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Abstract

Depleting sources of fossil fuels and harmful consequences of greenhouse gas emissions on the
environment have heightened the necessity of renewable energy resources. Among the different
existing sources, biomass presents a considerable potential. This research work aimed at
investigating the pyrolysis of flax shives and beech wood residues, which are biomass residues
commonly found in the Normandy region, so as to produce and upgrade a bio-oil capable of being
used as a bio-fuel in combustion engines. The objective of this thesis was thus to provide a detailed
characterisation of the products obtained from the pyrolysis of the two chosen biomasses and their
pure components (cellulose, hemicellulose and lignin) in a semi-continuous system. A catalytic de-
oxygenation treatment was then employed to upgrade the properties of the bio-oils obtained. The
catalysts used were zeolite-based (HZSM-5 and H-Y), the latter zeolites modified by iron and metals
(Pt and CoMo) supported on alumina. It was observed that, in a semi-continuous setup, pyrolysis at
500 °C under 500 mL/min of nitrogen, followed by a catalytic de-oxygenation using Fe-HZSM-5 as

catalyst, gave the best results in terms of bio-oil yield and de-oxygenation degree.

The effect, on the pyrolysis products, of changing the pyrolysis reactor technology to a continuous
drop-tube reactor was also investigated. This reactor was similarly coupled with a catalytic de-
oxygenation treatment step occurring in a separate fixed bed reactor. It was found that despite a
change in reactor technology, the optimal operational conditions remained the same, although a
non-negligible difference was noticed with respect to the de-oxygenation degree. This difference was
attributed to the effect of contact time. Finally, the efficiency of the catalyst used during the
continuous pyrolysis was monitored in time. It was seen that over time, the catalyst presented a

diminishing activity, indicating the presence of a de-activation phenomenon.

Keywords: Pyrolysis; biomass; catalytic de-oxygenation; Fe-HZSM-5; HZSM-5; drop-tube reactor; bio-

oil.



Résumé

L’épuisement des sources d’énergie fossile et les conséquences nocives des gaz a effet de serre sur
I’environnement ont accru la nécessité de I'utilisation des énergies renouvelables. Parmi les
différentes sources, la biomasse posséde un potentiel considérable. Ce projet de recherche vise a
étudier la pyrolyse des anas de lin et du bois de hétre, des biomasses qui se retrouvent
communément dans la région Normandie, afin de produire et d’améliorer une bio-huile capable
d’étre utilisée comme bio-carburant dans les moteurs a combustion. L'objet de cette thése est donc
de fournir une caractérisation détaillée des produits de la pyrolyse des deux biomasses choisies et de
leurs constituants purs (la cellulose, I’hémicellulose et la lignine) dans une installation semi-continue.
Un traitement catalytique de désoxygénation a ensuite été employé pour améliorer les propriétés
des bio-huiles obtenues. Les catalyseurs utilisés sont a base de zéolithes (HZSM-5 et H-Y), des mémes
zéolithes modifiées au fer et de métaux (Pt, CoMo) supportés sur alumine. Nous avons constaté que,
dans une installation semi-continue, une pyrolyse a 500 °C, sous 500 mL/min d’azote, suivie d’une
désoxygénation catalytique en utilisant Fe-HZSM-5 comme catalyseur, donnait les meilleurs résultats

en termes de rendement en bio-huiles et de taux de désoxygénation.

L'effet d’'un changement de technologie de réacteur de pyrolyse en utilisant un réacteur continu a
chute sur les produits de la pyrolyse a aussi été examiné. Ce réacteur a également été couplé a une
étape de traitement catalytique de désoxygénation dans un réacteur a lit fixe indépendant. Il a été
apercu qu’en dépit d’'un changement de technologie de réacteur, les conditions opératoires
optimales restaient les mémes avec cependant, une différence non négligeable au niveau du taux de
désoxygénation. Cette différence a été attribuée a I'effet du temps de contact. Finalement,
I'efficacité du catalyseur utilisé lors de la pyrolyse en continu a été suivie dans le temps. Il a été
constaté qu’au cours du temps, le catalyseur démontrait une activité décroissante, indiquant qu’un

phénoméne de désactivation était présent.

Mots clés : Pyrolyse ; biomasse ; désoxygénation catalytique ; Fe-HZSM-5 ; HZSM-5 ; réacteur a
chute ; bio-huile.



GENERAL INTRODUCTION




General Introduction

Energy has always been considered to be the cornerstone of economic and social development for
any country. However, the world’s energy markets rely heavily on the fossil-derived fuels, as shown
in Figure 1. The reserves of these fuels are finite and rapidly depleting (Agbontalor, 2007). Given the
limited availability of fossil fuels and the growing awareness of the detrimental environmental
consequences resulting from greenhouse gas emissions, the importance of renewable energy
resources in developed and developing countries has been reinforced. In this regard, agricultural
residues in the form of biomass can play a significant role in biomass energy generation (Oladeji and

Enweremadu, 2013).

World energy mix

W Hydropower
E Renewables
E Nuclear

Figure 1: World energy mix as of end of 2017 (Adapted from BP Global, 2018)

= Oil

| Coal
@ Natural gas

Biomass is constituted of three main polymers, which are cellulose, hemicellulose and lignin. The
thermochemical transformation of biomass includes a number of possible processes to produce from
the initial biomass feedstock useful fuels and chemicals. Some examples of such conversion
processes are thermochemical processes like combustion, carbonisation, gasification or pyrolysis,
which are more convenient for solid residues. Then, there exist bio-chemical processes such as
methanisation, mostly advised for fermentable organic matter (ADEREE, 2014). Biomass pyrolysis is a
promising process, in which an organic material is rapidly heated in a controlled environment and in
the absence of oxygen to produce mostly a liquid product: the bio-oil. The latter is essentially
composed of oxygenated compounds and can be used directly to generate heat or be further

upgraded to a fossil fuel substitute with improved properties.



This work has been funded by the regional council of Normandie and the European regional
development fund (ERDF) under the banner of the Bio-Engine project. The main aim of this work was
to firstly provide a detailed characterisation of the products obtained from the pyrolysis of biomass
residues and pure woody biomass components, and the upgrading of the properties of the bio-oil
obtained through catalytic de-oxygenation, as illustrated in Figure 2. Also, the effect on the pyrolytic
products of changing the process from a semi-continuous one to a continuous one was investigated,
again coupled with a catalytic de-oxygenation treatment and finally, the performance of the catalyst

during the course of the continuous reaction was monitored.

_— . Catalytic
Pyrolysis //T treatment
IS
Biomass Crude
bio-oil
Oxygen Improved

bio-oil

Figure 2: Aim and proceeding of research work

Thesis structure

The following part details the content of the different chapters included in this research work:

Chapter 1 presents a brief literature review of the different aspects pertinent to biomass pyrolysis
and catalytic pyrolysis of biomass. The various technologies included in biomass transformation are
presented. Then, the biomass pyrolysis process is detailed and a comprehensive review of catalytic
pyrolysis of biomass is given. Finally, a brief survey on the de-activation of catalysts during catalytic

pyrolysis is presented.

In Chapter 2, beech wood, flax shives and the three biomass components: cellulose, hemicellulose
and lignin, were pyrolysed at 450, 500, 550 and 600 °C in a semi-continuous reactor under the same
operating conditions. The liquid bio-oil samples recovered in each case were analysed through gas
chromatography-mass spectrometry (GC-MS) and gas chromatography-flame ionisation detection
(GC-FID) to identify and quantify the different molecules present. The molecules were then grouped
into different chemical families, each having the same main functional group. As for the non-
condensable gases, they were analysed by GC-FID and GC-thermal conductivity detection (TCD).

Then, principal component analysis (PCA) was used to visualise the global trend of the data.



Chapter 3 presents a detailed analysis of the catalytic de-oxygenation of the liquid and gaseous
pyrolytic products of the same two biomasses as above, using different catalysts (commercial HZSM-
5 and H-Y, and lab-synthesised Fe-HZSM-5, Fe-H-Y, Pt/Al,O; and CoMo/Al,O;). The experiments were
all conducted in the same reactor as above at 500 °C and under 500 mL/min N,. The catalysts were
characterised by using several techniques such as BET specific surface area, BJH pore size distribution

and FT-IR.

The purpose of Chapter 4 is to investigate the pyrolysis of the three principal components of biomass
(cellulose, hemicellulose and lignin) using the two most efficient catalysts as found in Chapter 3
(HZSM-5 and its iron-modification, Fe-HZSM-5) so as to propose transformation schemes for the
different de-oxygenation reactions occurring through the use of these catalysts. The effects of the
two catalysts studied have been investigated by examining the composition of the bio-oils and non-

condensable gases produced.

Finally, Chapter 5 presents a continuous setup for the pyrolysis reaction: the drop tube reactor (DTR).
This reactor was connected to a fixed bed catalytic reactor so as to study the effect of this kind of
setup on the pyrolytic products as a comparison to the semi-continuous system and also, attempt to
monitor the de-activation of the catalyst. The pyrolysis of beech wood without the use of catalysts
was investigated by varying the DTR reactor temperature (500, 550 and 600 °C) and the gas
residence time by varying the nitrogen flow rate (500, 1000 and 2000 mL/min). Then, the catalyst
was placed in the fixed bed reactor, the temperature of which was varied (425, 450 and 500 °C). The
liquid and gaseous products formed were collected periodically in time and analysed so as to

examine the de-activation of the catalyst.
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Chapter 1

1. Literature review

1.1 Introduction

This chapter presents a brief literature review of the different aspects pertinent to biomass pyrolysis
and catalytic pyrolysis of biomass. The term “biomass” is firstly defined an overview of the
composition of biomass is given; the various technologies included in biomass transformation are
then presented. Afterwards, the biomass pyrolysis process is detailed and a comprehensive review of
catalytic pyrolysis of biomass is given. Finally, a brief survey on the de-activation of catalysts during

catalytic pyrolysis is presented.

1.2 Definition of biomass

The term “biomass” is used to describe any material from biological origin, such as plant materials
(Crocker, 2010). This term can also be applied to organic waste originating from agriculture and
forestry, like wood and vegetal matter. It represents furthermore municipal or industrial organic
waste, mud from treatment plants or even biogas produced during fermentation of waste, all of
which can be used as heat or electricity sources. Biomass thus encompasses all the sources of energy

originating from the degradation of organic matter (Lambert and Rohfritsch, 2013).

However, a divergence does exist in people’s minds today; some do not consider biomass to be a
renewable source of energy. This reasoning treads along the following path: if the wood which has to
be utilised as a source of biomass is harvested in line with its production, this wood is considered as a
renewable energy source. But, in most cases, wood is over-exploited. Whole forests are destroyed so
that wood can be used as energy source. In these cases, the biomass cannot be called a renewable
source as it gets depleted more rapidly than it is produced (Bichat and Mathis, 2013; Dufour, 2016;
Francois et al., 2018).

Biomass is typically categorised into two types (Lambert and Rohfritsch, 2013):

1) Dry biomass: various ligneous waste; includes lignocellulosic biomass,

2) Wet biomass: agricultural or food waste; can be transformed into energy or manure.

1.3 Composition of lignocellulosic biomass
Biomass, either from forestry or agriculture, is always constituted of three main polymers, which are
cellulose, hemicellulose and lignin. The composition has been illustrated in Figure 1.1. The typical

values have been listed in Table 1.1.
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Table 1.1: Fractions of cellulose, hemicellulose and lignin in biomass (McKendry, 2002)

Biomass Cellulose (wt. %) Hemicellulose (wt. %) Lignin (wt. %)
Hardwood 45-50 20-25 20-25
Softwood 35-50 25-30 27-30

1 i
»@@gs
Plant cell ' @

1.3.1 Cellulose

Firstly, cellulose is known to be a linear polymer having a high molar mass and having cellobiose as
monomer. Cellobiose is made up of two glucose units linked by a B-glucosidic bond. A network of
intra- and inter-molecular hydrogen bonds links the cellulose molecules to one another and this

phenomenon gives rise to fibrils. Cellulose is partially crystallised and represents about 40 to 50 % of

Pentose
Hexose )0 0D B e
) O B2 90D & T 0D
@ O30 (I 1 @ D 03

10-20nm

Figure 1.1: Biomass composition (Adapted from Hao and Loqué (2017))

the dry weight of wood (Jamart et al., 2015). The structure is depicted in Figure 1.2.

HO OH
HO (0]
(0]
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O _lo 0 O o o)
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OH Ho OH
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—n

Figure 1.2: Cellulose structure (Université de Waikato, 2015)
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1.3.2 Hemicellulose

The second major component of lignocellulosic biomass is hemicellulose. It represents about 20-40 %
of the biomass weight. It constitutes a group of complex polysaccharides recognisable by their
solubility in alkaline solutions and their insolubility in water (Wertz, 2011). Hemicellulose chains
generally comprise of D-glucose, D-mannose, D-galactose, D-xylose, L-arabinose and small quantities
of L-rhamnose, 4-O-methyl-D-glucorinic acid and D-galactoronic acid (Navi and Heger, 2005). The

principal polysaccharides of the hemicellulose structure have been represented in Figure 1.3.

Pentoses Hexoses Hexuronic acids  De-oxy-hexoses
CH,0H COOH CHy
O__OH O__oH O, _oH O__oH
HO HO HO HO
HO  on HO  on HO  oH HO  on
[-D-xylose B-D-glucose [B-D-glucoronic acid «a-L-rhamnose
CH,OH COOH CHs
O,__oH O,_oH O,_OH O.__oH
HO HO HO HO
HO  oH HO oK HO  oH HO oH

a-L-arabinopyranose

[-D-mannose

a-D-4-0-methylglucoronic acid a-L-fucose

CH,OH COOH
0._OH
HOH,C Oy OH O, _oH
HO HO
HO  oH HO  on HO  oH

a-L-arabinofuranose

a-D-galactose

a-D-galactoronic acid

Figure 1.3: Principal polysaccharides in hemicellulose (INP Toulouse, 2005)

1.3.3 Lignin

Lignin, which is the third major component of lignocellulosique biomass, is a tri-dimensional polymer
made up of phenylpropanes. It is non-fermentable, insoluble and hydrophobic and it gives rise to a
physical barrier that limits accessibility to cellulose. It represents around 20-30 % of the dry wood
(Broust et al., 2008; Jamart et al., 2015). Lignin does not possess a unique structure; its structure is
dependent upon its environment and the physical and chemical conditions of the biomass. However,
it is known to consist of at least three monomers: coumaryl alcohol, coniferyl alcohol and sinapyl

alcohol, as illustrated in Figure 1.4.
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CH,OH CH,0H CH,0H
GH G GH
CH CH CH
OCH;  H,CO OCHj
OH OH OH
Coumaryl alcohol Coniferyl alcohol Sinapylalcohol

Figure 1.4: Monomers of lignin (Prat, 2012)

Lignin units are interlinked by carbon-carbon bonds or by ether bonds. The latter represent more
than two-thirds of the bonds within ligneous structure. As every unit can be linked to its neighbour
by a single, double or triple bond, lignin is known as a crosslinked polymer. The most frequent bonds
encountered in native lignin are ether bonds, named 8-0-4’. Apart from the latter bonds, which bring
along a certain liability, there exist resistant inter-unit bonds, known as condensed linkages. They
consist of 4-0-5’, 5-5’ and 6-5’ bonds (Jouanin, 2006; Liitid et al., 2002). The afore-discussed bonds

are represented in Figure 1.5.

(a)

OMe

OMe

Figure 1.5: Inter-unit linkages in lignin, (a) 8-0-'4 bonds and, (b) condensed linkages (Adapted from Méchin,

2015)

The three afore-mentioned polymers (cellulose, hemicellulose and lignin) have long been studied
separately to try and gauge the behaviour of biomass in different thermochemical processes,
including pyrolysis (Beis et al., 2010; Carrier et al., 2017; Collard and Blin, 2014; de Wild et al., 2009;
Lin et al., 2009; Patwardhan et al., 2011a; Stefanidis et al., 2014). However, it has been demonstrated

that just studying the polymers, or pseudo-components, separately does not reflect the actual

7
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behaviour of the biomass. Indeed, when the three polymers are intertwined together in the biomass
matrix, there exist some physico-chemical interactions between them that should also be taken into
consideration. These interactions demand energy to be undone and so, influence the behaviour of

the biomass as a whole (Mohabeer et al., 2017).

1.3.4 Minerals

In addition to the three major components of lignocellulosic biomass, the latter is also comprised of
mineral matter and extractives. The mineral composition varies according to the type of biomass.
These substances are generally found in the ash content after the processing of the biomass, or
sometimes in chemical groups such as amides found in the bio-oil collected from the pyrolysed
biomass (Mohabeer et al., 2017). The minerals essentially include calcium (Ca), silicon (Si), potassium
(K) and phosphorus (P) (Llorente and Garcia, 2006). The typical mineral content for wood as biomass

is around 4 wt. % (Vassilev et al., 2010).

1.3.5 Extractives

Extractives involve material derived from living cells of wood, and generally represent 4-20 % of the
dry mass of wood. The composition of extractives is generally very varied; the content and
composition are dependent upon the species (Badea et al., 2008). The following can be

distinguished:

1) Waxes and fats present in wood in the form of fatty acids linked to glycerol, and
2) Terpenes (complex molecules which are the source of odours and which possess antiseptic

properties) (Stevanovic, 2007).
1.4 Conversion of biomass

1.4.1 Biomass conversion pathways

Biomass can be converted through the following methods (ADEREE, 2014):

1) Thermochemical processes: more convenient for solid residues, examples are combustion,
carbonisation, gasification or pyrolysis.

2) Bio-chemical processes: advised for fermentable organic matter such as very humid organic
waste, household waste, manure; an example is methanisation. The process consists of an

enzymatic degradation of the organic fraction by micro-organisms.

Figure 1.6 depicts the different biomass transformation pathways, from raw material to finished

products, as seen in literature.
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Figure 1.6: Biomass transformation pathways (Adapted from EUBIA (2007))

1.4.2 Categorisation of fuels

Typically, bio-fuels are classified as being first-generation, or second-generations ones (EUBIA, 2007).
The simplest way to utilise raw, unconverted biomass (like harvest, industrial or household residues)
is essentially as fuel in an open fire to produce heat for cooking or warming water or air in residential

areas. This utilisation of biomass comprises of first-generation bio-fuels.

On the other hand, with emerging new technologies dating back a few years, biomass can directly or
indirectly be converted into solid, liquid or gaseous fuels. Consequently, it can be claimed that
second-generation bio-fuels are thus modified first-generation bio-fuels (EUBIA, 2007). However, the
handling of solid biomass remains a daunting task and it is not very practical as well because the
energy density is quite low. Hence, methods to convert solid biomass into liquid bio-fuels have been
developed; these liquid bio-fuels are easier to store and transport (Haykiri-Agma, 2003). Now, the
liquid bio-fuels themselves can be categorised into first-, second- and third-generation ones,
depending on the raw material and the transformation technique used. This is illustrated in Figure

1.7.
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These liquid bio-fuels present an alternative to the liquid fuels derived from fossil sources such as

diesel. The liquid bio-fuels can normally be utilised in an equivalent manner as the fossil-based ones

in order to produce electricity, in the transport sector or even to in combustion engines. This is the

main reason why they have aroused much interest during recent years.

Liquid bio-fuels

First-generation

Grain products, Grain products,

possessing high which can be
amounts of pressed into

carbohydrates vegetable oil

(can be fermented (can be used for bio-
into bio-ethanol) diesel production)

Second-

generation Third-generation

Products from non-
food sector, such as
cellulosic bio-fuels
and biomass
residues

Products from

algae, by extraction
of oil

Figure 1.7: Categorisation of liquid bio-fuels (Adapted from energypedia.info, 2016)

1.5 Pyrolysis of biomass

The term “pyrolysis” comes from its etymological sense, “pyro” (fire) and “lysis” (cut). The process is

considered to be the primary decomposition process of biomass. It produces non-condensable gases,

condensable vapours and a solid, in variable proportions depending on the operating conditions and

the raw material used. The final products obtained may be valorised as shown in Figure 1.8.
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Figure 1.8: Utilisation chain of pyrolysis products (Adapted from ADEME (2001))
Pyrolysis can mostly be classified into three types (Dhyani and Bhaskar, 2018):

1) Classical or slow pyrolysis: this technique is one of the oldest used for the treatment of
biomass into charcoal. Low heating rates (0.1 to 2 °C/min) have been reported for this
technique.

