphatic compounds. Catalytic steam 
pyrolysis enhances the removal of oxygenated groups [51]. However, extensive effort 
will be required to find optimum catalysts. 

Nickel (Ni)-based catalysts have frequently been investigated for gasification of 
biomass and bio-oil upgrading because of the high activity and comparatively low 
price [52]. In comparison to noble metals, the use of Ni is extremely economical 
especially for large scale applications [52]. Moreover the presence of Ni enhances H 
transfer [53]. Ni catalyses the water gas shift (WGS) and steam presence increases the 
CO conversion to H2 (in situ production). An additional advantage of presence of 
steam is the partial regeneration that can be achieved of the metallic Ni that may have 
been poisoned by sulphur [54]. Nickel-containing catalysts are also reported to be 
active in butylene oligomerization [55], which can increase the overall carbon 
efficiency of the process. NiO containing catalysts have recently been studied during 
the pyrolysis of biomass [53], [56], [57], [58], [59]. Varied catalytic activity has been 
reported because of interactions with other oxides present.  

Ni is a very active metal and is used in high temperature CO shift reactors 
(HTWGSR) [60] operating in a temperature range similar to the biomass pyrolysis 
reactors. Use of multifunctional catalysts which can shift the hydrogen limited 
environment to a carbon limited environment by in situ hydrogen generation via water 
gas shift reaction is, as mentioned above, desirable. Hydrogen is needed for the 
catalytic reactions and to limit coke formation.  

Vanadium possesses a multifunctional catalytic behaviour as attested by its use as 
an active component in a variety of different catalytic reactions [61] and is one of the 
most important metals in metal oxide catalysis [62]. Vanadium catalyzed oxidation 
reactions have been investigated extensively. However, little is known about 
reduction reactions which are mainly focused on selective catalytic reduction of NO 
[63].  V/HZSM5 has also been used for desulphurisation and denitrification studies 
[64].  

Silica supported vanadium exhibits a weak acidic character (surface Lewis acidic 
sites) compared to other transition metal oxides and may also minimize unwanted side 
reactions [65], [66], [67] , [68]. 

Limited research has been carried out regarding the catalytic activity of vanadium 
during biomass conversion. Filley and Roth [68] have investigated the catalytic 
activity of V2O5/Al2O3 for deoxygenation of guaiacol at atmospheric pressure while 
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Prasomsri et al. have reported hydrodeoxygenation activity of bulk V2O5 while 
hydroprocessing biomass derived oxygenates at 400oC and atmospheric pressure [69]. 

Bimetallic Ni and V catalysts have shown significant activity towards the 
hydrodeoxygenation (HDO) of bio oil model compounds (phenol) under elevated H2 
pressures [70]. Moreover, bimetallic catalysts generally show higher activity and 
stability as well as more poisoning and coking resistance than monometallic systems 
[71], [72], [73]. Dealumination caused by vanadium on FCC catalysts is a well-known 
problem (especially at high temperatures, in the regenerator). However, decrease in 
dealumination caused by vanadium because of nickel presence has been reported [74]. 

Catalytic pyrolysis of biomass using zeolites (acid catalysts) has several 
advantages over other biomass conversion technologies, with the resulting products 
readily usable in the existing infrastructure of conventional oil refineries [75]. The 
process has similarities to the catalytic cracking of oil (FCC). However, it is not 
possible to extrapolate zeolite cracking from FCC of oil  to biomass pyrolysis and bio-
oil upgrading [76].  

HZSM-5 has been proven in several studies to be the most efficient zeolite for 
deoxygenation and transformation of bio oil producing increased amounts of aromatic 
products of high octane number (RON) and market value. Moreover HZSM-5 shows 
a lower tendency for coke formation which can be attributed to its homogeneous 
narrow pore structure (and the associated steric hindrances) and uniform acidity. Coke 
formation is of major importance because a lower amount of deposited coke will 
result in prolonged catalyst life time. Moreover, the amount of organic liquid lost in 
coking reactions will be reduced. Catalytic coke comes from polymerised and 
completely dehydrogenated/dehydrated molecules that produce graphitic carbon 
deposition on the catalyst. Hydrogen availability is important to avoid coke formation, 
but biomass feedstocks are low in hydrogen content and thus the cracking process is 
carbon rich [5], [22].  

Other hydrogen sources should therefore be introduced to the reaction environment 
(modification of reaction environment). H2 availability and price make the choice of 
direct injection of molecular hydrogen economically unattractive. Hydrogen 
generation reactions (steam reforming, WGS, dehydrogenation and decarbonylation), 
in conjunction with hydrogen transfer and hydrogenation reactions are important to 
produce olefins and aromatics as well as hydrogenated products of high market value 
[22]. Those reactions can be promoted by the incorporation of metal functions on the 
zeolite (multifunctional catalysts).  

An additional advantage of using metal modified zeolites is the bi-functional 
activity (acid and metal function) that also reduces the rate of coke formation [77]. 
The introduction of dehydrogenating species into the HZSM-5 increases the rate and 
the selectivity of aromatisation reactions with several studies of pyrolysis over metal 
modified zeolites reporting higher hydrocarbon and aromatics yields [78], [79], [80], 
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and increased hydrogenation rates at elevated H2 pressures [81]. Modified zeolites 
also show enhanced activity towards cracking [82], [83] .   

 The use of bimetallic catalysts will be crucial for the development of a biomass 
based economy, with significant advances that have been made and new reactions and 
that demonstrate that many valuable products can be produced at high yields using 
model compounds [84].   

A handful of studies have investigated bio-oil and other oxygenates upgrading over 
HZSM5 catalysts in the presence of steam [85], [86], [87], [88]. Their results indicate 
that a highly aromatic product containing gasoline range hydrocarbons can be 
obtained, while a higher amount of organic distillate was obtained. Coke formation 
was also lower when compared to operation without steam. However, dealumination 
and irreversible deactivation might occur in presence of steam and at high 
temperatures. Valle et al. [78] have reported that the modification of ZSM-5 zeolites 
of medium acidity (SiO2/Al2O3 ≈ 30) with ~ 1 wt.% Ni is a suitable strategy for 
obtaining hydrothermally stable catalysts. 

 Objectives  3.2.

The information outlined above indicates there is room for improvements in 
biomass catalytic cracking in the presence of zeolite-based catalysts. 

Catalytic cracking is limited by hydrogen availability, unless a multifunctional 
catalyst is used. For that reason modification in the reaction atmosphere as well as 
modification of the typical zeolite is investigated in relation to products yields and 
compositions. 

The use of cheap steam as indirect source of hydrogen(in situ hydrogen 
production) and metal modification of zeolite catalysts to enhance the hydrogen 
production (through WGS as well as reforming reactions) and transfer, could be 
advantageous for products quality and process economics. Steam presence also 
reduces coke formation [73].  

In summary, the specific objectives are: 

1. Development of a pyrolysis process in a modified environment able to enhance 
thermal degradation of biomass (steam pyrolysis). 

2. Development of a hybrid multifunctional catalyst that would produce 
deoxygenated liquid product . 

The innovation route followed in this dissertation is shown in Figure 3.1 and is 
highlighted with red colouring. 
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Figure 3.1  Innovation route  

A major source of coke formation is the polymerisation of methoxy phenols that 
have reduced reactivity over ZSM5 zeolites [89]. As outlined above, vanadium 
possesses catalytic activity in the transformation of methoxy phenol that implies 
reduced coke formation (and consequently deactivation) of the zeolite. However, 
addition of vanadium and presence of steam at the high temperatures typical of 
regeneration conditions would result in delamination of the catalyst and as a 
consequence its irreversible deactivation [78]. The use of a medium acidity ZSM5 
zeolite (SiO2/Al2O3 25-30) and Ni modification would reduce the dealumination. 
Lower operating temperature (<500 oC) as well as lower regeneration temperatures 
(lower than melting point of V2O5) will also help to minimise dealumination. The 
incorporation of Ni will add to the in situ hydrogen enrichment of the reaction 
atmosphere. Finally, even though it is out of the scope of the present work  the use of 
ZSM5 zeolite with a silica/alumina ratio of 25-30 can be prepared without the use of 
expensive and corrosive organic templates [90], [91], reducing  the total cost of the 
catalyst and improving the overall sustainability of the process.  

The approach for hybrid catalyst design and operating conditions is shown in 
Figure 3.2. Red arrows denote problems/implications of the process and/or materials 
and  green arrows denote improvements/solutions.  

The process over zeolites is deteriorated by the carbon deposition (coke formation) 
which is a result of presence of coke precursors (1) -such as methoxy phenols- and 
hydrogen depleted atmosphere (2) (which results in the formation of compounds with 
a low H/C ratio that tend to deposit on catalyst and polymerize blocking the active 
sites and pores of the catalyst). Steric hindrances also occur because of the ordered 
pore structure of the zeolite and molecules tend to block the pores. The main 
contribution comes from lignin compounds of phenolic structure.  
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Steam reduces coke formation by gasification of deposited carbon and thus  helps 
in the reduction of coking (3); Vanadium transforms phenolic compounds (4). 
However, both steam and vanadium increase the risk of dealumination of the zeolitic 
structures (arrows (5) and  (6)). As mentioned above, zeolites of medium acidity and 
(7) and low operating and regeneration temperatures (8) minimize the dealumination; 
Ni incorporation has a dual role. On one hand, Ni protects from dealumination 
(9),whereas on the other hand, the combined presence of steam and nickel promote 
WGS and reforming reactions, enriching the reaction atmosphere in hydrogen (10) 
and (11) .  

High Coke formation 
→rapid deactivation

Coke Precursors
(e.g.Methoxy-Phenols)

H- depleted 
environment

(1) (2)
V

Steam
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Figure 3.2 Multi-functional catalytic activity and approach to catalyst development 

evaluated in this dissertation. 
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CHAPTER 4 
4. Experimental Procedures, Materials 
and Methods 

 Introduction 4.1.

The investigation of this catalytic process can be divided into the following major 
parts: 

1. Investigation of the thermal process (non-catalytic) and the effects of the 
modified atmosphere (steam) on the product yields and composition: 

1.1. Effects of steam in the presence of mass and heat transfer limitations. 
1.2. Effects of steam during fast pyrolysis (minimum heat and mass transfer 

limitations). 
2. Investigation of the catalytic effects on the product yields and composition. 
2.1. Effects of metals. 
2.2. Effects of zeolite/binder and relative importance of different catalytic 

functions acidic (zeolite)/ metal. 
2.3. Effect of catalyst space time (catalyst to biomass feeding rate ratio). 

The above scientific approach proposed above is depicted in the following figure: 
 

Catalytic steam pyrolysis of 
biomass over hybrid 

multifunctional catalysts

Thermal Effects Catalytic Effects

Effects of steam 
fixed bed 
pyrolysis

Effects of steam  
fast pyrolysis

Effects of zeolite/
binderEffects of metals Effects of catalyst 

space time

 
Figure 4.1 Experimental investigation of catalytic steam pyrolysis of biomass over 

multifunctional catalyst 
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 Experimental Facilities and Procedures  4.2.

The heart of an efficient bio-oil production is the reactor. When considering 
pyrolysis processes, one should refer to the suitability of the reactor to meet the 
following conditions:  

(i) Operation within the reaction engineering coordinates of temperature, 
pressure and residence time;  

(ii) Low risk of implementation;  
(iii) Can be scaled up to an economically justified commercial size while 

maintaining the energy and mass balance efficiencies of bench and 
laboratory scale systems.  

Scaling up is a determining factor when considering a successful design for 
commercial processes [92], [93].  

Even though there is still research activity on fixed bed systems, they are  however 
highly unlikely to give high and adequate quality liquid yields especially on a 
commercial scale [8]. However, it is the first step for evaluation of a new 
idea/process. A batch fixed bed system has therefore been used to provide preliminary 
evaluation of the effects of  steam during treatment of lignocellulosic biomass. 

 

4.2.1. Batch type fixed bed reactor 

The experimental facility used, was a batch type fixed bed reactor 1 m in length 
with an internal diameter of 0.1 m. The system was coupled with a personal computer 
for online measurement of temperature and mass. The schematic representation is 
shown in Figure 4.2. 

Heat is supplied by the incoming medium (nitrogen or steam) that flows through a 
preheated ceramic honeycomb. This arrangement has been proved to provide highly 
effective heating with reported temperatures up to 1200oC [94] . 

The experimental procedure could be distinguished in 3 different phases, namely, 
heating phase stabilisation phase and experimental phase. 

 During the heating phase, methane and air are combusted in the chamber to heat 
up the ceramic honeycomb. The hot flue gases are driven out of the reactor to an 
exhaust system. 

During the stabilisation period ,the pyrolysis agent (nitrogen or steam) is fed to the 
reactor and heated by the ceramic honeycomb attaining a nearly constant temperature 
of approximately 100oC lower than the temperature obtained during combustion. The 
gas temperature is measured by an S-type thermocouple placed after the ceramic 
honeycomb.  

The sample was placed inside the cooling chamber just above the reaction chamber 
and it was continuously cooled by nitrogen. During the stabilization phase gas 
composition is continuously monitored to ensure oxygen free atmosphere.  



Catalytic Steam Pyrolysis of Biomass for Production of Liquid Feedstock 

25 
 

After temperature stabilisation, cooling nitrogen flow is stopped and the basket 
with the sample introduced to the reactor. The temperature of the sample is measured 
by an S-type thermocouple placed at the centre of the basket.  

The sampling line is comprised of three gas washing bottles immersed in an ice 
bath. Inside the washing bottles glass bearings were introduced to enhance the cooling 
rate.  

When no further mass loss was observed the basket was placed into the cooling 
chamber and cooled to a temperature below 150oC. At the end of the experiment 
condensed products were collected from the gas washing bottles 

 
Figure 4.2 Fixed bed experimental set up. 

4.2.2. Fast pyrolysis experimental set up 

The experimental setup (shown in Figure 4.5) consists of three stages, namely, 
the reaction stage (reactor and feeding systems), the char–vapour separation stage and 
the vapours quenching and liquid collection stage. 

The type of reactor is a bubbling fluidised bed reactor. Char-vapours separation is 
achieved by means of a cyclone separator. The quenching and collection of the liquids 
produced is achieved by the use of a venturi scrubber. 

4.2.2.1. Bubbling fluidised bed reactor  

As mentioned in chapter 2, the heating rate of the biomass  particles should be very 
high to produce large amounts of condensable vapours. Bubbling fluidised bed (BFB) 
reactors are characterised by high heat transfer rates with uniform bed temperatures, 
both being important attributes for fast pyrolysis. The technology is well understood 
and the long serving reliability in the chemical and petrochemical industry make BFB 
reactors suitable for fast pyrolysis of biomass. The height and diameter of the reactor 
are 95 and 7.2 cm respectively 
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Effective heat transfer to biomass particles is achieved from the high hot solids 
density inside the bed. The heating of the bed is achieved by gas preheating and by 
heating elements that surround the reactor body up to a height of 60 cm. Six K-type 
thermocouples are used along the reactor to monitor the temperature while 
fluidisation is monitored by continuous pressure recording. 

A perforated plate serves as the gas distributor. The gas distributor has holes of a 
diameter of 1mm in a triangular arrangement with a pitch of 7.1 mm. The use of a 
triangular pitch increases the uniformity of fluidisation. A triangular pitch will result 
in more holes per unit area (Figure 4.3) and reduce orifice velocities that will 
minimise erosion [95]. 

Cold flow test runs for evaluation of the 
fluidisation conditions have been performed. 
The fluidisation of the bed (as expressed by 
the bed pressure drop (ΔP) as a function of 
incoming gas velocity is show in Figure 4.4. 
The figure it shows that after the onset of 
fluidisation (minimum fluidisation velocity-
umf) stable fluidisation conditions are achieved 
for a wide range of superficial velocity values 
(~5umf ). This is important because fast 
heating rates for the biomass particles are 
ensured.   

Biomass is fed using a two stages feeder, with the first stage being the dosing 
feeder and the second stage a high revolution speed (900 rpm) injection feeder. 

 

 
Figure 4.4 Bed ΔP as a function of superficial gas velocity  
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Figure 4.3 Triangular pitch for 

distributor design 
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4.2.2.2. Char Separation 

Char–vapours separation is usually achieved by centrifugal gas–solid separation 
equipment such as cyclones. However, separation efficiency drops significantly for 
particles below 2–3μm and inevitably, char fines are carried over and end up in the 
liquid. Downstream separation by liquid filtration is difficult because of the rapid 
blockage of filters [96]. Char acts as a cracking catalyst for the vapours that are 
produced, lowering the bio-oil yield [8]. Metals present in char catalyse 
polymerisation reactions of bio oil, which will result in gum formation and phase 
separation during storage. Hot vapour filtration can reduce the concentration of char 
and metals in bio-oil. However, filter clogging, pressure drop across filters and 
catalytic decomposition of pyrolysis vapours by cake filtration limit their use [97]. As 
a reliable and industrially accepted practice, a high efficiency cyclone with a nominal 
cut point of ~2.5 μm is used for char-vapour separation. 

4.2.2.3. Vapours quenching a liquid collection 

As mentioned above, pyrolysis vapours should be kept in a high temperature 
environment for a very short time and they should be cooled rapidly to avoid 
secondary cracking that will reduce the yield and modify the chemical composition of 
the bio-oil. The rate of cooling is important. The use of conventional indirect (shell 
and tube) heat exchangers does not provide fast cooling, resulting in lower liquid 
yields because of secondary cracking and differential condensation. The use of 
subzero cooled liquids to enhance the cooling rate should also be avoided because of 
the formation of agglomerated solid lumps (mainly composed of solids such as micro 
char) if bio-oil is cooled below 0◦C [98]. The nature of the pyrolysis vapours (a form 
of mist/aerosol) makes their capture by conventional cooling very inefficient even if 
electrostatic precipitators are employed.  

Rapid cooling of the product is effective in a direct contact quench and spray 
scrubbing columns can be applied for maximum condensation in the minimum 
number of collectors with venturi scrubbers being very effective in limiting the 
aerosol formation [99]. For vapours quenching and liquid collection a venturi 
scrubber is used. The condensed liquid is recycled and injected through the venturi at 
the top of the scrubber, acting as cooling medium. During recirculation, condensed 
liquid is further cooled by means of a water cooled shell and tube heat exchanger. The 
gases exit the quenching unit at temperatures less than 30oC. 

4.2.2.4. Non-catalytic experimental runs 

N2 gas is injected into the injection feeder during the experimental runs in order to 
maintain a slight overpressure and to prevent steam from entering the biomass feeding 
line. N2 was also used as a tracer gas for the determination of the gas yield under 
steady state conditions (non-catalytic tests). 
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4.2.2.5. Catalytic experimental runs 

Because of the nature of the catalytic cracking reactions (see chapter 5), evaluation 
of cracking catalysts is important. Circulating fluidised bed pilot units provide the 
small scale simulation of real circulating fluidised bed systems. However, their use is 
expensive and requires large quantities of catalyst. They are therefore not useful for 
catalyst evaluation and smaller scale testing is important for evaluation. 

Typical microactivity tests (MAT) employ a fixed bed system that does not 
represent the heat and mass transfer conditions of a fluidised bed reactor. A bubbling 
fluidised bed reactor can provide fast heat and mass transfer rates and catalyst 
economy and is therefore considered for catalyst evaluation. 

The activity of the catalysts is severely deteriorated by coke formation. The 
catalysts were therefore tested for 90 min and monitored by online measurement of 
several molar ratios of produced gas, and compared to a non-catalytic run. As the 
catalytic activity is reduced because of coke deposition, values similar to the thermal 
(non-catalytic) process should be obtained. 

The presence of Ni favours steam reforming�𝐶𝑚𝐻𝑛 + 𝑚𝐻2𝑂 ⇌ �𝑛
2

+ 𝑚� 𝐻2 +

𝑚𝐶𝑂� and WGS (𝐶𝑂 + 𝐻2𝑂 ⇌  𝐻2 + 𝐶𝑂2) reactions that produce H2, as well as 

methanation reaction (𝐶𝑂 + 3𝐻2 ⇌ 𝐶𝐻4 + 𝐻2𝑂) that produces CH4. Production of 
light olefins denotes the cracking and dehydrogenation activity while the CO/CO2 
ratio is a good indicator of deoxygenation activity. The overall catalytic activity was 
evaluated by online measurement of CO/CO2, H2/CH4, H2/CO and C2-3olefins/C2-3 
alkanes molar ratios.  

Ni-based  catalysts are quite active in steam reforming and CO shift reactions even 
at lower temperatures [100] so a temperature of 450oC was chosen to provide 
sufficiently high temperatures for biomass devolatilization and WGS reaction and at 
the  same time avoid deactivation because of sintering. At 450oC irreversible 
deactivation of the HZSM-5 zeolite due to steam, can also be avoided [101], [102]. 

The reactor bed was preheated to approximately 10oC higher than the desired 
temperature before biomass injection to avoid temperature decrease below the set 
point temperature. Temperature equilibration was achieved 2-3 minutes after the 
initial biomass injection.  

The most appropriate method to change the conversion of a catalyst is to vary the 
catalyst space time [103] (τ) defined as: 

𝜏 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑓𝑒𝑒𝑑𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
 

⎣
⎢
⎢
⎢
⎡

𝑘𝑔𝑐𝑎𝑡.
𝑘𝑔𝑏𝑖𝑜𝑚.

ℎ�
⎦
⎥
⎥
⎥
⎤
  [=] [ℎ] 

A similar expression is the weight hourly space velocity (WHSV) defined as:  
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WHSV =
biomass feeding rate

weight of catalyst
 

⎣
⎢
⎢
⎢
⎡
kgbiom.

h�

kgcat.

⎦
⎥
⎥
⎥
⎤
 [=] [h−1] 

The two expressions mentioned above show that WHSV=1/τ 
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 Biomass –Raw Material 4.3.

For the fixed bed experiments bamboo powder, with a particle size of 200-500 μm, 
was used as the raw material.  

From the analysis presented in Table 4.1, the empirical chemical formula of 
bamboo can be written as CH1.65O0.67.  

 
Table 4.1 Composition of biomass used for fixed bed pyrolysis experiments 

Moisture [wt%] 1.87 
Cellulose [wt%] 39.61 
Hemicellulose [ wt%] 17.53 
Lignin [ wt%] 22.61 
Extractives[wt%] 18.38 

Ultimate Analysis[wt% db]   
C  47.98 
H 6.59 
O 42.875 
N 1.93 
Al 0.004 
Ca 0.044 
Fe 0.05 
K 0.417 
Mg] 0.044 
Mn 0.01 
Na 0.042 
P 0.012 
Zn 0.002 

 
For the fast pyrolysis experiments (non-catalytic and catalytic), the biomass used 

was a mixture of pine and spruce and provided by SCA BioNorr, with a particle size 
ranging between 1-1.4mm. The proximate and ultimate analyses are shown in Table 
4.2. From the elemental composition, the empirical chemical formula can be written 
as CH1.43O0.63N0.003.  
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Table 4.2 Composition of biomass used for fast pyrolysis experiments 
Proximate Analysis [wt%] 
Moisture 9.80 
Volatile Matterdb 83.00 
Ashdb 0.31 
Fixed Carbondb 16.60 
HHV [MJ/kg]a 20.46 
Ultimate Analysis [wt% db] 
C 50.70 
H 6.10 
Ob 42.71 
N 0.18 
S <120 ppm 
Metals [ppm] 
Si 49.6 Pb 0.0523 
Al 16.2 B 1.84 
Ca 760 Cd 0.0556 
Fe 23.8 Co 0.0228 
K 390 Cu 0.626 
Mg 106 Cr 0.14 
Mn 95.6 Hg <0.01 
Na 12.1 Mo 0.0106 
P 31.6 Ni 0.059 
Ti 0.659 V 0.0239 
As <0.09 Zn 7.49 
Ba 9.84     
db- dry basis   a- Calculated [104] 
b-by difference 

   
 

 Catalyst Preparation 4.4.

For all of the catalysts prepared, metal incorporation was performed by incipient 
wetness impregnation (impregnation of the support with a volume of aqueous solution 
equal to the pore volume of the support). 

4.4.1. Silica Supported Catalysts 

Selection of a catalyst support can significantly influence the activity of a given 
catalyst. The most common catalyst supports are SiO2 and Al2O3. As indicated above 
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[34], Al2O3 exhibits catalytic activity during biomass pyrolysis and thus cannot be 
considered an inert material, SiO2 was therefore selected as support material. Al2O3 is 
prone to coke formation [68] because of its surface acidity [105]. The selected support 
(SiO2) has minimum influence on the deposited metals and can be considered inert. 