2) Intermediate pyrolysis: this technology is usually carried out in the 300-500 °C temperature
range. More controlled chemical reactions take place; reaction conditions and parameters can
be more optimised. Process still aims at optimising liquid production.

3) Fast pyrolysis: this process aims at producing a high yield of liquid by carefully controlling
process parameters. The purpose is to prevent further cracking of pyrolysis products into non-
condensable compounds. Temperatures used fluctuate around 450-600 °C and short residence

times (< 2 s) are typically used.

The above-mentioned classification can be illustrated in a diagram as illustrated in Figure 1.9. It
should be noted that the heat flux density depends on the type of reactor and is equal to the
external heat transfer coefficient (W/m?.K) multiplied by the difference in temperature between the
heat source in the reactor and the surf ace of the particle (Dufour, 2016). One observation stemming
from the figure below was that not a lot of difference was found between fast and intermediate
pyrolysis in terms of product distribution in literature (Bajus, 2010; Mohabeer et al., 2017); both

classes of pyrolysis have as aim a maximum production of liquid as end product.
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Figure 1.9: Pyrolysis processes classification (Adapted from Deglise (2007))

1.5.1 Reactors utilised for biomass pyrolysis

As there have been hundreds of technologies used for this process (Rousset, 2014), this part will only
present the most commonly-used types of reactors in pyrolysis technologies aiming at maximising
liquid fuel production. There are five main types of reactors utilised for the afore-mentioned process:
ablative, conical spouted bed, rotating cone, Auger and fluidised bed reactors (bubbling and
circulating) (Garcia-Nunez et al., 2017; Jiang et al., 2015; Ronsse, 2016). Their schematics have been
presented in Figure 1.10, while Table 1.2 illustrates the comparison between the different pyrolysis

process technologies, the different reactors, their technologies and their status as of 2017.
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Figure 1.10: Schematics of some fast pyrolysis reactors (a) Ablative, (b) Conical spouted bed, (c) Rotating
cone, (d) Auger, (e) Bubbling fluidised bed and (f) Circulating fluidised bed reactors (Amutio et al., 2013;
Dutton, 2018; IEA Bioenergy, 2018; Ronsse, 2016)
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Table 1.2: Summary of some different pyrolysis process technologies (Bridgwater, 1999) and technology statuses of pyrolysis reactors

Type of reactor
(Temperature
ranges used)

Company (Country)
(Technology status)

Features

References

Ablative
(500-700 °C)

Pytec (Germany)
(Demonstration)

Possibility of large particle sizes

High mechanical char abrasion from biomass
Compact design

Problematic heat supply

Heat transfer gas not required

Carrier has not always a necessity

(Bridgwater, 2012)

Conical spouted
bed
(350-700 °C)

Ikerlan (Spain)
(Pilot plant)

Construction and design simplicity

Low charge loss

Vigorous contact between particles

High heat and mass transfer rate between phases
Versatility in the gas flux

Low residence time of gas

Ease of the operation in a continuous regime with
solids

(Arabiourrutia et
al., 2017,
Bridgwater, 2012;
Schulzke et al.,
2016)

Rotating cone
(300-600 °C)

BTG-BTL (The Netherlands)
(Commercial)

Low wear of equipment

Complex process

Can only be performed at small scale
Can only deal with small particle sizes

(Bridgwater, 2012;
BTG, 2015; Rasul
and Jahirul, 2012)

Auger
(400-600 °C)

BioGreen Spirajoule (France), Genesis Industries
(USA), BioMaCon GmbH (Germany), Karr Group
(USA), Polvax (Ukraine), Pro-Natura (France)
(Commercial)

Biolig (Germany), Energy Farmers (Australia),
ABRITech (Canada), Renewable Qil International LLC
(USA)

(Demonstration)

Compact process

No carrier gas required

Requires lower process temperatures
Moving parts typically found in hot zones
Heat transfer only suitable for small scale

(Bridgwater, 2012;
FAO, 2006; Garcia-
Nunez et al., 2017;
Jahanshahi et al.,
2015; Rasul and
Jahirul, 2012;
Siemons and
Baaijens, 2013)
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Fraunhofer UMSICHT and Susteen Technologies
(Germany), Alternative Energy Solutions Ltd. (New
Zealand), Renewable Oil Int. (USA)

(Pilot plant)

Bubbling fluidised
bed
(500-800 °C)

Anellotech (USA), Valmet-Fortum (Finland),
Agritherm (Canada), RTI (USA), Avello Bioenergy
(USA), Bioware (Brazil), Biomass Engineering Ltd.
(Belgium & UK), Nettenergy BV (The Netherlands)

(Commercial/Demonstration)

High heat transfer rates

Heat supplied to fluidising gas, or bed, directly
Limited char abrasion

Very good solid mixing

Particle size limit (< 2 mm)

Simple reactor configuration

(Bridgwater, 2012;
Garcia-Nunez et
al., 2017; Meier et
al., 2013)

Circulating fluidised
bed
(450-800 °C)

Ensyn (USA), Envergent technologies (USA), Metso
(Finland), Inaeris Technologies (USA)
(Commercial/ Demonstration)

High heat transfer rates

High char abrasion from biomass and char erosion,
leading to high char content in products
Char/solid heat carrier separation required

Solid recycle required, leading to increased
complexity of system

Maximum particle sizes up to 6 mm

Possible liquid cracking by hot solids

Possible catalytic activity from hot char

Greater reactor wear probable

(Bridgwater, 2012;
Garcia-Nunez et
al., 2017; Meier
and Faix, 1999)
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The reactors listed above include those that perform at a semi-industrial or industrial scale. However,
according to Lam et al. (2016), most of the studies on biomass pyrolysis at laboratory scale are
conducted on batch reactors. The advantages are that better process simplicity is offered, no high-
pressure pump or compressor is needed, it can cater for all types of biomass and lastly, no complex
separation means needs to be applied to obtain the resulting bio-char. On the other hand, the
extended reaction, heating and cooling times, inconsistency of products and difficulty of large-scale
production have pushed researches towards semi-continuous and continuous processes (Qureshi et

al., 2018).

Studies having been made at laboratory-scale on biomass pyrolysis are geared towards a better
understanding of the process. The next step is to scale-up the process for a semi-industrial, or
industrial, application. The following part deals with previous studies having been performed on
laboratory-scale continuous reactors for the pyrolysis of biomass. One of the most common
technologies used is the drop tube reactor (DTR), also known as the entrained flow reactor or the

free fall reactor; a simplified schematic of this reactor has been presented in Figure 1.11.

izl |
|

Carrier gas

Product
'— analysis

Solid residue
collector

Figure 1.11: Simplified schematic of DTR (Adapted from Lu et al. (2010))

Guizani et al. (2017) worked on an entrained-flow reactor by varying process parameters for biomass
pyrolysis: temperature (450-600 °C), particle size (370-640 um) and gas residence time (12.6-20.6 s).
They found higher temperatures, as well as higher particle sizes, tended to decrease bio-oil yield. Out
of the varied process parameters, they observed that reactor temperature and particle size had a
great impact on the product distribution while not majorly affecting bio-oil properties like acidity.
Ouazki et al. (2016) presented a comparative study of direct and staged pyrolysis of softwood and

hardwood for the production of bio-oil with the aim to enhance the selective production of high
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added value molecules. The experiments were conducted in a fixed bed reactor under nitrogen flow
rate. It was found that the overall yields of bio-oil obtained by staged pyrolysis were lower than
those obtained by direct pyrolysis for both biomasses. In the first stage, the produced bio-oil was rich
in phenolic and furan derivatives and the gaseous fraction was rich in CO,. In the second one, the rest
of the bio-oil was produced and the gas produced contained mainly CO and CO.. In the last stage,

only a production of CO, CO, and CH, was observed.

Punsuwan and Tangsathitkulchai (2014) studied the biomass of palm shell, palm kernel and cassava
pulp residue in a laboratory free-fall reactor. They analysed the effects of pyrolysis temperature (250-
1050 °C) and particle size (0.18-1.55 mm). They found that a higher temperature and smaller particle
size increased gas yield but decreased char vyield. Another observation was that in the gas
composition, CO was the major component. Tchapda and Pisupati (2015), on their part, did some
research on the characterisation of an entrained-flow reactor for the pyrolysis of coal and biomass at
high temperatures. They have conducted modelling and experiments at three different
temperatures: 1300, 1400 and 1500 °C. They found that fuel conversion rates of biomass at those
temperatures tended to be higher than coal (maximum values of 90.5 % for biomass and 64.0 % for
coal at 1500 °C). As temperature increased, they noted a reduction in tar formation and an increase
in CO production. The calculated the average particle residence time in the reactor was 0.4 s for coal

and 0.5 s for biomass.

Another interesting study on this topic is that of Sun et al. (2010). They performed experiments on
the flash pyrolysis of rice husk and sawdust in an entrained flow reactor with the temperature range
of 700-1000 °C. Their results have shown that the temperature has a great impact on the reaction;
along with a temperature increase, gas yield experienced a boost while char and liquid yields
diminished. They observed that at lower temperatures, the boost in gas formation could be
attributed to the increase of CO and CH, formation and that at higher temperatures to CO, and H,

production.

1.5.2 Pyrolysis of woody biomass

1.5.2.1 Woody biomass pyrolysis

Through the thermal depolymerisation and degradation of celluloses, hemicelluloses and lignins,
liguid and gaseous products as well as a solid residue of char are formed (Demirbas, 2000). During
the actual process of biomass pyrolysis, various physical and chemical processes occur, including
heating up of biomass, moisture evaporation and transportation, reaction kinetics involving the
conversion of biomass to tar, char and gases, heat and mass transfer, pressure build-up within the

porous medium of the solid, convective and diffusive gas phase flow, variation of thermo-physical
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properties with temperature and change in particle size (lbrahim et al., 2012). While there are
several factors that influence the product distribution of biomass pyrolysis, the distribution of the

final products are generally of the following order (ADEME, 2001), on mass basis:

1) 40-65 % of condensable vapours
2) 10-20 % of char
3) 5-25 % of non-condensable gases

4) 10-20 % of water

A simplified representation of the pyrolysis process, complete with all the factors susceptible to

influence the process and products, has been illustrated in Figure 1.12.

Temperature
Vapourresidence time
Feed rate

Power density
Pressure

Non-
condensable

—\< gases
! ' Bio-oil

¢ Water content
* Viscosity

* Composition

Moisture
* Particle size
distribution

* Composition

Char * Calorificvalue

Figure 1.12: Representation of the pyrolysis process (Adapted from Guedes et al. (2018))

Pyrolysis of woody biomass aimed at optimising liquid product yield has been vastly studied in
literature (Bridgwater, 2012, 1999; Cuevas et al., 1995; Jahirul et al., 2012; Jiang et al., 2015; Kohler,
2009; Lehto et al., 2014; Qureshi et al., 2018; Radlein and Quignard, 2013). The different samples of
bio-oil collected and presented in literature possess a wide array of compositions given the various
operating conditions and kinds of biomass that were used to obtain them. Table 1.3 details the
typical chemical families present in pyrolysis oils as presented in literature, along with some major
model molecules present in each family. Concerning the non-condensable gases composition,
according to Yamamiya et al. (2003), it is the following: 5 % H,, 26 % CH,4, 28 % CO and 40 % CO.,.
Following this table, some findings concerning experiments with varying pyrolysis temperature and

power density will be discussed.
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Table 1.3: Summary of bio-oil composition (Adapted from Diebold (1997); Mullen and Boateng (2008); Pittman et al. (2012))

. Percentage . Percentage
Chemical L Chemical . L.
. present in bio- Model molecules . present in bio- Model molecules
family . family .
oil oil
0 H H’ /H
Acetic acid )J\ Methanol ~c—0
OH H/
0 i
Propanoic acid \)J\ Ethanol H-:‘C/Cil'_‘l'OH
OH I
Acids 1.7-26.4 wt. % 5 Alcohols 2.4-8.8 wt. % H
2-Butenic OH
2-P -1-ol
o}
L HO
Benzoic acid Ethylene glycol \/\OH
OH
? 0
Methyl acetate C CH Acetone
H,c” Yo7 2 *ﬁc/ﬂ\CHs
(@]
Methvl H3C.__~_ OCH®
ethy 2-Pentanone /\)l\
crotonate 0 H4C CH,4
0
- 0, - _ [¢)
Esters 1.1-9.2wt. % Methyl n Ketones 5.1-13.2 wt. % 2 3-Pentenedione AH)K
butyrate
0]

Valerolactone

H3C o)
~CH?3
\/T
7

Dimethylcyclopentanone

Cre
CHs
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O OCH;
Formaldehyde & 2-Methoxy phenol @,w
PN
H H
O HO.
Acetaldehyde /8\ Guaiacols 2.2-15.1wt. % 4-Ethyl guaiacol
H,;C H o
Aldehydes 8.3-18.3 wt. % 0 H,CO P
2-Butenal e Eugenol
H3C/\)LH HO
OH
O
. Y, 0
Ethanedial v; Levoglucosan O "OH
0
OH
OH Sugars 5.4-13.4wt. % o_
Phenol 1,6- ° }—OH
Anhydroglucofuranose Ho~ A
\OH
OH
2-Methyl phenol Chs Furan Z/ \5
Phenols 2.9-13.3 wt. % (@)
OH @)
2,3-Dimethy| C[G'ﬁ Furans 1.6-25.8 wt. % 2-Methyl furan HSCK
phenol \ /
CHs
OH O
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Dimethyl furan
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Kosani¢ et al. (2014) have studied the pyrolysis of a woody biomass mixture (equal fractions of oak,
beech, fir, cherry, walnut and linden wood chips) in a fixed bed reactor. They used 10 g of biomass
having a particle diameter of 5-10 mm, which were heated in the range of 240 — 650 °C. Their results
indicated that heating rate has an important effect on the yields of pyrolytic gas and char; higher
pyrolysis temperatures and heating rates favoured higher yields of pyrolytic gas and caused a
decrease in char yield. Keles et al. (2011) have investigated the fast pyrolysis of hazelnut cupula in a
fixed-bed reactor by varying pyrolysis temperature from 400 to 700 °C, sweeping gas flow rate and
particle size. They have found that they obtained a maximum oil yield using a temperature of 600 °C
and a carrier gas flow rate of 200 mL/min; they also noted uniform heating of particles for sizes
ranging from 0.150 mm to 0.425 mm. However, they did not perform any further analysis on the

liquid and gas products formed.

Bajus (2010) examined the pyrolysis of beech wood in a batch reactor specifically at temperatures
ranging from 350 to 450 °C. He found that the pyrolysis resulted on average in 25.1 wt. % of gas, 44.3
wt. % of liquids and 30.6 wt. % of carbon solid residues. The gaseous products consisted mainly of
carbon dioxide and carbon monoxide whilst the liquid products of acetic acid, formic acid, furfural,
lactic acid and levoglucosan. Demirbas (2007) investigated the influence of temperature on the
pyrolysis of hazelnut shell, olive husk, beech and spruce wood samples in a fixed-bed tubular reactor
by varying the temperature from 350 to 525 °C. He found that a large fraction of the oil produced
was made up of phenols; the water content typically fluctuated around 15-30 wt. % of the oil mass.
He also noted that the bio-oil formed at 500 °C contained high concentrations of acetic acid, 1-
hydroxy-2-butanone, 1-hydroxy-2-propanone, methanol, 2,6-dimethoxyphenol, 4-methyl-2,6-
dimethoxyphenol and 2-cyclopenten-1-one. He concluded by stating that if wood were completely
pyrolysed, the resulting products would be what would have been formed from the pyrolysis of the

three major components (cellulose, hemicellulose and lignin) separately.

1.5.2.2 Pyrolysis of cellulose, hemicellulose and lignin

As mentioned before, biomass is made up of a mix of structural constituents (cellulose,
hemicellulose, lignin, minerals and extractives); each of these components pyrolysis at different rates
and by different pathways and mechanisms. Therefore, the studies focused on the individual
components of biomass (cellulose, hemicellulose and lignin) are crucial; the basic knowledge of the
role and behaviour of these three components during pyrolysis is important for the understanding

and control of the overall biomass pyrolysis process.

It has been shown that the activation energy increases along with the degree of conversion of

biomass during the course of the reaction as carbon becomes less reactive and starts forming stable
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chemical structures (Tran and Rai, 1978). Lignin tends to decompose over a wider range of
temperatures as compared to cellulose and hemicellulose (Bridgwater, 1999). Thermal degradation
of the three biomass components has been illustrated by Figure 1.13 and can be summarised as

follows: 220-315 °C for cellulose, 315-400 °C for hemicellulose and 150-900 °C for lignin.
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Figure 1.13: TGA of fast pyrolysis of biomass components (Jin et al., 2013)

Figure 1.13 depicts the different mass loss curves obtained from the thermogravimetric analysis
(TGA) of the fast pyrolysis of cellulose, hemicellulose (represented by xylan) and lignin. As it can be
seen, xylan exhibited a more rapid pace in terms of mass loss, followed by cellulose and lignin was
the component to be the least converted. As for researches having been conducted on the woody

biomass components in literature, some of the most notable ones have been discussed in the

following part.

- Cellulose pyrolysis

Samples of commercial cellulose products and standard poplar wood were used as raw materials by
Radlein et al. (1987) to investigate fast pyrolysis in a fluidised bed at 500 °C, gas residence time of
0.46 s, using nitrogen as carrier gas and about 590 um as particle size. All samples underwent an acid
hydrolysis pre-treatment in a batch reactor at 90 °C using sulphuric acid. This pre-treatment allowed
the removal of xylan, which Radlein et al. (1987) claimed to be the primary source of gas and char
formed in fast pyrolysis and also, a major contributor to the acid content of the pyrolytic oils. The
cellulose samples yielded 72.5-87.1 wt. % vapours comprising mostly of levoglucosan,
hydroxyacetaldehyde, cellobiosan and fructose. The untreated poplar sample resulted in 69.8 wt. %

oil production with hydroxyacetaldehyde, acetic acid, formic acid, levoglucosan and glyoxal as major
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compounds present. These findings were further corroborated by Nieva et al. (2014), who conducted
pyrolysis experiments in a tubular reactor at temperatures of 250 to 400 °C under a nitrogen flow
rate of 0.1 L/s; their vapour residence time was found to be less than 0.1 s. They found that the
effective transformation of microcrystalline cellulose started at temperatures higher than 200 °C and
that its fast pyrolysis at temperatures exceeding 300 °C yielded mainly levoglucosan. However, apart
from the latter and other anhydro sugars, they also detected the presence of aromatic hydrocarbons

like xylene and ethylbenzene and different furan derivatives.

- Hemicellulose pyrolysis

Yang et al. (2006) have studied the pyrolytic behaviour of commercially-available xylan, as a proxy for
hemicellulose, by using a thermogravimetric analyser (TGA) and differential scanning calorimetry
(DSC). The temperature programme they used has been detailed in their paper. They have found that
xylan decomposition occurred mainly between 220-315 °C, with maximum weight loss occurring at
260 °C. They also identified a char yield of about 22 wt. % from the pyrolysis of xylan. Patwardhan et
al. (2011a) investigated the product distribution of the fast pyrolysis of hemicellulose isolated from
switchgrass in a quartz micro furnace reactor at 500 °C. They obtained a chromatogram from the
analysis of the oils produced. Six major compounds were detected: acetaldehyde, formic acid,
hydroxyacetone, acetic acid, 2-furaldehyde and isomers of dianhydro xylose. They have also found

that the pyrolysis of hemicellulose resulted in a large formation of CO,.

- Lignin pyrolysis

de Wild et al. (2009) have reported pyrolysis oil yields of up to 21 % for the fast pyrolysis of two
different lignin feedstock, an Alcell lignin and a soda pulping lignin, in a continuously-fed bubbling
fluidised bed reactor at 400 °C. Beis et al. (2010) have studied three different types of lignin: two
Kraft lignins and an organosolv lignin using a fluidised bed reactor. Modest oil yields, ranging from
16-22 % were obtained at a process temperature of 550 °C and reactor gas residence times of the
order of 1-2 s. Patwardhan et al. (Patwardhan et al., 2011b), using the same setup as mentioned
above for the hemicellulose pyrolysis, have found that lignin pyrolysis resulted primarily in the
formation of monomeric phenolic compound, with phenol, 4-vinyl phenol, 2-methoxy-4-vinyl phenol,
and 2,6-dimethoxy phenol as the major products. They also noted that temperature impacted the
pyrolysis product distribution significantly as the yield of alkylated phenols increased with
temperature while that of methoxylated phenols decreased. Additionally, it was seen that char yield
decreased linearly with temperature while the yields of gaseous and low molecular weight products

increased.
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1.5.2.3 Pyrolysis mechanism and modelling

Studies focusing on the kinetics of pyrolysis for converting biomass into bio-fuel are essential in order
to understand both the mechanism of the reaction and the kinetics parameters. There have been
several studies that have been reported on biomass pyrolysis models (Bech et al., 2009; Di Blasi,
2008; Dupont et al., 2009; Haseli et al., 2011; Kaushal et al., 2010; Park et al., 2009; Radmanesh et
al., 2006; E. Ranzi et al., 2008).

Detailed models are available in literature for biomass pyrolysis; they are mostly based on coupled
time-dependent conservation equations including kinetics of biomass decomposition. The most
frequently applied model is a one-step global model, and is also one of the simplest models; it
considers the conversion of biomass into char and volatiles and has been proposed by Galgano and
Di Blasi (2003). Another well-known decomposition scheme is the Broido-Shafizadeh model
(Shafizadeh, 1982), which assumes the formation of an intermediate liquid compound (ILC), which is
followed by two competing reactions: one where tar is produced, and the other where char and light

gases are formed. This model has been illustrated in Figure 1.14.
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Figure 1.14: Broido-Shafizadeh model for biomass pyrolysis (Shafizadeh, 1982)

Chan et al. (1985), on their part, used a pyrolysis model involving three primary reactions and one
secondary reaction; the products of the secondary tar reaction are divided into light gases and
aromatics. The weightage of the two products depend on the boundary conditions. The kinetics data
were obtained from pine wood. In the model developed by Koufopanos et al. (1991), biomass
undergoes a primary reaction to decompose into volatiles and gases (reaction 1) and char (reaction
2). The primary products then participate in the secondary reaction to give rise to more volatiles,
gases and char, all having different compositions (reaction 3). This model has been used by Babu and

Chaurasia (2004) and Sadhukhan et al. (2009).

E. Ranzi et al. (2008) proposed a model of biomass pyrolysis based on conventional multistep de-
volatilisation models of the three main biomass components (cellulose, hemicellulose, and lignin)
and which predicted the yields and lumped composition of gas, tar, and solid residues. Kinetic

models of the different steps of solid fuel volatilisation and secondary gas phase reactions were
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developed and validated through comparison with experimental data. Park et al. (2009) built a model
consisting of three endothermic parallel reactions producing tar, char and an intermediate solid,
followed by an exothermic decomposition of the said solid into char and also, an exothermic
conversion of tar to char and gas, as illustrated in Figure 1.15. The proposed model showed good

agreement with the experimental results they obtained.

R, » Char

Tar

R; * Gas
Char

Biomass

R; R
Intermediate solid compound —

Char

Figure 1.15: Model used by Park et al. (2009)

Guizani et al. (2017) a 1-D model developed in FORTRAN language (GASPAR) which took into account
particle heating, particle drying, pyrolysis reaction, gas phase reactions and char gasification. Gas and
tar reactions in the gas phases were modelled using the CHEMKIN tool. They found that the model
gave worthy information about the pyrolysis reaction in a drop-tube reactor and can be used for the

design of pilot and industrial-scale entrained flow reactors.

Punsuwan and Tangsathitkulchai (2014) developed a pyrolysis model based on solving the two-
parallel reaction kinetics model and equation of particle motion; the model was found to give very
accurate char yield prediction. Post-experimental modelling was done by Tchapda and Pisupati
(2015) with the aid of the CFD package ANSYS-Fluent. The model showed some particle and gas
recirculation at the inlet of the reactor, and also helped in describing the hydrodynamics and heat
transfer profile in the reactor. Sun et al. (2010) adopted a first order kinetic model of thermal
decomposition. Then, they carried out numerical simulations using Fluent. The output of the model

and simulations were found to be very close to the experimental results found.

Finally, Abdelouahed et al. (2017) investigated the devolatilisation behaviour of two biomasses
(beech wood and flax shives) and their main constituents (cellulose, hemicellulose and lignin) in an
inert atmosphere by thermogravimetric analysis. They discussed the different methods for
determining the kinetic parameters (activation energy and pre-exponential factor) of biomass (beech
wood and flax shives) pyrolysis, based on the Kissinger method, isoconversional methods (Kissinger—
Akahira—Sunose and Friedman) and based models (non-linear least square minimization and

optimization by genetic algorithm). This paper showed that kinetic parameters were very sensitive to
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the methods used. The comparison of results showed a large difference for the same experimental
results even for the pure biomass pseudo-components. Based on results, they claimed that the
Kissinger method remained the best one for the determination of kinetic parameters as it took into

account the biomass structure effect and the mineral content.

1.6 Catalytic pyrolysis of biomass

Untreated bio-oil is usually considered a low-grade liquid fuel because it is highly oxygenated, very
acidic and corrosive, chemically and thermally unstable and immiscible with petroleum fuels (Adjaye
and Bakhshi, 1995; Guo et al., 2009). The oxygen present in bio-oil is the reason behind the latter’s
high functionality. Having a high functionality decreases the stability of oils and results in
polymerisation. These characteristics present a very difficult challenge for it to be used as a
substitute for conventional fuels. So as to improve the quality and use of the woody biomass bio-oils,
many authors have studied different methods to enhance their properties. One such method is the
upgrading of bio-oils through the removal of oxygen (de-oxygenation) using different catalysts. The
principle behind de-oxygenation has been represented by a simplified illustration (Figure 1.16). It
should be noted that de-oxygenation predominantly involves three reaction classes: dehydration,
decarbonylation and decarboxylation, that is, the removal of the -OH, -COOH and —C=0 functionality

groups (Gunawardena and Fernando, 2013).

B Catalytic F
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Figure 1.16: De-oxygenation principle

1.6.1 De-oxygenation: catalysts used and process
De-oxygenation via catalytic treatment is a very promising route for lignocellulosic biomass to

produce chemicals and fuels compatible with the current petrochemical structure. Catalysts can be
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mixed either directly with the biomass feedstock in the reactor or used in contact with the hot
vapour after the reaction, called in-situ and ex-situ catalytic pyrolysis, respectively (Yildiz et al., 2016).
Adding catalysts to the pyrolysis system tends to enhance reactions like dehydration, cracking,
decarbonylation, decarboxylation, and if hydrogen is present, hydrocracking, hydro de-oxygenation

and hydrogenation (Dickerson and Soria, 2013), as represented in Figure 1.17.

Dehydration R-OH —— R-H + H,0
i AN R N
Cracking R; —_— CH, * R2
R_O
Decarbonylation Y _— R-H + -C=0*
H
RO
Decarboxylation ¥ E— R-H +  0=C=0
OH
. /\/Rz H
Hydrocracking Ry —— Ri—CH; + HC-R;
. H
Hydro de-oxygenation R-OH + [} —— R-H + H,0
H
. R R2 | Rz
Hydrogenation = g R1/\/

Figure 1.17: Representative catalytic upgrading reactions (Mortensen et al., 2011)

Catalysts used in the catalytic pyrolysis of biomass can be categorised into several groups: soluble
inorganics, metal oxides, microporous materials, mesoporous materials and supported metal
catalysts (Liu et al., 2014). Table 1.4 presents a summary of the numerous CFP (catalytic fast
pyrolysis) researches done in literature that are relevant to our study purposes, and some of the
most noteworthy works have been further detailed afterwards in this chapter. There have been
several research works done on the catalytic pyrolysis of pyrolytic oils previously recovered (Adjaye
and Bakhshi, 1995; Payormhorm et al., 2013; Vitolo et al., 1999; Zhao et al., 2015). As this is not the

purpose of our study, they have not been included in the following table.

As can be seen from the various data presented in Table 1.4, zeolite-based catalysts presented the
best efficiency and performance when it came to the upgrading of the produced bio-oil. Metal-
modified zeolites presented high selectivity for aromatic compounds and low ones for phenolics,
while metal-modified alumina-supported catalysts had good efficiencies in acid removal and high
selectivity for carbonyl compounds. These observations have thus helped gear our research towards

the use of these catalysts.
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Table 1.4: Summary of important CFP researches done in literature

* WHSV: Weight hourly space velocity

Reaction conditions Results
WHSV (g feed/g cat.h) | Bio-oil
Feed Reactor Temperature Product quality and oxygen Ref.
Catalyst used or biomass:catalyst yield
used (°C) content, if applicable
ratio (wt. %)
HZSM-5 28.8 Good aromatics yield (15.9 wt. %)
Waste (Williams
Na-ZSM-5 Fluidised 1.05-1.14 g biomass/g 24.3 Higher aromatics yield (21.3 wt. %)
wood 500-550 and Horne,
Y-zeolite bed cat. h 28.6 Average aromatics yield (14.0 wt. %)
shavings 1995)
Activated alumina 31.2 Lowest aromatics yield (8.0 wt. %)
Formation of mainly aromatic
HZSM-5 4 g biomass/g cat. h 43.7 hydrocarbons (Only aromatics
Bubbling
Radiata pine listed) (Park et al.,
fluidised 475-625
sawdust HY 8 g biomass/g cat. h 45.7 Almost no formation of aromatics 2006, 2007)
bed
Higher selectivity for aromatics (as
Ga/HZSM-5 4 g biomass/g cat. h 51.3
compared to HZSM-5)
Reduction of non-phenolic
HZSM-5 46.6
oxygenates
Radiata pine MMZyzsm-5 (Park et al.,
Fixed bed 500 10:1
sawdust (mesoporous No change in phenols; reduction in 2010)
50.6
material from other oxygenates
HZSM-5)
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High aromatics yield; reduction in

MFI zeolite 45.9 non-phenolic oxygenates and in
phenols
Higher aromatics yield; reduction in
1 % Ga/MFI non-phenolic oxygenates and in
phenols
Similar to HZSM-5; less efficient that
5 % Ga/MFI
1 % Ga/MFI
H-8 37.8
Fe-H-6 37.0
Dual B-zeolite was the most performant
Pine H-Y 39.7 (Aho et al.,
fluidised 450 8.33:1 at de-oxygenation, followed by Y
sawdust Fe-H-Y 34.3 2010)
bed and ferrierite zeolites
H-Ferrierite 43.8
Fe- H-Ferrierite 44.5
Fluidised (Zhang et
Pine wood ZSM-5 450-600 0.35 g biomass/g cat. h Increase in selectivity of aromatics
bed al., 2012)
Jatropha Conversion of 76.7-91.6 % found; (Murata et
HZSM-5 Fixed-bed 550 2:1 4.1-8.7
wastes production of mainly aromatics al., 2012)
Complete removal of acids and high
(Nguyen et
Pine wood Na,CO5/Al,O4 Fixed-bed 500 0.5:1-2:1 9 carbonyl content in bio-oil; 0: 12.3
al., 2013)
wt. %
Particle HZSM-5 Batch 500 10:1 42.54 Reduction in oxygenates and (Choi et al.,
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board

Ga/HZSM-5

H-6

increase in aromatics and phenolics

46.27

Larger reduction in oxygenates and
higher increase in aromatics
(compared to HZSM-5); lower

phenolics content

44.60

Similar to HZSM-5, but less

performant

2013)

Oak wood
cylinder

particles

HZSM-5

Desilicated HZSM-5

Micro
fluidised
bed

HZSM-5

Desilicated HZSM-5

Fixed bed

500

0.85:1

8.3-10.1

High selectivity in mono aromatic
compounds (4.4 wt. %); Co,:CO =
0.5

Higher selectivity in mono aromatic
compounds (6.2 wt. %); Co,:CO =
0.5

High selectivity in mono aromatic
compounds (4.1 wt. %), but not as

performant as in fluidised bed

Higher selectivity in mono aromatic
compounds compared to parent
zeolite (5.1 wt. %), but not as

performant as in fluidised bed

(Jiaetal.,

2017)
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1.6.1.1 Catalytic pyrolysis of woody biomass

- Zeolite-based catalysts

A representation of the HZSM-5 catalyst is given in Figure 1.18, and that of Fe-HZSM-5 in Figure 1.19.
Guda and Toghiani (2015) worked with pinewood in a packed bed reactor to study the effects of acid
catalysts on the products of pyrolysis; they used an Auger reactor at a temperature of 450 °C with
nitrogen as carrier gas, testing beta zeolite supported on alumina (Al,0;), Si/Al catalyst, H-Y and
HZSM-5. Their results affirmed that Si/Al catalyst and beta zeolite contributed to the increase of
liquid product while HZSM-5 and H-Y led to the formation of aromatic hydrocarbons and a higher gas
percentage. They also found that the use of HZSM-5 could reduce an oxygen content of 46.4 wt. % to
one of 30 wt. %, classifying this catalyst as one of the most effective ones for de-oxygenation. Other
authors have had the same opinion about the performance of this catalyst (French and Czernik, 2010;

Gayubo et al., 2004a; Guda and Toghiani, 2015; Gunawardena and Fernando, 2013).

:'_\‘ % A.Q
B | 'A‘\ \;‘,“i'-.‘.\vl‘“ v
VAN -y >
> 4 "'U ‘ Q . 3 '. ) "P
x" "\ AR
. o~ L3N
5 Lh ¥ 9% ;\*’
HZSM-5 structure HZSM-5 pellets Granulated HZSM-5
As bought commercially 0.6 < particle size< 1 mm

Figure 1.18: Representation of HZSM-5 catalyst (Structure adapted from Teng et al. (2009))

Upgrading bio-oil via the use of zeolites implicates passing the pyrolysis vapours through a
microporous structure to convert part of these vapours into desired aromatic compounds and
olefins, while the other part is converted into non-condensable gases and coke. The advantage of this
process is that high hydrogen pressure is not required (Cheng et al., 2012). Furthermore, literature
data prove that using metal-impregnated zeolite materials present many advantages (Arenamnart
and Trakarnpruk, 2006; Cheng et al., 2012; Gunawardena and Fernando, 2013). For instance, through
a study led by Arenamnart and Trakarnpruk (2006) on using metal-impregnated catalysts to convert
ethanol to ethylene, it was found that a metal-modified support would lower coke formation as
water produces would get adsorbed on the catalyst surface and cause light alkenes to convert less
into high molecular weight compounds. French and Czernik (2010) led a study that concluded that
metal-modified zeolites possessing reduced acidity could enhance the yield of hydrocarbons and

high-value chemicals like phenols while producing less coke than the commercial zeolite itself.
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Among the various metals used, iron proves to be active, quite popular as it is highly abundant, has

low toxicity and is cheap (Li et al., 2016).

For instance, Mullen and Boateng (2015) investigated the production of aromatic compounds from
catalytic pyrolysis of biomass and some biomass components using Fe-modified HZSM-5; the
experiments were conducted in a pyroprobe reactor. They found that an iron loading of 1.4 wt. %
produced the largest increase in production of aromatic hydrocarbons from cellulose, hemicellulose
and lignin. For the biomass studied, switchgrass, Fe-HZSM-5 loaded with iron at 1.4 wt. % Fe
produced a similar carbon yield of aromatics as the standard HZSM-5 but higher loadings of Fe
decreased the vyield. Sun et al. (2016) compared the catalytic fast pyrolysis of biomass to aromatic
hydrocarbons over ZSM-5 and Fe/ZSM-5 catalysts in a p-reactor. They found that the Fe/ZSM-5
catalyst demonstrated better activity in the conversion of oxygenates and formation of mono-cyclic

aromatic hydrocarbons (MAHSs) than the ZSM-5 catalyst.

Dried Fe-HZSM-5 Calcined Fe-HZSM-5

After wet impregnation

Figure 1.19: Representation of Fe-HZSM-5 catalyst

- Metal-based catalysts

Now, metal-based catalysts are more commonly used in hydro-desulphurisation (HDS) and hydro-
de-oxygenation (HDO) with high hydrogen pressure (Mortensen et al., 2011), but some authors have
made use of these catalysts under other conditions such as a non-sulphated atmosphere, at
atmospheric pressure and without hydrogen to study the catalytic de-oxygenation of bio-oil

(Mortensen et al., 2011; Payormhorm et al., 2013; Zhang et al., 2013).
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One example is the following: Ates and Isikdag (2009) investigated the influence of temperature and
the alumina catalyst on the pyrolysis of corncob in a fixed bed reactor in the range of 300-800 °C. 10
g of 0.65 mm corncob particles were thus pyrolysed in a 250 mL reactor. The carrier gas name and
flow rate were not specified (Ates and Isikdag, 2008). The results indicated that a maximum oil yield
of 22.2 % was obtained at a moderate temperature of 600 °C. The oil yield reduced when the
temperature increased from 600 to 800 °C, whereas the gas yield increased. They also observed that
aliphatics were obtained in larger quantities in catalytic experiments as compared to those carried
out non-catalytically, at every temperature. The total amount of phenolic compounds decreased and
the amount of single-ring or more than single ring aromatic compounds (PAHSs) increased at high
pyrolysis temperatures in the experiments without catalyst or at moderate pyrolysis temperatures

with a catalyst.

1.6.1.2 Catalytic pyrolysis of woody biomass components

Concerning the catalytic pyrolysis of the woody biomass components, firstly, Zhou et al. (2011) have
studied the catalytic pyrolysis of cellulose with different zeolite in a TG-FTIR setup. They have found
that HZSM-5 was the most efficient catalyst in terms of de-oxygenation degree as it improved the
conversion of oxygenated families like esters, aldehydes and acids. About the same observations
were made by Lei et al. (2018). Then, Guo et al. (2011) investigated the catalytic pyrolysis of xylan-
based hemicellulose in a TG-FTIR setup using different zeolites. They found that all of the zeolites had
a significant effect on the de-oxygenation of xylan, and that HZSM-5, along with having good de-
oxygenation efficiency, catalysed the degradation of char residues. Zhu et al. (2010), on their part,
found that metal-modified HZSM-5 was even more efficient than the parent zeolite concerning de-
oxygenation activity. Lignin de-oxygenation was examined by Zhan et al. (2017) in a micro pyrolysis
reactor using an array of catalysts. They found that HZSM-5 was the most efficient catalyst in forming

aromatics; the highest yield obtained was at 600°C, the highest temperature they used.

1.6.1.3 Conversion schemes of model molecules from woody biomass

Now, concerning the pyrolytic conversion schemes of chemical families involved in catalytic pyrolysis,
several studies tackling one or arbitrary compounds have indeed been reported in literature
(Danuthai et al., 2009; Derouane et al., 1978; Zhang et al., 2011, 2016). To report on some of the
relevant data previously published in literature, Gayubo et al. (2004a) investigated on the pyrolytic
conversion of alcohols and phenols using HZSM-5. They found that the dehydration process gave rise
to propene from alcohols, which later produced hydrocarbons. They also noted a very low
conversion rate of phenols. Guaiacols were found to form aromatics by decarboxylation, along with a
carbonaceous material deposited within the catalyst matrix. In another study (Gayubo et al., 2004b),

it was observed that aldehydes converted to Cg, olefins, albeit with a low conversion rate; ketones

33



Chapter 1

produced alkenes via dehydration followed by decarboxylation and decarbonylation; acids and
esters, having the same reactivity, gave rise to ketones, which later decomposed as mentioned
above. Finally, they found that levoglucosan formed furans, which degraded further to give

aromatics, olefins, CO, CO,, water and coke.