Ni activity in reforming reactions is high and its loading was therefore not to 
exceed a value of   5wt%. In addition, the optimum vanadia loadings for different 
reactions such as propane oxidative dehydrogenation (POD) or selective partial 
oxidation of methane to formaldehyde (MPO) is approximately 5 wt% [106].  For 
these reasons, it was decided that vanadia loading would not exceed 5 wt% as well. 

Prior to impregnation, SiO2  (Sigma Aldrich) with a particle size of 250-350 μm 
was calcined in air at 1073 K for 6 h. nickel nitrate hexahydrate (Ni(NO3)2·6H2O) 
and ammonium metavanadate (NH4VO3) were used as nickel and vanadium 
precursors respectively. 

For Ni impregnation, a known amount of nickel nitrate hexahydrate (100mg/gsupport 
for 2.5wt% NiO loading and 205mg/g support for 5wt% NiO loading) was dissolved 
in required amount of deionised water to yield a final solution of  0.11 and 0.205 
𝑔𝑁𝑖(𝑁𝑂3)2∙6𝐻2𝑂 𝑚𝐿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛⁄   for 2.5% and 5wt% NiO content, respectively. 

 For the vanadium impregnation a known amount of ammonium metavanadate 
(33mg NH4VO3/gcat for the final vanadia loading of 2.5wt% and 52mg NH4VO3/gcat 

for final vanadia loading of 5wt%) was dissolved in 1M oxalic acid (HCOOCOOH) 
solution (final solutions of 0.036 and 0.054 𝑔𝑁𝐻4𝑉𝑂3 𝑚𝐿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛⁄ ). After impregnation 
the catalysts were dried. 

Nickel-containing catalysts were dried for 24 h at 45oC under reduced pressure 
(30mmHg abs), because hydrated nickel salts melt at moderate temperatures and it 
may result in coalescence of the particles and even exclusion of Ni from the pores, 
hence resulting in poor metal dispersion and/or lower concentration of the metal on 
the support [107]. V-containing catalysts were dried at 120oC overnight. 

After drying the catalysts were calcined in air at 565oC for 15 h to produce the 
corresponding metal oxides. Higher calcination temperatures were avoided to 
minimise sintering. For the bimetallic (Ni-V2O5/SiO2) catalyst subsequent 
impregnation was carried out with Ni impregnation following V one. 

The two Ni catalysts contained 1.96% and 3.93% Ni which corresponds to a final 
NiO content of   2.49% and 5wt% respectively. The catalysts are designated as NiSi2 
and NiSi4 respectively. 

The vanadia catalysts are designated as VSi2.5 and VSi5 and correspond to 
vanadia content of 2.5 and 5wt% respectively. The bimetallic catalyst, designated as 
NiVSi, contained 1.965% Ni-1.4%V (a theoretical value of 2.5%NiO and 2.5% 
V2O5). 
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4.4.2. Zeolite Catalysts 

ZSM-5 zeolite with a SiO2/Al2O3 ratio of 28 was provided by Süd Chemie in 𝑁𝐻4
+ 

form. A scanning electron microscopy (SEM) image of the catalyst is shown in Figure 
4.6. The choice of SiO2/Al2O3 is very important for catalytic activity and coke 
formation because it affects the number and the density of Brønsted acid sites. 

Silica to alumina ratios of approximately 30 
represent an optimal composition for high 
availability of   Brønsted acid sites with distance 
between them, necessary to limit coke forming 
reactions [75].  

The method of preparation consisted of 3 
different steps; namely agglomeration of the 
zeolite, incorporation of functions (acidic and 
metallic) and activation/calcination of the metal 
part. 

Initially the ammonium form of zeolite was 
calcined at 565oC for 15 h to obtain the protonic form. For the binding process, zeolite 
and bentonite were mixed together in different ratios (25/75, 50/50 and 75/25 w/w) 
and suspended in water at 60◦C for 2 h. The suspensions were then dried at 120◦C 
overnight. After grinding and sieving, particles with a particle size ranging between 
250 and 350 μm were obtained.  

The bound material was air calcined again at 565oC for 15 h. After the 
agglomeration process, ion exchange with a HCl was carried out to avoid the possible 
decrease in activity because of partial exchange of the strongest protonic zeolite acid 
sites with alkaline cations from the binder during the preparation [108]. The 
agglomerated catalysts were ion exchanged with 0.6 N HCl solution under agitation at 
room temperature for 2 h. Metals incorporation was carried out by dry impregnation 
technique. By impregnation, the supported transition metals are located mainly at the 
outer surface, and only a fraction diffuses into the channels of the zeolite material 
[79], [109].  

Prior to impregnation the sample was placed in a glass vessel and kept under 
vacuum at room temperature for 14 h to remove water and/or other compounds 
adsorbed on the zeolite.  

Ammonium metavanadate (NH4VO3) and nickel nitrate hexahydrate 
(Ni(NO3)26H2O) were used as metal precursors. Metals incorporation was carried 
out into steps (with subsequent impregnation) of vanadium and nickel precursors to 
produced catalysts with 1.96wt% of Ni (a theoretical 2.5wt%  of NiO) and 2.5wt% of 
V2O5.  

The dried impregnated catalysts were again calcined at 565oC. High calcination 
temperatures were adopted to achieve hydrothermal stability of the catalyst [78]. The 

 

Figure 4.6  SEM image of ZSM5 
catalyst 
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resulting catalysts are designated as NiVZB0100, NiVZB2575, NiVZB5050, and 
NiVZB7525 and correspond to Ni and V impregnated on different zeolite/bentonite 
(ZB) agglomeration ratios before impregnation.  

 

 Products Analyses and Characterization 4.5.

4.5.1. Gas Analysis 

For gas analysis and process monitoring, a flue gas analyser (O2, CO, CO2) and a 
microGC (Agilent 490 microGC quad) were used. 

The flue gas analyzer consists of an on-line Non-Dispersive Infrared (NDIR) 
Maihak MULTOR610 gas analyzer for CO and CO2. O2 concentration was measured 
using an M&C PMA 25 analyzer equipped with a paramagnetic detector. Online 
measurement of gas composition ensured oxygen free atmosphere, monitoring of 
process stability and validation for the results obtained from the microGC.  

The microGC is equipped with 4 columns and thermal conductivity detectors able 
to detect H2, He, O2, N2, CH4, CO, CO2, H2S and hydrocarbons up to C6. The first 
channel is equipped with a Molsieve 5Å column for detection of permanent gases 
(H2, He, O2, N2, CH4, CO). Channel 2, with a CP PoraPlotU column, is used for 
separation and analysis of CO2, H2S and C2 hydrocarbons. The 3rd channel with an 
Al2O3 column analyses the C3 and C4 hydrocarbons while a CP-Sil 5 CB column is 
used at channel 4 for detection of higher hydrocarbons. Ar (channel 1 and 2) and He 
(channels 3 and 4) were used as carrier gases. 

4.5.2. Liquid Analysis 

Liquid products were analysed at Johann Heinrich von Thünen-Institut (vTI), 
Germany. Water content of the liquids was determined by Karl Fisher titration and the 
elemental composition was determined using an ICP elemental analyzer. 

Liquids obtained were characterised by means of GC/FID-MS (for the GC 
detectable compounds), using an HP 6890 gas chromatograph with micro flow splitter 
and HP 5972 mass selective detector under constant He flow. The GC was equipped 
with a Varian DB 1701(60 m x 0.25 mm) column. Sample was injected using a CTC 
Analytics (Combi Pal) auto-sampler. The split ratio was set at 15:1 while the injector 
and FID temperatures were 250 and 280 oC respectively. The ion source was at 140oC 
and the ionization energy of the mass detector was nominally 70 eV.  

The oven temperature was initially held constant at 45oC for 4 min followed by a 
3oC/min increase up to 280oC where it was held constant for 20 minutes. Acquired 
data was evaluated using MassFinder 4 software. 

The nonvolatile fraction of the obtained liquids was characterised by Size 
Exclusion Chromatography (SEC). Prior to SEC, the sample was freeze-dried. Using 
this method only the nonvolatile high molecular residue remains. The column used 
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was a Varian Polargel-L using a UV detector at 254 nm. The exclusion limit was 
35000 Da using DMSO with 0.1 % LiBr as solvent at a flow rate of 1 mL/min. 
Calibration was performed using PEG standards. 

 

4.5.3. Catalyst Characterisation 

All of the prepared catalysts studied, have been characterised in terms of surface 
area (using N2 adsorption at 77K) and X-ray diffraction.  

For determination of surface area an ASAP 2000 Micrometrics instrument was 
used. The specific surface area was determined according to the Brunauer–Emmett–
Teller (BET). Prior to physisorption measurements the samples were degassed at 
120oC for 12 h.  

The total pore volume was calculated by : 

Vp = Vg
ρg

ρl
 

where Vg is the specific volume of gas, ρg is the gas density and ρl is the density of 
liquefied adsorptive at measuring temperature. 

X-ray powder diffraction patterns were obtained using a Bruker D2 Phaser X-Ray 
Diffractometer using CuKα radiation (λ=1.54 Å). 

The average crystalline size was calculated using the Scherrer equation with K 
constant and taken equal to 0.89: 

𝑑𝑣 =
𝐾𝜆

𝛽 cos 𝜃
 

where λ is the radiation wavelength (0.154 nm) and β is the line broadening in 
radians. 

The last catalyst prepared (highest zeolite content-see chapters 8 and 9 for more 
details)  was also characterised by of Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy(TEM). 

A  Zeiss Ultra 55 was used for field emission SEM while  field emission TEM 
carried out using a Jeol 2100F .  

A catalyst  sample was dispersed with an ultrasonic bath using 2-propanol and a 
single drop was collected on a carbon coated 400 mesh Cu grid for the TEM analysis 
and on sticky carbon film on the SEM sample mount.  

 

4.5.4. Coke Characterisation 

Coke deposited on the catalyst has quantitatively and qualitatively been 
characterised by thermogravimetric analysis and GC/MS analysis of the CH2Cl2 
soluble fraction. 
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The total amount of the coke deposited on the catalyst, expressed in wt% on the 
catalyst, was determined by thermogravimetric analysis using temperature 
programmed oxidation (TPO).The temperature program applied is as follows: 

1.  Heating of sample in N2 atmosphere from room temperature to 105 oC.  

2. Isothermal treatment for 20min at 105 oC to dry the sample.  

3. Heating of the sample at  350 oC with a heating rate of 10oC/min 

4. Oxidation of the sample at 350 oC and heating up to 400oC with a rate of 
5oC/min. This step was applied to oxidise any reduced Ni on the surface of the 
catalyst slowly. Ni can be easily oxidised at 350oC while carbonaceous 
deposits are oxidised at temperatures greater than 400oC.  

5. Heating of the sample until 550oC at a heating rate of 10oC/min 

6. Isothermal oxidation at 550oC for 2h. 

For characterisation of the coke compounds deposited on the catalyst the procedure 
described by Magnoux et al. [110] was followed. Catalyst (60mg) was dissolved in 1 
mL of 40% HF solution to dissolve the zeolite and liberate the coke. The soluble 
components of coke were extracted by 4mL of CH2Cl2 and analyzed by an Agilent 
5973C GCMSD using an HP-5ms column. The soluble coke represents the coke 
deposited in the interior of the catalyst because it is too volatile to be located on the 
outer surface. 

The internal and external cokes are completely different in composition with the 
external coke typically consisting of PAHs. The presence of PAHs is of major 
importance because the polyaromatic nature of the coke, makes it less reactive during 
regeneration. To evaluate the quality of the insoluble coke deposited externally of the 
catalyst, its reactivity under TPO conditions was measured.  A very common index of 
measuring the reactivity of the deposited coke on the catalyst is measuring the time 
for achieving 50% conversion under isothermal conditions (t50). The TPO was carried 
out at 550oC in air atmosphere. The conversion as a function of time was determined 
by the following formula: 

𝑋𝑖 =
𝑀𝑜 − 𝑀𝑖

𝑀𝑜 − 𝑀𝑓
 

where Xi is the conversion at time i, Mo and Mf are the initial and final mass 
respectively and Mi is the mass at time i. 

4.5.5. Catalyst Evaluation 

Indicators for catalyst evaluation include the stability index (SI) and the loss of 
organics (LO) [27]. The SI shows the extent of removal of unwanted (reactive) 
species such as ketones and aldehydes (carbonyls) from the raw bio oil, while the LO 
shows the reduction in the yield.  
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Samolda et al. [27] have defined those parameters when investigating the catalytic 
upgrading of bio oil. However, modified indices are introduced here, based on the 
liquids obtained from the non-catalytic steam pyrolysis results: 

𝑆𝐼 = 100 × �1 −
(𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙𝑠 & 𝑎𝑐𝑖𝑑𝑠) 𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐

(𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙𝑠 & 𝑎𝑐𝑖𝑑𝑠) 𝑛𝑜𝑛−𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐 
�  [𝑤𝑡%] 

𝐿𝑂 = 100 × �1 −
𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐

𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠𝑛𝑜𝑛−𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐
�  [𝑤𝑡%] 

The overall deoxygenation index (DOI) shows the extent of overall oxygen 
removal from the obtained liquid (regardless of the species) and is defined as: 

𝐷𝑂𝐼 = 100 × �1 −
[𝑂%]𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐

[𝑂%]𝑛𝑜𝑛−𝑐𝑎𝑡𝑎𝑙𝑦𝑡𝑖𝑐
�  [%] 

The catalysts should exhibit high DOI and SI and low LO. 
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CHAPTER 5 
5. Steam Pyrolysis of Biomass in a Fixed 
Bed Reactor  

  Introduction 5.1.

Biomass (bamboo powder) was treated in a nitrogen atmosphere of a flow of 
1Nm3/h at a temperature range from ~525oC to ~875oC. The time of sample exposure 
to preheated nitrogen was such that complete devolatilization was achieved. 
Approximately 9-12 minutes were required for complete devolatilization of the 
samples. 

The steam pyrolysis experiments were performed with a steam flow of 7.85±0.2 g 
min-1. The steam pyrolysis runs were performed in the same temperature range as 
described above. The total time of treatment was almost the same as in the nitrogen 
pyrolysis runs as determined by the evolution of gases and mass loss. The 
experimental run was considered finished when no apparent mass loss was observed 
(accuracy of 0.01 g) and the CO and CO2 content in the gas was less than 0.1 % mol. 

 

 Results and Discussion 5.2.

As expected, temperature increase resulted in decreased char yield. However, the 
presence of steam resulted in lower char yields compared to conventional pyrolysis. 
The results are shown in Figure 5.1. 

 
Figure 5.1 Char Yields for Steam and N2 pyrolysis in fixed bed reactor 
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Because the treatment time was the same, the lower char yields obtained using 
steam denote a faster devolatilization rate, obvious from the mass loss curves that are 
shown in Figure 5.2. 

 
Figure 5.2  Mass loss curves for fixed bed pyrolysis of bamboo (a) Steam Pyrolysis; (b)N2 

pyrolysis 
Lower char yields can be attributed to steam adsorption on the surface of the solid 

matrix. Adsorbed steam inhibits the adsorption of tar vapours on the surface while at 
the same time helps to desorb and extract the volatile matter thereby, preventing the 
secondary tar cracking reactions that promote char formation [44], [111]. Moreover, 
char-steam reaction is possible to take place to some extent even at lower 
temperatures since it can be enhanced locally by inherent alkali and/or alkaline earth 
metallic (AAEM) species that have catalytic effects [112]. Overlapping of pyrolysis 
and gasification reactions has been reported to take place to higher extent at elevated 
temperatures [32], [113]. Acids that are formed at elevated temperatures can degrade 
wood by hydrolysis [114]. 

Influence and interactions between steam and biomass can be investigated using 
Scanning Electron Microscopy (SEM). 

Comparing images from nitrogen and steam pyrolysis (Figure 5.3 and Figure 5.4), 
shows that residual particles maintain a morphology similar to the parent material, 
and the release of volatiles is allowed through the naturally developed porosity. 
However, as the solid matrix softens, the pores normally are clogged, and the gases 
from the inside of the particle generate an overpressure leading to the formation of 
bubbles, which can subsequently burst and destroy the porous network [115]. Steam 
contributes to fast removal of low-molecular weight compounds at the surface even at 
temperatures below the thermal decomposition of the material and minimum pore 
clogging thus takes place [116], [117], resulting in a development of a highly active 
porous structure [117]. 

 

0 5 10 15
0

10

20

30

40

50

60

70

80

90

100

Time [min]

M
as

s  
[%

]

 

 

0 5 10 15
0

10

20

30

40

50

60

70

80

90

100

Time [min]
M

as
s  

[%
]

 

 

524oC
592oC
777oC
862oC

536oC
591oC
726oC
761oC
872oC

(a) (b) 



Catalytic Steam Pyrolysis of Biomass for Production of Liquid Feedstock 

41 
 

  

  

 

Figure 5.3 SEM images of char derived after N2 pyrolysis of bamboo (a) 536 oC ; (b) 
591 oC; (c) 726 oC; (d) 761 oC; (e) 872oC  

  

  

Figure 5.4 SEM images of char derived after steam pyrolysis of bamboo:(a) 524 oC;(b) 
592 oC;(c) 777 oC;(d) 862 oC 
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Macroscopically, lower agglomeration tendency of char was observed during  
steam pyrolysis compared to nitrogen pyrolysis. This is quite important characteristic 
when fluidised bed pyrolysis is considered where high agglomeration tendency of the 
char may result in improper fluidisation or even complete defluidisation of the bed. 
This macroscopic observation can be attributed to the volatile content of the resultant 
char. 

The volatile matter, ash content as well as the fixed carbon content of the derived 
chars can be seen in Table 5.1. 

 
Table 5.1 Bamboo char characteristics after pyrolysis in fixed bed reactor 

Pyrolysis 
medium 

Temperature  
[oC] 

Volatile 
Matter 
[wt%] 

Ash  [wt%] 
Carbon Content              

[wt%] 

Steam 524 18.46 5.3 76.24 
Steam 592 16.23 5.6 78.17 
Steam 777 10.04 5.9 80.06 
Steam 862 9.30 6.2 84.50 

N2 536 20.10 5.3 74.60 
N2 591 18.20 5.2 76.60 
N2 726 13.35 5.3 79.56 
N2 761 10.80 5.3 82.33 
N2 872 9.90 5.5 84.45 

 
As shown in Table 5.1, the volatile matter in the resulting char is slightly lower 

when comparing pyrolysis under steam and nitrogen atmosphere. In both cases the 
temperature increase has a positive effect on devolatilization. These results validate 
the faster and more effective removal of volatiles in the presence of steam. 

High carbon content and low volatile matter of the derived char implies suitability 
for possible use as activated carbon precursor, solid biofuel or reducing agent in 
metallurgical processes.  

The effects of the presence of steam can also be seen in the composition of the gas 
produced during pyrolysis. Differences in gas composition during nitrogen and steam 
pyrolysis indicate vapours and steam interactions even under mild conditions 
(~525oC) (Figure 5.5 and Figure 5.6). 

CO evolved during thermal decomposition (nitrogen pyrolysis) can be attributed to 
decarbonylation of the feedstock, while CO2 generated during the pyrolysis process 
can be attributed to decarboxylation reactions [118], [119], [120]. The presence of 
unsaturated C = C bonds in the molecule accelerates decarboxylation [121] . 

CO produced during treatment in nitrogen atmosphere (Figure 5.5-b) is positively 
affected by increase in temperature because of Boudouard reaction (C+ CO2↔2CO) 
which is thermodynamically favoured at higher temperatures as well as extended 
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decarbonylation (which is strongly endothermic [122]) of secondary vapourised 
products such as ketones (RC(=O)R'), aldehydes(R''CHO) and phenols (Ar-OH) 
which have been reported to be present to a significant extent during bamboo 
pyrolysis [123], [124].  

 
Figure 5.5 Gas composition during N2 pyrolysis of bamboo (a) H2, (b) CO, (c) CH4, (d) 

CO2, (e) C2Hy 

CO2, as mentioned above, is mainly a product of decarboxylation reactions of 
compounds such as acids (RCOOH) and esters (R'CO2R'') that can be produced 
during the cracking of low degree polymerisation products [118], [122]. CO2 

concentration in the pyrolytic gas is reducing with temperature increase because of 
faster cracking of bio polymers which in turn increases the yield of lower molecular 
weight products. Similar behavior has also been noticed by Lanza et al. while 
investigating the gas phase reactions during cellulose pyrolysis [125]. 

Methane is mainly produced by demethylation reactions during biomass pyrolysis 
of side chain mainly of the lignin bio polymer [125] as well as secondary products 
such as toluene [126]. 

Figure 5.5-c shows the methane concentration in the pyrolytic gas during treatment 
in nitrogen atmosphere. Higher temperatures favour the cracking reactions of the 
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molecules and this was expected because lower molecular weight products are 
favoured under severe cracking conditions at higher temperatures [127]. 

 

 
Figure 5.6 Gas composition during Steam pyrolysis of bamboo (a) H2, (b) CO, (c) CH4, 

(d) CO2, (e) C2Hy 

The concentration of light hydrocarbons (C2Hy) in the gas is strongly affected by 
the increase in temperature. As shown in Figure 5.5-e, the light hydrocarbons content 
(ethane, ethylene and acetylene) increases with the temperature increase denoting that 
they are produced from the decomposition of heavier species and side chain reactions 
(such as dethelyenation). Variations in gas composition strongly affect the heating 
value of the produced gas. Decrease in the lighter hydrocarbon content (such as 
methane and C2Hy) will result in a drastic decrease in the heating value of the gas. 

The presence of steam is not only an assisting agent for fast and effective removal 
of volatiles from the solid matrix, as discussed above, but also a highly reactive agent 
that reacts with the pyrolysis products. Steam stabilizes the radicals obtained during 
thermal decomposition and thus it increases the yield of volatiles [32]. 

Steam pyrolysis resulted in higher hydrogen content compared with N2 pyrolysis. 
However, at lower temperatures (<630oC) a decrease in hydrogen content is observed 
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during the initial stages of devolatilization. The hydrogen produced may be 
transferred to the oxygenated or unsaturated molecules [128] and this generally 
enhances the oil quality [51].  

At higher temperatures decrease in the early stages is not observed because of rapid 
hydrogen evolution as result of reforming and cracking reactions. 

At lower temperatures (524 -777oC), a decrease in the carbon monoxide content 
during pyrolysis is observed possibly attributed to the WGS reaction. Increase that is 
observed at later stages and higher steam temperatures can be attributed to the 
Boudouard reaction as well as some reforming reactions taking place at higher 
temperatures. 

The CH4 content in the gas produced during steam pyrolysis shows increasing trends 
up to 591 oC. A slightly higher methane content compared to nitrogen pyrolysis 
denotes that the presence of steam  favours demethylation reactions.  However, 
further increase in temperature results in a decrease in methane content, because of 
methane steam reforming. 

The C2Hy concentration in the produced gas increased with temperature increase up 
to the temperature of 777 oC. However, decrease in content was observed during 
treatment at a specific temperature. That behaviour is totally different from the 
behaviour during nitrogen pyrolysis. Further increase in temperature resulted in 
severe reforming, thus explains the reduced concentration in the produced gas. 

However, the heating value of the gas produced during steam pyrolysis has higher a 
higher calorific value than the gas obtained from conventional pyrolysis because of no 
dilution in carrier gas (N2). 

At lower temperatures (~525 oC) the liquid product fraction is significant and is of 
great importance in terms of valorisation for fuel and chemical production [123], 
[129]. 

GC/MS was considered a good-enough method for indication of the amount of 
chemical compounds, because of the difficulties in analysing all of the components in 
the oil because of the wide range of polarities of the oil components [27]. The analysis 
of the liquid fraction obtained at lower temperatures (Table 5.2) shows a major impact 
of steam presence compared with liquid obtained during conventional pyrolysis 
process [123]. The molecular weight of bio oil compounds from conventional 
pyrolysis at ~700 – 750 oC has been reported to range from 200 to 600 Da [130]. 

Most of the compounds detected during steam treatment of the bio-oil (Table 5.2), 
have been reported as extractives during steam treatment of bamboo and other plants 

[131], [132]. 
Major compounds identified in the oil fraction are esters of complex organic acids, 

acids and long chain aldehydes and alcohols. Acid and ester formation can be 
attributed to holocellulose [133]. 
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To realise the conversion of biomass to the liquid products that can substituted for 
petroleum, the ratio of H/C must be increased while the ratio of O/C must be 
decreased. 

 
Table 5.2 GC-MS analysis of liquids obtained during steam pyrolysis of bamboo at 524oC 

Compound Chemical Formula 

Ursodeoxycholic acid  C24H40O4  

1-Heptatriacotanol  C37H76O  

Butylaldehyde,4-benzyloxy-4-[2,2,-
dimethyl-4-dioxolanyl]-  

C16H22O4  

11à-Hydroxyresibufogenin  C24H32O5  

Androst-5,7-dien-3-ol-17-one, acetate  C21H28O3  

Propanoic acid, 2-(3-acetoxy-4,4,14-
trimethylandrost-8-en-17-yl)-  

C27H42O4  

Ethyl iso-allocholate  C26H44O5  

Betulin  C30H50O2  

 
 The C, H, O composition of the oil obtained is shown in Table 5.3. Comparing the 

data obtained in the presence of  steam to data from the literature (even if the two 
cannot be directly compared because of different conditions) it can be seen that the oil 
has higher carbon and hydrogen and lower oxygen content. Similar results have been 
reported by other researchers [51]. 

 
Table 5.3 Elemental composition of bio oil obtained during steam pyrolysis at 524oC and 

comparison with literature data 

Component Content [wt%] 

 
Steam Pyrolysis at 524oC   

(this study) 

Fast pyrolysis in N2 atmosphere at 
405oC [123] 
Upper Phase Lower Phase 

C 74.44 26.50 41.39 

H 9.55 5.50 7.03 

O 16.01 67.87 49.55 

 
A value of H/C equal to 1.54 and O/C equal to 0.16 can be calculated from these 

results while the water content in the liquid fraction is approximately 30 wt%. The 
H/C and O/C ratios indicate that the liquid generated during highly superheated steam 
pyrolysis is of very good quality and can be further exploited. The reason for low 
oxygen content in liquid products may be attributed to the interaction of steam with 
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oxygenated products such as unsaturated acids and esters and their radicals. Further 
hydrolysis reactions play an important role in the oxygen content. 

 The Higher Heating Value (MJ kg-1) of the bio-oil has been calculated based on C, 
H and O content using the Beckman et al. formula [134] and neglecting the sulphur 
because its content in biomass is very low:  

A value of 33.54 MJ kg-1 is calculated for the oil. However, to have a clearer 
picture of the oil composition, further investigation must be carried out for possible 
detection of other species 

 Conclusions  5.3.

Experimental results show that there is an influence of the presence of steam on 
pyrolysis products.  

Devolatilization of the raw material is faster in the presence of steam. 
 The char maintained its parental structure and is rich in carbon content with low 

volatile matter because of  steam interaction with the solid matrix of the raw material 
as well as steam-char reactions. 

The properties of the produced char indicate possible use as activated carbon 
precursor, solid biofuel or reducing agent in metallurgical processes.  

Gaseous products are also affected by the steam presence with hydrogen and 
carbon monoxide content increasing with temperature increase while the presence of 
steam resulted in lower hydrocarbon content in the produced gas. At temperatures up 
to 825 oC the water gas shift is the dominant reaction. At temperatures up to 575oC 
decrease in hydrogen content is observed at early stages of devolatilization which can 
be attributed to indirect hydrogenation of the volatiles.  

The characterisation of the bio oil obtained from steam pyrolysis has shown that a 
product with low O/C can be obtained. The heating value of the liquid fraction was 
calculated and found equal to 33.54 MJ kg-1, implying that this product can be used as 
a potential source of renewable fuel and chemical feedstock. However, further 
investigation of the liquid composition must be carried out. 
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CHAPTER 6 
6. Fast Pyrolysis of Biomass in the 
Presence of Steam 

 Introduction 6.1.

In the previous chapter, the effects of steam on pyrolysis products were identified. 
In this chapter, the experimental investigation of the effect of steam (expressed as 
steam-to-biomass ratio(S/B)) and temperature during fast pyrolysis of a pine and 
spruce wood mixture in a fluidised bed reactor is discussed.  

Despite the substantial quantity of studies focused on steam pyrolysis of biomass, 
few conclusions of the effects of steam during fast pyrolysis have been drawn. 

In all the experimental runs, the residence time of the vapours was similar and did 
not exceed 3 s until quenching. The biomass feeding rate varied from 1.5 to 2.65 kg h-

1, while the steam feeding rate was set to 1 kg h-1 for S/B values of 0.5 and 0.67 and 
0.91 kg h-1 for S/B=0.34 case. These flow rates correspond to nominal gas velocities 
of 0.24 and 0.22 m s-1. For the nitrogen case, the biomass feeding rate was set to 2 kg 
h-1 and the nitrogen flow was set to 20.8 Nl min-1, which corresponds to a nominal 
velocity of ~0.24 m s-1. The total operation time was 5 h. 

Silica sand (SiO2) was used as a bed material and its chemical composition is 
presented in Table 6.1.  

 
Table 6.1 Chemical analysis of silica sand [wt%] 

SiO2  99.70 
Al2O3  0.17  
Fe2O3  0.05   
Loss on ignition  0.10 
Sintering point  >1400oC  

 
 
 
Its particle size ranged between 250-350 μm. The X-ray diffraction pattern of silica 

sand is shown in Figure 6.1. 
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Figure 6.1 XRD Pattern of silica sand 

 

 Results and Discussion 6.2.

6.2.1. Effect of steam on product yields and composition 

The effect of steam was studied at 500oC which is a typical temperature for 
maximum liquid production. Three different steam-to-biomass (as received) weight 
ratios (S/B) were used, namely, 0.34, 0.5 and 0.67, and compared with conventional 
N2 pyrolysis(S/B=0). The corresponding molar steam-to-carbon ratios (S/C) 
(including moisture from the biomass feed) are  0.64, 0.87 and 1.11, respectively.  

The mass balance closure for the experimental runs is listed in the next table. 

Table 6.2 Mass balance closure for experimental cases of non-catalytic steam pyrolysis 

Experimental conditions Mass Balance  
Closure (%) 

N2 pyrolysis (S/B=0),  500oC 93.66 
S/B=0.34, 500oC 95.67 
S/B=0.50, 500oC 93.57 
S/B=0.67, 500oC 97.12 

S/B=0.50, 450oC (discussed in 6.2.2) 94.00 
S/B=0.50, 400oC (discussed in 6.2.2) 94.59 

 
As shown in Figure 6.2, steam presence affects the product yields, indicating 

decomposition mechanisms that differ from those of N2 pyrolysis.  
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Figure 6.2 Effect of steam to biomass mass ratio on products yields 

The char yield slightly and monotonically decreased as S/B increased. However, 
different behavior was observed for gas and liquid yields. Here, organic liquid refers 
to the liquid organic matter on dry basis. The decreased char formation can be partly 
attributed to the enhanced heating rates due to steam presence; however, this effect 
should not be overrated because the heat and mass transfer rates in fluidised bed 
systems are already high. 

The maximum organic liquid yield of 41.6 wt%, on a dry basis, was obtained when 
S/B was equal to 0.5, with an increasing trend from 0 (N2 pyrolysis) to 0.5. Further 
increasing in S/B seemed to favour gas production. The almost constant gas yield 
from S/B 0 to 0.5 and increase that is disproportional to the liquid and, char reduction 
indicates steam-vapours interactions.  

Figure 6.3 shows that the carbonyls (ketones and aldehydes) and carboxylic acids 
negatively correlate with S/B. This relationship indicates that decarbonylation 
(producing CO) and decarboxylation (producing CO2) reactions are favoured when 
the steam presence is increased. 

As listed in 
Table 6.3 the yield of carbon oxides positively correlates with S/B. WGS reaction  

cannot be excluded from the overall reaction scheme; this reaction might have slightly 
increased H2 yield. However, the residence times of the vapours are too short for the 
reaction to proceed to an appreciable extent. Moreover, steam reforming reactions are 
unlikely to proceed because of the relatively low temperature. 
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Figure 6.3 Effect of steam to biomass ratio on liquid product composition 
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Table 6.3 Effect of S/B on gas and elemental composition of char and liquid 

S/B 0 0.34 0.5 0.67 
Gas [ wt% of dry biomass] 

H2 0.098±0.020 0.130±0.018 0.172±0.010 0.178±0.013 
CH4 1.753±0.040 1.604±0.036 1.352±0.029 1.596±0.040 
CO 10.276±0.160 9.925±0.105 9.160±0.045 8.980±0.170 
CO2 9.557±0.080 9.960±0.053 11.193±0.036 14.224±0.042 
C2  0.511±0.019 0.492±0.017 0.422±0.014 0.635±0.023 
C3  0.302±0.050 0.301±0.028 0.294±0.010 0.471±0.018 

C4  0.043±0.005 0.017±0.001 0.048±0.003 0.093±0.005 
C5  - 0.001±(<0.0001) 0.006±(<0.0001) 0.001±(<0.0001) 
C6  0.005±(<0.0001) 0.006±(<0.0005) 0.011±0.0007 - 
C2-C3 olefins 0.395±0.025 0.370±0.021 0.348±0.015 0.584±0.025 

Char  

 
[wt% dry] 

C 80.10 81.01 84.70 75.90 
H 3.00 3.05 3.10 3.00 

Oa 14.43 13.55 9.66 18.31 
N 0.90 0.89 0.89 1.01 
Ash 1.57 1.50 1.65 1.78 

HHV[MJ/kg]b 29.96 30.43 32.17 28.09 
Liquids  

 
[wt% dry] 

C 57.64 58.85 62.39 63.21 
H 6.66 6.85 7.58 7.81 
O 35.70 34.30 30.03 28.98 
HHV[MJ/kg]b 24.28 25.07 27.61 28.67 

EHI 0.447 0.512 0.725 0.784 

 
Two plausible mechanisms could explain the reduced yields of carboxylic acids in 

the obtained liquids: a mechanism analogous to formic acid decomposition, suggested 
by Ruelle [135] and reduction of deacetlyation reactions.  

According to Ruelle [135], dehydration is the main step during formic acid 
decomposition in gas phase. In this step, the formed water vapour homogenously 
catalyses the decarboxylation reaction pathway. The extent of decarboxylation has 
been proposed to be proportional to the collisions between acid molecules and 
available water vapour molecules. Moreover, acetic acid originates from the 
elimination of the acetyl groups and the reduction in its content implies reduction of 
deacetlyation reactions [136]. 

Holocellulose is the most susceptible to thermal decomposition during pyrolysis 

[137]. The concentration of sugars (which result from holocellulose decomposition) in 
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the derived liquid increases in the presence of steam; and is maximized at S/B=0.5. A 
further increase(S/B=0.67) decreased the sugar content; however, higher 
concentrations than those resulting from  N2 pyrolysis were still obtained.  

A monotonic decreasing trend in the formation of furans and pyrans was observed, 
which indicates suppression of the decomposition/dehydration of sugars to furans and 
pyrans [138]. This trend entirely differs from the one observed by Jakab et al. [139]. 
However, this difference could be attributed to the different pressures applied.  As 
indicated by Jakab et al., the furan–forming mechanism is of secondary importance in 
low-pressure processes [139]. 

As indicated in Table 6.7, the absence of syringol-phenols in the liquid products is 
consistent with the literature indicating that softwood contains mainly guaiacyl 
structures [140]. The decreased furfural (furaldehyde -2) and 5-hydroxymethyl 
furfural (5-HMF; Furaldehyde, 5-(hydroxymethyl)-, 2-) yields and concentrations 
indicate that dehydration reactions of levoglucosan (LGA) are not favoured [141] 
(Table 6.7). Dehydration reactions could occur more dominantly in hardwood 
compared to softwood during pyrolysis [137], due to the more acetylated nature of 
hemicelluloses in hardwood [142].  

Studies on glycolaldehyde (acetaldehyde,-hydroxy) formation during cellulose 
decomposition indicate different mechanisms that all of them contain dehydration 
steps [143]. Thus, the decreased glycolaldehyde content in the liquids during steam 
pyrolysis is another indication of limited dehydration reactions.  In addition, the 
decrease in the low molecular weight acids also indicates that the disproportionation 
reactions of levoglucosan (LGA) are impeded [144].   

The above findings are supported by the increased LGA (produced from the 
intramolecular transglycosylation of cellulose [145]) concentrations in response to 
increasing S/B up to 0.5. Lakshmanan and Hoelscher [146] observed increased LGA 
yields as early as 1970 when pyrolysing starch in the presence of steam under reduced 
pressure. The effect was attributed to higher heating rates achieved due to the use of 
steam. Even if this argument holds true for the experimental apparatus they used 
(fixed bed batch reactor), mass and heat transfer limitations are minimised in fluidised 
bed systems and can be valid only to some extent. Li et al. also reported increased 
LGA concentrations when the produced vapours of untreated pinewood pyrolysis 
were subjected to water spraying [147]. LGA is readily hydrolyzed to glucose [148]. 
Thus, steam pyrolysis is a potential pathway for the production of fermentable sugars. 

The decrease in LGA yields resulting from further increases in S/B (S/B=0.67) can 
be attributed to the increased availability of water vapour molecules to produce 
glucose products instead of LGA by end chain thermohydropyrolytic reactions [143].  

Hydroxyacetone (acetol) and 2-furaldehyde are the products of reactions that 
compete with levoglucosan formation, and decreased concentrations in response to 
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increased steam presence indicate that the levoglucosan formation rate is not impeded 
and another pathway is favored [141], [149]. 

The low yield of aromatic hydrocarbons (benzene, toluene etc.) can be attributed to 
the low extent of thermal reactions of olefins and diolefins (Diels–Alder cyclisation) 
as well as hydrogen abstraction from cycloolefins in this temperature range [150], 

[122].  
Methane can be produced by the cleavage of the aryl-ether linkages of lignin which 

produces unstable free radicals that may further react via different mechanisms, such 
as electron abstraction, rearrangement and interactions between radicals [151].  

The declining methane and light hydrocarbon yields in response to increasing S/B 
ratios (listed in Table 6.3) indicate that steam presence reduces the secondary thermal 
cracking and radical-recombination by stabilization of alkyl-aromatic radicals. Similar 
behaviour has been observed by Dutta et al. [152] , while investigating the effect of 
steam presence during thermal cracking of bitumen. Suppression of recombination 
reactions is important since they have been considered responsible for production of 
stable aromatic species that are known to be PAH precursors. 

The concentration of methoxy phenols in the produced liquid shows a mixed trend, 
with a decrease observed in response to increasing S/B from 0 to 0.5 and an increase 
from 0.5 to 0.67. Jones et al. [153], made a similar observation, when studying the 
effect of  steam on the thermal cracking of alkyl phenols. Their study indicated an 
optimum steam-to-feedstock ratio that minimized the non-distillable fraction of 
phenols. However, the concentration of guaiacol is unaffected by the steam presence 
in all the cases even though the concentration of methoxy phenols was increased.  

The Vanillin/Guaiacol (V/G) ratio can indicate the type of reactions that lignin 
undergoes during pyrolysis in the presence of steam, when β-Ο-4 linkage (which is 
the most abundant linkage in the lignin molecule) cleavage is considered. While 
guaiacol has been reported as a lignin fragmentation (depolymerisation) product, 
vanillin is a product of oxidative β-Ο-4 linkage cleavage [154]. The V/G ratio 
increases monotonically as the presence of steam is increased from S/B=0 to 
S/B=0.67 which indicates the increased oxidative character of the lignin 
decomposition. 

Contrary to the methoxy phenols trend, catechols and phenols, which are strongly 
related to the fragmentations and reactions of the former, show an opposite trend. 
Catechols are produced from homolytic O-CH3 bond linkage [155]. Because the Ph-
OH dissociation energy is high (463.6 kJ/mol), catechols are difficult to decompose 
once formed [156]. These characteristics suggest, that their reduced concentration is a 
result of the inhibition of the catechols formation pathway due to the increased steam 
presence, even though interactions between vapours cannot be excluded.  

The formation of allyl and vinyl guaiacols negatively correlates with S/B. The 
reduced concentration of alkenyl guaiacols, which are more reactive and tend to 
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participate in char formation [157], can also explain the reduced char formation in 
response to increases in S/B. Allyl and vinyl  compounds result from dehydration 
reactions [157], further hydrogenating the alkenyl group gives rise to alkyl guaiacols.  
Thus, the ratio of the hydrogenated (methyl-, ethyl-, propyl- guaiacol) and dehydrated 
(eugenol, isoeugenol, vinyl-guaiacol) compounds could indicate the extent of 
hydrogenation. 

The calculated (alkyl-/alkenyl-) guaiacols ratio shows an increase from 0.5 in N2 
atmosphere to 0.66 at S/B = 0.5. Further increasing  S/B to 0.67 seems to have little 
effect (0.662). 

The non-volatile fraction of the liquids produced can be assumed to consist of 
fragments of lignin [158]; Table 6.4  lists the non-volatile products characteristics in 
terms of the molecular weight. 𝑀�𝑛 indicates the average molecular weight based on 
number of molecules while 𝑀�𝑤 indicates the average molecular weight based on the 
weight of different compounds. The molecular weight dispersity (ÐM) shows the 
molecular weight distribution of the non-volatile fraction based on the weight and 
number average molecular weights. 

 
Table 6.4 Effect of S/B on molecular weights and molecular weight dispersity (ÐM) of 

nonvolatile fraction of liquid at 500oC 

S/B 0 0.34 0.5 0.67 
𝑀�𝑛 201.4 199.4 208.3 198.2 
𝑀�𝑤 828.2 821.6 777.9 792.8 
ÐM (𝑀�𝑤/ 𝑀�𝑛) 4.11 4.12 3.7 4.00 

 
 A smaller ÐM indicates a narrower molecular weight distribution which decreases 

the total contribution of the bigger (and heavier) molecules. The molecular weight 
distribution is shown in Figure 6.4. 



Catalytic Steam Pyrolysis of Biomass for Production of Liquid Feedstock 

57 
 

 
Figure 6.4 Effect of steam to biomass ratio on molar mass distribution of the non-volatile 

fraction of liquid product ;(a) S/B=0;(b) S/B=0.34;(c) S/B=0.5;(d)S/B=0.67 

As shown, increased S/B results in heavier monomeric and oligomeric compounds 
(based on the 𝑀�𝑛) due to the stabilisation and preservation of the alkyl and alkenyl 
groups. However, ÐM decreased, which indicates that polycondensation (producing 
molecules of higher molecular weight) reactions are reduced. Oligomeric fragments 
are desirable if the derived liquids are considered for further upgrading via catalytic 
cracking or hydrocracking [159]. 

A useful index to evaluate the liquid quality to further upgrade it to useful products 

is the effective hydrogen index��𝐻
𝐶� �

𝑒𝑓𝑓
 𝑜𝑟 𝐸𝐻𝐼� [160] , which is defined as: “the  

"net" hydrogen-to-carbon ratio of a pure or mixed heteroatom- containing feed, after 
debiting the feed’s hydrogen content for complete conversion of heteroatoms to NH3, 
H2S, and H2O. Compounds with EHI less than 1 are difficult to upgrade to premium 
products because of coking” [160]:  

 

�𝐻
𝐶� �

𝑒𝑓𝑓
=

𝐻 − 2𝑂 − 3𝑁 − 2𝑆
𝐶

 

 
The elemental composition of the liquids listed in Table 6.3 shows that steam 

presence increases the EHI which indicates that the resultant liquids can be upgraded 
more efficiently. The increased liquid H/C can be attributed to the decreased 
hydrogen scavenging from the liquid due to a lower extent of dealkylation, because of 
stabilization of fragmented species (secondly to radicals stabilization) from biomass 
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decomposition and dehydration reactions as well as partial hydrogenation of some 
species. 

The cracking severity of lighter molecules can be indicated by two molar ratios; 
CH4 content compared to the light hydrocarbons (C2s and C3s) and the 1-alkene to n-
alkane ratio of the light hydrocarbons. The results presented in Figure 6.5 show that at 
the propylene yield increases at the highest S/B, which indicates cleavage of propenyl 
structures from lignin. 

6.2.2. Effect of temperature on product yields and composition. 

The effect of temperature for S/B=0.5 was investigated in addition to the effect of 
S/B on the pyrolysis products. 

As expected, increasing the temperature from 400 to 500oC increases the liquid and 
gas yields at the expense of char (Figure 6.6). 

The gas yields listed in Table 6.5  show an appreciable increase in the methane 
yield in response to increasing the temperature from 400 to 450oC, which can be 
attributed to the onset of demethylation in guaiacyl structures found in the lignin 
macromolecule [140] that occurs at approximately 450oC [161]. 

The yields of carbon oxides yields positively correlate with temperature, indicating 
that decarboxylation and decarbonylation are favoured when temperature is increased. 
Thus, oxygen removal by decarboxylation and decarbonylation are favoured at higher 
temperatures, while dehydration is more important at lower temperatures. 

 

 
Figure 6.5 Effect of steam to biomass ratio on cracking severity 
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Figure 6.6 Effect of temperature on product yields during steam pyrolysis of biomass 

(S/B=0.5) 

Figure 6.7 shows the composition of the obtained liquid at different temperatures. 
A temperature increase initiates decarbonylation and decarboxylation reactions; the 
gas composition also supports this finding. 

The concentration of methoxy phenols is maximised at 450oC; further temperature 
increases favour the decomposition and transformation of these compounds to 
catechols and phenols. The concentration of catechols, phenols and benzenes increase 
with temperature, even though that the latter is low. This increase indicates an 
increased cracking severity. 

As listed in Table 6.5, the temperature increase positively impacts the EHI because 
of oxygen removal which is more severe at higher temperatures.  

Figure 6.7  shows the composition of the obtained liquid at different temperatures. 
It can be seen that temperature increase initiates decarbonylation and decarboxylation 
reactions and the gas composition also supports this effect. 
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Table 6.5 Effect of temperature on gas and elemental composition of char and liquid 
(S/B=0.5) 

T[oC] 400 450 500 
Gas [ wt% of dry biomass] 

H2 0.039±0.001 0.063±0.003 0.172±0.010 
CH4 0.850±0.018 1.133±0.017 1.352±0.029 
CO 8.810±0.034 8.285±0.025 9.160±0.045 
CO2 10.832±0.042 11.434±0.037 11.193±0.036 
C2  0.337±0.012 0.471±0.020 0.422±0.014 
C3  0.237±0.011 0.329±0.005 0.294±0.010 
C4  0.056±(<0.0001) 0.058±0.002 0.048±0.003 
C5  - 0.001±(<0.0001) 0.006±(<0.0001) 
C6  - - 0.011±0.0007 
C2-C3 olefins 0.310±0.012 0.424±0.015 0.348±0.015 

Char  

 
                    [wt% dry] 

C 79.30 84.40 84.70 
H 3.70 3.50 3.10 
O6 15.13 9.80 9.66 
N 0.67 0.84 0.89 
Ash 1.20 1.46 1.65 
HHV[MJ/kg]7 30.44 32.53 32.17 

Liquids  

 
                   [wt% dry] 

C 53.04 56.86 62.39 
H 6.99 7.20 7.58 
O  39.97 35.93 30.03 
HHV[MJ/kg] 22.62 24.62 27.61 
EHI 0.44 0.56 0.72 

 
Table 6.5 also shows that the LGA yield increase as the temperatures is increased 

from 400 to 450 oC. The LGA yield can be considered constant for further increases 
to 500 oC, which denotes the minimisation of its decomposition and dehydration 
reactions. This trend is consistent with results published by Patwardhan  et al. [149] 
who found LGA to be thermally stable at higher temperatures. Furthermore, the 
increasing LGA/(Acetol+ 2-Furaldehyde) ratio indicates that the LGA formation rate 
is not impeded [149]. 

The catechol/guaiacol ratio indicates the relative rate of the homolytic O-CH3 

cleavage. The yields (concentration × liquid yield) of these specific products indicate 
that a temperature increase from 400 to 450oC slightly increases the ratio from 1.63 to 
1.70, and further increasing the temperature to 500oC results in a rapid increase to 
2.82.  

                                                 
6 by difference 
7Calculated using formula presented in  [104] 
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Figure 6.7 Effect of temperature on liquids composition during steam pyrolysis of biomass 

(S/B=0.5) 

Similarly, the catechol/phenol ratio increases slightly from 5 to 5.58 and then 
decreases sharply to 3.44. This trend indicates that catechol formation is more 
important at temperatures near 450 oC  and further increase favours the transformation 
to phenol. Vuori and Brandberg [162] observed, that the presence of a hydrogen 
donor reduces the phenol in favour of catechol formation. Hydrogen-donor 
interactions take place at the lower temperature range, which is in accordance with the 
postulation by Minkova et al. [116] that steam influences the hydrogen donor-acceptor 
interactions. Indeed, the alkyl-/alkelnyl- guaiacol ratio is maximized at 0.67 at 450 oC 
while further temperature increases seems to favor dehydrogenation. 