1.7 De-activation of catalysts in catalytic pyrolysis

As it is, catalytic upgrading is touted to be a promising method to convert the bio-oil into fuels and
chemicals of higher quality. However, many challenges must still be addressed. For instance, better,
more performant catalysts may be part of the solution, but, most catalytic materials are currently
quite expensive and easily de-activated. Understanding the reaction mechanism leading to this de-
activation can be of crucial importance to understand how to manage the catalyst lifetime and
improve the overall process. Some catalyst de-activation models have indeed been presented in

literature (Cerqueira et al., 2008; Meng et al., 2007), but the data remains limited.

A study conducted by Hua et al. (2011) showed that due to the microporous structure of typical
zeolites, bulky reactants and intermediates have poor access to the active sites found in the pores
and end up blocking the channels, thereby causing the de-activation of catalysts. This fact has been
further corroborated by Guisnet et al. (2009), who claimed that the build-up of these bulky
carbonaceous intermediates and by-products are referred to as coke, which either cover the external
sites, or are trapped inside the pores. As it has been afore-mentioned, there are no current
economical methods to remove coke and regenerate fresh zeolites at industrial scale. As an
endeavour to go forward in this direction, this part of the study will present case studies in order to

better comprehend catalyst de-activation in the conversion of biomass to hydrocarbons.

1.7.1 Causes of catalyst de-activation

Based on researches previously conducted in literature, several causes of de-activation for catalysts
have been listed: catalyst acidity (Paasikallio et al., 2014; Zhu et al., 2010), catalyst topology and
biomass-to-catalyst ratio used (Mukarakate et al., 2014; Zhu et al., 2010). A very explicit review on

this topic has been published by Cerqueira et al. (2008).
- Acidity

The effects of acidity have been shown to be a combination of the concentration and strength of the
active acid sites and the proximity of these sites to one another. Greater acid strength and higher
concentration of acid sites have been proved to accelerate the de-activation of catalysts (Guisnet et
al., 2009; Paasikallio et al., 2014). The different reasons given have been firstly, that stronger acidity

resulted in a faster reaction, leading up to a faster consumption of coke pre-cursors and thus
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speeding up the coking rate and secondly, that larger densities of acid sites led to more successive
reaction steps, causing an increased potential to form condensation and ultimately, a faster rate of

formation of coke (Xu et al., 2016).

- Topology

The pore size of HZSM-5 catalysts are generally of the order of 5 A (Corma, 2003). Therefore, heavy
primary vapours with sizes larger than 5 A which cannot enter the pores would need to undergo
catalytic cracking on the macrosurface to form light species, hence blocking the entrance of the

pores (Mukarakate et al., 2014).

- Biomass-to-catalyst ratio

The next cause is the biomass-to-catalyst ratio (for discontinuous reactions) or space velocity (for
continuous reactions) used for the study. Several parametric studies in literature have varied
reaction conditions so as to better understand coking and yields from upgrading pyrolysis vapours
with HZSM-5. Mukarakate et al. (2014) have summarised the findings of these reports into a graph

and this graph has been illustrated in Figure 1.21.

Raw pyrolysis oil (Oxygen content 35-40 %) 5 |
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2 — Exponential fit to oxygen
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Figure 1.20: Literature results for oxygen content in bio-oils from CFP with HZSM-5 (Mukarakate et al., 2014)

It should be noted that the numbers 1-6 on the figure correspond to the following research works: 1 -

Czernik (2013), 2 - Williams and Nugranad (2000), 3 - Horne and Williams (1996), 4 - Agblevor et al.
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(2010), 5 - Zacher et al. (2014) and 6 - Stefanidis et al. (2011). From these results, it was suggested
that fresh catalyst initially produces very low yields of essentially oxygen-free hydrocarbons, but, as
the amount of biomass is increased, the catalyst becomes de-activated and oxygenated products
break through, increasing liquid yield and the oxygen content of the oil. Also, from the plot, it

appears that for biomass-to-catalyst ratios exceeding 3 or 4, the catalyst is completely de-activated.

1.7.2 Case studies of catalyst de-activation

Many studies have been conducted on the effect and de-activation of zeolites during the methanol-
to-olefins (MTO) or methanol-to-hydrocarbons (MTH) process (Biddy et al., 2013a, 2013b; Hemelsoet
et al., 2013; llias and Bhan, 2013; Olsbye et al., 2012). These findings are relevant to our studies as
Mukarakate et al. (2015) demonstrated in their study, from the examination of intermediates and
their reactions, the mechanisms of MTO/MTH process are similar to those for the catalytic
conversion of biomass over zeolites. So, in the light of the previous statement, Schulz (2010) found
that the de-activation of HZSM-5 in the MTH reaction was mainly due to the formation of
ethyltrimethylbenzene and isopropyl-dimethylbenzene through the alkylation with ethane and

propene at low temperatures (270-300 °C) using capillary gas chromatography.

Mukarakate et al. (2014) studied the conversion of pine pyrolysis vapours over fixed beds of HZSM-5
catalyst as a function of the de-activation of the catalyst in a batch horizontal quartz annular flow
tube reactor coupled with an molecular beam-mass spectrometer (MBMS). Quartz boats, each
containing 50 mg samples of biomass, were introduced into the inner tube at 500 °C under a 0.2
L/min He flow rate. The WHSV they used approximated 3.6 h™ (1.0 g of catalyst used for 50 boats of
biomass). They found that the complete de-activation of the catalyst occurred at a biomass-to-
catalyst ratio of about 3. They also observed the formation of an array of phenol- and cresol-
containing products before complete de-activation of the catalyst. They claim that these products
were likely to be intermediates or side products released due to excess build-up of these compounds
on the catalyst. Their conclusion was that de-activation seemed to take place primarily because of
the build-up of coke on the exterior surface of the catalyst particles, which eventually resulted in the
capping of micropores. These results were further corroborated by Ibarra et al. (2016). Figure 1.22
depicts the change in the physical aspect of the catalysts before and after the catalytic pyrolysis

reaction.
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Before Coking After
reaction reaction

Figure 1.21: Change in physical aspect of catalyst before and after catalytic pyrolysis (Adapted from Rostami
etal., 2015))

Paasikallio et al. (2014) have studied the product quality and catalyst de-activation in a four-day run
using pine saw dust as feed and HZSM-5 as catalyst. The pyrolysis experiments were carried out using
a 20 kg.h™* Process Development Unit (PDU) which employed a circulating fluidised bed reactor. The
feedstock was fed into the reactor using a screw feeder. The initial amount of catalyst in the system
was 120 litres, which corresponded to approximately 94 kilograms. The catalyst to biomass ratio, i.e.
the ratio of the hourly catalyst circulation rate and biomass feeding rate, was approximately 7:1 on a
weight basis. The pyrolysis temperature used was 520 °C and the fluidisation velocity in the reactor
was approximately 4 m/s. They found that the properties of the catalyst changed considerably during
the initial pre-pyrolysis heating period and during the four-day run, though, to a lesser extent; this
change could be due to both to thermal stress and the biomass feedstock. They also observed that
the deposition of alkali metals on the surface of the catalyst increase with increasing time on stream
and this directly impacted the acidity of the catalyst, causing it to reduce. Along with these changes,

they noted that the oil produced displayed a quite stable composition during the four-day run.

1.8 Conclusion
This literature review has provided knowledge on the state-of-the-art technologies and know-how in

the biomass pyrolysis and catalytic pyrolysis fields. It could be seen that parameters affecting the
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pyrolysis reaction (namely, temperature, particle size distribution and vapour residence time) have
vastly been examined in the studies presented. A wide array of catalysts (microporous, mesoporous
and macroporous) has also been investigated for the catalytic pyrolysis of woody biomass, as
presented. However, firstly, there still is lacking data concerning the pyrolysis of woody biomass and
its biomass components as conducted in one single setup, under the exact same operational
conditions in order to better understand biomass pyrolysis mechanisms and the provenance of
chemical families present in the bio-oil. Then, even though the continuous catalytic pyrolysis of
woody biomass has indeed been well-examined in previous studies, some knowledge concerning the
de-activation of the catalyst during the course of the reaction and its effect on the product

distribution is still missing. This research work endeavours into filling in those gaps left in literature.
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2. Comparative analysis of pyrolytic liquid and gas products of beech wood,

flax shives and woody pseudo-components

2.1 Introduction

During the course of this study, beech wood, flax shives and the three biomass components:
cellulose, hemicellulose and lignin, were pyrolysed at 450, 500, 550 and 600 °C. The liquid bio-oil
samples recovered in each case were analysed through gas chromatography-mass spectrometry (GC-
MS) and gas chromatography-flame ionisation detection (GC-FID) to identify and quantify the
different molecules present; the non-condensable gas was analysed by GC-FID and GC-thermal
conductivity detection (TCD). Then, principal component analysis (PCA) was used to visualise the
global trend of the data. A part of this study has been published as an article in the Journal of
Analytical and Applied Pyrolysis (Mohabeer et al., 2017). However, it should be noted that when the
article was mainly focused on the liquid product analysis. The non-condensable gases (NCG) analysis

part (section 2.3.5) has been added to this chapter as complementary results.
2.2 Experimental section

2.2.1 Materials used

Table 2.1 illustrates the elemental analysis of all the raw materials used as feed for this study. The
beech wood (BW) used for this study was provided by ETS Lignex Company and its average particle
size was of 400 um. Flax shives (FS), provided by “La Coopérative Terre de Lin”, were ground and
sieved at our laboratory. The average particle size ranges between 600 um and 1 mm. The bio-
polymers used were utilised in their pure form: microcrystalline cellulose, obtained from Merck (Ref.
1.02330.0500-500G), had a density of 1.5 g/cm?® at 20 °C while xylan, which was used as proxy for
hemicellulose as the latter is not commercialised in its original form, was of corn stover origin. The
xylan was purchased from Tokyo Chemical Company Co. Ltd. (Ref: X0078-100G). Finally, the lignin
used was in its alkaline form and had low sulphur content. It was obtained from Sigma-Aldrich (Ref:
471003-100G). It should be noted that all three biomass components were in powder form and
possessed sizes less than 50 um. A detailed mineral analysis was conducted on samples of the
different raw materials used for this study. The complete results can be found in Annex A (Table

A.l1).

Table 2.2 presents the proximate analysis of different raw materials based on thermogravimetric

measurements according to Garcia et al. (2015).
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Table 2.1: Elemental analysis of biomass and biomass components used

Biomass/Biomass Component Elemental analysis (wt. %)
used Carbon Hydrogen Nitrogen Oxygen
FS 45.70 5.77 0.41 48.12
BW 47.38 6.11 <0.01 46.51
Cellulose 41.74 6.08 <0.01 52.18
Xylan 41.47 6.48 <0.01 52.05
Lignin 57.04 4.76 <0.01 38.21

Table 2.2: Proximate analysis (dry basis) of different raw materials based on TGA experiments (wt. %)

Volatile matter Fixed carbon Ash

FS 75.47 21.77 2.76

BW 80.15 18.93 0.92
Cellulose 96.26 3.74 <0.01

Hemicellulose 80.18 19.58 0.25

Lignin 68.42 24.86 6.72

2.2.2 Elemental analysis

The total C, H and N were measured on sub-samples using a CHN elemental analyser Flash 2000
(Thermofisher Scientific). Mineral content of feed material was determined by performing
microwave assisted wet digestion followed by ICP-OES analysis using an ICAP 6300, Thermofisher

Scientific machine, and the results have been presented in Annex A.

2.2.3 Pyrolysis experimental Setup
Pyrolysis runs were performed in a semi-continuous experimental set up. It comprised of a quartz

|ll

reactor (@ = 90 mm, L = 970 mm) placed horizontally in a tubular furnace. A stainless steel “spoon”
could be inserted at one end of the reactor and the other end was connected to a condenser and a
cold bath to recover the bio-oils formed from the condensation of vapours. A flowmeter, placed near
the mouth of the reactor, allowed the regulation of the flow of nitrogen, used as carrier gas. The
furnace used was from Carbolite, and had a maximum temperature of 1200 °C and a maximum

power of 2340 W. The cold bath and the refrigerant were both kept at a constant temperature of -5

°C. Figure 2.1 illustrates the layout of the reactor used.
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Figure 2.1: First layout of tubular reactor

The pyrolysis experiments were conducted at temperatures of 450 °C, 500 °C, 550 °C and 600 °C for
each raw material used. For one specific test, the reactor was fed with a flow rate of 500 mL/min of
nitrogen to create an inert atmosphere. The gas residence time in the reactor was estimated to be
about 11 minutes. About 3 g of raw materials were placed onto the spoon, which was kept near the
mouth of the reactor. The furnace was set to the temperature required with a heating rate of 40
°C/min. The setup was then allowed to stabilise for two hours before insertion of the spoon in the
midst of the reactor for 5 minutes, during which the raw material was pyrolysed. The heat was then
turned off and the setup allowed to cool down to temperatures below 150 °C so as to permit the
collection of the solid char without it burning at the contact of air. After cooling, the oil was
recovered by using acetone with 99.98 % purity, with a known added amount of nonane, as internal

standard and the non-condensable gases were collected in a sampling bag for further analysis.

2.2.4 GC-MS analysis

The analysis of the recovered bio-oil was performed using a gas chromatograph-mass spectrometer
instrument GC-MS (Varian 3900-Saturn 2100T). The column was a VF-1701ms (Agilent) (60 m x 0.25
mm x 0.25 um film thickness). The temperature programme used was the same as Charon et al.
(2015). The oven was held at 45 °C for 4 minutes then heated to 280 °C with a heating rate of 4 °C
and held for 20 minutes. The carrier gas was helium with a constant flow of 1 mL/min. 1 pL of the
bio-oil sample diluted in pure acetone was directly injected into the heated split injector (split ratio
30:1) at 250 °C. The MS electron ionization energy was 70 eV. The detection was performed in full
scan mode. The analysed components were identified with Varian WS (WorskStation) and NIST 2002

software by comparing the mass spectrum obtained to mass spectra from the NIST library. Kovats
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retention indices of the identified peaks were then calculated and compared to reference values for

confirmation of their identity.

2.2.5 GC-FID analysis

Once the identity of the peaks was confirmed, a flame ionisation detector (FID), GC-FID Scion 456-GC
Bruker instrument, was used to quantify the components. The column used was the same as the one
used for the GC-MS; the temperature programme was also the same except that the final
temperature was 240 °C instead of 280 °C. These compounds were then grouped into chemical
“families”, each having the same main functional group. A pure reference compound for each family
was used for calibration of all peaks of the corresponding family. Standard solutions of each of these
reference compounds were prepared by dissolving them acetone. Five-point straight line calibration
curves (with R>>0.99) were established for these pure compounds, using nonane as the internal

standard.

2.2.6 GC analysis of non-condensable gases

The analysis of the non-condensable gases was performed with a gas chromatograph instrument
from Perkin Elmer, Clarus 580, equipped with two detectors, a FID and a thermal conductivity
detector (TCD). The instrument also comprised of a Shincarbon St 100 120 column, a methaniser and
a hydrogen generator. The oven was regulated from 100-200 °C. The carrier gas was argon. The TCD
was used to determine the components such as H, and N,. The FID detected the carbonated

components, except for CO and CO,, which were detected with the help of the methaniser.

2.2.7 Principal Component Analysis (PCA)

PCA is a multivariate technique used in data processing usually presented in a table containing
variables and observations; it is a graphical representation of a cloud of points initially drawn in a
multidimensional space. PCA has the goal to detect the existence of similarities or inter-correlation
between variables, based on the treatment of observations. PCA is represented by only one
orthogonal variable called “principal components”, F1 and F2. In order to facilitate the analysis of the
existence of any correlation between each of two variables separately, a projection of this cloud in an
orthogonal space (F1 and F2) is created, as previously specified. Often, these two axes have no
physical meaning, however, they ensure the maximum recovery of information from the projection
of the cloud of points. Obviously, a bad projection of a variable on this new space may not be
representative, and therefore, the information about this variable is deformed. The conclusions
drawn in this case may not have a physical meaning (Boukaous et al., 2018). The different chemical
groups identified in the pyrolytic oils were set as variables, while the various bio-oils recovered for

the different experiments were the samples. The R software (R: A Language and Environment for
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Statistical Computing, 2014) was used in this study for the analysis and evaluation of data. A detailed

introduction and application of PCA to multivariate data can be found in Esbensen et al. (2002).

2.3 Results and discussion

2.3.1 |Identification and quantification of bio-oil components
The first step in the analysis of the bio-oils was performed by GC-MS (see Figure 2.2 for typical mass

spectrum). After identification of individual peaks using, a total of 255 compounds were identified.
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Figure 2.2: GC-MS spectrum of beech wood pyrolytic oil obtained at 500 °C

After identification of each peak, the quantification of each individual compound was performed. For
this purpose, all the compounds were grouped into 12 major chemical families. A reference
compound was chosen in each family for calibration. These reference compounds along with their
corresponding retention times and the chemical group they represent are listed in Table 2.3, as well
as the most abundant compound present for each family, on average. The detailed representation of
the most abundant molecule present per family per bio-oil produced can be found in Annex A (Table
A.2 (a), (b), (c) and (d)). It has been seen from the r” values obtained for all the calibration lines that

the latter had near-perfect linearity (R*>0.99). This enhanced the reliability of the quantification
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method used. In each of the 12 chemical families, the calibration curve of the reference compound
was used for the quantification. However, to take into account the structural difference that could

lead to the variation of the response factor from the reference compound, the relative response

factors were corrected using the ECN method (Scanlon and Willis, 1985).

Table 2.3: Calibration information of major chemical groups in bio-oil

Reference
Retention time
Compound for Chemical group Most abundant compound in oil
(min)
calibration
Furan, 2,3,5-
6.38 Furan Furans C,H.c0
trimethyl-
10.90 Acetic acid Carboxylic acids Acetic acid C,H,0,
2-Propanol, 1,1-
18.14 Allyl butyrate Esters C,H140,
dimethoxy-, acetate
2-Cyclopenten-1-
21.40 Ketones Levoglucosenone CsHeO3
one, 2-methyl
28.02 Furfural Aldehydes Furfural CsH,0,
Phenol, 2,4,5-
28.66 Phenol Phenols CoH4,0
trimethyl-
Cyclopentene, 1-(1-
30.43 Dodecene Aromatics CsH1a
methylethyl)-
34.88 p-Cresol Alcohols 2-Furanmethanol CsHegO,
Nonane, 4-ethyl-5-
39.29 Tetradecane Alkanes Ci2Hag
methyl-
41.72 4-Methylcatechol Guaiacols 4-Ethyl guaiacol CoH1,0,
Butyramide, 2,2,3,3-
42.66 Benzamide Amides CgH.7NO
tetramethyl-
49.49 Levoglucosan Carbohydrates Levoglucosan CgH1005

2.3.2 Pyrolysis of flax shives and beech wood

For the various families to be more visually representative, pie charts were built for each
temperature and biomass used. Figure 2.3 is an example of the chemical families present in pyrolytic
oils of beech wood and flax shives obtained at 500 °C. Similar diagrams were built for each bio-oil

produced; the results obtained have been tabulated and can be found in Annex A (Table A.3).
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Furthermore, Table A.4 in Annex A lists the different families present in the bio-oils and the major

identified molecules belonging to each of them.