The non-volatile fraction of the liquids obtained is listed in Table 6.6. As shown, a 
temperature increase results in higher 𝑀�𝑛 which indicates the production of more 
substituted monomeric/oligomeric compounds from lignin decomposition. This 
behaviour indicates that lignin cracking is not complete at lower temperatures which 
is consistent with the temperature range reported for lignin decomposition [140]. The 
reduced char yield obtained at 500 oC supports the above findings 

 
Table 6.6 Effect of temperature on molecular weights and molecular weight dispersity 

(ÐM) of nonvolatile fraction of liquid (S/B=0.5) 
Temperature 400oC 450oC 500oC 
𝑀�𝑛 195.1 197.5 208.3 
𝑀�𝑤 735.2 765.4 777.9 
ÐM (𝑀�𝑤/ 𝑀�𝑛) 3.77 3.87 3.7 
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The distribution of the molar mass is shown in the next figure. 

 
Figure 6.8 Effect of temperature on molar mass distribution of the non-volatile fraction 

of liquid product(S/B=0.5);(a) 400oC;(b)450oC;(c) 500oC 
 

 Conclusions 6.3.

The effect of steam presence and temperature on the product yields and 
compositions during the fast pyrolysis of biomass were investigated. The obtained 
experimental results, demonstrate that steam can be considered a reactive agent during 
the pyrolysis of biomass that affects both yield and composition of the derived 
products. The char yield negatively correlates with the steam-to-biomass mass ratio, 
while a mixed trend was observed for the liquid and gaseous fractions. 

Molar S/C ratios lower than 1 favour liquid yields. The levoglucosan yields 
increased compared to the yields obtained from N2 pyrolysis which indicates that  
steam inhibits the further decomposition of sugars to furans and other products. The 
decreased acids and carbonyls concentration obtained during steam treatment indicate 
that decarbonylation and decarboxylation reactions are favoured, which produces 
products with reduced oxygen content. The EHI of the derived liquids denotes that 
resultant products can be more efficiently upgraded. The liquid composition indicates 
that steam presence seems to affect the holocellulose decomposition more, while 
temperature more significantly affects the lignin decomposition. 
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The lignin derived compounds and non-volatile molecular weight characterisation 
indicate that steam also acts as an H-donor and reduces the polycondensation 
reactions. Overall, steam pyrolysis can be considered as an alternative to produce of 
compounds that can be used as chemical feedstock and fuel production. 

 
Table 6.7 Concentration (wt% in organic liquid) of GC-FID/MS identified compounds at 

500oC 

Compound Steam /Biomass 
 0 0.34 0.5 0.67 

Non-Aromatic  Compounds 
Carboxylic Acids 
Acetic acid 6.857 6.839 0.732 0.726 
Propionic Acid 1.195 1.206 0.133 0.160 
Butyric acid 0.541 0.387 0.028 0.026 
3-Butenoic acid, 3-methyl- 0.000 0.044 0.006 0.000 
2-Propenoic acid 0.000 0.196 0.027 0.000 
2-Butenoic acid 0.174 0.189 0.027 0.025 
Pentanoic acid, 4-oxo- 0.119 0.162 0.030 0.027 
Hexanoic acid 1.333 0.747 0.017 0.029 
Non Aromatic Esters 
Oxopropanoic acid  methylester, 2-   0.027 0.030 0.035 0.015 
2-Butenoic acid, 2-methylester,(E)- 
 

0.021 0.006 0.000 0.000 
Propanoic acid, ethenyl ester  
 

0.023 0.024 0.024 0.025 
Non Aromatic Aldehydes 
Acetaldehyde, hydroxy- 
 

0.056 0.041 0.027 0.000 
Propionaldehyde, 3-hydroxy 
 

0.019 0.036 0.029 0.000 
Butanal    
 

0.006 0.006 0.008 0.016 
2-Butenal, 2-methyl-    
 

0.007 0.008 0.009 0.017 
Propanal  
 

0.034 0.034 0.039 0.011 
2-Pentenal, (E)-    0.014 0.013 0.014 0.017 
Crotonaldehyde, cis 
 

0.057 0.057 0.063 0.083 
Hexanal 0.107 0.114 0.102 0.168 

Non Aromatic Ketones 
Diacetone alcohol 
 

0.086 0.091 0.087 0.149 
Acetol (Hydroxypropanone) 
 

7.284 6.919 5.996 3.704 
Butanone, 2- 
 

0.047 0.064 0.078 0.000 
Butanone, 1-hydroxy-2- 
 

0.702 0.698 0.626 0.478 
Butandione, 2,3-  (Diacetyl) 
 

0.224 0.190 0.152 0.225 
Propan-2-one, 1-acetyloxy- 0.036 0.046 0.046 0.023 
Propanone, acetyloxy-2- 0.217 0.184 0.131 0.075 
Butan-2-one, 1-(acetyloxy)-   0.011 0.002 0.000 0.000 
2-Butenone     0.012 0.012 0.011 0.008 
3-Pentanone 0.031 0.029 0.044 0.044 
2-Butanone, 3-methyl-    0.008 0.013 0.011 0.022 
3-Buten-2-one, 3-methyl-   0.024 0.029 0.030 0.036 
2-Pentanone    0.036 0.038 0.049 0.051 
2,3-Pentanedione   0.013 0.014 0.017 0.021 
3-Penten-2-one    0.033 0.028 0.031 0.042 
3-Penten-2-one, 3-methyl-    0.003 0.000 0.000 0.007 
3-Pentanone, 2-methyl-    0.000 0.000 0.000 0.005 
Cyclopentanone 0.032 0.040 0.042 0.048 
Cyclopenten-1-one, 2- 0.440 0.441 0.412 0.322 
Cyclopenten-1-one, 2-hydroxy-2- 1.681 1.418 1.136 0.499 
Cyclopenten-1,4-dione, 2- 0.023 0.000 0.000 0.000 
Cyclopenten-1-one, 2-methyl-2- 0.180 0.185 0.189 0.236 
Cyclopenten-1-one, 3-methyl-2- 0.527 0.492 0.454 0.088 
Cyclopenten-1-one, 3-ethyl-2-hydroxy- 0.018 0.013 0.012 0.011 
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2-Cyclopenten-1-one, 3-methyl- 0.028 0.033 0.036 0.033 
Cyclopentenone, 3,4-dimethyl-      0.034 0.054 0.074 0.110 
2-Cyclopenten-1-one, 3,4-dimethyl- 0.047 0.043 0.000 0.033 
Cyclopentenone, trimethyl- 0.000 0.000 0.000 0.011 
Cyclopentanone,3,4-bis(methylene)-     0.017 0.016 0.014 0.017 
Cyclopenten-1-one, 2,3-dimethyl-2- 0.087 0.099 0.100 0.145 
2-Cyclopenten-1-one, trimethyl-    0.043 0.055 0.021 0.053 
2-Cyclopenten-1-one,2,3,4-trimethyl-    0.029 0.034 0.037 0.059 
Cyclopenten-3-one,2-hydroxy-1-
methyl-1- 

3.300 3.269 3.019 2.167 
Cyclopenten-1-one,3-ethyl-2-hydroxy-
2- 

0.103 0.103 0.095 0.109 

Cyclohexanone, 3-methyl-    0.054 0.060 0.065 0.066 
2-Cyclohexen-1-one, 4,5-dimethyl-    0.017 0.011 0.000 0.024 
2-Cyclopenten-1-one, 3-ethyl- 0.027 0.029 0.030 0.039 
1,3-Cyclopentanedione, 2-methyl- 0.100 0.101 0.100 0.000 
Cyclohexen-1-one, 2- 0.009 0.015 0.000 0.010 
3-Hexanone 0.000 0.000 0.000 0.012 
Heterocyclic  Compounds 
Furans 
Furfuryl alcohol, 3- 0.681 0.091 0.058 0.039 
Furanone, 2(5H)- 0.971 0.943 0.810 0.503 
Furanone, 2(3H)- 0.011 0.011 0.012 0.012 
Furfuryl alcohol, 2- 0.037 0.003 0.034 0.000 
Furaldehyde, 2- 1.294 0.883 0.754 0.599 
Furaldehyde, 3- 0.030 0.033 0.034 0.041 
Furaldehyde, 5-methyl-2- 0.137 0.135 0.128 0.139 
Furaldehyde, 5-(hydroxymethyl)-,2- 0.996 0.903 0.862 0.682 
Ethanone, 1-(2-furanyl)- 0.064 0.063 0.060 0.024 
Furan-2-one, 3-methyl-, (5H)- 0.842 0.854 0.793 0.451 
2(5H)-Furanone, 5-methyl-   0.107 0.102 0.098 0.078 
Furan-2-one, 4-methyl-(5H)- 0.220 0.225 0.210 0.148 
Furaldehyde-2, 5-acetoxymethyl- 0.010 0.009 0.010 0.005 
 (S)-(+)-2',3'-Dideoxyribonolactone  0.107 0.125 0.125 0.075 
Furan-2-one,2,5-dihydro-3,5-dimethyl- 0.060 0.066 0.075 0.062 
Furan-x-on, x,x-dihydro-x-methyl- 0.131 0.128 0.115 0.062 
Butyrolactone, γ- 0.159 0.166 0.173 0.091 
Butyrolactone, 2-hydroxy-, γ- 0.141 0.144 0.156 0.074 
Angelicalactone, α-  0.065 0.064 0.061 0.097 
Pyrans 
Maltol (Pyran-4-one, 3-Hydroxy--2-
methyl-4H-) 0.059 0.060 0.056 0.046 

Pyran-4-one, 3,5-dihydroxy-2-methyl-, 
(4H)- 0.103 0.094 0.079 0.075 

Carbohydrates 
Sugars 
Anhydro-β-D-glucopyranose,1,6- 
(Levoglucosan) 0.236 1.059 4.772 2.446 

Dianhydro-α-D-mannopyranose, 
1,4:3,6- 0.142 0.143 0.157 0.080 

Anhydro-d-mannosan, 2,3-   0.061 0.056 0.068 0.035 

Aromatic Compounds 
Benzenes 
Benzene 0.004 0.004 0.004 0.006 
Toluene 0.007 0.007 0.008 0.016 
Benzene, ethyl- 0.005 0.003 0.000 0.010 
Xylene, p- 0.006 0.007 0.008 0.014 
Xylene, o- 0.007 0.006 0.000 0.012 
Benzene, 1,2,4-trimethyl- 0.004 0.004 0.004 0.005 
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Benzene, 1-methoxy-2,3-dimethyl- 0.011 0.012 0.012 0.017 
Benzene, 1,2-dimethoxy-3-methyl- 0.015 0.014 0.012 0.020 
2,3-Benzofuran 0.006 0.006 0.007 0.009 
Benzofuran, methyl-  1H-Indene, 2,3-

 
0.05 0.006 0.006 0.009 

Benzofuran, 7-methyl- 0.012 0.012 0.012 0.017 
Benzofuran, methyl- 0.030 0.032 0.030 0.033 
Benzofuran, dimethyl- 0.008 0.009 0.000 0.030 
Benzofuranone, dimethyl- 0.022 0.018 0.013 0.013 
Benzene, 1-methoxy-4-methyl- 0.011 0.012 0.011 0.000 
Naphthalene 0.012 0.012 0.012 0.012 
Naphthalene, 2-methyl- 0.017 0.022 0.022 0.021 
Naphthalene, 1-methyl- 0.015 0.014 0.015 0.018 
Naphthalene, dimethyl- 0.000 0.000 0.000 0.013 
Naphthalenol, 2- 0.017 0.019 0.019 0.026 
Naphthalenol, methyl- 0.010 0.010 0.010 0.014 
2-Naphthol, 3-methoxy- 0.011 0.010 0.009 0.016 
Indene 0.009 0.004 0.000 0.000 
Inden-1-one, 2,3-dihydro-1H- 0.022 0.023 0.022 0.028 
1H-Indene, methyl- 0.005 0.005 0.006 0.007 
1H-Indene, ethyl- 0.007 0.005 0.000 0.000 
1H-Inden-5-ol, 2,3-dihydro- 0.023 0.024 0.023 0.043 
1H-Indenone, 2,3-dihydro-methyl- 0.000 0.000 0.000 0.016 
Catechols 
Catechol 1.074 1.113 1.307 0.679 
Catechol, 4-methyl- 0.755 0.747 0.853 0.334 
Hydroquinone(Benzene,1,4-dihydroxy) 0.356 0.369 0.427 0.245 
Benzenediol, methyl- 0.075 0.080 0.092 0.059 

Aromatic Aldehydes 
Benzaldehyde 0.020 0.022 0.016 0.026 
Benzaldehyde,2-

 
0.03 0.045 0.035 0.068 

Benzaldehyde, 3-hydroxy- 0.043 0.043 0.031 0.056 
Benzaldehyde, 3-hydroxy-4-methyl-    0.043 0.041 0.024 0.059 
Phenols 
Phenol 0.348 0.350 0.379 0.247 
Cresol, o- 0.224 0.224 0.249 0.212 
Cresol, m- 0.186 0.188 0.215 0.195 
Cresol, p- 0.063 0.074 0.110 0.130 
Phenol, 2,3-dimethyl- 0.033 0.023 0.018 0.029 
Phenol, 2,4-dimethyl- 0.126 0.134 0.154 0.128 
Phenol, 2,5-dimethyl- 0.094 0.092 0.101 0.151 
Phenol, 2,6-dimethyl- 0.034 0.034 0.036 0.046 
Phenol, 3,5-dimethyl- 0.032 0.032 0.036 0.052 
Phenol, 2,3,5-trimethyl- 0.017 0.017 0.018 0.035 
Phenol, 2,4,6-trimethyl- 0.013 0.012 0.012 0.018 
Phenol, 2-ethyl- 0.016 0.017 0.019 0.026 
Phenol, 3-ethyl- 0.046 0.047 0.052 0.056 
Phenol, 4-ethyl- 0.055 0.055 0.059 0.057 
Phenol, 4-vinyl- 0.046 0.042 0.045 0.037 
Phenol , 4-propenyl-, cis 0.031 0.028 0.029 0.000 
Phenol, 4-propenyl-, trans 0.052 0.046 0.045 0.056 
Phenol, ethyl-dimethyl- 0.000 0.014 0.019 0.018 
Phenol, ethyl-methyl- 0.062 0.061 0.065 0.087 
Phenol 2,3,4- trimethyl-   0.088 0.077 0.101 0.131 
Phenol, allyl- or propenyl- 0.012 0.012 0.015 0.013 
Phenol, dimethyl-ethyl- 0.000 0.008 0.014 0.000 
Phenol, methyl-propenyl- 0.106 0.102 0.103 0.095 
Phenol, 3-methoxy-5-methyl-   0.024 0.022 0.019 0.028 

Methoxy Phenols (Guaiacols) 
Guaiacol 0.532 0.536 0.463 0.586 
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Guaiacol, 4-methyl- 0.776 0.719 0.657 0.973 
Guaiacol, 5-methyl-   0.008 0.007 0.005 0.008 
Guaiacol, 3-ethyl- 0.047 0.049 0.042 0.080 
Guaiacol, 4-ethyl- 0.262 0.279 0.267 0.599 
Guaiacol, 5-ethyl- 0.011 0.007 0.050 0.050 
Guaiacol, 4-vinyl- 0.641 0.561 0.475 0.639 
Guaiacol, 4-allyl- (Eugenol) 0.27 0.266 0.209 0.476 
Guaiacol, 4-propyl- 0.100 0.098 0.092 0.229 
Guaiacol, 4-propenyl- cis (Isoeugenol) 0.447 0.436 0.324 0.577 
Guaiacol,4-propenyl-(trans) 
(Isoeugenol) 1.07 0.996 0.675 1.233 

Vanillin 0.304 0.308 0.296 0.423 
Phenylacetaldehyde,4-hydroxy-3-
methoxy- (Homovanillin) 

0.12 0.133 0.121 0.126 

Dihydroconiferyl alcohol 0.184 0.191 0.176 0.254 
Coniferyl alcohol (cis) 0.359 0.351 0.338 0.642 
Phenylethanone,4-hydroxy-3-methoxy- 
(Acetoguajacone) 0.25 0.272 0.223 0.401 

Guaiacyl acetone 0.233 0.239 0.238 0.254 
Propioguaiacone 0.050 0.053 0.048 0.089 
Coniferylaldehyde 0.386 0.367 0.304 0.659 
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Table 6.8 Effect of temperature on the concentration (wt% in organic liquid) of GC-FID/MS 
identified compounds (S/B=0.5) 

Compound  
 400oC 450oC 500oC 

Non-Aromatic  Compounds 
Carboxylic Acids 
Acetic acid 6.628 6.005 0.732 
Propionic Acid 0.905 0.990 0.133 
Butyric acid 0.182 0.243 0.028 
3-Butenoic acid, 3-methyl- 0.000 0.000 0.006 
2-Propenoic acid 0.000 0.000 0.027 
2-Butenoic acid 0.225 0.204 0.027 
Pentanoic acid, 4-oxo- 0.220 0.183 0.030 
Hexanoic acid 0.077 0.056 0.017 
Pentanoic acid   0.000 0.019 0.000 
2-Butenoic acid, 2-methyl-, (E)- 0.000 0.027 0.000 
Non Aromatic Esters 
Oxopropanoic acid  methylester, 2-   0.006 0.016 0.035 
Propanoic acid, ethenyl ester  

 
0.011 0.017 0.024 

Non Aromatic Aldehydes 
Acetaldehyde, hydroxy- 
 

0.000 0.059 0.027 
Propionaldehyde, 3-hydroxy 
 

0.006 0.016 0.029 
Butanal    
 

0.003 0.004 0.008 
2-Butenal, 2-methyl-    
 

0.004 0.005 0.009 
Propanal 
 

0.009 0.020 0.039 
2-Pentenal, (E)-    0.006 0.009 0.014 
Crotonaldehyde, cis 
 

0.023 0.036 0.063 
Hexanal 0.042 0.047 0.102 

Non Aromatic Ketones 
Diacetone alcohol 0.036 0.046 0.087 
Acetol (Hydroxypropanone) 10.619 8.639 5.996 
Butanone, 2- 0.013 0.025 0.078 
Butanone, 1-hydroxy-2- 1.088 0.902 0.626 
Butandione, 2,3-  (Diacetyl) 0.315 0.196 0.152 
Propan-2-one, 1-acetyloxy- 0.012 0.026 0.046 
Propanone, acetyloxy-2- 0.162 0.136 0.131 
Butan-2-one, 1-(acetyloxy)-   0.011 0.009 0.000 
3-Buten-2-one = 2-Butenone     0.000 0.003 0.011 
3-Pentanone 0.010 0.023 0.045 
2-Butanone, 3-methyl-    0.004 0.006 0.011 
3-Buten-2-one, 3-methyl-   0.009 0.010 0.030 
2-Pentanone    0.011 0.012 0.049 
2,3-Pentanedione   0.008 0.011 0.017 
3-Penten-2-one    0.005 0.009 0.031 
3-Penten-2-one, 3-methyl-    0.002 0.002 0.000 
Cyclopentanone 0.137 0.136 0.042 
Cyclopenten-1-one, 2- 0.400 0.468 0.412 
Cyclopenten-1-one, 2-hydroxy-2- 1.842 1.192 1.136 
Cyclopenten-1,4-dione, 2- 0.012 0.011 0.000 
Cyclopenten-1-one, 2-methyl-2- 0.157 0.218 0.189 
Cyclopenten-1-one, 3-methyl-2- 0.025 0.058 0.454 
Cyclopenten-1-one,3-ethyl-2-

 
0.105 0.031 0.012 

2-Cyclopenten-1-one, 3-methyl- 0.010 0.021 0.036 
Cyclopentenone, 3,4-dimethyl-      0.031 0.057 0.074 
2-Cyclopenten-1-one,3,4-dimethyl- 0.014 0.033 0.000 
Cyclopentenone, trimethyl- 0.005 0.000 0.000 
Cyclopentanone,3,4bis-(methylene)     0.010 0.000 0.014 
Cyclopenten-1-one,2,3-dimethyl-2- 0.041 0.091 0.100 
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2-Cyclopenten-1-one, trimethyl-    0.021 0.042 0.021 
2-Cyclopenten-1-one,2,3,4-trimethyl-    0.023 0.038 0.037 
Cyclopenten-3-one,2-hydroxy-1-

 
6.498 5.366 3.019 

Cyclopenten-1-one,3-ethyl-2-
 

0.000 0.115 0.095 
Cyclohexanone, 3-methyl-    0.038 0.061 0.065 
2-Cyclohexen-1-one, 4,5-dimethyl-    0.010 0.007 0.000 
2-Cyclopenten-1-one, 3-ethyl- 0.014 0.025 0.030 
1,3-Cyclopentanedione, 2-methyl- 0.167 0.186 0.100 
Cyclohexen-1-one, 2- 0.000 0.007 0.000 
2-Cyclopenten-1-one,2,3,4,5-tetramethyl-     0.008 0.000 0.000 
Heterocyclic  Compounds 
Furans 

Furfuryl alcohol, 3- 0.097 0.106 0.058 
Furanone, 2(5H)- 1.291 1.180 0.810 
Furanone, 2(3H)- 0.005 0.010 0.012 
Furfuryl alcohol, 2- 0.017 0.012 0.034 
Furaldehyde, 2- 1.081 0.931 0.754 
Furaldehyde, 3- 0.015 0.027 0.034 
Furaldehyde, 5-methyl-2- 0.125 0.147 0.128 
Furaldehyde, 5-(hydroxymethyl)-, 2- 1.031 0.960 0.862 
Ethanone, 1-(2-furanyl)- 0.011 0.021 0.060 
Furan-2-one, 3-methyl-, (5H)- 0.000 0.000 0.742 
2(5H)-Furanone, 5-methyl-   0.095 0.148 0.056 
Furan-2-one, 4-methyl-(5H)- 0.184 0.234 0.210 
Furan-2-one, 3-methyl-, (5H)- 1.140 1.078 0.051 
Furan-2-one, 5-methyl-, (5H)- 0.019 0.000 0.042 
Furaldehyde-2, 5-acetoxymethyl- 0.000 0.000 0.010 
 (S)-(+)-2',3'-Dideoxyribonolactone  0.000 0.000 0.125 
Furan-2-one, 2,5-dihydro-3,5-

 
0.106 0.104 0.075 

Furan-x-on, x,x-dihydro-x-methyl- 0.090 0.132 0.115 
Butyrolactone, γ- 0.217 0.207 0.173 
Butyrolactone, 2-hydroxy-, γ- 0.126 0.144 0.156 
Angelicalactone, α-  0.035 0.039 0.061 
Pyrans 
Maltol (Pyran-4-one, 3-Hydroxy--2-
methyl-4H-) 0.100 0.085 0.056 

Pyran-4-one, 3,5-dihydroxy-2-methyl-, 
(4H)- 0.105 0.103 0.079 

Carbohydrates 
Sugars 
Anhydro-β-D-glucopyranose, 1,6- 
(Levoglucosan) 4.083 4.860 4.772 

Dianhydro-α-D-mannopyranose, 1,4:3,6- 0.192 0.187 0.157 
Anhydro-d-mannosan, 2,3- 0.000 0.000 0.068 

Aromatic Compounds 
Benzenes 
Benzene   0.001 0.002 0.004 
Toluene 0.002 0.003 0.008 
Benzene, ethyl- 0.002 0.003 0.000 
Xylene, p- (Benzene, 1,4-dimethyl-) 0.002 0.003 0.008 
Xylene, o- 0.002 0.002 0.000 
Benzene, 1,2,4-trimethyl- 0.001 0.002 0.004 
Benzene, 1-methoxy-2,3-dimethyl-    0.004 0.007 0.012 
Benzene, 1,2-dimethoxy-3-methyl-   0.009 0.011 0.012 
2,3-Benzofuran    0.001 0.003 0.007 
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Benzofuran, methyl-  1H-Indene, 2,3-
dihydro-methyl- 0.002 0.003 0.006 

Benzofuran, 7-methyl- 0.004 0.007 0.012 
Benzofuran, methyl- 0.000 0.007 0.030 
Benzofuran, dimethyl- 0.004 0.007 0.000 
Benzofuranone, dimethyl- 0.007 0.015 0.013 
Benzene, 1-methoxy-4-methyl- 0.003 0.006 0.011 
Naphthalene 0.002 0.004 0.012 
Naphthalene, 2-methyl-    0.002 0.008 0.022 
Naphthalene, 1-methyl-    0.004 0.012 0.015 
Naphthalenol, 2- 0.004 0.006 0.019 
Naphthalenol, methyl- 0.003 0.005 0.010 
2-Naphthol, 3-methoxy-    0.005 0.007 0.009 
Indene 0.002 0.004 0.000 
Inden-1-one, 2,3-dihydro-1H- 0.008 0.013 0.022 
1H-Indene, methyl-    0.002 0.003 0.006 
1H-Indene, ethyl-    0.003 0.005 0.000 
1H-Inden-5-ol, 2,3-dihydro-   0.008 0.010 0.023 
1H-Indenone, 2,3-dihydro-methyl- 0.005 0.000 0.000 
Naphthalene, 2,3-dimethoxy- 0.008 0.000 0.000 
Catechols 
Catechol 0.870 1.005 1.307 
Catechol, 4-methyl- 0.396 0.506 0.853 
Hydroquinone(Benzene,1,4-dihydroxy-) 0.521 0.530 0.427 
Benzenediol, methyl- 0.121 0.129 0.092 
Aromatic Aldehydes 
Benzaldehyde 0.005 0.009 0.016 
Benzaldehyde, 2-hydroxy  0.014 0.031 0.035 
Benzaldehyde, 3-hydroxy- 0.000 0.024 0.031 
Benzaldehyde, 3-hydroxy-4-methyl-    0.009 0.028 0.024 
Phenols 
Phenol 0.174 0.180 0.379 
Cresol, o- 0.086 0.148 0.249 
Cresol, m- 0.064 0.084 0.215 
Cresol, p- 0.026 0.045 0.110 
Phenol, 2,3-dimethyl- 0.008 0.020 0.018 
Phenol, 2,4-dimethyl- 0.020 0.046 0.154 
Phenol, 2,5-dimethyl- 0.019 0.046 0.101 
Phenol, 2,6-dimethyl- 0.012 0.022 0.036 
Phenol, 3,5-dimethyl- 0.006 0.015 0.036 
Phenol, dimethyl- 0.000 0.000 0.018 
Phenol, 2,3,5-trimethyl- 0.005 0.012 0.012 
Phenol, 2,4,6-trimethyl- 0.004 0.007 0.019 
Phenol, 2-ethyl- 0.005 0.011 0.052 
Phenol, 3-ethyl- 0.015 0.024 0.059 
Phenol, 4-ethyl- 0.023 0.035 0.045 
Phenol, 4-vinyl- 0.011 0.016 0.029 
Phenol , 4-propenyl-, cis 0.000 0.000 0.045 
Phenol, 4-propenyl-, trans 0.019 0.027 0.019 
Phenol, ethyl-dimethyl- 0.000 0.000 0.065 
Phenol, ethyl-methyl- 0.015 0.032 0.078 
Phenol, 2,3,4- trimethyl-   0.026 0.052 0.052 
Phenol, allyl- or propenyl- 0.000 0.005 0.014 
Phenol, dimethyl-ethyl- 0.000 0.000 0.103 
Phenol, methyl-propenyl- 0.006 0.016 0.000 
Phenol, 3-methoxy-5-methyl-   0.010 0.010 0.000 
Methoxy Phenols (Guaiacols) 
Guaiacol 0.531 0.591 0.463 
Guaiacol, 4-methyl- 0.686 0.758 0.657 
Guaiacol, 5-methyl-   0.018 0.024 0.005 
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Guaiacol, 3-ethyl- 0.098 0.038 0.042 
Guaiacol, 4-ethyl- 0.216 0.301 0.267 
Guaiacol, 5-ethyl- 0.007 0.009 0.050 
Guaiacol, 4-vinyl- 0.258 0.300 0.475 
Guaiacol, 4-allyl- (Eugenol) 0.207 0.244 0.209 
Guaiacol, 4-propyl- 0.123 0.124 0.092 
Guaiacol, 4-propenyl- cis 

 
0.334 0.367 0.324 

Guaiacol, 4-propenyl-(trans) (Isoeugenol) 0.948 0.958 0.675 
Vanillin 0.235 0.276 0.296 
Phenylacetaldehyde, 4-hydroxy-3-
methoxy- (Homovanillin) 0.110 0.133 0.121 

Dihydroconiferyl alcohol 0.201 0.225 0.176 
Coniferyl alcohol (cis) 0.215 0.316 0.338 
Phenylethanone, 4-hydroxy-3-methoxy- 
(Acetoguajacone) 0.216 0.256 0.223 
Guaiacyl acetone 0.359 0.335 0.238 
Propioguaiacone 0.039 0.039 0.048 
Coniferylaldehyde 0.181 0.681 0.304 
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CHAPTER 7 
7. Catalytic Steam Pyrolysis of Biomass 
over Silica Supported Ni and V  

 Introduction 7.1.

Catalytic fast pyrolysis involves the conversion of solid biomass into vapours, 
gases and char. The produced vapours undergo several homogeneous reactions in an 
uncontrolled manner mainly, radical induced reactions (thermal cracking). However, 
several heterogeneous reactions due to the molecules diffused in catalyst pores take 
place in the presence of catalyst. These reactions involve (Figure 7.1) cracking to 
smaller molecules (R.1), decarbonylation (R.2), decarboxylation (R.3), hydrocracking 
(R.4), hydrodeoxygenation (R.5), hydrogenation (R.6) and dehydration, etc. 
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Figure 7.1 Representative catalytic reactions 

The primary products then undergo several other transformations to produce a 
wide range of different molecules. The proportion of the produced molecules depends 
on the catalysts (metal, acidity, pore size etc.) used and reaction conditions. 

In this chapter the effect of nickel and vanadium, deposited on a silica support is 
discussed. All the experiments were performed at a nominal WHSV of 2 h-1. The total 
molar steam-to-carbon ratio (S/C) was 0.87 and corresponded to steam-to-biomass (as 
received) weight ratio (S/B) of 0.5.  
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Table 7.1 Experimental Conditions 

 
Biomass 
feeding 

rate  
[kg h-1] 

Steam 
Feeding 

rate  
[kg h-1] 

Catalytic 
Bed 
[g] 

S/B WHSV 
[h-1] 

NiSi4 1.97 1.05 990 0.53 1.99 
NiSi2 1.93 0.97 970 0.50 1.99 
VSi2.5 1.94 0.96 990 0.49 1.96 
VSi5 1.93 1.03 980 0.53 1.97 
NiVSi 1.91 0.95 950 0.50 2.01 

 Results and Discussion 7.2.

7.2.1. Catalyst Characterisation 

Prior to N2 physisorption, the samples were degassed for 12 h at 120 oC. The 
isotherms obtained for each catalyst are shown in Figure 7.2. The surface areas of the 
different catalysts are shown in Table 7.2. The isotherms are of Type IV according to 
the IUPAC classification [163], which indicates a meso-pore structure. The observed 
hysteresis is of the H1 type which indicates a uniform size distribution [164]. The 
hysteresis loop is associated with capillary condensation in mesopores while the 
initial part of the adsorption isotherms is attributed to monolayer-multilayer 
adsorption [163]. The above information supports the calculated average pore size, 
which is in mesoporous region for all catalysts (~5 nm) (Table 7.2). The average pore 
size is much larger than the reported kinetic diameters, even that of polyaromatic 
structures [165]  to impose any serious pore size limitations. The specific surface area 
was determined according to the Brunauer–Emmett–Teller (BET) method in the 
relative pressure range of 0.05–0.2. The surface areas of the different catalysts are 
listed in Table 7.2. 
 

Table 7.2 Surface characterization of the SiO2 supported catalysts 

 
BET S.A. 

[m2/g] 

Pore 
Volume 
[cm3/g] 

Av. Pore 
Size[Å] 

Av. crystal. 
Size [nm] d spacing [Å] 

Metal 
Content 
[wt%] 

SiO2 370.78 0.911 49.15 - - - 

NiSi4 341.97 0.832 48.68 22.7 

2.4161 
2.0920 
1.4805 
1.2619 
1.2072 

4.03  

NiSi2 361.13 0.870 48.20 28.7 

2.4129 
2.0894 
1.4770 
1.2587 
1.2073 

2.00 

VSi5 358.64 0.881 49.11 N/A  2.69 

VSi2.5 364.01 0.907 49.82 N/A  1.23 

NiVSi 354.21 0.873 49.31 26.1 
2.4132 
2.0888 
1.4784 

Ni  1.37 
V   1.18 
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1.2597 
1.2073 

 

 
Figure 7.2 N2 isotherms at 77K for surface area 

determination.(a)SiO2;(b)NiSi4;(c)NiSi2;(d)VSi5;(e)VSi2.5;(f)NiVSi 

The obtained XRD patterns of the catalysts are shown in Figure 7.3. The observed 
diffraction peaks represent crystalline NiO (COD 96-432-0488). Nickel silicates were 
not observed, which indicates that Ni did not interact with the SiO2 support. This is 
consistent with the observation of Zhang et al. [166]  who noted crystalline NiO for 
loadings near 2 wt%. 

For vanadium oxide containing catalysts, very small peaks are observed at 5 wt% 
loading while peaks were not obvious for 2.5wt% loading. This phenomenon arises 
because of the limited capacity of x-ray diffraction to detect crystalline phases smaller 
than 2 to 4 nm. Therefore, well-dispersed metals may go undetected. The absence of 
vanadium oxide peaks indicates better dispersion on the support [167]. The well-
dispersed nature of vanadium oxide is supported by the measured surface area of the 
prepared catalysts (Table 7.2). Notably, only crystalline sizes for Ni containing 
catalysts could be determined. The calculated values are reported in Table 7.2. 

The XRD patterns obtained after the experimental runs (Figure 7.4) for the NiSi2 
and NiSi4 catalysts, show that NiO was reduced to Ni (COD 96-901-2969) according 
to the following reaction: 
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NiO reduction during catalytic pyrolysis has also been reported to occur either in 
bulk nickel oxide or on other supports [53], [54], [58]. The ‘d’ spacing and average 
crystalline sizes are listed in Table 7.2. 

 

Figure 7.3 XRD patterns of prepared catalysts.(a) SiO2;(b) VSi5;(c) VSi2.5;(d) NiSi2;(e) 
NiSi4;(f) NiVSi 
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Figure 7.4 NiO reduction after pyrolysis run.(a) NiSi2 as prepared; (b) NiSi2 after pyrolysis 
run; (c)NiSi4 as prepared; (d) NiSi4 after pyrolysis run 

 

7.2.2. Catalytic Pyrolysis 

The activity of the catalysts severely deteriorated because of coke formation. 
Deactivation due to sintering is not considered a major deactivation mechanism at this 
temperature range and limited time on-stream. The sintering of Ni catalysts is 
reportedly important at high temperatures in the presence of steam at atmospheric 
pressure [168].  

As shown in Figure 7.5, the presence of Ni and V reduce the obtained organic 
liquid yield compared to the non-catalytic run, and this effect is more pronounced 
when Ni content in the catalyst is increased. The char yields seem to be affected to a 
lesser extent, with the catalytic runs producing slightly lower amounts of char. 
Increasing the Ni content seems to produce lower amounts of char which indicates a 
more complete devolatilisation of biomass. Li et al. [58] also reported similar effect 
when pyrolysing biomass in the presence of small amounts of NiO. They reported that 
NiO presence enhanced the total weight loss of the biomass and shifted the 
decomposition to lower temperatures. The reduction in both the liquid and char yields, 
denotes an increase in the yield of lighter gaseous products. 

The elemental composition of the liquids listed in Table 7.3 shows that both Ni and 
V are catalytically active in deoxygenation reactions. Specifically, Ni-containing 
catalysts show the highest deoxygenation activity, which is consistent literature [70].  
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As shown in Figure 7.6 the presence of metals reduced carboxylic acids content, 
with increasing metal content. V-containing catalysts seem to be slightly more active 
in decarboxylation. The bi-metallic Ni-V catalyst shows intermediate decarboxylation 
activity. Only acids up to butyric acid were detected, with the higher-chain acids 
being completely absent (apart from traces of pentatonic acid). The complete list of 
compounds detected is provided in Table 7.5. 

 
Figure 7.5 Product yields for catalytic experimental runs using silica supported catalysts 

 
Table 7.3 Elemental composition8 of obtained liquid after catalytic pyrolysis over silica 

supported catalysts 

 C H O HHV[MJ/kg] 9 EHI 

Non-Catalytic 56.86 7.20 35.93 24.63 0.56 

NiSi2 61.4 7.26 31.34 26.75 0.64 

NiSi4 65.97 7.34 26.69 28.92 0.72 

VSi2.5 59.31 7.60 33.1 26.24 0.69 

VSi5 60.65 7.68 31.67 26.95 0.72 

NiVSi 62.48± 
0.20 

7.57± 
0.02 

29.95 
±0.22 

27.63 0.72 

 

                                                 
8 N not detected (below calibration range of 0.15 wt%) and considered equal to zero. O content 

calculated by difference. 
9 Calculated on dry basis [104] based on average composition 

Non Catalytic NiSi2 NiSi4 VSi2.5 VSi5 NiVSi
0

5

10

15

20

25

30

35

40

Y
ie

ld
 [%

w
t o

f d
ry

 b
io

m
as

s]

 

 

Organic Liquid
Char



Catalytic Steam Pyrolysis of Biomass for Production of Liquid Feedstock 

77 
 

 
Figure 7.6 Effect of silica supported catalysts on liquid product composition 

The slight increase in the aldehydes content (Figure 7.6) is interesting (even though 
the absolute contents are in trace amounts). 

This effect is more pronounced for the bi-metallic (Ni-V) catalyst followed by the 
V-containing catalysts, while Ni catalysts decreased the aldehyde content of the 
produced liquid. The selective deoxygenation of carboxylic acids to aldehydes over 
transition metal oxides (even though that selectivity is low because of parallel 
ketonisation reactions) is well known [169] and attributed to the metal-oxygen bond 
strength (M-O). Because of the low Ni-O strength, Ni is reduced to its metallic form 
and is completely unselective during deoxygenation [170]. Conversly, vanadium 
oxides exhibit a moderate to high M-O bond strength which indicates that oxygen 
vacancies can be created via partial reduction and can exhibit some selectivity 
towards the formation of aldehydes, via MvK mechanism [170] . 

In fact, the increased selectivity of the bi-metallic catalyst is an indication of 
deoxygenation activity via the MvK mechanism which is enhanced by the presence of 
metal-in this case the readily reduced NiO to Ni- and metal oxide islands. Hydrogen is 
dissociated via a Langmuir-Hinshelwood mechanism on the metallic surface (Ni), 
while oxygenates are adsorbed on oxygen vacancies of the partially reduced 
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vanadium oxides. The dissociated hydrogen, which is in close vicinity to the metal 
oxide active site helps its hydrogenation (via a suggested spill over mechanism) and 
creates the O vacancy [170]. 

Indeed, vanadium oxide-containing catalysts have been are reportedly catalytically 
active in deoxygenation reactions via a mechanism analogous to MvK [171]. Vanadia 
initially oxidises vapours by providing lattice oxygen at the surface, and oxygen from 
oxygenated species replenishes the oxygen vacancies (reduced sites) [172], [173]. 
However, low temperatures [172] and the presence of steam, which enhances 
vanadium reoxidation at longer times [174], reduce that activity. 

The content of ketones also decreased as the metal content increased and the 
activity of V-containing catalyst was again higher reducing their content. Studies on 
biomass pyrolysis in the presence of bulk NiO report increased ketones concentration 

[57], [59]. The different behaviour observed in this study can be attributed to the 
easier reducibility of supported NiO clusters to metallic Ni compared to bulk NiO 
[175] and the steam presence, which promote steam reforming reactions (see also 
Figure 7.8). Notably, the acetone content with the parallel decrease in acetic acid for 
the liquids obtained from catalytic pyrolysis which denotes that decarboxylation is the 
major oxygen rejection pathway while dehydration is the secondary for carboxylic 
acids [176]. However, the interactions of produced vapours cannot be excluded. 

The presence of metals affects anhydrosugars (produced from depolymerisation of 
holocellulose). All catalysts were active in their reduction. The conversion of 
carbohydrates over metals proceeds via reaction pathways that involve C-C and C-O 
bond scission which form gases (CO, CO2, H2) and alkanes, respectively. The 
decreased ratio (C2-3olefins/C2-3 alkanes) obtained during the course of the reaction when 
using vanadium oxide catalysts indicates the probable promotion of the C-O scission 
pathway [177] (Figure 7.8 and Figure 7.9) (the increase during the course of the 
reaction indicates deactivation). Indeed, the promotion of C-O cleavage has been 
observed during the non-oxidative degradation of lignin model compounds in the 
presence of vanadium complexes [67]. 

The concentration and yield of benzenes increased in the presence of Ni because of 
dehydrogenation reactions, which are favoured in the presence of metallic Ni [69] 
producing (di)-olefinic compounds that react via Diels Alder cyclisation to produce 
aromatics. Aromatics can also be produced from transformations of catechols [178]. 
The two pathways are shown in Figure 7.10.  

Vanadium seems to enhance benzenes formation to lesser extent because the 
surface specific dehydrogenation activity of silica supported vanadia is poor [179].  

The concentration of methoxy-phenols concentration in liquid product is higher for 
catalytic runs. However, a 10 % decrease in their yield on a dry biomass basis is 
achieved using the bi-metallic catalyst (Figure 7.7). The order of activity of the 
conversion of methoxy phenols is NiVSi>VSi5>VSi2.5>NiSi4>NiSi2. This order 
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denotes the increased catalytic activity of V catalysts compared to Ni catalysts 
towards the conversion of methoxy phenols. However, the bimetallic catalyst seems 
to exhibit higher activity. 

 
Figure 7.7 Effect of catalysts on yield of different classes of liquid compounds 

 
The conversion of methoxy phenols is important, because they are considered coke 

precursors. Catechols and phenols are also products of the transformations of 
methoxy-phenols (Figure 7.10b). Phenol and its alkylated derivatives have high value, 
especially for the resin or adhesive industry [180]. 

The ratios of phenols to catechols in the obtained liquid for NC, NiSi2, NiS4, 
VSi2.5, ViSi5 and NiVSi are 0.40, 0.50, 0.63, 0.53, 0.91 and 0.62, respectively which 
indicates that all of the catalysts, especially the V-containing ones favour the 
formation of phenols  instead of catechols during the transformation of lignin. Filley 
and Roth [68] also observed the selectivity towards phenol during conversion of 2 
methoxy-phenol. Their proposed mechanism also involved lattice oxygen exchange 
from vanadium complexes.  
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The yields of some important compounds found in bio oil are depicted in Figure 
7.11 (yield expressed in terms of biomass on a dry basis).  

 

 
Figure 7.8 Gas molar ratios indicating reforming catalytic activity 
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Figure 7.9 Gas molar ratios indicating cracking and (de)hydrogenation catalytic activity 
 
Table 7.4 lists the molecular weights and dispersity of the non-volatile fraction of 

the liquids obtained. Ni-based catalysts seem to produce heavier compounds primarily 
due to the more complete devolatilisation of vapours and secondly because of 
oligomerisation and polymerization of the unsaturated species produced due to higher 
dehydrogenation activity. This effect is diminished when using the bimetallic catalyst 
which produces lighter oligomers. The distribution of the molecular weight is shown 
in Figure 7.12.  
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Figure 7.10 Aromatics production via (a) Diels-Alder cyclization; (b) lignin derived 

compounds transformations 

 
 

Table 7.4 Effect of silica supported catalysts on Molecular Weights and Molecular 
Weight Dispersity (ĐM) of Nonvolatile Fraction of Liquid 

 Non 
Catalytic NiSi2 NiSi4 VSi2.5 VSi5 NiVSi 

𝑀�𝑛 197.5 200 191.97 190.13 207.9 180.64 
𝑀�𝑤 765.4 814.2 911.82 885.07 779.2 822.49 

Ð𝑀 (𝑀�𝑊 𝑀�𝑛⁄ ) 3.77 4.07 4.75 4.66 4.07 4.55 
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Figure 7.11 Important compounds in produced liquid 

 
Figure 7.12 Effect of silica supported catalysts on molar mass distribution of the non-

volatile fraction of liquid product. (a)NiS2;(b)NiS4;(c)VSi2.5;(d)VSi5;(e)NiVSi 
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Figure 7.13 shows the H/C atomic ratio as a function of the O/C in the obtained 
liquid. Straight lines represent the theoretically obtained composition (in terms of H/C 
and O/C) if dehydration (-H2O), decarbonylation (-CO) or decarboxylation (-CO2) 
were the only acting mechanisms of oxygen rejection. The figure shows that Ni is 
more active in de-oxygenation (lower (O/C) than V; however,  liquid with an H/C 
content lower than that obtained from the V-catalysed reaction is obtained. This effect 
is detrimental because hydrogen scavenging results in low effective hydrogen content 
(EHI), which will make further upgrading difficult because of excessive coking. V 
seems to selectively deoxygenate liquids by decarboxylation and decarbonylation 
reactions. Oxygen removal as carbon dioxide or carbon monoxide is favourable 
because it intrinsically de-functionalises reactive acids and carbonyls. The bimetallic 
system shows enhanced deoxygenation activity compared to V-containing catalysts, 
while simultaneously showing less hydrogen scavenging compared to Ni catalysts. 
The EHI values of the obtained liquids are presented in Table 7.3. The obtained SI 
and LO values are shown in Figure 7.14.  

The selective deoxygenation of acids and ketones over vanadium oxide catalysts 
are shown in Figure 7.13, Figure 7.14 and Figure 7.15  which results in increased EHI 
and SI and lower LO values. However, the overall DOI is low compared to that of Ni 
catalysts, which show higher overall deoxygenation activity. The bimetallic catalyst 
shows selectivity towards acids and ketones while exhibiting higher overall de-
oxygenation activity than vanadium-based catalysts. 

 

 
Figure 7.13  Effect of silica supported catalysts on H/C and O/C content of derived liquids 
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Figure 7.14  Stability index (SI) as a function of loss of organics (LO) for silica supported 

catalysts 

 
Figure 7.15 Deoxygenation vs. LO for silica supported catalysts 
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 Conclusions 7.3.

The effects of silica supported Ni and V on the product yields and compositions 
during the steam pyrolysis of biomass were investigated. The assessment of the 
experimental results shows that both metals are active in the deoxygenation of the 
produced vapours. Moreover, in situ reduction of the supported NiO to Ni during the 
pyrolysis reactions was observed, which can enhance H transfer reactions. Vanadium 
oxide-containing catalysts were more selective in the reduction of carbonyl-
containing compounds (mainly acids and ketones), while the slightly increased 
aldehydes content observed when using the bimetallic (Ni-V) catalysts denotes that 
selective de-oxygenation is possible via the MvK mechanism. All catalysts showed 
activity towards the production of phenols with V-containing catalysts showing 
increased selectivity towards phenols instead of catechols.  

The SI of V-containing catalysts was the highest because of the selective de-
oxygenation via decarboxylation and decarbonylation compared to Ni catalysts for 
which dehydrogenation and dehydration are more profound. Moreover, the LO for V 
catalysts was lower compared to Ni; however, the overall deoxygenation activity was 
considerably lower than that of Ni. The bimetallic catalyst shows combined activity 
(improved overall DOI and selectivity towards decarboxylation and decarbonylation). 