(a) Beech wood bio-oil 500°C (b) Flax shives bio-oil 500°C
0,1 00
21
L 14
Il Carboxylic acids [ Phenols [ Alcohols [ Carbohydrates  [7] Ketones [ Esters
I Aromatics Il Aldehydes [ ] Furans [7] Guaiacols [ ] Alkanes [ 1 Amides

Figure 2.3: Quantification of chemical families (mol. %) in pyrolytic bio-oils for beech wood and flax shives at
500 °C

Bajus (2010) claimed in his studies that the major liquid products obtained from the pyrolysis of
beech wood were acetic acid, formic acid, lactic acid and levoglucosan. The percentages obtained
during the course of this study corroborated that finding. A percentage of 35 mol. % of carboxylic
acids has been obtained for the pyrolysis of beech wood at 500 °C, clearly demonstrating that acids
were the most prominent products present in the pyrolytic bio-oil obtained. However, carbohydrates
were not the second most abundant product, phenols were. This can be explained in that while
levoglucosan remained one of the major liquid products detected, the phenolic compounds, when
cumulated, presented a higher percentage. The same explanation holds for esters and ketones. As
for aromatic compounds, which are the ones most interesting in bio-oil to be used as bio-fuel, it
could be observed that this setup did not produce much (1 mol. % for beech wood). This fact shows

the importance of upgrading the oil so as to enhance the production of these compounds.

Concerning the behaviour of the pyrolytic oils of flax shives obtained under the same conditions, it
can be seen that the distribution followed a similar pattern with respect to the major chemical
families present. Carboxylic acids were still the majority proportion present, despite having a lower
percentage (28 mol. % vs. 35 mol. %). But, differences were observed for minor compounds; no
guaiacols and no alkanes were present in the pyrolytic oils of flax shives. This observation confirms

the fact that there indeed exist differences between beech wood and flax shives. The difference
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might be due to the different harvesting process or the fundamental structure of the biomasses.
Elemental analysis performed on flax shives presented a significant content of mineral materials (see
Annex A for detailed values). Some of these minerals could possess catalytic properties (Yan et al.,

2016).

2.3.3 Pyrolysis of woody biomass components

During the course of these studies, pure samples of the three components making up biomass:
cellulose, hemicellulose and lignin, were also pyrolysed under the same conditions as the two
biomasses. The quantification of the chemical families in the respective obtained oils is given in Table
2.4. It should be noted that alkanes have not been included in this table as they have not been
detected in this bio-oil samples. This quantification can give a clear idea of the provenance of the
compounds present in the pyrolytic bio-oils of the biomasses. For comparison purposes, it was
considered that beech wood comprised of 41.7 % cellulose, 37.1 % hemicellulose and 18.9 % lignin
(Gucho et al., 2015) on a dry basis, with the remaining 2.3 % were made up of ash and minerals and
that flax shives were made up of 46.0 % of cellulose, 26.2 % of hemicellulose, 23.1 % of lignin and the
remaining 4.70 % were considered to be ash and minerals (Sharma, 1989). Also, the “theoretical”
percentages of each chemical family at 500°C, assuming that the biomass was only made up of the
three biomass components, have been included in Table 2.4. The following equation was used to

calculate the two last columns:

X X, . X
. cellulose hemicellubse lignin
Theoretical average = [—100 X yllchem_gmj + (—100 X yzlchem_gmj +( 100 X V3 chem. grpj

Where x = percentage of pseudo-component; X .ju0se = percentage of cellulose and,

y = percentage of chemical group in pseudo-component; y¥; aiconois = Percentage of alcohols in
cellulose.

For instance, for alcohols for beech wood, the calculation would be:

Theroretical average, alcohols, for BW = 417 x4.90 |+ E><6.13 + 18.9 x 0
100 100 100

Table 2.4: Percentages of chemical families (mol. %) present in biomass components pyrolysed at 500 °C

Pseudo-components (mol. % present) Theoretical average (mol. %)
Chemical
Xylan
families Cellulose Lignin Beech wood Flax shives
(Hemicellulose)
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Alcohols 4.90 6.13 - 4.42 3.86
Aldehydes 3.37 16.55 - 7.72 5.89
Alkenes 1.01 1.22 - 0.89 0.78
Amides 1.23 2.24 - 1.38 1.15

Carboxylic
7.14 22.33 - 11.53 9.13

acids

Esters 7.38 10.40 - 7.10 6.12
Furans 5.17 4.19 - 3.80 3.48
Guaiacols - 0.81 - 0.31 0.21
Ketones 11.30 12.53 33.98 16.15 16.33
Phenols 21.21 8.39 66.02 25.01 27.21
Sugars 37.29 15.21 - 21.69 21.14

Globally, it can be seen that the compounds issued from the three pseudo-components were the
same as those from the biomasses, except for alkanes. The latter was detected in the beech wood
and flax shives pyrolytic oils, albeit being present in less than 1 mol. %. This can be explained once

more by the effect of minerals.

From the percentages in Table 2.4, it was obvious that the great majority of carbohydrates came
from cellulose while most of the carboxylic acids from xylan. If the biomass were considered to be
made up of only the three pure pseudo-components, the estimated percentage of carboxylic acids
present in beech wood would have been 11.53 mol. %. However, it was seen that amount actually
present was 35 mol. %. The same observation can be made for most of the other chemical families:
the calculated values were always less than the values obtained. The exceptions were aldehydes,
ketones, phenols and carbohydrates. One way these disparities may be accounted for is by the
physico-chemical interactions between the pseudo-components present in the biomass and also, by
the presence of various minerals and impurities in the biomass. These minerals have catalytic
properties (Liu et al., 2014) and can lead the biomass to behave in an unpredicted manner. Also, the
different samples of biomass components used during the course of this study have been extracted
from a wide array of sources using different extraction methods. For instance, the lignin used was in

its alkaline form. Therefore, the divergence in percentages obtained may have arisen from the fact
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that the pseudo-components samples used and the actual components of the biomass used have
different structures and exhibit different behaviours (Jiang et al., 2010). The latter point can also
consider the physical interactions of the biomass components when intertwined in the biomasses.
The breakdown of these interactions may also inhibit the pyrolysis reaction. Furthermore, it should
not be forgotten that while the decomposition temperatures of cellulose and hemicellulose are
relatively low (220-315 °C for cellulose and 315-400 °C for hemicellulose), those of lignin are quite
high (150-900 °C) (Yang et al., 2007). This might be a contributor to the unanticipated percentages

obtained.

2.3.4 Effect of pyrolysis temperature on liquid product distribution

The effect of temperature could also be seen on the percentages of the chemical families present in
the bio-oils produced at different temperatures. PCA was employed to study the correlations and
differences between the bio-oil content from different biomass sources and pyrolysis temperatures.
The first two principal components described 51.5 % and 18.8 % of the variability observed in bio-oils
produced at different experimental pyrolytic temperatures. These percentages were obtained from
the calculation of the standard deviation of the variables, via the ‘R’ software. However, it should be
noted that the accuracy of the analytical setup being of 1 %, all the concentrations that were less
than 1 % have been neglected so as to have a proper representation of the spread of the data.
Comparing the two plots in Figure 2.4 helped identify the different covariations between the oils and
the different groups present in them. For instance, the presence of well-separated sub-groups in
Figure 2.4 (b) shows that the elements of each of these sub-groups behaved in a similar manner as
the other elements in the sub-group. Hence, it can be said that the pyrolytic behaviour of the beech
wood and flax shives samples at the different temperatures resembled one another. However, the
pyrolytic behaviour of each pseudo-component was distinctly different from one another and from
that of the biomasses. The fact that two points (8 and 16) did not follow the same trend as the rest of
the points showed that the pyrolytic behaviour of the raw materials at 600 °C was different from the

rest.

From the loading plot (Figure 2.4 (b)), the variables which most affect the components 1 and 2 can
be deduced. These variables, known as “important variables” were carboxylic acids, esters and
phenols. This comes as no surprise as these chemical groups were the ones mostly present in the
pyrolytic oils. Usually, samples lying on the same side of the axes are positively correlated and vice-
versa. Hence, it can also be witnessed from Figures 2.4 (a) and (b) that samples 1 to 8, i.e. the
biomass samples were all positively correlated; they covaried in the same manner. Another
observation is that pyrolytic runs done at higher temperatures were negatively correlated along

component 2 in terms of carbohydrates, furans and carboxylic acids. This could be a proof that higher
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temperatures cracked large molecules like carbohydrates and furans to favour the formation of
carboxylic acid molecules, hence accounting for the lower percentages of carbohydrates and furans

and higher percentages of acidic molecules at 600 °C.
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Figure 2.4: (a) Score plot of samples, (b) Loading plot of variables

A final observation that can be noted concerns the lignin sub-group. As mentioned earlier, lignin
tended to exhibit a different behaviour relative to the biomass samples and the other biomass
components. The fact that the samples of lignin pyrolytic oils were found apart from the others is a
further confirmation of its odd behaviour. The reasons accounting for this behaviour have already

been discussed previously.

2.3.4.1 Effect of pyrolytic temperature on chemical families present in bio-oils

In order to delve deeper into the relationship of the various specific chemical groups and the
pyrolytic temperature, different graphs were built to observe and analyse patterns. Figure 2.5 shows
the variation of the percentage of carboxylic acids present in pyrolytic oils of beech wood and flax

shives at the different temperatures studied.
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Figure 2.5: Effect of the pyrolysis temperature on the carboxylic acid content of biomass bio-oils

It can be seen from Figure 2.5 that the trend followed by the two biomasses was not very clear. To
further analyse this behaviour, a common means of comparison was required. For that purpose, it
could be theorised that the global trend followed by a specific chemical group present in a mixture of
the three pure biomass components could represent the trend followed by the biomass itself if the
composition of the biomass in terms of its biomass components is known (Stefanidis et al., 2014).
Therefore, an “average” of the three pseudo-components was illustrated over the studied
temperatures using the values from Gucho et al. (2015). The same values were used to estimate an
“average” for flax shives as well, as the values for the composition of the flax shives in terms of its
pseudo-components did not differ very much from those of beech wood. The “average” values used
can be found in the last column of Table 2.4 for a pyrolysis run done at 500 °C. The results obtained

have been presented in Figure 2.6.

Figure 2.6 shows that the three bio-polymers and hence, their average, followed an increasing trend
with respect to the percentage of carboxylic acids present with increasing temperature. This can be
explained in that the larger, more complex molecules formed at lower temperatures break down to
form smaller compounds when temperature is heightened. These compounds may be found in the
condensed bio-oils in liquid form, or may escape in gaseous form. Therefore, the bio-oils, while
perhaps not containing twice the amount of acids at 600 °C than at 450 °C, contained twice their

percentage. Hence, the bio-oils became more acidic as pyrolysis temperature increased.
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Figure 2.6: Effect of the pyrolysis temperature on the carboxylic acid content of pseudo-component bio-oils

From the comparison of the Figures 2.5 and 2.6, it can be seen that although not down to the last
detail, the curve representing the trend followed by flax shives pyrolytic oils was similar to the one
representing the average trend of the three pseudo-components. The beech wood pyrolytic oils
curve, however, experienced a drop at the 550 °C mark. This abnormality could not be theorised
based on the current analyses performed. A further analysis was conducted using some of the other
major chemical families in the oils. Figures about the effect of the pyrolysis temperature on the

remaining chemical families can be found in Annex A (Figures A.1-A.9).

From the trends for phenols, esters, ketones and carbohydrates for the biomasses, it can be seen
that flax shives and beech wood pyrolytic oils did not exhibit the exact same behaviour. In contrast to
what was seen in Figure 2.5, the 550 °C point for beech wood did not behave in an abnormal manner
relative to the trend shown by the average of the three biomass components. However, the
behaviour of the pyrolytic oils of both biomasses followed about the same trend as that of the

average of the biomass components for phenols, esters, ketones and carbohydrates.
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Figure 2.7: Effect of the pyrolysis temperature on the phenol content of bio-oils

Furthermore, the percentage of phenolic compounds, which were the second most abundant
chemical family present, in the pyrolytic oils have been presented in Figure 2.7. It can be seen that
the global trend of phenols present over increasing temperature was an increasing one. The
exception was with cellulose and flax shives; as the temperature increased to 600 °C, the curve for
both cellulose and flax shives sloped downwards. If the average of the three biomass components is
considered, it could be said that the percentage of phenols present over the range of temperatures
fluctuated around 20-30 % of the mass of the pyrolytic oils. However, in the case of the two
biomasses studied, phenols were present in the order of 10-20 % for beech wood bio-oils and 20-30
% for flax shives bio-oils. The curves in Figure 2.7 show that the major percentage of phenols came
from the lignin fraction of the biomass. As lignin has a larger span of degradation temperatures than
the temperatures used in this study (Quan et al., 2016), it could be that the lignin fraction did not
degrade fully in order to give the same amount of phenolic compounds for the pyrolysis of beech
wood and flax shives. This could be due the effect of minerals on the pyrolysis products. The same
behaviour can be noted with respect to esters and ketones in (as can be seen from Figures A.1 and

A.2 from Annex A), and this behaviour can be explained in the same manner as for phenols.

As for carbohydrates, it can be seen from Figure 2.8 that the majority came from the degradation of
the cellulosic portion of the biomasses, and that as temperature increased, the mass fraction of
carbohydrates correspondingly decreased as the complex carbohydrate molecules cracked to give
smaller, lighter molecules. The variation of the remaining chemical families followed about the same
trend of that of the average of the three biomass components, with some exceptions: alkanes and
guaiacols. The afore-mentioned two groups of chemical compounds represented less than 1 % of the
mass of the pyrolytic oils. As these percentages were less than the error margin of the apparatus
used to quantify the oils, they have not been retained. It can thus be inferred that the amount of

alkanes and guaiacols comprised in the bio-oils were negligible.
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Figure 2.8: Effect of the pyrolysis temperature on the carbohydrate content of bio-oils

2.3.5 Correlations between the different chemical families present
Correlations between different variables from a set of samples were assessed. The table regrouping

the detailed R value (Pearson) can be found in Annex A (Table A.5 (a), (b), (c), (d) and (e)).

Globally, carbohydrates present in all pyrolytic oils, except that of cellulose and lignin, showed the
strongest negative correlation with temperature (R=-0.78 to -0.99) while carboxylic acids showed the
strongest positive relationship (R= 0.36 to 0.98). This follows the explanation that higher
temperatures cracked larger molecules of carbohydrates and favoured the formation of acidic
molecules. To further deepen this analysis, the correlation between carboxylic acids and
carbohydrates was investigated. For the individual biomass bio-oils, beech wood bio-oil showed a
negative correlation between acids and carbohydrates (R= -0.42) as well as bio-oil from flax shives
(R=-0.89). To explain this trend, xylan bio-oil showed a negative correlation between carbohydrates
and acids (R=-0.94) while cellulose exhibited no correlation at all (R= 0.04). It can thus be said that it
was carbohydrates originating from the hemicellulosic fraction of the biomass that got converted to
acids when hemicellulose was degraded at high temperatures. Another important negative
correlation was observed between phenols and carbohydrates (R= -0.92) for beech wood, and
between ketones and acids for flax shives (R= -0.93). Both correlations are mirrored by xylan,

demonstrating that it was again the hemicellulosic fraction that contributed to this phenomenon.

2.3.6 Oxygen content of pyrolytic oils

A major challenge of the usage of bio-oils in various applications remains their relatively high oxygen
content. The oxygen content can be determined by the quantification of compounds in the oils and
was found to fluctuate around 33 mol. %, for the range 500-550 °C, which is coherent with respect to
what has been reported in literature (Lehto et al., 2013). This value is very high compared to the
oxygen quotient of heavy oil, 1 % (Xiu and Shahbazi, 2012). It should however be noted that the

oxygen coming from the biomass humidity has not been included in the total oxygen percentage;
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only the oxygen derived from the molecules in the bio-oil have contributed to this percentage.
Contrary to what can be believed, even if a particular group of compounds possesses only one
oxygen atom, it can contribute more in the overall oxygen content of the oils if its presence is more
significant than another group which contains six atoms. For instance, for the pyrolysis of beech
wood at 500 °C, 41 mol. % of the oxygen of the bio-oil produced came from carboxylic acids while
only 14 mol. % came from carbohydrates, despite the fact that only two atoms of oxygen were
involved in the first case while six were involved in the second one. However, if the percentage of
acids is taken into account, it can be seen that there was around five times more acids than
carbohydrates. Hence, the oxygen atoms linked to the acidic molecules impact the oil more than

those bonded to the carbohydrate molecules.

From the various pyrolysis experiments conducted, it was noted that the major portion of oxygen
came from the carboxylic acids, followed by the esters, carbohydrates and ketones. Hence, these are

the chemical groups deemed problematic to the usage of bio-oil as an efficient bio-fuel.

2.3.7 Non-condensable gases analysis

The same analysis as for liquid composition was made for the non-condensable gas composition. The
non-condensable gases (NCG) are the fraction of pyrolysis products recuperated after the
condensation of bio-oil vapours. They are typically made up of CO, CO,, CH,and H,. In this case, C,H,,
C,H,; and C,H; (represented as ‘C,’) and C3H4, C3Hg and C3Hg (represented as ‘Cs’) have also been
qguantified. Figure 2.9 represents the different gas product distributions obtained for each feed

material at 500 °C. The results obtained have been tabulated and presented in Annex A, Table A.6.

It can be seen that all the feed materials, except lignin, follow approximately the same trend: the
major NCG component was CO, followed by CO,. Lignin’s different behaviour can be explained by the
difference in its structure as compared to those of the two other biomass components (Patwardhan,
2010). It is therefore, not the same linkages that break when lignin is converted, giving rise to more
CO, than CO. Apart from this observation, the rest of the feed materials tended to have about the
same product distribution, prompting the supposition that the pyrolytic behaviour of biomass was

more mirrored in the pyrolytic behaviours of cellulose and xylan.
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Figure 2.9: NCG composition (vol. %) obtained at 500 °C

Now, Figure 2.10 depicts the evolution of NCG composition for all feed materials with increasing
pyrolysis temperature. For the flax shives NCG evolution, it can be seen that as the pyrolysis
temperature rose, the percentage of CO, diminished while those of the rest of the components
increased. The same trends were seen again for all the feed materials, apart from lignin, which as

stated previously, behaved differently.

(a) . (b)
oo | Flax shives 5 - Beech wood
50 4 50 4
® ®
-g_ 40 A —g 40 +
= 2=
& 30 - B30
£ £
g 20 4 E 20 4
< K
10 + 10 4
0 - o 4
450 500 550 600 450 500 550 600
Temperature (°C) Temperature (°C)
(c) (d) (e) .
30
o0 - Cellulose o0 - Xylan Lignin
_ 70
§:50 1 gsu E i: 0 |
3_ 40 E_ 40 %50 1
B 30 - & 30 4 w40 1
1] o -
2 2 § 1
a 20 4 o 20 4 o
2 S & 20 4
& 10 4 a 10 J 10 4
0 0 - o
450 500 550 500 as0 500 550 500 450 500 550 600
Temperature (°C) Temperature (°C) Temperature [°C)

B COMCO, BCH,MH, BC, B |

Figure 2.10: Evolution of NCG composition (vol. %) with pyrolysis temperature
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2.3.8 Solid residue analysis

Concerning the evolution of the solid residue (char) with increasing pyrolysis temperature, it was
noted that the char left behind decreased in mass as pyrolysis temperature increased. This
observation is on the same line than the previous ones: increasing the pyrolysis temperature
privileged cracking reactions, and thus, gas formation, causing a decrease in liquid and solid product

formation.

2.4 Conclusion

This part of the study examined the pyrolytic behaviour of flax shives relative to beech wood, a
biomass commonly used in literature and the three pseudo-components that make up biomass:
cellulose, hemicellulose and lignin. It was found that, albeit not to the dot, the pyrolytic behaviour of
flax shives matched that of beech wood and also had a trend reflected by an average of the three
pseudo-components built on a composition of beech wood found in literature. However, after
deeper analysis of the data, it was seen that it was not totally correct to infer that the pyrolytic
behaviour of the biomass was the same as that of the theoretical average built. This might be due to
physical interactions between the different parts and also probably, the mineral content of the
biomass. Furthermore, the results showed that the pyrolytic temperature had a significant effect on
the liquid and solid products recovered from the pyrolysis reactions of each raw material. Acidic
content increased with temperature, as opposed to carbohydrate content. It was also seen that the
evolution of the chemical groups with temperature between the different chemical groups present in
the bio-oils followed mostly the same degradation trend as that of the hemicellulosic part of the
biomass. Now, the main problem remained the rather elevated oxygen content of the pyrolytic oils.
In order for this oil to be exploitable as a bio-fuel, a means to enhance its properties needs to be

found.
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Chapter 3

3. Production of liquid bio-fuel from catalytic de-oxygenation: pyrolysis of

beech wood and flax shives

3.1 Introduction

This study presents a detailed analysis of the catalytic de-oxygenation of the liquid and gaseous
pyrolytic products of two biomasses (beech wood and flax shives) using different catalysts
(commercial HZSM-5 and H-Y, and lab-synthesised Fe-HZSM-5, Fe-H-Y, Pt/Al,0; and CoMo/Al,Qs)
based on their proven de-oxygenation performance in literature. The experiments were all
conducted in a semi-batch reactor under the same operating conditions for all feed materials. BET
specific surface area, BJH pore size distribution and FT-IR technologies have been used to
characterise the catalysts, while gas chromatography-mass spectrometry (GC-MS), flame ionisation
detection (GC-FID) and thermal conductivity detection (GC-TCD) were used to examine the liquid and
gaseous pyrolytic products. PCA was applied at the end to have an overall view of the behaviour of
the pyrolytic products obtained with and without catalyst use and the various correlations existing
among them. This part of the study has been submitted for publication to the Journal of Fuel

Chemistry and Technology.
3.2 Experimental section

3.2.1 Materials used
The biomasses (beech wood and flax shives) and woody biomass components (cellulose, xylan and
lignin) used for this part of the study have already been presented and detailed (Refer to Chapter 2,

section 2.2.1).
3.2.2 Catalysts preparation and characterisation

3.2.2.1 Preparation of catalysts

3.2.2.1.1 HZSM-5

The catalyst [hydrophobic HZSM-5 catalyst in its proton form (H*)] was acquired from ACS materials
in the form of pellets (@ = 3 mm, L = 30 mm). The SiO,/Al,0; ratio was 38, the specific surface area
about 250 g/m? and the pore size about 5 A. The catalyst was triturated and sieved between 1.2
and 1.0 mm. The apparent porosity of this catalyst was between 0.60 and 0.62 (The calculation
method used for the apparent porosity has been described in Annex B). The catalyst was calcined at
550 °C during 4 hours, with a heating rate of 2 °C/min (Aho et al., 2010) at atmospheric pressure in

air, before use.
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3.22.1.2 H-Y

The H-Y catalyst [4587 Zeolite Y, Hydrogen] was obtained from Alfa Aesar in powder form and had a
Si0,/Al,0; ratio of 60 and a specific surface area of 720 g/mz. In order to avoid blockage and any
other disadvantage that may be caused by using powders with low particle size, the catalyst was
wetted in deionized water and dried overnight in an oven at a temperature of 105 °C. The dried and
compacted catalyst was then triturated and had an apparent porosity of 0.77. Before use, the

catalyst was calcined at a temperature of 550 °C using the same procedure as described for HZSM-5.

3.2.2.1.3 Fe-HZSM-5 and Fe-H-Y

The previously mentioned zeolites, HZSM-5 and H-Y, were used for the synthesis of the Fe-modified
catalysts. An iron nitrate salt, ferric (lll) nitrate 9-hydrate (Fe(NO;);.9H,0), was purchased from
PanReac AppliChem. For each 10 g of catalyst (HZSM-5 or HY), 4.04 g of the iron nitrate salt were
diluted in 100 mL of deionized water (Aho et al., 2010) so as to reach a content of 1.4 wt. % (Mullen
and Boateng, 2015). Both catalysts were imbued by the ferric dilution, agitated and heated at 80 °C
for 10 minutes. The catalysts were then dried overnight in an oven at 105 °C. The dried catalysts
were afterwards introduced in the tubular furnace to be calcined at a temperature of 550 °C, as
described above. These catalysts are considered to be bifunctional ones. The apparent porosity was

0.61 and 0.78 for Fe-HZSM-5 and Fe-H-Y, respectively.

3.2.2.1.4 Pt/Al;0;3

Tetraamine platinum (Il) nitrate (Pt(NH3)4(NOs),), containing 1.32 % of platinum was acquired from
Alfa Aesar in powder form, using gamma-alumina (y-Al,0;, 99.97%) as support having an apparent
porosity of 0.83. For 0.3 g of platinum solution, 10 g of alumina support were required so as to reach
a Pt content of 1.32 wt. % (Payormhorm et al., 2013). The platinum solution and alumina were then
added to 20 mL of deionized water and heated at 80 °C for 10 minutes. Following this, the platinum-
alumina catalyst was dried and calcined with the same procedure for the afore-mentioned catalysts.
In order to reduce the catalyst, it needed to be introduced in the tubular furnace and heated with a

rate of 5 °C/min up to 500 °C during 2.5 hours with a gas flow of 500 mL/min of 90 % N, and 10 % H..

3.2.2.1.5 CoMo/ Al;03

The bi-metallic catalyst mixture of cobalt and molybdenum was prepared using an atomic relation of
Co:Mo 4:1; for 1 g of cobalt (ll) nitrate hexahydrate 98%, 0.81 g of ammonium molybdate
terahydrate 99 % and 33.33 g of support were needed (Dumeignil et al., 2005). The support used was
v-Al,03, 99.97%. The same impregnation, drying, calcination and reduction methods were employed
as for the previous catalyst (Pt/Al,O3). The cobalt and molybdenum salts were both purchased from

Sigma Aldrich.
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3.2.2.2 Catalyst characterisation methods
All the catalyst characterisation work was done at the “Unité de Chimie Environnementale et
Interactions sur le vivant” (UCEIV) laboratory, at the “Université du Littoral Co6té d’Opale” (ULCO),

located in Dunkirk, France.

3.2.2.2.1 Specific surface area and pore size
BET surface area was measured by nitrogen adsorption at -196 °C in a Quanta Sorb Junior apparatus
(Ankerschmidt). Before analysis, the samples were degassed for 30 min at 200 °C. Each measurement

was repeated three times and an average value was taken.

Nitrogen adsorption-desorption isotherms were obtained on a Micromeritics TRISTAR 3000 analyser
at -196 °C over a wide relative pressure range, from 0.01 to 0.995. The samples were degassed under
vacuum for several hours before nitrogen adsorption measurements. The pore diameter and the
pore size distribution were determined by the Barret—Joyner—Halenda (BJH) method using the

adsorption branch of isotherms.

3.2.2.2.2 Surface acidity

The acidity of the catalysts was measured by infrared spectroscopy of adsorbed pyridine. It has been
demonstrated in literature that pyridine is the probe molecule of choice to examine the acidity of
zeolites as used in biomass pyrolysis applications (Deka, 1998). To investigate the nature of acid sites
and bonding of ions on the surface of catalysts, FT-IR (Spectrum BX, Perkin-Elmer) spectra were
obtained in the range of 600-4000 cm™. The samples for acidity measurement were prepared in
powder form, then saturated with small amount of pyridine, and degassed at 100 °C for one hour.
The FT-IR spectra in absorbance mode after the pyridine treatment were subtracted with those of
the untreated catalysts to obtain the peaks only due to pyridine—acid site interactions (Topaloglu

Yazici and Bilgig, 2010).

3.2.3 Pyrolysis experimental setup

The pyrolysis runs were done in a semi-continuous experimental set up. It comprised of a quartz
reactor with a special configuration, as illustrated in Figure 3.1. The total length of the reactor was
1050 mm. The reactor included two zones: a pyrolysis zone and a catalysis zone, as it has been shown
in literature that such a configuration enhances the liquid yield (Li et al., 2008). Both the pyrolysis
zone and the catalysis zone were placed horizontally in a tubular furnace. The same carrier gas and
other experimental configuration were used as for the sole pyrolysis experimental runs (Refer to
Chapter 2, section 2.2.3). The differences were that first, the cooling temperature used was -10 °C so
as to enhance the condensing efficiency of the setup. Then, the pyrolysis experiments were only

conducted at a temperature of 500 °C for each raw material used.
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Figure 3.1: Second layout of pyrolysis reactor
For the experiences comprising the catalysts, a catalyst-to-biomass ratio of about 4:1 was used. After
pyrolysis, the oil was recovered by using acetone with 99.98% purity, with a known added amount of
nonane, used as internal standard while the non-condensable gases produced were captured using

sampling bags for further analysis.

3.2.4 Bio-oil and non-condensable gases analysis
The techniques used for the liquid and gas product analysis (GC-MS and GC-FID/TCD) have already
been detailed previously (See Chapter 2, section 2.2.4, 2.2.5 and 2.2.6).

3.2.5 Karl Fischer (KF) titration method
The volumetric KF titrations were performed with a Metrohm 870 KF TitrinoPlus apparatus. An
aqualine sodium tartrate solution was used as titrating agent, along with Hydranal Composite 5 and

Hydranal Methanol Rapid as working media. The sample weight used was in the range of 0.17-0.20 g.

3.2.6 Principal component analysis (PCA)

This statistical has already been introduced in Chapter 2 (Refer to section 2.2.6).
3.3 Results and discussion

3.3.1 Defining the pyrolytic temperature
The pyrolytic temperature chosen for this study was 500 °C. This was based on a series of pyrolytic
runs at 450, 500, 550 and 600 °C under the same operating conditions. Based on the reproducibility

of the experiments, a percentage error of 1 % was found. Figure 3.2 demonstrates the different
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values obtained for the mass balances of the various runs for flax shives (all above 95 %), brought to
100 %. Beech wood followed a similar trend, despite the two biomasses having been harvested in a
different way and flax shives possessing more mineral content. As it can be seen, the maximum vyield
of bio-oil was obtained at 500 °C (58.18 wt. %). 500 °C was hence chosen as the operating

temperature for the experimental runs done throughout this study.

100 -

70 -+

@ Char

B Non-condensable gases

M Bio-oil

Percentage (wt. %)
&

20 -+

10 +

450°C 500°C 550°C 600 °C
Pyrolytic temperature (°C)

Figure 3.2: Mass balances for flax shives pyrolysis at different pyrolytic temperatures

3.3.2 Catalyst characterisation results

- BET surface area and porosity

The values obtained for the specific surface area of the catalysts used have been listed in Table 3. It
can be seen that the BET surface area decreased after the metal modifications. This observation can
be attributed to the fact that metal species were deposited on the catalyst surface during the
impregnation. In the case of the supported catalysts on alumina, the decrease was more pronounced
because the surface area of y-alumina was lower than that of the zeolites and therefore, the

dispersion was probably lower.
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Table 3.1: Specific surface areas and specific pore volumes of catalysts used

Catalyst used HZSM-5 | Fe-HZSM-5 H-Y Fe-H-Y | Al,O; | Pt/Al,0; | CoMo/Al,O;
Specific surface area
5 285.67 220.84 763.27 | 457.71 | 179.55 30.67 33.32
(g/m”)
Specific pore volume
s 0.41 0.25 0.48 - 0.22 - -
(cm’/g)
(a) (b)
350 350
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Figure 3.3: N, adsorption/desorption isotherms of catalysts and supports: (a) HZSM-5, (b) Fe-HZSM-5, (c) H-Y
and (d) y-alumina

The nitrogen gas adsorption-desorption isotherms for the same representative catalysts samples as
mentioned above have been illustrated in Figure 3.3. The specific pore volume for each analysed
sample has been included in Table 3.1. A slight decrease in the specific pore volume of Fe-HZSM-5 as
compared to that of HZSM-5 can be observed, corroborating the previous statement claiming a
partial coverage of the HZSM-5 pores by Fe. Concerning the isotherms depicted in Figure 3.3, it can
be seen that HZSM-5, Fe-HZSM-5 and H-Y basically show a combination of IUPAC Types | and IV

isotherms (Jannot, 2008). Hence, it can be said that these samples possessed both microporous and
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mesoporous structures. y-Alumina displayed a slightly different isotherm than the others (closer to
IUPAC Type lll); this may be due to the smaller surface area of y-alumina relative to the zeolite-based

catalysts, which translated to a lower pore volume (0.22 cm?/g).

- FT-IR acidity analysis

For the acidity characterisation, after pyridine adsorption, the stepwise desorption of the catalysts
used was performed at 100, 150, 200, 300 and 400 °C. Figure 3.4 represents the spectra obtained for
the Fourier transform infrared (FT-IR) at 300 °C of the catalysts samples used in this study. The
spectra at all temperatures exhibited the same tendency; the figures can be found in Annex B

(Figures B.1 to B.4).
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[E—
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1580 Cm'&.:::
— |

=—H-Y 300°C

=—Alumina 300°C

=—Pt/Alumina 300°C

—CoMo/Alumina 300 °C

Fe-H-¥ 300°C

1436 cml

Figure 3.4: IR spectra of catalysts at 300 °C

Catalysts are known to possess two kinds of acid sites. Firstly, for those in the H-form, the hydroxyl
groups linking Si and Al atoms are said to have strong Brgnsted acid properties. Then, Lewis acid sites
are usually associated with extra-framework Al and O species (Ward, 1970). Concerning the IR
spectra obtained for the catalyst supports (HZSM-5, H-Y and y-alumina), the presence of bands at

1436 and 1580 cm™, characteristic of Brgnsted acid sites, as well as bands at 1482 and 1596 cm™,
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representing Lewis acid sites, were noted. The principal effect of the metal modification on the
supports can be observed as a decrease in the acid bands; however, only those present at 1482 and
1596 cm™ have been completely reduced, providing evidence that the Lewis acid sites were occupied
by metal ions. These same observations were previously reported by Lobree et al. (1999), validating

the metal impregnation.

3.3.3 Effect of quantity of catalyst used

Several studies investigating the effect of using different catalyst loadings (catalyst-to-biomass ratios)
have been published in literature (Naqvi et al., 2015; Payormhorm et al., 2013; Puértolas et al.,
2016). The reason behind this is that for heterogeneous catalytic systems, the contact time between
the catalyst and biomass, or vapour, is an important parameter (Garcia et al., 1998). Therefore, in the
course of this study, we have studied the effect of catalyst loading on the composition of the bio-oil.
The experiment done with Fe-HZSM-5 will be taken as case in point; the parameters have been listed
in Table 3.2. It should be noted that the nitrogen flow rate used was 500 mL/min and the apparent

porosity of Fe-HZSM-5 was 0.61. The equation used to calculate the contact time was the following:

Volume of catalytic bed X (1 — apparent porosity)

Contact time = -
Nitrogen flow rate

Table 3.2: Parameters for experimental runs concerning effect of catalyst-to-biomass ratio used

Volume of Catalyst-to-

Mass of Fe- Height of Fe-

HZSM-5 used (g)

HZSM-5 bed (cm)

catalytic bed

biomass ratio

Contact time (s)

(cm?) used
6 2.5 26.55 2:1 1.94
12 5.0 53.09 4:1 3.89
28 10.0 106.19 9:1 7.77

Firstly, it was observed that by changing the contact time from 1.94 s to 3.89 s, the bio-oil was de-
oxygenated by a large margin: from 34.33 mol. % to 23.84 mol. % and 17.31 mol. %, respectively (as
shown in Figure 3.5). On the other hand, utilising a contact time of 7.77 s did further de-oxygenate
the bio-oil produced, but not by a significant amount, causing the oxygen content to drop only to

16.18 mol. %.

As for the evolution of the different chemical families present in the bio-oil samples with the
different catalyst loadings, it was seen that the use of higher amounts of catalyst caused the liquid
products to decrease and boosted the gaseous products, which is in line with previous studies (Imran

et al.,, 2016) and acts as proof that de-oxygenation was indeed taking place. Another major
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observation was that the phenolic content increased to reach a maximum at the catalyst-to-biomass
ratio of 4:1, while that of other oxygenates decreased (see Figure 3.5). What can be gleaned from
this is that using higher catalyst loadings may continually lower the bio-oil oxygen content; however,
for catalyst-to-biomass ratios of more than 4:1, any further improvement remained negligible. More

details on the different percentages of the chemical families have been given in Annex B (Table B.1).
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Catalyst-to-biomass ratio

Figure 3.5: Oxygen and phenolics content of bio-oil samples obtained with and without catalytic treatment
(for pyrolysis of flax shives at 500 °C with Fe-HZSM-5)

3.3.4 Performance of catalysts in terms of de-oxygenation activity

It should be noted that the presence of oxygen in biomass-derived oil is the primary reason why the
latter is highly functionalised. This elevated functionality diminishes the stability of the bio-oils and
commonly results in polymerisation (Gunawardena and Fernando, 2013). A direct consequence is the
increase in viscosity of bio-oils with time, low pH values and low heating values (Naqvi et al., 2015;
Yoo et al., 2016). Hence, removal of oxygen (de-oxygenation) of these bio-oils prior to their use is of
paramount importance. This is the reason why out of all the catalysts studied during this work, the
one which caused the most important drop in oxygen content was considered the most performant
one. Figure 3.6 illustrates the different percentages of oxygen obtained for beech wood and flax
shive bio-oils with and without catalytic treatment. It should be noted that the oxygen content
denoted here was the one calculated only from the chemical molecules present in the bio-oils.

Further calculations have been presented in Annex B.
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Figure 3.6: Oxygen content of bio-oil samples obtained with and without catalytic treatment

From Figure 3.6, it is quite apparent that the most efficient catalyst was the Fe-HZSM-5, reducing the
bio-oil content from 33.82 mol. % to 17.50 mol. % for beech wood and 34.76 mol. % to 17.31 mol. %
for flax shives. HZSM-5, which was long touted as being the most performant catalyst for de-
oxygenation (Gunawardena and Fernando, 2013), presented the second best efficiency, bringing the
oxygen level for beech wood down to 18.40 mol. % and to 18.42 mol. % for flax shives. The catalysts
that followed in terms of de-oxygenation efficiency were Fe-H-Y and H-Y. It can be claimed that the
addition of Fe on the zeolite matrices considerably improved their de-oxygenation efficiency.
However, the y-alumina-supported catalysts did not have a very significant impact on the oxygen
content of the bio-oils. Despite the fact that some researchers reported successful de-oxygenation
through the sole use of these catalysts (Wang et al., 2008), our results remained nonetheless
coherent with what has been presented by the majority of authors (Garcia et al., 1998; Mortensen et
al., 2011; Mullen and Boateng, 2008; Zhang et al., 2016; Zheng et al., 2016): these catalysts are
better used in hydro de-oxygenation (HDO) processes, where, in the presence of a high pressure of

hydrogen, they are more efficient.
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3.3.5 Effect of catalytic treatment on pyrolytic products distribution

Judging the performance of the catalysts based on the oxygen content of the bio-oils gives an idea of
their efficiency. However, no knowledge can be garnered concerning the effect that the catalyst
utilisation has on the different pyrolytic products. Figure 3.7 shows the different product (liquid,
char, gas) distributions obtained for beech wood and flax shives at 500 °C with and without catalytic
treatment, brought to 100 %. Furthermore, the effect of these different catalysts on the bio-oil and
non-condensable gas compositions was also investigated during the course of this study. The results
gathered concerning the chemical families present in the pyrolytic bio-oils and the non-condensable
gas components from beech wood and flax shives obtained at 500°C with and without any catalytic

treatment have been presented in Tables 3.4 and 3.5.

(a) Beech wood (b) Flax shives

Percentage (wt. %)
Percentage (wt. %)
g

5 &)
S N \e

65@ \21‘3' -5‘&, & @)é‘ \§§°
& & & “\o\

M Bio-oil B Non-condensable gases @ Char ‘

Figure 3.7: Liquid product distributions for (a) beech wood and (b) flax shives with and without catalytic
treatment

From Figure 3.7, it can first be noted that the addition of catalysts inhibited liquid formation while
boosting gas production, pointing to the fact that de-oxygenation (removal of CO, CO, and H,0) was
indeed taking place. As for the solid fraction, it could be observed that it was not significantly
impacted. Then, it can be seen that in the oils obtained without any catalytic treatment, the major
chemical family present was carboxylic acids, with 36.36 mol. % in the case of beech wood and 37.26
mol. % in that of flax shives. The most significant families following acids were phenols and ketones.
It is also worth noting that these were the families contributing most in terms of oxygen content. As
for the non-condensable gases, CO, and CO were the major components for beech wood and flax
shives, respectively. Also, the water content of the different bio-oils has been presented in Table 3.3.