Overall, Ni and V are interesting candidates to be incorporated in other support 
materials and evaluate of the derived modified catalysts for the pyrolysis of biomass. 
Specifically, bimetallic catalysts can incorporate increased selectivity and activity 
towards specific de-oxygenation pathways. 
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Table 7.5 Compounds identified using GC-FID/MS 
Compound 

 NC NiSi2 NiSi4 VSi2.5 VSi5 NiVSi 

Non-Aromatic  Compounds 

Carboxylic Acids 

Acetic acid 6.005 5.674 4.966 5.409 4.437 5.251 
Propionic Acid 0.990 0.992 1.063 0.904 0.750

 
0.852 

Butyric acid 0.243 0.199 0.125 0.228 0.210 0.230 
2-Butenoic acid 0.204 0.000 0.000 0.000 0.000 0.000 
Pentanoic acid, 4-oxo- 0.183 0.134 0.107 0.155 0.116 0.136 
Hexanoic acid 0.056 0.000 0.000 0.000 0.000 0.000 
Pentanoic acid   0.019 0.000 0.000 0.000 0.000 0.000 
2-Butenoic acid, 2-methyl-, (E)- 0.027 0.000 0.000 0.000 0.000 0.000 

Non Aromatic Esters 
Oxopropanoic acid  methylester, 2-   0.016 0.000 0.000 0.000 0.000 0.000 
Propanoic acid, ethenyl ester  0.017 0.000 0.000 0.000 0.000 0.000 

Non Aromatic Aldehydes 
Acetaldehyde, hydroxy- 0.059 0.020 0.000 0.010 0.000 0.041 
Propionaldehyde, 3-hydroxy 0.016 0.011 0.000 0.021 0.029 0.018 
Butanal    0.004 0.000 0.000 0.001 0.000 0.000 
2-Butenal, 2-methyl-    0.005 0.005 0.006 0.005 0.011 0.007 
Propanal 0.020 0.011 0.009 0.029 0.050 0.042 
2-Pentenal, (E)-    0.009 0.010 0.000 0.011 0.019 0.012 
Crotonaldehyde, cis 0.036 0.022 0.018 0.055 0.072 0.053 
Hexanal 0.047 0.027 0.013 0.034 0.046 0.040 

Non Aromatic Ketones 
Acetone 0.000 0.314 0.640 0.100 0.254 0.241 
Diacetone alcohol 0.046 0.077 0.101 0.061 0.113 0.086 
Acetol (Hydroxypropanone) 8.639 7.704 7.598 7.235 5.822 6.711 
Butanone, 2- 0.025 0.024 0.024 0.031 0.060 0.038 
Butanone, 1-hydroxy-2- 0.902 0.821 0.747 0.699 0.407 0.827 
Butandione, 2,3-  (Diacetyl) 0.196 0.225 0.340 0.203 0.275 0.250 
Propan-2-one, 1-acetyloxy- 0.026 0.020 0.011 0.026 0.031 0.025 
Propanone, acetyloxy-2- 0.136 0.077 0.000 0.133 0.100 0.092 
Butan-2-one, 1-(acetyloxy)-   0.009 0.009 0.009 0.011 0.013 0.012 
3-Buten-2-one = 2-Butenone     0.003 0.000 0.000 0.000 0.000 0.000 
3-Pentanone 0.023 0.011 0.009 0.010 0.014 0.010 
2-Butanone, 3-methyl-    0.006 0.009 0.012 0.022 0.019 0.007 
3-Buten-2-one, 3-methyl-   0.010 0.000 0.000 0.000 0.000 0.000 
2-Pentanone    0.012 0.005 0.007 0.013 0.011 0.005 
2,3-Pentanedione   0.011 0.090 0.006 0.012 0.022 0.015 
3-Penten-2-one    0.009 0.010 0.011 0.011 0.022 0.035 
3-Penten-2-one, 3-methyl-    0.002 0.000 0.000 0.000 0.000 0.000 
Cyclopentanone 0.136 0.154 0.208 0.146 0.148 0.146 
Cyclopenten-1-one, 2- 0.468 0.459 0.418 0.467 0.433 0.443 
Cyclopenten-1-one, 2-hydroxy-2- 1.192 1.001 0.979 1.195 0.952 1.161 
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Cyclopenten-1,4-dione, 2- 0.011 0.000 0.000 0.000 0.000 0.000 
Cyclopenten-1-one, 2-methyl-2- 0.218 0.177 0.177 0.208 0.217 0.190 
Cyclopenten-1-one, 3-methyl-2- 0.058 0.060 0.069 0.188 0.228 0.073 
Cyclopenten-1-one,3-ethyl-2-hydroxy- 0.031 0.037 0.052 0.011 0.000 0.039 
2-Cyclopenten-1-one, 3-methyl- 0.021 0.015 0.015 0.015 0.000 0.018 
Cyclopentenone, 3,4-dimethyl-      0.057 0.044 0.042 0.009 0.000 0.000 
2-Cyclopenten-1-one,3,4-dimethyl- 0.033 0.006 0.000 0.032 0.061 0.000 
Cyclopentenone, dimethyl- 0.000 0.008 0.018 0.022 0.032 0.023 
Cyclopenten-1-one,2,3-dimethyl-2- 0.091 0.135 0.150 0.111 0.166 0.128 
2-Cyclopenten-1-one, trimethyl-    0.042 0.077 0.164 0.088 0.162 0.046 
2-Cyclopenten-1-one,2,3,4-trimethyl-    0.038 0.015 0.000 0.023 0.037 0.034 
Cyclopenten-3-one,2-hydroxy-1-methyl-1- 5.366 4.121 3.223 3.989 3.336 3.863 
Cyclopenten-1-one,3-ethyl-2-hydroxy-2- 0.115 0.101 0.088 0.121 0.132 0.068 
Cyclohexanone, 3-methyl-    0.061 0.000 0.000 0.000 0.000 0.000 
2-Cyclohexen-1-one, 4,5-dimethyl-    0.007 0.000 0.000 0.000 0.000 0.000 
2-Cyclopenten-1-one, 3-ethyl- 0.025 0.024 0.028 0.026 0.030 0.024 
1,3-Cyclopentanedione, 2-methyl- 0.186 0.000 0.077 0.099 0.054 0.060 
Cyclohexen-1-one, 2- 0.007 0.006 0.006 0.004 0.007 0.000 
1,3-Cyclopentanedione, 2,4-dimethyl-  0.000 0.011 0.019 0.016 0.017 0.016 
Heterocyclic  Compounds 
Furans 
Furfuryl alcohol, 3- 0.000 0.030 0.000 0.000 0.000 0.000 
Furanone, 2(5H)- 1.180 0.783 0.613 0.803 0.612 0.838 
Furanone, 2(3H)- 0.010 0.002 0.000 0.000 0.000 0.000 
Furfuryl alcohol, 2- 0.012 0.098 0.220 0.111 0.149 0.053 
Furaldehyde, 2- 0.931 1.004 1.340 0.897 0.779 0.806 
Furaldehyde, 3- 0.027 0.001 0.005 0.026 0.034 0.014 
Furaldehyde, 5-methyl-2- 0.147 0.156 0.198 0.139 0.152 0.142 
Furaldehyde, 5-(hydroxymethyl)-, 2- 0.960 0.900 0.815 0.807 0.607 0.653 
Ethanone, 1-(2-furanyl)- 0.021 0.020 0.023 0.026 0.029 0.026 
2(5H)-Furanone, 5-methyl-   0.148 0.108 0.099 0.091 0.047 0.061 
Furan-2-one, 4-methyl-(5H)- 0.234 0.198 0.099 0.172 0.118 0.222 
Furan-2-one, 3-methyl-, (5H)- 1.078 0.690 0.584 0.663 0.652 0.762 
Furan-2-one, 5-methyl-, (5H)- 0.000 0.005 0.033 0.040 0.056 0.051 
Furan-2-one, 2,5-dihydro-3,5-dimethyl- 0.104 0.099 0.078 0.101 0.168 0.189 
Butyrolactone, γ- 0.207 0.086 0.026 0.109 0.000 0.041 
Butyrolactone, 2-hydroxy-, γ- 0.144 0.006 0.000 0.001 0.000 0.000 
Angelicalactone, α-  0.171 0.12 0.074 0.108 0.072 0.094 
Pyrans             
Maltol (Pyran-4-one, 3-Hydroxy--2-methyl-
4H) 

0.085 0.000 0.000 0.000 0.000 0.000 

Pyran-4-one, 3,5-dihydroxy-2-methyl-, (4H)- 0.103 0.000 0.000 0.000 0.000 0.000 

Carbohydrates             
Sugars             
Anhydro-β-D-glucopyranose, 1,6- 
(Levoglucosan) 4.860 4.010 3.081 3.980 3.060 3.189 

Dianhydro-α-D-mannopyranose, 1,4:3,6- 0.187 0.200 0.228 0.170 0.150 0.169 
Anhydro-d-mannosan, 2,3-   0.000 0.127 0.195 0.123 0.155 0.000 
Anhydrosugar dimer 1.848 1.995 1.136 1.253 1.112 1.543 

Aromatic Compounds             
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Benzenes             
Benzene   0.002 0.002 0.003 0.002 0.004 0.004 
Toluene 0.003 0.003 0.008 0.003 0.007 0.004 
Benzene, ethyl- 0.003 0.002 0.004 0.003 0.005 0.001 
Xylene, p- (Benzene, 1,4-dimethyl-) 0.003 0.003 0.005 0.005 0.005 0.002 
Xylene, o- 0.002 0.002 0.006 0.003 0.006 0.004 
Xylene, m- 0.000 0.001 0.002 0.000 0.000 0.000 
Benzene, 1,2,4-trimethyl- 0.002 0.002 0.004 0.003 0.003 0.000 
Benzene, ethyl-dimethyl- 0.000 0.002 0.005 0.003 0.000 0.000 
Benzene, 1-methoxy-2,3-dimethyl-    0.007 0.016 0.023 0.011 0.021 0.000 
Benzene, 1,2-dimethoxy-3-methyl-   0.011 0.023 0.034 0.012 0.023 0.016 
Benzene, tert-butyl- 0.000 0.000 0.000 0.001 0.005 0.000 
2,3-Benzofuran    0.003 0.003 0.007 0.004 0.005 0.000 
Benzofuran, methyl-  1H-Indene, 2,3-

 
0.003 0.009 0.016 0.001 0.000 0.000 

Benzofuran, 7-methyl- 0.007 0.005 0.000 0.000 0.000 0.000 
Benzofuran, methyl- 0.007 0.007 0.008 0.011 0.031 0.010 
Benzofuran, dimethyl- 0.007 0.012 0.027 0.006 0.005 0.000 
Benzofuranone, dimethyl- 0.015 0.009 0.000 0.010 0.000 0.000 
Benzene, 1-methoxy-4-methyl- 0.006 0.007 0.008 0.005 0.000 0.000 
Benzene, 1-methoxy-3-methyl- 0.000 0.000 0.000 0.001 0.008 0.005 
Benzene, 4-ethyl-1,2-dimethoxy-    0.000 0.005 0.011 0.000 0.010 0.000 
Naphthalene 0.004 0.011 0.017 0.002 0.010 0.000 
Naphthalene, 2-methyl-    0.008 0.011 0.019 0.010 0.014 0.013 
Naphthalene, 1-methyl-    0.012 0.014 0.024 0.009 0.007 0.010 
Naphthalene, dimethyl-    0.000 0.001 0.007 0.000 0.003 0.001 
Naphthalenol, 2- 0.006 0.011 0.028 0.007 0.011 0.007 
Naphthalenol, methyl- 0.005 0.015 0.041 0.022 0.016 0.016 
Naphthalenol, methoxy-    0.000 0.008 0.015 0.000 0.012 0.009 
2-Naphthol, 3-methoxy-    0.007 0.003 0.000 0.001 0.000 0.000 
Indene 0.004 0.009 0.012 0.004 0.006 0.005 
Inden-1-one, 2,3-dihydro-1H- 0.013 0.016 0.029 0.014 0.019 0.024 
1H-Indene, methyl-    0.003 0.005 0.007 0.004 0.006 0.005 
1H-Indene, ethyl-    0.005 0.012 0.019 0.002 0.000 0.004 
1H-Inden-5-ol, 2,3-dihydro-   0.010 0.025 0.048 0.012 0.026 0.016 
1H-Indenone, 2,3-dihydro-methyl- 0.000 0.000 0.000 0.000 0.000 0.016 

Catechols 
Catechol 1.005 1.210 1.430 0.992 0.900 0.999 
Catechol, 4-methyl- 0.506 0.622 0.724 0.467 0.372 0.447 
Hydroquinone(Benzene,1,4-dihydroxy-) 0.530 0.430 0.345 0.429 0.372 0.447 
Benzenediol, methyl- 0.129 0.211 0.380 0.144 0.283 0.293 
Benzenediol, ethyl- 0.000 0.011 0.086 0.012 0.047 0.000 
Benzenediol, dimethyl- 0.000 0.000 0.000 0.001 0.007 0.000 

Aromatic Aldehydes             
Benzaldehyde 0.009 0.010 0.008 0.010 0.029 0.084 
Benzaldehyde, 2-hydroxy  0.031 0.000 0.024 0.025 0.021 0.000 
Benzaldehyde, 3-hydroxy- 0.024 0.015 0.000 0.012 0.000 0.029 
Benzaldehyde, 3-hydroxy-4-methyl-    0.028 0.025 0.036 0.020 0.024 0.020 
Phenols             
Phenol 0.180 0.302 0.398 0.222 0.449 0.440 
Cresol, o- 0.148 0.200 0.256 0.175 0.227 0.241 
Cresol, m- 0.084 0.101 0.162 0.091 0.095 0.083 
Cresol, p- 0.045 0.100 0.234 0.098 0.144 0.142 
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Phenol, 2,3-dimethyl- 0.020 0.040 0.051 0.023 0.032 0.022 
Phenol, 2,4-dimethyl- 0.046 0.090 0.072 0.073 0.213 0.058 
Phenol, 2,5-dimethyl- 0.046 0.070 0.115 0.069 0.081 0.068 
Phenol, 2,6-dimethyl- 0.022 0.024 0.034 0.025 0.029 0.023 
Phenol, 3,5-dimethyl- 0.015 0.021 0.069 0.022 0.032 0.026 
Phenol, 3,4-dimethyl- 0.000 0.044 0.078 0.010 0.068 0.000 
Phenol, 2,3,5-trimethyl- 0.012 0.021 0.031 0.021 0.026 0.022 
Phenol, 2,4,6-trimethyl- 0.007 0.010 0.020 0.009 0.014 0.010 
Phenol, 2-ethyl- 0.011 0.015 0.028 0.015 0.031 0.023 
Phenol, 3-ethyl- 0.024 0.046 0.056 0.026 0.036 0.029 
Phenol, 4-ethyl- 0.035 0.043 0.078 0.035 0.054 0.030 
Phenol, 4-vinyl- 0.016 0.001 0.000 0.004 0.000 0.000 
Phenol, 4-propenyl-, trans 0.027 0.029 0.032 0.035 0.053 0.043 
Phenol, ethyl-methyl- 0.032 0.044 0.063 0.050 0.070 0.040 
Phenol, 2,3,4- trimethyl-   0.052 0.021 0.031 0.042 0.028 0.021 
Phenol, allyl-  0.005 0.000 0.000 0.000 0.000 0.000 
Phenol, methyl-propyl- 0.008 0.010 0.020 0.011 0.017 0.012 
Phenol, methyl-propenyl- 0.016 0.000 0.000 0.019 0.027 0.022 
Phenol, 3-methoxy-5-methyl-   0.010 0.000  0.036 0.000  0.024 0.000  
Methoxy Phenols (Guaiacols) 
Guaiacol 0.591 0.587 0.570 0.434 0.391 0.470 
Guaiacol, 4-methyl- 0.758 0.858 1.077 0.791 0.634 0.569 
Guaiacol, 5-methyl-   0.024 0.016 0.014 0.018 0.015 0.000 
Guaiacol, 3-ethyl- 0.038 0.065 0.093 0.056 0.072 0.051 
Guaiacol, 4-ethyl- 0.301 0.433 0.505 0.344 0.397 0.370 
Guaiacol, 5-ethyl- 0.009 0.080 0.000 0.001 0.000 0.000 
Guaiacol, 4-vinyl- 0.300 0.374 0.403 0.383 0.380 0.311 
Guaiacol, 4-allyl- (Eugenol) 0.244 0.265 0.280 0.288 0.343 0.306 
Guaiacol, 4-propyl- 0.124 0.188 0.245 0.198 0.224 0.222 
Guaiacol, 4-propenyl- cis (Isoeugenol) 0.367 0.375 0.405 0.369 0.376 0.400 
Guaiacol, 4-propenyl-(trans) (Isoeugenol) 0.958 1.006 1.251 1.002 0.768 1.112 
Vanillin 0.276 0.301 0.365 0.344 0.420 0.373 
Phenylacetaldehyde, 4-hydroxy-3-methoxy- 
(Homovanillin) 0.133 0.131 0.124 0.083 0.071 0.064 

Dihydroconiferyl alcohol 0.225 0.222 0.192 0.233 0.283 0.250 
Coniferyl alcohol (cis) 0.316 0.276 0.102 0.283 0.217 0.184 
Coniferyl alcohol (trans) 0.000 0.213 0.315 0.330 0.587 0.537 
Phenylethanone, 4-hydroxy-3-methoxy- 
(Acetoguajacone) 0.256 0.212 0.177 0.267 0.297 0.273 

Guaiacyl acetone 0.335 0.388 0.477 0.329 0.324 0.320 
Propioguaiacone 0.039 0.055 0.061 0.041 0.066 0.059 
Coniferylaldehyde 0.681 0.509 0.451 0.512 0.415 0.362 
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CHAPTER 8 
8. Effect of zeolite to binder ratio on 
product yields and composition during 
catalytic steam pyrolysis of biomass over 
transition metal modified HZSM5.  

 Introduction 8.1.

In the previous chapter, the effects of NiO and V2O5 supported on an inert carrier 
(SiO2) on the yield and composition of products during steam pyrolysis of biomass 
were investigated. The combined Ni-V catalyst was shown to produce a less 
oxygenated liquid product with a higher EHI, compared to non-catalytic steam 
pyrolysis. 

A combined catalytic route (multifunctional catalysis) that takes advantage of the 
Ni-V catalytic effects as well as acid and structural catalysis of zeolites is thus more 
advantageous. Moreover, the steam presence will reduce the carbon losses because of 
coke formation. 

Zeolites are crystalline aluminosilicates linked through oxygen atoms, which 
produces three-dimensional networks that contain channels of molecular dimensions. 
Their specific structures bestow them with unique properties. Compared to other types 
of catalysts, zeolites exhibit exceptional properties with respect to both activity and 
selectivity because of their ability to selectively absorb and transform molecules in 
their volume [181]. Zeolites contain Si+4 and Al-3 cations surrounded by oxygen 
anions. Each oxygen anion connects two cations which yields a 3D macromolecular 
network with net neutral SiO2 andAlO2

−. The negative charge derives from the 
difference in the valence between silicon and aluminium cations and is compensated 
by non-framework cations (H+) to form a bond with the negatively charged oxygen 
anion of the zeolite. This structure results in the formation of acid sites and is shown 
in Figure 8.1 [83].   

The zeolite ZSM-5 was first synthesised in 1965 by Argauer and Landolt and 
intended for service in TCC and FCC units [182]. 

Many references are devoted catalytic pyrolysis of biomass in presence of zeolitic 
catalysts. However, if a zeolite-based catalyst is to be used at industrial level, needs to 
be agglomerated with a binder to obtain larger and more resistant particles, with 
desirable fluidisation characteristics. The presence of a binder affects the acidic 
properties of the zeolite as a result of changes in the proton-exchange efficiency, can 
block the zeolite channels during the agglomeration and can trap coke precursors 
[108].   
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Nevertheless, the effect 
of the binder on the 
catalytic performance is 
rarely studied, even though 
the catalytic properties of 
the zeolite can be greatly 
altered during 
agglomeration.  

Consequently, the study 
of the influence of the 
binder on the activity of 
zeolite-based catalysts is 
also of great interest [183]. 
In this study bentonite was 

used as binder material at different ratios. Hybrid catalysts using ZSM5 and bentonite 
have been reported to be more resistant to coke formation [184]. In addition, the study 
of the influence of the binder on the relative activity of different catalytic functions 
(metal/acidic) is also of great interest because of the incorporation of metal functions. 
In this chapter, the effect of zeolite-to-binder ratio during the catalytic pyrolysis of 
biomass over a Ni-V modified zeolite is discussed. 

 

 Results and Discussion 8.2.

8.2.1. Catalyst characterisation 

The prepared catalysts were characterised by means of nitrogen adsorption and X-
ray diffraction (Cu K- α radiation, λ=1.5418 Å). 

As expected, the increase in the zeolite content results in an increased surface area 
(Table 8.1). The low surface area of the bentonite-based catalyst (NiVZB0100) 
denotes the limited porous or macroporous structure of the material. The adsorption-
desorption isotherms show that the isotherm that corresponds to NiVZB0100 (b) is of 
type II [163]  

Table 8.1 physical characterization of zeolite based catalysts 

 
BET S.A. 

[m2/g] 

Pore 
Volume 
[cm3/g] 

Av. Pore 
Size 
 [Å] 

HZSM5 439.28 0.220 10.11 
NiVZB0100 11.90 0.050 84.72 
NiVZB2575 97.78 0.088 17.96 
NiVZB5050 163.36 0.123 14.92 
NiVZB7525 262.77 0.168 12.81 

 
Figure 8.1 Acid sites on zeolites.(a) Brønsted acid sites ;(b) 
Lewis acid sites [83] 
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Figure 8.2 N2 isotherms for hybrid zeolite catalysts. (a) HZSM5; (b) NiVZB0100; (c) 

NiVZB2575; (d) NiVZB5050; (e) NiVZB7525  

The x-ray powder diffraction pattern peaks of the samples, which were exhibited 
by all zeolite containing samples in the XRD patterns, are typically of the MFI 
topology (Figure 8.3).  

The peak observed for the NiVZB0100 (pattern (c)) at 2θ=43.32o corresponds to 
NiO (2 0 0) (COD 96-432-0488) and denotes a weak interaction between Ni and 
bentonite. The patterns for the increasing zeolite content (patterns (d), (e) and (f)) 
indicate that crystallinity was retained after treatment. Moreover, new crystalline 
phases are absent, which indicates that Ni and V species are highly dispersed on the 
zeolite/binder.   
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Figure 8.3 XRD patterns of prepared catalysts. (a)HZSM5; (b) Bentonite; (c) 

NiVZB0100; (d) NiVZB2575; (e) NiVZB5050; (f) NiVZB7525 
 

8.2.2. Catalytic pyrolysis 

As shown in Figure 8.4, the increasing zeolite content results in reduced liquid 
yield, while char is not significantly affected. 

The elemental composition of the obtained liquid is listed in Table 8.2. For the 
sake of comparison, the results from the non-catalytic (NC) steam pyrolysis and silica 
supported Ni-V catalysts (NiVSi), which were presented in previous chapters are also 
presented.  

Increasing the zeolite content resulted in less oxygenated liquid product, which 
indicates the de-oxygenating activity of HZSM5. A comparison of the oxygen content 
of the liquids obtained using NiVZB0100 and those obtained using NiVSi catalyst is 
notable. The lower O content obtained with NiVZB0100 denotes that the bentonite 
exhibits activity that promotes deoxygenation and cracking. Similar observations have 
also been reported elsewhere [184], [185].  
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Figure 8.4 Effect of zeolite to binder ratio on product yields 

The gas composition, as expressed by several gas ratios (Figure 8.5 and Figure 
8.6), shows that the catalytic activity positively correlated with the zeolite content to 
produce more olefinic gas and CO. Because of the extended active porous network, 
catalysis occurs to a higher extent at higher zeolite loadings to produce de-oxygenated 
molecules. The H2/CO and H2/CH4 ratios positively correlated with increased zeolite 
content to reach a maximum at a binder-to-zeolite ratio of 1:1, which indicates that H2 
production (through WGS, steam reforming and dehydrogenation) is significant. The 
lower H2/CO ratio obtained at higher zeolite loading can be attributed to the extended 
decarbonylation (oxygen rejection in form of CO [80]) of the vapours and the 
increased CO/CO2 supports this finding. Secondly, hydrogenation reactions that 
occur, consume the produced hydrogen from dehydrogenation, reforming and WGS 
reactions. 

The de-oxygenation and cracking activity as expressed by the CO/CO2 and light 
olefins-to-light alkanes ratios, show a gradual deactivation at longer times on stream 
(TOS) because of coke deposition on the catalyst. Sintering does not proceed to 
appreciable extents to deteriorate the catalytic activity because of the low operating 
temperature [168].  

The total coke deposited on the catalyst, as determined by thermogravimetry is 
presented in Figure 8.7. As expected, the zeolite content positively correlated with 
coke formation because of the increased number of strong acid sites that promote 
deoxygenation. 
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Figure 8.5 Molar ratios indicating reforming activity 

 
The H/C and O/C atomic ratios of the obtained liquid show that the liquid obtained 

moves along the theoretical dehydration pathway up to NiVZB5050 (Figure 8.8). The 
dehydration is catalysed by the strong Brønsted acid sites and is the rate limiting step 
for Diels-Alder cyclisation and aromatics production via the production of olefins 
[186]. Therefore, the increased zeolite content allows for olefins cyclisation and di-, 
tri- and oligo- merisation reactions after olefins production. The competitive steam 
adsorption on the active sites of the zeolite lowers the overall reaction rate and active 
site availability for these reactions which explains the lower aromatics yield obtained 
at lower zeolite loadings as discussed below. 
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Figure 8.6 Molar ratios indicating cracking-deoxygenation activity 
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Figure 8.7 Coke formation on the catalysts as a function of HZSM5 loading 

 
The conversion of carboxylic acids is increased with increased at higher zeolite 

loading highlighting their high reactivity over the zeolite (Figure 8.9). The 
transformation of ketones involves the direct decarbonylation to the corresponding 
olefins in the first step, followed by oligomerisation of the olefin [187]. A comparison 
of the relative reactivity of aldehydes, ketones, and acids on H-ZSM5 showed that all 
produced olefins and aromatics at high temperatures, but acids are significantly more 
reactive than aldehydes and ketones [176]. 

The content of anhydrosugars is reduced as the zeolite loading increased (Figure 
8.9) which indicates that surface dehydration activity of acidic sites of the ZSM-5 is 
present. Dehydration is the first step of transformation of sugars to furans.  