It was observed that HZSM-5 tended to favour the production of water, hence the dehydration
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reaction, as compared to its iron-modified counterpart. The same observation can be made for H-Y
as compared to Fe-H-Y. As for the metal-based catalysts, CoMo/Al,O; showed a preference towards
the dehydration reaction relative to Pt/Al,0;. The production of water from the metal-based
catalysts may arise from hydro de-oxygenation (HDO) as well; the presence of H, gas may prompt the

metal-based catalysts to undergo HDO and give birth to some water formation.

Table 3.3 : Water content of bio-oil samples

Biomass Catalyst used Water content (wt. %) Standard error (%)
No catalyst 2.39 0.14
HZSM-5 6.06 0.06
Fe-HZSM-5 5.45 0.10
Beech wood H-Y 3.81 0.05
Fe-H-Y 2.63 0.26
Pt/Al,0; 3.33 0.01
CoMo/Al,0; 4.65 0.33
No catalyst 1.23 0.04
HZSM-5 5.45 0.23
Fe-HZSM-5 5.08 0.07
Flax shives H-Y 3.92 0.08
Fe-H-Y 2.73 0.18
Pt/Al,O; 1.86 0.01
CoMo/Al,0; 3.76 0.29
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Table 3.4: Percentages (mol. %) of chemical families present in bio-oil samples with and without catalytic treatment

mol. %
Beech wood bio-oils Flax shive bio-oils
Fe-
No HZSM- Fe- CoMo/ No HZSM- Pt/ | CoMo/
H-Y | Fe-H-Y | Pt/Al,0; HZSM- | H-Y Fe-H-Y
catalyst 5 HZSM-5 Al,O; | catalyst 5 ALO; | AlLO;
5

Carboxylic

36.36 7.50 - 19.83 13.99 23.52 35.31 37.26 - - 30.78 7.83 33.62 | 36.25
acids

Alkanes 0.85 - - - - 2.91 2.19 2.01 - - - - 2.51 1.38
Aromatics 4.83 13.28 8.97 8.07 4.89 7.77 5.18 4.54 12.15 10.51 7.11 5.26 5.19 4.13
Alcohols 7.36 7.47 5.09 8.61 5.83 12.28 8.88 11.02 9.27 5.79 9.25 5.37 13.52 7.29
Aldehydes 3.62 1.75 1.04 1.87 1.31 4.29 1.81 3.33 0.57 0.82 1.46 2.44 1.84 0.43
Amides 3.92 3.82 - 5.30 2.27 2.36 1.25 3.48 3.22 1.36 3.74 2.24 2.09 0.50
Ketones 10.26 6.21 7.30 5.29 3.79 9.69 10.37 8.53 5.35 9.04 3.84 3.52 15.26 | 14.53
Esters 9.58 5.42 - 11.41 3.53 10.83 5.17 10.85 1.49 - 11.35 1.89 6.55 3.87
Furans 2.16 4.56 3.99 3.08 2.74 1.03 2.19 0.76 3.04 5.64 2.65 2.54 1.18 1.89
Guaiacols 1.34 3.06 2.07 4.10 1.44 0.91 0.88 1.30 1.05 1.66 3.21 1.39 - 1.06
Phenols 14.46 | 46.92 71.53 32.43 60.22 16.96 22.05 12.92 63.86 | 65.18 26.62 67.54 12.54 | 23.86
Carbohydrates 5.26 - - - - 7.45 4.72 3.99 - - - - 5.70 4.80
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Table 3.5: Percentages (vol. %) of gaseous components present in non-condensable gas samples with and without catalytic treatment

vol. %
Beech wood non-condensable gases Flax shive non-condensable gases
Fe-
No HZSM- Fe- No HZSM-
H-Y Fe-H-Y | Pt/Al,0; | CoMo/Al,O; HZSM- H-Y Fe-H-Y | Pt/Al,0; | CoMo/Al,O;
catalyst 5 HZSM-5 catalyst 5 .
H, 1.04 0.93 15.28 1.13 10.10 36.23 6.97 1.30 135 | 13.77 | 1.42 10.03 31.91 6.91
co 4461 | 49.60 | 28.61 52.38 | 35.52 24.67 42.22 35.39 | 42.34 | 25.83 | 42.87 28.38 25.41 33.46
Cco, 39.99 | 3236 | 38.61 28.67 | 34.46 29.73 37.08 50.18 | 35.79 | 43.41 | 38.79 41.59 32.10 44.91
CH, 11.38 5.26 6.18 11.87 14.78 8.49 11.04 10.51 7.29 6.31 | 11.50 14.17 8.34 10.24
C:H,4 1.64 6.66 5.10 3.04 231 0.39 1.47 1.40 6.81 4.92 2.86 2.13 0.66 1.43
CHe 1.13 0.46 1.46 1.09 0.94 0.48 0.83 1.20 0.85 0.65 1.40 1.11 0.66 1.05
CsHe - 4.73 4.74 1.81 1.88 - 0.04 - 5.56 481 0.64 1.80 0.64 1.36
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The effects of the different catalysts with respect to the various chemical groups present in the bio-
oil samples and the gaseous components in the non-condensable gas samples recovered have been
presented in terms of conversion and production percentages in Tables 3.6 and 3.7. The different
conversion and production rates of the various chemical families present in the bio-oil samples and

those of the non-condensable gas components have been calculated from the following formula:
X X
A A
X, =| — [x100%

Where X, is the conversion rate of family A,

X, is the no. of moles of A obtained without de-oxygenation, and
Xy, is the no. of moles of A obtained after de-oxygenation.

It should be noted that a negative sign in front of a values indicates a reduction and a positive sign
indicates an increase, or a production. The “production” marking means that the chemical family, or
non-condensable gas component, was produced because of the catalytic treatment when it was not
present in the original, non-catalytic, product. Another important point is that the conversion rates
presented do not take into account the water content of the bio-oil, which was already subtracted from

the beginning of the calculations..

It was seen that the results obtained with both biomasses yielded approximately the same trend,
showing that they both reacted in the same manner despite having been collected differently. The
zeolites mostly impacted the carboxylic acids, with different degrees of effectiveness; the HZSM-5-based
catalysts were the most efficient ones in reducing the acids (-100 % for HZSM-5 and Fe-HZSM-5 for the
flax shive bio-oils), as compared to the H-Y-based catalysts (-55 % and -83 % for H-Y and Fe-H-Y,
respectively, for the flax shive bio-oils). As for the metal-based catalysts, CoMo/Al,O; was more efficient
than Pt/ Al,O; in reducing acids (-67 % for CoMo/ Al,O3 vs. -53 % for Pt/ Al,O; for flax shive bio-oils).

However, the degree of effectiveness was very low in contrast to the zeolite-based catalysts.
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Table 3.6: Conversion and production rates of chemical families present in bio-oil samples obtained with and without catalyst use

Conversion (“-” sign) and production (“+” sign) rate (%)
Chemical families Beech wood bio-oil Flax shive bio-oil
HZSM-5 | Fe-HZSM-5 | H-Y | Fe-H-Y | Pt/Al,0; | CoMo/Al,O; | HZSM-5 | Fe-HZSM-5 | H-Y | Fe-H-Y | Pt/Al,0; | CoMo/Al,O,

Carboxylic acids -84 -100 -69 -84 -53 -60 -100 -100 -55 -83 -53 -67
Alkanes -100 -100 -100 | -100 +37 +223 -100 -100 -100 | -100 +40 +291
Aromatics +372 +23 +159 +4 +217 +74 +133 +30 +60 +11 +122 +27
Alcohols -27 -83 -39 -70 +11 +48 N.C -70 +1 -61 +37 +83
Aldehydes -65 -93 -73 -86 -20 -93 -80 -86 -47 -41 -38 +113
Amides -71 -100 -48 -95 -46 -29 -67 -95 -39 -89 -67 -98
Ketones -45 -78 -66 -82 -33 -65 -15 -31 -38 -62 +128 +60
Esters -61 -100 -40 -86 -31 -4 -83 -100 -46 -85 -29 +19
Furans +322 +27 +107 +35 -11 -329 +374 +324 +319 | +168 +73 +734
Guaiacols +82 -58 +76 -55 -50 +168 -3 -27 +199 -14 -100 +289
Phenols +267 +92 +65 | +151 +4 -24 +766 +305 +257 | +505 +56 N.C.
Carbohydrates -100 -100 -100 | -100 -20 -92 -100 -100 -100 | -100 -41 -46

* N.C.: No Change (same as amount present in non-catalytic sample).
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Table 3.7: Conversion and production rates of non-condensable gas (NCG) components obtained with and without catalyst use

Conversion (“-” sign) and production (“+” sign) rate (%)
NCG components Beech wood NCG Flax shives NCG
HZSM-5 | Fe-HZSM-5 | H-Y | Fe-H-Y | Pt/Al,0; | CoMo/Al,O; | HZSM-5 | Fe-HZSM-5 | H-Y | Fe-H-Y | Pt/Al,0; | CoMo/Al,O;

H, +67 +4511 +116 | +2565 | +13960 +1173 +101 +2774 +79 | +1837 | +8199 +886
co +109 +101 +132 | +118 +123 +79 +131 +97 +98 +101 +142 +75
CO, +52 +202 +42 +136 +199 +76 +38 +134 +26 +107 +116 +65
CH, -13 +70 +106 | +256 +200 +84 +34 +62 +79 +237 +168 +80
C,H, -100 -100 -100 | -100 -100 -100 N.C. N.C. N.C. | Prod. N.C. Prod.
CH, +662 +874 +266 | +286 -4 +70 +839 +849 +234 | +280 +59 +88
CoHg -23 +307 +92 +129 +71 +40 +37 +46 +90 +132 +85 +63
Cs;H, Prod. N.C. Prod. | Prod. Prod. Prod. -17 -19 +254 +2 +2 +121
CsHg Prod. Prod. Prod. | Prod. N.C. Prod. Prod. Prod. Prod. | Prod. Prod. Prod.
CsHg N.C. N.C. N.C. N.C. N.C. Prod. N.C. Prod. Prod. | Prod. Prod. Prod.

* Prod.: Production (produced because of the catalytic treatment, not present in non-catalytic sample),

N.C.: No Change (same as amount present in non-catalytic sample).
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3.3.5.1 Effect of catalytic treatment on liquid product of biomass pyrolysis

Now, to better understand the effect of catalytic treatment on the liquid product, the results
obtained for each bio-oil has been analysed. Firstly, from Figure 3.7, it can be seen that for all the
experimental runs, the liquid product was the most significant one present. This result is logical given
the experimental conditions utilised and is in line with several other researches presented in
literature (Gayubo et al., 2004; Guo et al., 2009; Imran et al., 2016; Wang et al., 2008; Yang et al.,
2014). Similarly, from the same figure, it was observed that the use of any of the catalysts impeded
the liquid yield and boosted the gas yield. This observation holds true in that the presence of the
catalysts induced conversion of oxygenated molecules in order to form gaseous products (CO, CO,
and so on) and water. This fact is proof that de-oxygenation was indeed taking place. However, this
conversion causes the loss of some carbon atoms, albeit along with oxygen ones, to the gaseous

components (CO, CO, and so on).

The effect of each catalyst on the carboxylic acid, phenol and ketone families was investigated as
they were the chemical groups representing the most important proportions in the bio-oil samples
obtained. The resulting graphs have been illustrated in Figure 3.8. Concerning carboxylic acids, the
trend touched upon earlier has been illustrated in Figure 3.8 (a). As carboxylic acids are the group
influencing most of the bio-oil’s characteristics and behaviour (Guo et al., 2009; Mohabeer et al.,
2017), the efficiency of acid removal is a very important parameter to study. As can be seen from
Figure 3.8 (a), the efficiency of HZSM-5-based zeolites in reducing the carboxylic acid group was very
apparent, while the y-alumina-supported catalysts did not have much of an impact on the acid
content. What can also be observed concerning the zeolites is that the addition of Fe caused the
efficiency of the catalysts to reduce acids to increase; the conversion rate increased from -84 % for
HZSM-5 to -100 % for Fe-HZSM-5 and from -69 % for H-Y to -84 % for its iron-modified version, both
in the case of beech wood bio-oil samples. The same trend was observed for the flax shive bio-oils. It
can thus be said that the addition of Fe on zeolite supports favoured the occurrence of the

decarboxylation reaction, and thus the production of CO,.
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Figure 3.8: Effect of catalysts on (a) carboxylic acids, (b) phenols and (c) ketones

Moving on to Figure 3.8 (b), it can be noticed that the phenolic contents of the resulting pyrolytic oils
after catalytic treatments have increased very importantly. However, from the values from Tables
3.6 and 3.7, it can be found that significant production rates were found for phenols in the case of all
catalysts, except CoMo/Al,O; for both biomasses. However, the difference between the biomasses
was that flax shives tended to produce more phenols than beech wood. Thus, it can be inferred that
flax shives may possess a higher lignin fraction than beech wood, which could result in a higher
phenol production. Now, it is important to note that while phenols majorly arise from the lignin
fraction, there is also phenol formation coming from the reaction of water and aromatics
(Mukarakate et al., 2015). Therefore, it may also be stipulated that some of the phenols produced
could have arisen from a reaction of a fraction of the water formed by the pyrolysis reaction with

aromatics.

As for Figure 3.8 (c), it can be seen that the ketone content was importantly impacted by the use of
the catalysts. Gayubo et al. (2004) have stipulated that acids underwent catalytic de-oxygenation to
produce ketones first, which further degraded into alkenes. However, based on Table 3.6, no

production rate was observed for ketones; alkenes (notably, C,H, and C3Hg), on their part,
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experienced mostly production rates. It can thus be said that, during this study, ketones as
intermediates were not observed, contrary to Gayubo et al. (2004). Also, another observation is that
H-Y-based catalysts seemed to be more efficient in converting ketones. The y-Al,0s-based catalysts
were the least efficient in converting ketones, and their use even resulted in ketone formation in the

case of flax shives.

Figure 3.9 illustrates the evolution of aromatic compound formation from the use of the catalysts for
the catalytic de-oxygenation of beech wood and flax shive bio-oils. Formation of aromatics is an
important factor to consider when speaking of the upgrading of bio-oils as these are the most
interesting bio-oil components. Figure 3.9 shows that the aromatics percentage in the upgraded bio-
oils increased with the use of all catalysts for both biomasses. These findings are in line with previous
works presented in literature (Chantal et al., 1984; Cheng et al., 2012; Dickerson and Soria, 2013;
French and Czernik, 2010; lJia et al., 2017). However, the interesting point here was that the
percentages obtained did not reflect the true happenings of the reaction. In Table 3.6, the
production and conversion rates of the different chemical families were calculated and presented. It
was thus observed that HZSM-5 had a higher aromatics production rate than Fe-HZSM-5, as did H-Y
relative to its iron-modified counterpart. For the metal-based catalysts, Pt/Al,O; was more efficient
than CoMo/Al,O; in producing aromatics. Based on these observations, it can be stated that the
addition of a metal on the original catalyst support inhibited the formation of aromatic compounds in

the enhanced bio-oil.
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Figure 3.9: Effect on catalysts on aromatic compounds
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3.3.5.2 Effect of catalytic treatment on gaseous product of biomass pyrolysis
Almost all the gases analysed demonstrated production rates (as shown by Table 3.7). Figure 3.10
shows the evolution of CO, CO,, H, and CH,, the major gas components present in the non-

condensable gases.
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Figure 3.10: Evolution of CO, CO,, H, and CH, with and without catalytic treatment for (a) beech wood and
(b) flax shives

It can be observed that CH, demonstrated a rather constant trend in the case of the two biomasses
and with the use of all catalysts. Secondly, a notable difference between CO and CO, can be seen;
non-condensable gases obtained without any catalytic treatment yielded more CO than CO, in the
case of beech wood, while the inverse was detected for flax shives. The emission of these two gases
has been associated with hemicellulose and cellulose decomposition (Yang et al., 2007);
hemicellulose, possessing a higher carboxyl content, was said to emit more CO,, while cellulose
produced more CO due to thermal cracking of carbonyl groups. Therefore, based on the previous
statement, it can be claimed that the major gas contribution was made by the hemicellulosic fraction
for flax shives and by cellulose for beech wood. Another observation is that for the use of the same
catalyst on the two different biomasses, the same de-oxygenation routes were privileged. For
instance, the use of HZSM-5 and H-Y privileged the decarbonylation route (production of CO): +109 %
CO vs. +52 % CO, for HZSM-5 and +132 % CO vs. +42 % for H-Y in the case of beech wood. The same
trend could be observed in the case of flax shives. Then, it was also observed that the addition of Fe
to the zeolite catalysts changed the de-oxygenation path favoured. Fe-HZSM-5 and Fe-H-Y tended to
privilege the decarboxylation pathway (production of CO,): +202 % CO, vs. +101 % CO for Fe-HZSM-5
and +136 % CO, vs. +118 % CO for Fe-H-Y, both in the case of beech wood, and again, the same trend

was noted in the flax shives case.
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Concerning H,, an opposite trend to that of CO can be noted. This is interesting as this opposite trend
can be related to the reverse water-gas shift reaction. However, it can be stipulated that if it were
the latter reaction causing this opposing relationship, the percentage of CO, would have known a
similar trend as that of H,, and no specific similarities could be seen here. This observation can be
explained by the fact that it was not only the water-gas shift reaction at play in this case, the reaction
also depended on the reactivity of the catalyst (Naqvi et al., 2015). Hence, the production of CO,
from the decarboxylation of various chemical families can be said not to have been constant. Also,
the maximum amount of H, collected involved the use of Pt/Al,O3, followed by Fe-HZSM-5 and Fe-H-
Y. Now, to the extent of our knowledge, not much research has been done on the gases emitted
during the catalytic de-oxygenation of biomass pyrolytic vapours using Pt/Al,Os, but, it has been
shown that metals supported on catalysts tend to induce hydrogenation/dehydrogenation reactions
(Rogers and Zheng, 2016). Therefore, it can be claimed that the presence of Pt and Fe on the

catalysts’ surface caused dehydrogenation, emitting more H, gas than the other catalysts.

3.3.6 PCA results

PCA is a very interesting statistical tool to use because it helps present a global view of the
performance of the catalysts used. In this study, it was employed especially to study the different
correlations and covariations that existed among the chemical families present in the bio-oil samples
and the gas components present in the non-condensable gas fraction obtained with and without
catalytic treatment. All in all, PCA synthetises the different observations obtained and helps in
noticing similar trends that different catalysts may have on the families present in the bio-oil and on
the gas components. The different plots obtained from running a PCA for the flax shives bio-oil and
non-condensable product samples can be found in Figure 3.11 (those concerning beech wood are

found in Annex B, Figure B.5).
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(a) PCA for flax shive bio-oils
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Figure 3.11: PCA of (a) bio-oil sample, and (b) non-condensable gas sample, of flax shives

3.3.6.1 PCA of bio-oil samples obtained from biomass pyrolysis

From loading plots (Figures 3.11 (a) (ii) and B.5 (a) (ii)), the behaviour of the different variables may
be examined. The elements which find themselves to be close together on the plot are said to exhibit
the same type of behaviour (Esbensen et al., 2002). Hence, it follows that the catalytic behaviour of
the two biomasses were noted to be approximately the same as, in both cases, the sub-groups
formed were similar. The bio-oil sample obtained with no catalytic treatment found itself on the
same side to the samples obtained with CoMo/Al,O; and Pt/Al,O;. As mentioned earlier, these were
the two least efficient catalysts; thus, the oils they produced approached the most the non-catalytic

oil. This PCA enabled us to witness this behaviour without need of any further calculations. The same
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can be witnessed for the Fe-HZSM-5, HZSM-5 and Fe-H-Y, the three most efficient catalysts; they

were completely opposite to the non-catalytic oil.