Furfural is the major furanic compound which exhibits the same trend as all of the 
furanic compounds. It increases slightly at low zeolite loading (Z/B 25/75) due to the 
dehydration of anhydrosugars. Furfural decreases at higher ZSM5 loading (stronger 
acidic function of the catalyst). Nevertheless, the furfuryl alcohol content -which is a 
hydrogenation product of furfural-, remains almost constant. This finding indicates 
that hydrogenation might take place. Furfural hydrogenation is beneficial because its 
hydrogenation products are of higher octane number. The RON numbers of furfural 
and furfuryl alcohol are 53 and 83, respectively [188], which suggests that low acidic 
function favours furfural production while increased acidic activity promotes 
secondary transformations. Furfuryl alcohol increase can be a result from the 
combined effect of increased acidity (secondary transformations) and hydrogenation 
activity originating from the metallic function according to the following [188], [189]: 
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The increased extent of hydrogenation reactions is also reflected in the relative 2-

(5H) Furanone-to- γ-Butyrolactone ratio. γ-Butyrolactone is a hydrogenation product 
of 2(5H)-Furanone as proposed by Vipute et al. [190]. The γ-Butyrolactone/2(5H)-
Furanone ratios for the different zeolite loading were 1.32, 1.5, 1.72, 2.74 for 
NiVZB0100, NiVZB2575, NiVZB5050 and NiVZB7525, respectively. These values 
indicate extended hydrogenation and cracking of furanone-2(5H).  

 

 
Figure 8.8 Effect of zeolite to binder ratio on H/C and O/C molar ratios 

 
The concentration of methanol (detailed list of detected compounds is given in 

Table 8.4) is also maximized at low ZSM5 loading (NiVZB2575). Adjaye et al. [85] 
also reported increased alcohol yields when processing bio-oil over ZSM5 in the 
presence of steam. Moreover, the methanol yield is maximized for the same zeolite to 
binder ratio that maximizes the of furfural formation. This observation could suggest 
a plausible underlying relationship between formaldehyde and methanol production. 
Chang et al., [191] investigated the conversion of methylal (formaldehyde derivative) 
over zeolites and observed the same decomposition products as those observed from 
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the methanol conversion. This observation could suggest that decomposition 
mechanism may proceed via an alcohol intermediate. In addition, the hydrogenation 
of formaldehyde can be carried out over Ni [192] which could also be a plausible 
pathway. It has to be noted that several interactions between other compounds affect 
the above-mentioned species. Thus, the above cannot be considered as the only acting 
mechanisms. The reduction in methanol in response to an increased ZSM5 content 
can be explained by its high reactivity over HZSM5 [89], which is likely due to 
transformations related to the methanol-to-olefins (MTO) and methanol to gasoline 
(MTG) processes. The first step of alcohols transformation is dehydration to olefins 
and the produced olefins undergo oligomerisation, cyclisation and isomerisation 
reactions. The methanol is beneficial, because it increases stability of the produced 
liquids even at low levels in addition to its value as a fuel and chemical [193].  

 

 
Figure 8.9 Effect of zeolite to binder ratio on liquid product composition 

 
Alkylated phenols are only formed (no alkenyl substituted) in the presence of the 

modified zeolite. Tri-methyl phenols were not detected for any of the zeolite-
containing catalysts which suggests steric hindrance in the zeolite pores. Interestingly, 
the relative amounts of cresol isomers (o-, p-, and m-) show that p- cresol formation is 
favoured at higher zeolite loading, which denotes that zeolite pores dictate its 
transformation. The obtained p-/o-/m- cresol relative ratios for NiVZB0100, 
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NiVZB2575, NiVZB5050 and NiVZB7525 are 1/1.42/0.80, 1/0.67/0.48, 1/0.39/0.19 
and 1/0.36/0.18, respectively. The increase in the light compared to the heavy 
phenolic derivatives benefits the bio oil quality. Similar behaviour has been observed 
for Ni-modified ZSM5 in a H2 atmosphere, which indicates that hydrogen producing 
reactions such as WGS and reforming are important [79]. 

The reactivity of methoxy phenols over zeolites is limited [89]. Thus the lower 
yield and composition can be primarily attributed to their transformation over the 
metal surfaces (better vanadium dispersion, that promotes the C-O cleavage [67]), and 
secondly attributed to increased coke yield. 

Increasing the zeolite content on the catalyst increases the toluene, xylenes and 
ethyl-benzene which could be attributed to the alkylation activity of the zeolite and 
the reaction pathways for aromatics production. The increased p-xylene concentration 
in the liquid (from 0.12 % (NiVZB0100) to 2.02 % (NiVZB7525)) at higher zeolite 
contents also indicates shape selective catalysis (only traces of o- and m– isomers 
were detected). Interestingly, naphthalene and indene were only detected at the 
highest zeolite loading (NiVZB7525) which a result of presence of steam. Steam 
presence slows down the reaction rates of cyclisation and condensation. In addition, 
hydrogenation may stabilize aromatic products before subsequent condensation. 

The stability (SI), deoxygenation (DOI) and the loss organics (LO) indices 
positively correlated with the zeolite content (Figure 8.10 and Figure 8.11). The DOI 
seems to increase linearly with the loss of organics while SI seems to asymptotically 
attain a maximum value at high zeolite loading. This relationship indicates that the 
main de-oxygenation is a result of oxygen rejection from carboxylic acids and 
carbonyls and the transformations of phenolic derivatives are of secondary 
importance. 

The above can be explained by the high reactivity of carboxylic acids, followed by 
carbonyls [176], over the acid sites of the zeolite. Acid sites do not play an important 
role in the transformation of heavy phenols [89]. However, the presence of Ni and V 
seem to promote lighter phenolic products and methoxy phenol transformations which 
has also been observed during the catalytic pyrolysis of biomass over a silica 
supported Ni-V catalyst (Chapter 7).  
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Figure 8.10 Deoxygenation vs. LO for zeolite catalysts 

 
 

 
Figure 8.11 Stability index (SI) as a function of loss of organics (LO) for zeolite catalysts 

Non-volatile fractions were not observed for Z/B exceeding 25/75 (Table 8.3), 
which denotes the complete cracking of the produced vapours. The non-volatile 
fractions obtained for NiVZB0100 and NiVZB2575 consist of oligomers with the 
zeolite-containing catalyst reducing the molecular weights of the heavy products 
(Figure 8.12). Polymerisation of oxygenated and aromatic compounds is the main 
source of those compounds which takes place at the surface of HZSM5 [55]. 
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Table 8.2 Elemental composition10 of obtained liquid after 90 min on stream 

 C H O HHV[MJ/kg] 11 

Non-Catalytic 56.86±0.07 7.20±0.03 35.93±0.1 24.63 

NiVSi  62.48±0.20 7.57±0.02 29.95±0.22 27.63 

NiVZB0100 65.60±0.53 7.57±0.03 26.83±0.56 28.57 

NiVZB2575 68.99±0.38 7.36±0.02 23.65±0.40 29.81 

NiVZB5050 73.04±0.61 7.55±0.01 19.40±0.60 31.86 

NiVZB7525 79.10±0.61 8.08±0.008 12.82±0.60 35.23 

 

 
Figure 8.12 Molecular weight distribution of the nonvolatile fraction for bentonite-zeolite 

catalysts. (a) NiVZB0100; (b) NiVZB2575 
 

 
Table 8.3 Molecular weights and molecular weight dispersity (ĐM) of nonvolatile fraction 

of liquid obtained after catalytic pyrolysis over zeolites 

 NiVZB0100 NiVZB2575 NiVZB5050 NiVZB7525 

𝑀�𝑛 291.92 278.98 - - 

𝑀�𝑤 1957.1 1897.5 - - 

Ð𝑀 (𝑀�𝑊 𝑀�𝑛⁄ ) 6.70 6.80 - - 

                                                 
10 N not detected (below calibration range of 0.15 wt%) and considered equal to zero. O content 

calculated by difference. 
11 Calculated on dry basis [104] based on average composition 
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 Conclusions 8.3.

The catalytic pyrolysis of biomass over metal-modified zeolites (multifunctional 
catalysts) is a very promising route for the production of hydrocarbons and a less 
oxygenated liquid feedstock suitable for the production of fuels and/or chemicals. The 
zeolite content negatively correlated with the yield of liquid product with significantly 
lower oxygen content and increased coke formation. However, all catalysts showed 
some catalytic activity, as expressed by different gas ratios, even after 90 min on 
stream which denotes the attenuating effect of steam on the deactivation by coke 
deposition. Char yields were not significantly affected by the metal/zeolite content 
which indicates their thermal origin.  The catalytic activity negatively correlated with 
the time on stream due to coke deposition. While zeolite de-oxygenates acids and 
carbonyls, the metal functions seem to promote oxygen removal and transformations 
of phenols and methoxy phenols.  

Competitive steam adsorption on the acid sites of the zeolite seems to lower the 
conversion to aromatics via Diels Alder cyclisation of olefins, while availability of 
acid sites in response to increasing zeolite contents promotes the cyclisation of the 
produced olefins. Low zeolite loading promotes the dehydration of the primary 
pyrolytic products (sugars) towards the formation of furans, which further react at 
higher zeolite  loadings to produce hydrocarbons (aromatics  and olefins). Ni-V seems 
to also promote production of some hydrogenated products. Almost no PAH 
formation was observed, even at the highest zeolite loading which can be attributed to 
presence of steam and hydrogenation of unsaturated compounds. 

Thus, combination of Ni-V and HZSM5 enhances catalytic activity towards the 
production of de-oxygenated liquids with preserved H content. 

 
 

Table 8.4 GC-FID/MS identified compounds in organic liquid (wt%) 
 

  NiVZB0100 NiVZB2575 NiVZB5050 NiVZB7525 

Non-Aromatic  Compounds 
Carboxylic Acids 
Acetic acid 2.700 3.131 2.216 1.184 
Propionic Acid 0.933 0.550 0.447 0.261 
Butyric acid 0.131 0.170 0.057 0.022 
2-Butenoic acid 0.105 0.021 0.052 0.029 
Hexanoic acid 0.161 0.000 0.000 0.000 
Pentanoic acid   0.000 0.115 0.000 0.000 

Non Aromatic Aldehydes 
Crotonaldehyde, cis 0.054 0.000 0.000 0.000 

Alcohols 
Methanol 2.419 4.631 3.217 2.968 



Catalytic Steam Pyrolysis of Biomass for Production of Liquid Feedstock 

105 
 

Non Aromatic Ketones 
Diacetone alcohol 0.085 0.123 0.000 0.000 
Acetol (Hydroxypropanone) 8.173 4.217 3.415 1.431 
Butanone, 2- 0.043 0.046 0.000 0.000 
Butanone, 1-hydroxy-2- 0.709 0.401 0.309 0.150 
Butandione, 2,3-  (Diacetyl) 0.481 0.258 0.083 0.120 
Acetoin(Hydroxy-2-butanone, 3-) 0.079 0.040 0.033 0.015 
Propanone, acetyloxy-2- 0.394 0.115 0.084 0.075 
3-Pentanone 0.014 0.014 0.000 0.000 
2-Butanone, 3-methyl-    0.011 0.010 0.000 0.000 
3-Buten-2-one, 3-methyl-   0.017 0.015 0.000 0.000 
2-Pentanone    0.025 0.037 0.000 0.000 
2,3-Pentanedione   0.012 0.011 0.023 0.029 
Cyclopentanone 0.157 0.118 0.042 0.037 
Cyclopenten-1-one, 2- 0.401 0.351 0.178 0.121 
Cyclopenten-1-one, 2-
hydroxy-2- 

0.342 0.272 0.164 0.083 

Cyclopenten-1-one, 2-methyl-2- 0.219 0.216 0.050 0.042 
Cyclopenten-1-one, 3-methyl-2- 0.731 0.540 0.413 0.526 
Cyclopenten-1-one,3-ethyl-2-
hydroxy- 

0.055 0.000 0.000 0.000 

2-Cyclopenten-1-one,3,4-
dimethyl- 

0.090 0.126 0.031 0.013 

Cyclopenten-1-one,2,3-
dimethyl-2- 

0.172 0.110 0.016 0.016 

2-Cyclopenten-1-one,2,3,4-
trimethyl-    

0.025 0.039 0.000 0.000 

Cyclopenten-3-one,2-hydroxy-
1-methyl-1- 

2.820 2.239 1.344 0.541 

1,3-Cyclopentanedione, 2-
methyl- 

0.047 0.034 0.032 0.012 

Cyclopentanone, 2-methyl- 0.017 0.085 0.056  0.050  

Heterocyclic  Compounds 
Furans 
Furanone, 2(5H)- 0.354 0.279 0.211 0.103 
Furfuryl alcohol, 2- 0.105 0.158 0.183 0.144 
Furaldehyde, 2- 2.304 3.282 0.752 0.313 
Furaldehyde, 3- 0.168 0.085 0.047 0.019 
Furaldehyde, 5-methyl-2- 0.126 0.193 0.061 0.042 
Furaldehyde, 5(hydroxymethyl),2- 0.477 0.418 0.239 0.145 
Ethanone, 1-(2-furanyl)- 0.036 0.040 0.018 0.009 
1,2-Ethanediol, 1-(2-furanyl)-   0.000 0.016 0.021 0.000 
2(5H)-Furanone, 5-methyl-   0.065 0.042 0.035 0.017 
Furan-2-one, 4-methyl-(5H)- 0.131 0.085 0.074 0.029 
Furan-2-one, 3-methyl-, (5H)- 0.780 0.565 0.499 0.000 
Furan-2-one, 2,5-dihydro-3,5-
dimethyl- 

0.165 0.035 0.086 0.024 

Butyrolactone, γ- 0.467 0.418 0.364 0.282 
Carbohydrates         
Sugars         
Anhydro-β-D-glucopyranose, 
1,6- (Levoglucosan) 

1.919 1.194 1.019 0.413 
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Dianhydro-α-D-
glucopyranose, 1,4:3,6- 

0.000 0.088 0.073 0.032 

Anhydro-d-mannosan, 2,3-   0.081 0.031 0.019 0.057 
Anhydrosugar dimer 0.424 0.235 0.101 0.000 

Aromatic Compounds         
Benzenes         
Benzene   0.008 0.212 0.780 1.520 
Toluene 0.189 0.280 1.030 2.533 
Benzene, ethyl- 0.036 0.102 

 
0.131 0.507 

Xylene, p-  
  

0.120 0.301 0.687 2.020 
Xylene, o- 0.007 0.045 0.033 0.013 
Xylene, m- 0.003 0.010 0.009 0.093 
Naphthalene 0.000 0.000 0.000 0.678 
Naphthalene, 2-methyl-    0.000 0.000 0.000 0.159 
Naphthalene, 1-methyl-    0.000 0.000 0.000 0.018 
Naphthalenol, 2- 0.000 0.000 0.021 0.235 
Indene 0.000 0.000 0.000 0.165 
Inden-1-one, 2,3-dihydro-1H- 0.000 0.000 0.007 0.085 
1H-Indene, methyl-    0.000 0.000 0.000 0.047 
1H-Inden-5-ol, 2,3-dihydro-   0.000 0.000 0.000 0.178 
Catechols 
Catechol 0.000 0.000 0.018 0.007 
Hydroquinone(Benzene,1,4-

dihydroxy-) 
0.358 0.243 0.207 0.110 

Benzenediol, methyl- 0.089 0.058 0.044 0.025 

Phenols         
Phenol 0.257 0.349 0.238 0.199 
Cresol, o- 0.197 0.190 0.069 0.251 
Cresol, m- 0.111 0.137 0.033 0.127 
Cresol, p- 0.138 0.284 0.174 0.700 
Phenol, 2,3-dimethyl- 0.021 0.043 0.000 0.000 
Phenol, 2,4-dimethyl- 0.093 0.143 0.009 0.032 
Phenol, 2,5-dimethyl- 0.071 0.180 0.002 0.000 
Phenol, 2,6-dimethyl- 0.033 0.050 0.007 0.041 
Phenol, 3,5-dimethyl- 0.029 0.061 0.000 0.000 
Phenol, 2,3,5-trimethyl- 0.027 0.000 0.040 0.000 
Phenol, 2,4,6-trimethyl- 0.010 0.000 0.017 0.000 
Phenol, 3-ethyl- 0.032 0.001 0.055 0.013 
Phenol, 4-ethyl- 0.038 0.002 0.047 0.035 
Phenol, 4-propenyl-, trans 0.034 0.000 0.061 0.000 
Phenol, ethyl-methyl- 0.036 0.000 0.032 0.000 
Phenol, 2,3,4- trimethyl-   0.048 0.000 0.079 0.000 
Benzaldehyde,4-hydroxy 0.011 0.000 0.000 0.009 
Phenol, 4-methyl-2-(2-
propenyl)- 

0.029 0.000 0.075 0.000 

Phenol, ethyl-dimethyl 0.014  0.000 0.000  0.000  

Methoxy Phenols (Guaiacols) 
Guaiacol 0.532 0.428 0.758 0.694 
Guaiacol, 4-methyl- 0.741 0.835 0.752 0.657 
Guaiacol, 3-ethyl- 0.000 0.052 0.000 0.000 
Guaiacol, 4-ethyl- 0.097 0.370 0.147 0.122 
Guaiacol, 4-vinyl- 0.288 0.216 0.017 0.015 
Guaiacol, 4-allyl- (Eugenol) 0.352 0.445 0.103 0.088 
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Guaiacol, 4-propyl- 0.300 0.194 0.046 0.078 
Guaiacol, 4-propenyl- cis 
(Isoeugenol) 

0.187 0.509 0.084 0.063 

Guaiacol, 4-propenyl-(trans) 
(Isoeugenol) 

0.414 1.376 0.287 0.109 

Vanillin 1.292 0.383 0.412 0.348 
Phenylacetaldehyde, 4-
hydroxy-3-methoxy- 
(Homovanillin) 

0.197 0.062 0.143 0.081 

Homovanillyl alcohol  0.008 0.242 0.022 0.017 
Dihydroconiferyl alcohol 0.197 0.201 0.255 0.164 
Coniferyl alcohol (cis) 0.090 0.255 0.117 0.043 
Coniferyl alcohol (trans) 0.138 0.000 0.000 0.000 
Phenylethanone, 4-hydroxy-3-
methoxy- (Acetoguajacone) 

0.084 0.042 0.230 0.226 

Guaiacyl acetone 0.287 0.198 0.623 0.603 
Propioguaiacone 0.039 0.072 0.000 0.000 
Coniferylaldehyde 0.346 0.547 0.080 0.045 
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CHAPTER 9 
9. Effects of space time on products and 
coke formation during catalytic steam 
pyrolysis of biomass over Ni-V/HZSM5 

 Introduction 9.1.

Due the nature of the catalytic pyrolysis, the evaluation of conversion changes is 
important. While typical microactivity tests (MAT) employ a fixed bed system which 
does not represent the heat and mass transfer conditions of a fluidised bed reactor, a 
bubbling fluidised bed reactor can provide fast heat and mass transfer rates as well as 
catalyst economy and can therefore be considered suitable for catalyst evaluation. 

Conversion may be changed by varying the weight of catalyst and biomass. The 
term catalyst-to-biomass ratio is often used and relates to conversion changes in 
reactors. This term helps to define the catalytic operation and obtain insights into coke 
formation. However, this term is not valid for laboratory reactors, which lack 
continuous catalyst feeding. Thus, the concept of space time (τ), which was defined in 
chapter 4, would be more appropriate. 

The catalyst space time (catalyst-to-biomass ratio in circulating fluidised bed 
systems) is important when considering a regeneration strategy as well as the degree 
of de-oxygenation/conversion, and its effects are discussed below.  

 Results and Discussion 9.2.

9.2.1. Effect of space velocity on product yields and composition 

As shown in Figure 9.1, an increase in the catalyst space time (decrease in space 
velocity) does not significantly affect the char yield (char yield slightly decreased); 
the amount of liquid produced decreased due to the high availability of catalytic 
active sites. This availability, results in less oxygenated liquid (Table 9.1). Increased 
catalytic activity results in oxygen rejection in the form of carbon oxides as 
demonstrated by the H/C vs. O/C ratio depicted in Figure 9.2. 
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Figure 9.1 Effect of space velocity on product yields 

 
The straight lines show the theoretical oxygen removal due to dehydration, 

decarboxylation and decarbonylation reactions. This removal is consistent with the 
literature, which indicates that dehydration is followed by decarbonylation and 
decarboxylation routes at increased catalytic activity. 

 
Table 9.1 Effect of catalyst space time on the elemental composition of the liquid after 90 

min on stream 
 WHSV [h-1] 
 2 1.5 1 0.5 
C 79.10±0.61 80.02±0.55 80.84±0.51 82.56±0.47 

H 8.08±0.008 8.36±0.23 8.85±0.04 9.65±0.03 

O 12.82±0.60 11.62±0.78 10.31±0.55 7.79±0.50 

HHV 

[MJ/kg]12 

35.24 36 37 38.79 

 
 A decrease in WHSV lowers the H2/CH4 ratio (Figure 9.3), during the course of 

pyrolysis, which can be attributed to higher cracking activity due to the higher 
availability of zeolite active sites for cracking reactions. This is verified by the higher 
C2-3 olefins to corresponding alkanes ratio (Figure 9.4), which indicates that cracking 
occurs via a carbenium ion mechanism. Increased values of light olefins to paraffins 

                                                 
12 Calculated on dry basis [104] based on average composition 
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ratio indicate that monomolecular cracking prevails over bimolecular cracking [194]. 
Moreover, aromatization and hydrogenation reactions consume produced hydrogen.  

 

 
Figure 9.2  Effect space velocity on H/C and O/C atomic ratios. NC refers to non-catalytic 

run 
 
 
The CO/CO2 ratio increased as WHSV decreased, due to more complete cracking 

and de-oxygenation (Table 9.1).  
The amounts of ketones and carboxylic acids are reduced at lower WHSV (Figure 

9.5), which demonstrates the benefit of increasing the presence of acid sites per 
oxygenated molecule. Ketones and acids are important compounds with undesirable 
properties (acidity and reactivity). Conversion of carboxylic acids at higher 
temperatures suppresses their strong adsorption on acid sites (acetate formation on the 
acid site) that deactivates the catalyst [195]. At higher temperatures acids are 
converted to ketones which subsequently react to produce a wide spectrum of 
products [195]. Their decrease results in increased stability index (SI)-(Figure 9.6). 

The same trend is observed for furans and sugars. This is in accordance with the 
overall deoxygenation index (DOI) presented in Figure 9.7. 
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Figure 9.3 Effect of space velocity on reforming and (de)hydrogenation activity during 

pyrolysis 
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Figure 9.4 Effect of space velocity on cracking and deoxygenation activity during 

pyrolysis 
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Figure 9.5 Effect of space velocity on liquid composition (TOS=90min) 

 
The conversion of phenols is low compared to those of the other oxygenated 

compounds, even at low space velocities [89]. Thus, increased yield and 
concentration of phenols at low WHSV could be attributed to the incorporated 
metallic functions. Increased availability of metal active sites per reactant, 
results in increased yields. Melligan et al. [79] made a similar observation when 
they hydropyrolysed biomass over Ni-modified HZSM5. 

  Similar to phenols, concentration of guaiacols seem to be unaffected by the 
decrease in WHSV time and their slight decrease in yield and composition is 
probably a result of catalysis of metal active sites as well as of increased coke 
formation. An increase in the phenols to catechols ratio is observed at 
decreased space velocities (9.87, 13.85, 23.37, 52.1 at τ= 0.5, 0.67, 1 and 2 h 
respectively) 
 The formation of aromatics is strongly favoured at low WHSV which is 
related to the available olefin production from the initial cracking steps. Similar 
effects have been observed in other studies when increasing the HZM5 to 
biomass ratio [194], [196] .  
 Lower WHSV favours the formation of PAHs (naphthalenes and indenes). 
Indicatively, the naphthalene concentration in the organic liquid increased from 
0.68 to 4.12 wt% as WHSV decreased from 2 to 0.5 h-1 while benzene 
derivatives are also increased (complete list of compounds that have been  
identified is provided in Table 9.3). 
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 The concentration of naphthalenes in the deposited coke increases also with 
the decrease in WHSV as will be discussed in following section. 

Steam adsorption on acid sites of the zeolites slows down the olefins 
production and thus is the limiting step for the aromatics formation. Increasing 
the availability of acid sites by decrease in space velocity, increases the rate of 
aromatics formation and consequently PAHs. 

 The result is of importance when considering circulating fluidised bed 
systems where catalyst-to-biomass ratios could be very high. Steam can be used 
as a means to control the production of polyaromatics. 

 
Figure 9.6 Effect of space velocity on stability index of obtained liquid 
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Figure 9.7 Effect of space velocity on overall deoxygenation activity as a function of loss of 

organics 

9.2.2. Effect of space velocity on coke formation and composition 

Coking on the zeolites occurs either via strong adsorption of reactants or 
intermediates on the acid sites [195] or via oligomerisation of  olefins produced from 
cracking reactions  followed by Diels Alder cyclisation and H transfer reactions to 
produce aromatic structures which subsequently are alkylated and take part into 
cyclisation and H transfer reactions to produce bi-aromatics, tri-aromatics etc. [197]. 
These reactions are favoured by increasing temperatures (especially above 400-
450 oC) [89]. 

The coke formation per unit mass of catalyst decreased as WHSV decreased 
(Figure 9.8) which can be attributed to the lower reactant concentration/partial 
pressure per acid site which reduces the rate of coke formation [89], [198]. However, 
the overall coke yield increased from 7.3 to 18.6 wt% of dry biomass. 
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Figure 9.8  Effect of space velocity on catalyst coking   

 
The rate of coke formation also depends on the retention of the molecules in the 

pores and the availability of other molecules present to participate in bimolecular 
reactions to produce heavy poly-substituted molecules.  

The deactivation rate also depends on the mode of deactivation. Guisnet [197] 
classified deactivation into 3 categories: 

 
(i) Limited access of reactants to the active sites  
(ii) Blocked access to channel intersections 
(iii) Outer blockage of internal pore volume and channel intersections 

 
The small the pore size of ZSM5 results in lower coke yield in the porous network 

because of shape selectivity. However, pore blockage is more profound due to the 
presence of big molecules. Therefore deactivation due to pore blockage is more 
important than site blockage [197]. 

Based on the above, coke can be distinguished to internal and external, depending 
on whether the molecules were able to access the porous network of the catalyst. The 
overall reactivity of coke under regeneration conditions is important in order to 
establish a regeneration strategy (severity and time). 

For the overall evaluation of the coke (internal/CH2Cl2 soluble or external/CH2Cl2 
soluble) reactivity an isothermal TPO was performed at 550 oC.  
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As shown in Figure 9.9  all the samples exhibited an induction period which is 
related to the oxygen diffusion and intrinsic reactivity of the coke on the outer 
surface. Increasing the WHSV prolonged the induction period which denotes a lower 
reactivity and a higher amount of external coke deposition that limits the diffusion of 
oxygen inside the pores. The catalysts used at lower WHSV were more reactive 
during regeneration.  The lower reactivity of the coke as WHSV increased denotes 
presence of heavy poly-aromatic structures. 

 
Figure 9.9 Effect of space velocity on coke reactivity during regeneration at 550 oC 

 
The above is supported by the qualitative GC/MS analysis of the CH2Cl2 soluble 

coke composition which is shown in Figure 9.10. (Complete list of identified 
compounds is given in Table 9.4). 
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Figure 9.10 GC/MS identified composition of CH2Cl2 soluble coke 

 
The fraction of the benzene derivatives is bigger at increased WHSV. Those 

molecules should be located inside the pores of the catalyst because their boiling point 
is lower than that of the pyrolysis temperature and therefore the molecules would 
have evaporated if located at the outer surface of the catalyst. The rate of diffusion of 
these molecules from the catalyst pores is slow and therefore pore blockage occurred 
faster than their desorption. Naphthalene derivatives occur from condensation of 
benzene and olefininc structures that enter the pores. The low availability of acid site 
per reactant results in polycondensation producing molecules with increased number 
of condensed benzene rings (anthracenes, pyrenes etc). 

The lower WSHV thus, prolongs catalyst activity because it reduces the rate of 
coke formation. Moreover, the reactivity of deposited coke is higher due to the lower 
degree of aromatization. 

The spent catalyst used for the WHSV=0.5 h-1 run was regenerated, examined and 
reused in order to evaluate its structure and activity. 

Figure 9.11  shows the XRD patterns of the fresh and regenerated catalyst. Their 
examination indicates that neither new phases nor changes in the relative intensities 
are observed, while the interplanar spacing‘d’ (Table 9.2) shows that the catalyst 
retained its crystallinity and thus, it can be said that no significant structural 
alterations occurred.  

SEM and TEM microphotographs of the fresh and regenerated catalyst are shown 
in Figure 9.12. 
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Figure 9.11 XRD patterns of fresh and regenerated catalyst (WHSV ½ h-1).  

(a) Fresh catalyst; (b) regenerated at 550oC 

 
Table 9.2 ‘d’ spacing of fresh and regenerated catalyst (WHSV=0.5 [h-1]) 

Fresh Catalyst Regenerated Catalyst 
d[Å] I/Io d[Å] I/Io 

11.9658 100 11.9638 100 
12.0264 99.3 12.0352 95.8 
3.9198 89.9 3.9138 87.8 
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Figure 9.12 SEM and TEM microphotographs of fresh (top row) and regenerated 

catalyst (bottom row) 
 
The catalytic activity was evaluated by monitoring the olefins production in the gas 

stream which indicates that the zeolitic structures are still active.  
Figure 9.13 shows the catalytic activity, expressed in measured gas molar ratios 

during experiment, of the fresh catalyst and regenerated catalyst at 550oC.  
No significant activity change is observed for the same time on stream (90 min). 

This denotes no irreversible high acid strength loss [199], which is consistent with the 
literature that hydrothermally stable modified HZSM5 can be obtained when 
operating temperature is less than 450-500oC [78], [200]. 

This result is important when considering scale up and industrial operation; 
however, continuous regeneration-reaction cycles and microstructure analyses are 
necessary to draw definite conclusions. 
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Figure 9.13 Comparison of cracking activity of fresh and regenerated catalyst 

 
 

 Conclusions 9.3.

The effect of catalyst space time during the catalytic steam pyrolysis of biomass 
over a hybrid catalyst was investigated. 

Generally, lower WHSV favour oxygen rejection as carbon oxides to produce a 
significantly deoxygenated liquid. However, lower liquid yields were obtained while 
char yield remained almost unaffected. 

Lower WHSV produce more aromatic liquid product while guaiacols and phenols 
are slightly affected probably due to the metal functions. 

The coke percentage on the catalyst decreased at increased space times due to the 
lower concentration of reactants per active site due to the longer available desorption 
time.  

The removal of problematic compounds such as carbonyls and acids was almost 
complete (97.7% compared to non-catalytic run) at a WHSV of 0.5 h-1.  

A comparison of reactivity of coked catalysts at different space times showed that 
a more reactive coke is deposited at lower WHSV, which denotes that the main 
deactivation occurs via pore structure blockage. Catalyst was successfully regenerated 
at 550 oC without any significant alterations and XRD and microscopic examination 
indicated no structural defects, while catalytic activity was not significantly affected. 
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Table 9.3 GC-FID/MS identified compounds in organic liquid 
  WHSV 0.5 WHSV 1 WHSV 1.5 WHSV 2 

Non-Aromatic  Compounds 
Carboxylic Acids 
Acetic acid 0.793 0.954 1.088 1.184 
Propionic Acid 0.138 0.226 0.224 0.261 
Butyric acid 0.015 0.000 0.031 0.022 
2-Butenoic acid 0.000 0.026 0.006 0.029 

Alcohols 
Methanol 0.579 1.257 2.102 2.968 

Non Aromatic Ketones 
Acetol (Hydroxypropanone) 0.779 1.196 1.297 1.431 
Butanone, 1-hydroxy-2- 0.081 0.126 0.130 0.150 
Butandione, 2,3-  (Diacetyl) 0.046 0.077 0.104 0.120 
Acetoin(Hydroxy-2-butanone, 3-) 0.000 0.014 0.013 0.015 
Propanone, acetyloxy-2- 0.000 0.070 0.065 0.075 
2,3-Pentanedione   0.005 0.023 0.025 0.029 
2-Butanone,3-hydroxy-
   
  

0.008 0.025 0.000 0.000 
Cyclopentanone 0.016 0.086 0.032 0.037 
Cyclopenten-1-one, 2- 0.054 0.011 0.104 0.121 
Cyclopenten-1-one, 2-
hydroxy-2- 

0.039 0.074 0.071 0.083 

Cyclopenten-1-one, 2-methyl-2- 0.018 0.029 0.036 0.042 
Cyclopenten-1-one, 3-methyl-2- 0.066 0.098 0.149 0.173 
2-Cyclopenten-1-one,3,4-
dimethyl- 

0.004 0.000 0.008 0.009 

Cyclopenten-1-one,2,3-
dimethyl-2- 

0.009 0.000 0.014 0.016 

Cyclopenten-3-one,2-hydroxy-
1-methyl-1- 

0.238 0.416 0.467 0.541 

1,3-Cyclopentanedione, 2-
methyl- 

0.007 0.007 0.000 0.000 

Cyclopentanone, 2-methyl- 0.000 0.000 0.000 0.050  

Heterocyclic  Compounds 
Furans 
Furanone, 2(5H)- 0.058 0.089 0.124 0.103 
Furfuryl alcohol, 2- 0.003 0.007 0.007 0.144 
Furaldehyde, 2- 0.000 0.261 0.295 0.313 
Furaldehyde, 3- 0.004 0.009 0.014 0.019 
Furaldehyde, 5-methyl-2- 0.018 0.027 0.039 0.042 
Furaldehyde, 5(hydroxymethyl),2- 0.083 0.134 0.168 0.145 
Ethanone, 1-(2-furanyl)- 0.004 0.006 0.009 0.009 
Vinylfuran   0.003 0.000 0.000 0.000 
2(5H)-Furanone, 5-methyl-   0.009 0.014 0.016 0.017 
Furan-2-one, 4-methyl-(5H)- 0.011 0.021 0.028 0.029 
Furan-2-one, 3-methyl-, (5H)- 0.070 0.113 0.158 0.000 
Furan-2-one, 2,5-dihydro-3,5-
dimethyl- 

0.011 0.018 0.023 0.024 

Butyrolactone, γ- 0.054 0.086 0.079 0.282 
Carbohydrates         
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Sugars         
Anhydro-β-D-glucopyranose, 
1,6- (Levoglucosan) 

0.197 0.324 0.380 0.413 

Dianhydro-α-D-
glucopyranose, 1,4:3,6- 

0.017 0.025 0.028 0.032 

Anhydro-d-mannosan, 2,3-   0.000 0.040 0.033 0.057 

Aromatic Compounds         
Aromatic Ketones 
Acetophenone, m- hydroxy 0.003 0.010 0.010 0.012 
Benzenes         
Benzene   3.923 3.288 2.31 1.520 
Toluene 8.330 6.120 4.609 2.533 
Benzene, ethyl- 1.155 0.911 0.701 0.507 
Xylene, p-  

  
4.983 4.020 2.733 2.020 

Xylene, o- 0.23 0.192 0.134 0.013 
Xylene, m- 0.947 0.365 0.207 0.093 
Benzene, 1,2,4-trimethyl 0.875 0.007 0.007 0.000 
Benzene, ethyl-dimethyl- 0.655 0.203 0.064 0.000 
Benzene, 1-methoxy-2,3-

    
0.055 0.067 0.000 0.000 

Benzene, 1,2-dimethoxy-3-
   

0.088 0.033 0.000 0.000 
Benzene, tert-butyl- 0.229 0.088 0.003 0.000 
Naphthalene 4.126 2.023 1.160 0.678 
Naphthalene, 2-methyl-    1.665 1.012 0.716 0.159 
Naphthalene, 1-methyl-    0.965 0.566 0.167 0.018 
Naphthalenol, methyl- 0.264 0.133 0.004 0.000 
Naphthalenol, 2- 0.896 0.655 0.415 0.235 
Indene 0.652 0.506 0.202 0.165 
Inden-1-one, 2,3-dihydro-1H- 0.365 0.153 0.097 0.085 
1H-Indene, methyl-    0.177 0.102 0.066 0.047 
1H-Inden-5-ol, 2,3-dihydro-   0.678 0.445 0.212 0.178 
Catechols 
Catechol 0.008 0.005 0.007 0.007 
Hydroquinone(Benzene,1,4-

dihydroxy-) 
0.052 0.081 0.111 0.110 

Benzenediol, methyl- 0.011 0.018 0.023 0.025 
Resorcinol 0.000 0.006 0.000 0.000 

Phenols         
Phenol 2.104 1.515 0.831 0.199 
Cresol, o- 0.480 0.189 0.495 0.251 
Cresol, m- 0.416 0.230 0.194 0.127 
Cresol, p- 0.338 0.381 0.284 0.700 
Phenol, 2,3-dimethyl- 0.019 0.000 0.000 0.000 
Phenol, 2,4-dimethyl- 0.065 0.055 0.042 0.032 
Phenol, 2,6-dimethyl- 0.020 0.062 0.041 0.041 
Phenol, 3,5-dimethyl- 0.050 0.018 0.011 0.000 
Phenol, 2,4,6-trimethyl- 0.014 0.016 0.000 0.000 
Phenol, 2-ethyl- 0.063 0.060 0.021 0.000 
Phenol, 3-ethyl- 0.026 0.022 0.017 0.035 
Phenol, 4-ethyl- 0.000 0.000 0.000 0.013 
Phenol, ethyl-methyl- 0.019 0.008 0.006 0.000 
Benzaldehyde,4-hydroxy 0.029 0.018 0.014  0.009  

Methoxy Phenols (Guaiacols) 
Guaiacol 0.511 0.622 0.685 0.694 
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Guaiacol, 4-methyl- 0.465 0.521 0.582 0.657 
Guaiacol, 4-ethyl- 0.121 0.103 0.126 0.122 
Guaiacol, 4-vinyl- 0.019 0.022 0.017 0.015 
Guaiacol, 4-allyl- (Eugenol) 0.088 0.087 0.100 0.088 
Guaiacol, 4-propyl- 0.096 0.084 0.087 0.078 
Guaiacol, 4-propenyl- cis 
(Isoeugenol) 

0.056 0.061 0.065 0.063 

Guaiacol, 4-propenyl-(trans) 
(Isoeugenol) 

0.142 0.130 0.125 0.109 

Vanillin 0.374 0.333 0.357 0.348 
Phenylacetaldehyde, 4-
hydroxy-3-methoxy- 
(Homovanillin) 

0.000 0.085 0.102 0.081 

Homovanillyl alcohol  0.000 0.000 0.000 0.017 
Dihydroconiferyl alcohol 0.074 0.135 0.157 0.164 
Coniferyl alcohol (cis) 0.021 0.036 0.021 0.043 
Phenylethanone, 4-hydroxy-3-
methoxy- (Acetoguajacone) 

0.291 0.242 0.266 0.226 

Guaiacyl acetone 0.760 0.676 0.607 0.603 
Coniferylaldehyde 0.033 0.044 0.020 0.045 
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Table 9.4 GC/MS identified compounds in CH2Cl2 soluble coke (Peak Area %) 

 

WHSV 
0.5 WHSV 1 WHSV 

1.5 WHSV 2 

Benzene derivatives 
Toluene 3.99 4.51 3.51 4.57 
p-Xylene 6.07 6.81 7.29 3.85 
Mesistylene 4.27 5.29 6.14 2.11 
Benzene 1,2,3 trimethyl 6.54 7.51 9.19 12.86 
benzene,(2-methylene-1 
phenylcyclopropyl)- 1.27 0.00 0.54 0.00 

Naphthalene derivatives 
Naphthalene 0.96 0.75 0.40 3.24 
Naphthalene 1-methyl 4.68 0.00 0.53 0.16 
Naphthalene 2-methyl 4.35 4.39 3.38 7.06 
Naphthalene 1,6-dimethyl 5.55 0.00 0.00 0.00 
Naphthalene 1,4-dimethyl 3.17 0.00 0.00 0.00 
Naphthalene 2,7-dimethyl 6.18 6.78 6.15 2.47 
Naphthalene 2,3-dimethyl 3.31 4.21 3.43 3.13 
Naphthalene 1,5-dimethyl 1.41 0.00 1.29 1.40 
Naphthalene 1,4,6 -trimethyl 8.43 9.73 8.33 3.82 
Naphthalene 1,6,7 -trimethyl 7.54 10.09 7.70 3.42 
Naphthalene 2,3,6 -trimethyl 0.00 0.81 1.23 0.00 
5,6,7,8-tetrahydro-1-phenylnaphthalene 1.43 0.00 0.26 2.25 

Phenanthrene  derivatives 
4-Phenthrenol 0.00 0.25 0.00 1.12 
Phenanthrene 3,6 dimethyl 0.42 2.66 1.55 3.19 
3-Phenanthrol 0.00 0.00 0.00 1.76 
Phenanthere,2.3.5-trimethyl 0.58 0.00 2.18 0.83 

Anthracene  derivatives 
Anthracene 2- methyl 0.22 1.46 0.81 3.84 
2-methoxy-6-methylanthracene 0.54 0.28 0.91 3.94 
9,10-Dihydro-,9,10-
dimethylbenz[a]anthracence 0.00 0.00 1.08 4.02 

Fluorene  derivatives 
9-Ethylfluorene 1.24 0.00 0.53 2.18 
9 -Ethynyl-9fluorenol 0.15 0.00 0.00 0.83 
9H-Fluoren-9-one,2.3-dimethyl 
ethynyl-9fluorenol 0.23 0.81 1.55 3.35 

11H-benzo[a]fluoren-11-one,10-
methyl- 0.00 0.47 0.00 3.42 

Pyrene  derivatives 
Pyrene1,2,3,3a,4,5-hexahydro 0.19 0.35 2.01 2.59 

Miscellaneous 
3-Phenyl-1-indanone 3.27 0.00 0.27 3.62 
Phenol, 4,4;-(1-methylidenebis-) 0.00 0.00 0.26 2.25 
benzo[e] 1 H indene, 1,2,3a,4,5,9b-
hexahydro-7-methoxy-3-oxo-3a,9b-
dimethyl 

0.00 0.00 2.18 1.72 

Chrysene,6-methyl 0.00 0.81 10.25 0.00 
1-Phenyldibenzofuran 0.00 0.51 0.71 4.99 
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CHAPTER 10 
10. General Conclusions- Future 
Recommendations  

 Conclusions 10.1.

The conclusions can be divided into the following categories: 
1. Effects of steam  
2. Effects of metals 
3. Effects of zeolite  
4. Effects of catalyst space velocity 

 

10.1.1. Steam Effects 

Steam generally affects the product distribution and composition during the 
thermal decomposition of biomass, which indicates interaction with all pyrolysis 
products. 

In the presence heat and mass transfer limitations, such as those encountered in 
fixed bed reactors, steam accelerates the devolatilisation rate of the raw material. This 
acceleration can be attributed to the interaction  between the steam and the softened 
solid matrix of the raw material which enhances the desorption of volatiles. The 
resultant char, which is poorer in volatile content and is suitable for use in several 
applications (activated carbon precursor, solid biofuel, solid amendment or reducing 
agent) is indicative of those interactions. Moreover, the parental morphology of  char 
is maintained, which indicates that pore clogging is minimised and supports the 
enhanced desorption of volatile matter due steam presence.  

The gas evolution during material decomposition indicates that steam-vapours 
interactions also take place while there is indication of indirect hydrogenation at the 
early stages of devolatilization at lower temperatures. 

Steam pyrolysis in fixed bed reactors could be used for production of carbon 
enriched solid material while byproducts obtained (gas and liquids) are of  higher 
value than conventional pyrolysis.  

During the fast pyrolysis of biomass in the presence of steam, higher organic liquid 
yields are obtained for S/C molar ratios less than 1. This is attributed to the 
stabilisation of produced radicals and the limitation of the dehydration reactions that 
produce olefininc and unstable products. The increased sugars content, compared with 
that obtained from N2 pyrolysis, indicates that dehydration is limited. The decreased 
concentrations of acids and carbonyls obtained during steam treatment indicate that 
decarbonylation and decarboxylation reactions are favoured, which produce products 
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with reduced oxygen content. The presence of steam seems to more markedly affect 
the holocellulose decomposition while temperature most strobly affect the 
decomposition of lignin. Steam seems to act also as an H-donor, which reduces the 
polycondensation reactions. 

10.1.2. Effects of Ni and V 

Both selected metals are active in the de-oxygenation of produced vapours. The 
supported NiO reduced in-situ to Ni during the pyrolysis which can enhance H 
transfer reactions. The H2 concentration in the produced gases increased, which 
indicates enhanced WGS and steam reforming reactions. 

 Vanadium-containing catalysts are more selective in the reduction of carbonyl-
containing compounds (mainly acids and ketones). 

The aldehydes content slightly increased when using the bimetallic (Ni-V) 
catalysts, which denotes that selective deoxygenation is possible via the MvK 
mechanism. Both metals, showed activity towards the production of phenols. The SI 
of vanadium-containing catalysts was the highest due to selective de-oxygenation via 
decarboxylation and decarbonylation compared to Ni, for which dehydrogenation and 
dehydration are more profound. Moreover, the LO of V-catalysts was lower than that 
of Ni catalysts. However, the overall deoxygenation activity was considerably lower 
than Ni catalysts. The bimetallic catalyst showed combined activity. Bimetallic (Ni-
V) catalysts can incorporate increased selectivity and activity towards specific de-
oxygenation pathways. 

10.1.3. Effect of zeolite content 

Increased zeolite content reduced the yield of liquid product which had 
significantly lower oxygen and preserved H content. However, increased zeolite 
content results in increased coke formation on the catalyst.  

The metal/zeolite content did not significantly affect the char yields indicating their 
thermal origin. 

 The catalytic activity declines due to coke deposition at longer time on stream. 
While zeolite deoxygenates acids and carbonyls, the metal functions seem to promote 
oxygen removal and the transformations of phenols and methoxy phenols. However, 
all catalysts showed some catalytic activity as expressed by different gas ratios even 
after 90 min on stream which denotes the attenuating effect of steam on the 
deactivation due to coke deposition. 

Competitive steam adsorption on the acid sites of the zeolite seems to lower the 
conversion to aromatics via Diels Alder cyclisation of olefins, which is promoted by 
the increased availability of acid sites with increasing zeolite content.  

Low zeolite loading promotes the dehydration of primary pyrolytic products 
(sugars) towards the formation of furans, which further react at higher zeolite  
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loadings to produce hydrocarbons (aromatics  and olefins). Ni-V seems to promote 
the production of some hydrogenated products.  

Low  PAH formation was observed even at the highest zeolite loading which can 
be attributed to the presence of steam and the hydrogenation of unsaturated 
compounds. 

10.1.4. Effect of  space time 

Generally, increased space times favour oxygen rejection as carbon oxides to 
produce a significantly deoxygenated liquid. However, lower liquid yields were 
obtained, while the char yield remained almost unaffected. 

The coke percentage on the catalyst is reduced at increased space times due to the 
lower concentration of reactants per active site and the longer desorption time.  

Comparison of reactivity of coked catalysts at different space times showed that at 
increased space times more reactive coke is deposited on the catalysts which denotes 
that the main deactivation mechanism is coke formation inside the pore structure 

The regeneration of the catalyst at low temperatures seems to restore the catalytic 
activity,  while the XRD and microscopic analysis indicate no significant structural 
defects, which suggests that the catalyst is hydrothermally stable. 

Overall, the modified reaction environment and bimetallic (Ni-V) multifunctional 
catalysts based on ZSM5 zeolites, promote  hydrogen production and transfer within 
the reaction system to produce a de-oxygenated liquid with preserved H content. 

 Recommendations for future research-development 10.2.

The nature of research requires continuous investigation and development of 
current or promising technologies. Several aspects can be further investigated. Those 
could include process as well as  catalyst  optimisation and development. 

• A detailed investigation of the catalyst stability and activity during 
continuous reaction–regeneration cycles in a circulating fluidised bed 
reactor, which could include: 

(a) The effect of the regeneration parameters (temperature, residence time, 
reaction atmosphere, etc. ) 

(b) The effect of accumulated ash in the system. 
• Investigation of the reproducibility of the hybrid catalyst. 
• Investigation/optimization of catalyst preparation techniques such as: 

a) Optimisation of metal content 
b) Other modification techniques of the zeolite such as ion exchange, co-

precipitation etc.  
c) Preparation parameters such as the calcination temperature, duration etc. 
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• Model compound studies to develop a better understanding of reaction 
mechanisms and obtain the kinetic parameters of the underlying 
transformations.  

• Incorporation of promoters, such as CO oxidation promoters, or other 
functions that may reduce pollutant emissions as well as coke  formation 
and reduce regeneration temperature. This aspect is quite important for 
catalyst stability and the environmental acceptance of the process.  

• Recirculation of the produced gases in the reactor would increase the 
carbon conversion via aromatisation, alkylation, di-/tri-/oligomerization of 
light olefins. Moreover, the presence of CO in gases would increase H2 
production through WGS. The latter can be achieved in situ or in a WGS 
reactor upstream the pyrolysis reactor with or without additional CO2 
separation. In addition, the recirculation of produced gases will reduce the 
increased gas requirements of the riser. 

• Selection of different metals and/or zeolites. 
• Investigation of the recovery/separation techniques  of organics and water. 
• Finally, a combination of catalytic pyrolysis and biomass pretreatment 

technologies will increase the quality of products, reduce the risk for 
catalyst deactivation and increase the flexibility of the process to different 
feedstocks. 
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