As for the score plots presented in Figures 3.11 (a) (i) and B.5 (a) (i), the different branches represent
the variables (Esbensen et al., 2002), which here, were the different chemical families present in the
bio-oil samples. Firstly, what can be gleaned from these figures are the “important” variables, that is,
variables that have a significant bearing on the behaviour of the bio-oils. These are the variables that
travel the most along the axes, especially the horizontal axis, as the latter represents 55.27 % of the
scattering for flax shives and 59.43 % for beech wood. So, for flax shives, the important variables
were carboxylic acids, phenols, alcohols and aromatics, while, for beech wood, they were carboxylic
acids, carbohydrates, furans and phenols. Also, when branches are found on directly opposite sides
of the axes, it is said that they present directly opposing correlations (Esbensen et al., 2002). For
instance, in the case of flax shives, carboxylic acids and phenols were found on opposing sides.
Hence, it can be said that they were negatively correlated with each other; when one was produced,

the other was reduced. This observation was proved by the fact that r = -0.95 for these two families.

Another important observation that can be made from comparing the two plots is the major
chemical family present in each bio-oil sample. The position of the branch in the loading plot
corresponding to the position of the element in the score plot secures this information (Esbensen et
al., 2002). For example, by comparing Figures 3.11 (a) (i) and (ii), it can be claimed that phenols,
aromatics and furans were the major families present in the oils obtained from flax shives involving

the use of HZSM-5 and Fe-HZSM-5.

3.3.6.2 PCA of gaseous components of non-condensable gas fraction

The same analysis procedure was applied for the non-condensable gas components for each
pyrolysis run (Figures 3.11 (b) and B.5 (b)). Again, beech wood and flax shives displayed
approximately the same catalytic behaviour according to their score plots. From the different loading
plots, it was hard to establish which of the different gas components obtained the important ones
were. As it can be seen, some of the branches presented a short magnitude; this means that the PCA
was not able to draw a solid conclusion concerning these variables. Hence, more in-depth analysis of
these variables is required. As for the comparison of the two plots for each sample, the use of Pt/
Al,O; was associated with a high amount of H,. All these observations have been proven true by

previous analyses.

From these observations and analyses, it was determined that PCA can present itself to be a valuable

tool in obtaining a global view of the different behaviours of pyrolytic products and/or different
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catalysts tested in the installation without further analysis or calculations. More in-depth analysis can

thus follow the PCA to corroborate or dispute the drawn conclusions.

3.4 Conclusion

A detailed analysis of the liquid and gaseous pyrolytic products of catalytic de-oxygenation of two
biomasses (beech wood and flax shives) using different catalysts (HZSM-5, Fe-HZSM-5, H-Y, Fe-H-Y,
Pt/Al,0; and CoMo/Al,O3) was presented through this study. The different pathways and reactions
through which aromatic compounds were produced from the catalytic de-oxygenation of flax shives
as compared to a conventional lignocellulosic biomass, beech wood, were also examined. Fe-HZSM-5
was deemed to be the most efficient of the catalysts utilised as it helped reach the lowest oxygen
contents in both bio-oils. The second best was HZSM-5. Secondly, it was found that HZSM-5 and H-Y
tended to privilege the decarbonylation route (production of CO), whilst their iron-modified
counterparts favoured the decarboxylation one (production of CO,) for both biomasses. Then, it was
found that the major bio-oil components (carboxylic acids) underwent almost complete conversion
under catalytic treatment to produce mostly unoxygenated aromatic compounds, phenols and gases
like CO and CO,. Phenols were seen to be the family most significantly formed from the actions of all
catalysts. Also, PCA was deemed to be a very interesting tool to be used before going into detailed
analysis so as to get an overall idea of the different behaviours, correlations and covariations existing
among various products collected from a wide array of experiments. Finally, it was also concluded
that at higher catalyst-to-biomass ratios of 4:1, de-oxygenation efficiency did not experience any

further significant improvement.

As for the upcoming study: the study of the catalytic de-oxygenation of the woody biomass
components, only the two most performant catalysts have been taken into account and have been

used during the course of the experiments.
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4. Investigating catalytic de-oxygenation of bio-oil from cellulose, xylan and

lignin pyrolysis using HZSM-5 and Fe-HZSM-5

4.1 Introduction

The purpose of this part of the study is to investigate the pyrolysis of the three principal components
of biomass (cellulose, hemicellulose and lignin) using the two most efficient catalysts (HZSM-5 and its
iron-modification, Fe-HZSM-5) so as to propose transformation schemes for the different de-
oxygenation reactions occurring through the use of these catalysts. BET specific surface area, BJH
pore size distribution and FT-IR technologies have been used to characterise the catalysts. The
effects of the two catalysts studied have been investigated by examining the composition of the bio-
oils and non-condensable gases produced. This part has been presented in the PYRO2018 conference
held in June 2018 in Kyoto and has been accepted as article in the Journal of Analytical and Applied

Pyrolysis (November 2018).

4.2 Experimental section

All the materials, experimental and analytical setups and tools used for this part of the study have
been detailed previously (Refer to Chapter 3, section 3.2). The only difference is the catalysts used;
out of the six studied in Chapter 3, the two best, Fe-HZSM-5 and HZSM-5, were chosen for this

particular part of the research work.
4.3 Results and discussion

4.3.1 Effect of catalyst use on pyrolytic product distributions of woody biomass
components

The pyrolysis of the three biomass components at 500°C with and without any catalytic treatment
yielded different product distributions. It should be noted that values exceeding 95 % were obtained
for all mass balances conducted, and all were brought to 100 %. The results obtained have been
illustrated in Figure 4.1, from which it can clearly be seen that the most significant amount of bio-oil
came from the pyrolysis of xylan and cellulose, with 79 wt. % and 77 wt. %, respectively. The largest
quantity of non-condensable gases was produced by cellulose pyrolysis (about 12 wt. %), while that
of lignin yielded more char than any other component, approximately 57 wt. %. Now, even though
xylan seemed to give rise to more liquid than the other two biomass components, it should be noted
that cellulose is present in a higher fraction in biomass; hence, it can be said that cellulose

contributed most in liquid and gas production. These experiments provided the product distribution
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of the pyrolysis of the three biomass components as conducted in a semi-batch reactor, under the

same operational conditions; and this provided the base of our study.

(a) Cellulose (b) Xylan
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Figure 4.1: Effect of catalyst use on pyrolytic product distribution (a) for cellulose, (b) for xylan, and (c) for
lignin
The use of catalysts had a significant impact on the product distribution of the biomass components.
Concerning cellulose and xylan, the use of the zeolites boosted gas production, while impeding that
of bio-oil. Also, as can be seen from Figure 4.2, the oxygen content of the bio-oils (oxygen present in
humidity notwithstanding) was quite impacted by the use of the catalysts. This result seems to
indicate that certain oxygenated compounds present in the pyrolytic vapours were de-oxygenated in
the presence of the catalysts to form more gaseous (CO, CO, and H,) and water molecules. The only
exception was the lignin bio-oil, where the difference in oxygen content was insignificant. This may
be explained by the fact that the major part of lignin (57 wt. %) remained unconverted, and so, no
important change was observed. Also, a table listing the water content of the different bio-oils can
be found in Annex C (Table C.1). It could be seen that HZSM-5 tended to favour the formation of
water, and hence, the dehydration reaction, for all the biomass components as compared to the

iron-modified catalyst.
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Figure 4.2: Bio-oil oxygen content (mol. %)

4.3.2 Effect of catalyst use on bio-oil and non-condensable gas composition

The percentages of the different chemical families present in the bio-oils recovered and those of the
various components present in the non-condensable gases are listed in Tables 4.1 and 4.2. It is
clearly shown by the results obtained that without any catalytic treatment, the major part of
carboxylic acids present in the bio-oils came from xylan and lignin (24.68 mol. % and 14.01 mol. %,
respectively) while the bio-oil from cellulose mainly comprised of carbohydrates (42.84 mol. %).
Concerning the effect of catalyst use on the oxygen content of the bio-oil, Figure 4.2 showed that Fe-
HZSM-5 and HZSM-5 had about the same efficiency in terms of de-oxygenation; the use of both

catalysts reduced the oxygen content of cellulose and xylan quite significantly.
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Table 4.1: Composition (mol. %) of chemical families present in bio-oils

Chemical mol. %
groups in Cellulose Xylan Lignin
bio-oil No catalyst HZSM-5 Fe-HZSM-5 No catalyst HZSM-5 Fe-HZSM-5 No catalyst HZSM-5 Fe-HZSM-5
Carboxylic
7.04 - 2.12 24.68 2.31 - 14.01 - -
acids
Alkanes 0.60 0.53 - 7.39 - - 9.68 14.61 100
Aromatics 4.76 26.62 23.18 3.58 16.08 15.08 10.00 - -
Alcohols 8.44 22.35 10.09 17.13 6.77 8.18 - - -
Aldehydes 5.58 1.21 1.81 3.46 2.06 0.77 - - -
Amides 2.93 2.02 1.54 8.43 1.10 1.82 5.84 15.09 -
Ketones 11.19 4.74 9.61 10.61 9.57 10.82 6.07 9.12 -
Esters 4.46 1.73 1.50 8.54 0.63 3.12 - - -
Furans 0.56 2.76 4.64 2.27 4.17 5.58 - - -
Guaiacols - - - 1.19 2.12 1.56 6.75 26.05 -
Phenols 11.63 38.05 45.51 9.91 55.19 53.07 47.66 35.13 -
Carbohydra-
42.84 - - 2.82 - - - - -
tes
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Table 4.2: Composition (vol. %) of components present in non-condensable gases

Non- vol. %
condensable Cellulose Xylan (hemicellulose) Lignin
gases
No catalyst HZSM-5 Fe-HZSM-5 No catalyst HZSM-5 Fe-HZSM-5 No catalyst HZSM-5 Fe-HZSM-5
components
H, 1.60 1.38 17.61 1.60 0.90 13.92 15.56 15.67 7.99
co 54.80 61.43 38.68 46.59 60.16 40.00 9.54 11.39 7.85
Co, 34.27 23.66 33.63 43.78 24.98 34.49 59.97 58.67 64.35
CH, 3.67 2.74 2.45 5.37 2.47 2.83 11.35 12.27 18.36
CH, 2.59 6.20 4.45 1.42 6.29 4.84 0.34 0.99 0.75
C,Hs 0.66 0.38 0.27 0.99 0.40 0.34 3.23 0.82 0.70
CsHs 1.79 4.21 2.90 - 4.79 3.57 - 0.04 -
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An interesting point is that even though the same catalysts were used with respect to the three
biomass components, not the same families were impacted. For instance, de-oxygenation efficiency
notwithstanding, in the case of cellulose pyrolysis, the use of both catalysts resulted in reducing the
carbohydrates percentage. On the other hand, for xylan, the use of the catalysts brought down the
carboxylic acids percentage. The same phenomenon was noted with lignin, where the catalyst
activity affected the phenols percentage. This observation led to the conclusion that a “competition”
existed within the chemical families present; the catalysts mainly targeted the group present in a

higher percentage in the bio-oil.

To better compare the different results obtained when utilising the catalysts, the conversion and
production rates of the different chemical families in the bio-oils, and those of the non-condensable
gas components were used as reference. The calculations done to obtain these values have been
presented in Annex B. These values have been tabulated in Tables 4.3 and 4.4. Also, Figure 4.3
illustrates the evolution of the percentages of the major chemical families for each bio-oil sample
with and without catalyst use. It can be seen (from Figure 4.3) that the above-mentioned observation

holds true: the evolution of the same chemical group varied for each biomass component.

Table 4.3: Conversion and production rates of chemical families present in bio-oils

Conversion rate (-%) and production rate (+%)
Chemical
Cellulose + | Cellulose + Xylan + Xylan + Fe- Lignin + Lignin + Fe-
families
HZSM-5 Fe-HZSM-5 HZSM-5 HZSM-5 HZSM-5 HZSM-5
Carboxylic
-100 -90 -95 -100 -100 -100
acids
Alkanes -43 -100 -100 -100 -3 -9
Aromatics +257 +61 +130 +5 -100 -100
Alcohols +69 -61 -80 -88 No change | No change
Aldehydes -86 -89 -70 -94 No change | No change
Amides -56 -83 -93 -95 +67 -100
Ketones -73 -72 -54 -75 -3 -100
Esters -75 -89 -96 -91 No change | No change
Furans +215 +174 -6 -39 No change | No change
Guaiacols No change | No change -9 -67 +149 -100
Phenols +109 +29 +185 +34 -52 -100
Carbohydrates -100 -100 -100 -100 No change | No change
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Table 4.4: Conversion rates of non-condensable gas components

Non- Conversion rate (-%) and production rate (+%)
condensable
Cellulose + | Cellulose + Xylan + Xylan + Fe- Lignin + Lignin + Fe-
gases
HZSM-5 Fe-HZSM-5 HZSM-5 HZSM-5 HZSM-5 HZSM-5
components
H, +114 +3261 +103 +4364 +1 -39
co +185 +121 +366 +340 +20 -2
CO, +75 +208 +106 +304 -2 +28
CH,4 +90 +110 +66 +170 +9 +93
C,H, No change No change No change No change No change No change
C,H, +508 +439 +1494 +1644 +191 +160
C,Hg +48 +28 +46 +75 -75 -74
CsH, -100 -100 -84 -89 No change No change
CsHg +495 +406 Production | Production | Production No change
CsHg -100 -100 No change No change | Production | No change
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Figure 4.3: Evolution of percentages (mol. %) of major chemical families in bio-oils with and without catalytic

treatment
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Now, Mullen and Boateng (2015) presented the possibility that phenol formation was inhibited by
the addition of Fe on an HZSM-5 support; this statement can be confirmed by our observations. From
Tables 4.3 and 4.4, it can be observed that HZSM-5 had a more pronounced selectivity towards
phenol production as compared to Fe-HZSM-5 (HZSM-5: +109 % for cellulose and +185 % for xylan vs.
Fe-HZSM-5: +29 % for cellulose and +34 % for xylan). Another observation that was noted was that
the addition of Fe suppressed the formation of aromatics; HZSM-5 had a higher production rate than

its iron-modification when it came to aromatics (122 % more for cellulose and 119 % more for xylan).

4.3.2.1 Effect of catalyst on products of cellulose pyrolysis

If the results obtained for cellulose are examined, it can be seen that there was a complete reduction
of carbohydrates with both HZSM-5 (-100 %) and Fe-HZSM-5 (-100 %). However, it could be seen that
the use of HZSM-5 resulted in a high production of aromatics (+257 %), but also some oxygenated
chemical families like furans and phenols; meanwhile, the use of Fe-HZSM-5 did lead to the
formation of phenols and furans, but, the percentages produced were much lower, while the
aromatics formation was less significant (+61 %). This difference is explained when the conversion
rates of the gaseous components are analysed: the production rates of H, and CO, were noticeably
higher with Fe-HZSM-5 than with HZSM-5. These observations can prompt the supposition that the
use of Fe-HZSM-5 favoured the production of gas molecules over other oxygenated liquid

components and water molecules.

4.3.2.2 Effect of catalyst on products of xylan pyrolysis

There were a few noticeable differences between the data obtained for the pyrolysis of xylan
without and with catalytic treatment and those for cellulose. These differences are logical and can be
explained by the different structures of cellulose and xylan (Patwardhan, 2010). An important
observation is that while almost carbohydrates were converted by the use of catalysts for cellulose,
for xylan, the carboxylic acid group was the one targeted by the catalysts. AlImost complete reduction
was achieved by using both catalysts (-95 % with HZSM-5 and -100 % with Fe-HZSM-5). Now, the
difference in product distribution when utilising the two catalysts could be seen in the products
formed by the catalytic activity: for HZSM-5, the end product was mainly phenols and aromatics, with
a less significant formation of gas molecules like CO and C,H,, while for the iron-modified catalyst,
only an important production of the gas molecules H,, CO, CO, and C,H, was observed, strengthening
the previously-drawn observation about the catalytic activity of Fe-HZSM-5, and contradicting the

findings of Zhu et al. (2010).
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4.3.2.3 Effect of catalyst on products of lignin pyrolysis

The behaviour of lignin was completely different from those of cellulose and xylan. Again, this
observation can be explained by the differences in the structures of the three biomass components
(Patwardhan, 2010). However, in this case, there was absolutely no correlation in the catalytic
behaviour. Phenols were found to be the major family present in the lignin bio-oil and they were
indeed impacted by the use of the catalysts (-52 % for HZSM-5 and -100 % for Fe-HZSM-5); however,
it should be noted that a very low liquid yield was obtained from lignin (57 wt. % was recovered as
solid residue). The commercial lignin used in this study was chosen based on its frequent use in
literature (Abdelouahed et al., 2017; Choi and Meier, 2013; Farag et al., 2016; Maldhure and Ekhe,
2013; Zhou et al., 2015). It should however not be forgotten that the extraction method used to
separate lignin from a biomass, the interactive forces that exist between the three biomass
components when they are intertwined and the presence of minerals influence greatly the behaviour
of the said lignin. Hence, the chosen lignin for this research might not be representative of the

behaviour of actual lignin as present in biomass.

4.3.3 Further discussion

Concerning the evolution of non-condensable gas molecules, an interesting observation was made
pertaining to the CO and CO, emitted with the use of the catalysts. The gas percentages have been
illustrated in Figure 4.4. However, the percentages themselves can be misleading for, from Table 4.4,
it can be seen that while the use of HZSM-5 did boost the production of CO for all three biomass
components (+185 %, +366 % and +20 % for cellulose, xylan and lignin, respectively), that of Fe-
HZSM-5 privileged the production of CO2 (+208 %, +304 % and +28 % for cellulose, xylan and lignin,
respectively). From these observations, it can be inferred that the use of HZSM-5 privileged the

decarbonylation route over decarboxylation one, while the opposite can be said for Fe-HZSM-5.
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Figure 4.4: Evolution of percentages (vol. %) of major non-condensable gas components with and without
catalytic treatment

Comparing the different production and conversion rates investigated during the course of the study
enabled the proposal of the conversion schemes for different chemical families. The proposals put
forward are illustrated in this part. “Model molecules”, that is, the most abundant molecule present
in each family, were taken to represent each chemical group; a detailed list of these molecules can
be found in Annex C (Table C.2). Conversion schemes have only been proposed for the major

chemical families in each bio-oil sample from three biomass components.
- Cellulose

In the case of cellulose, the major family were carbohydrates and the main compound found was
levoglucosan. The conversion schemes obtained when using HZSM-5 and its iron-modification have
been illustrated in Figure 4.5 (a) and (b). From the latter figures, it can be seen that the common
molecule formed following the activities of both catalysts is a furan. This observation is coherent in
the light of studies led by Mullen and Boateng (2015): levoglucosan underwent dehydration to form
furans, then through decarboxylation to produce aromatics, olefins, CO, CO,, water and coke.
However, from our results, it was apparent that decarbonylation, not decarboxylation, was
predominant in the HZSM-5 activity (formation of CO), while decarboxylation was predominant in

that of Fe-HZSM-5 (production of CO,). Another difference noted was the production of hydrogen
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gas; the utilisation of the iron-modified zeolite seemed to enhance significantly the production of

hydrogen in the non-condensable gases.
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Figure 4.5: Conversion mechanism of the major chemical family in cellulose with (a) HZSM-5 and (b) Fe-
HZSM-5

- Xylan

In the same manner as above, the schemes for the conversion reactions of carboxylic acids with
HZSM-5 and Fe-HZSM-5 have been shown in Figure 4.6 (a) and (b). From the results obtained, it can
be inferred by the processes of dehydration, decarbonylation and decarboxylation did take place
(formation of water, CO and CO,). However, Gayubo et al. (2004) have stipulated that acids
underwent catalytic de-oxygenation to produce ketones first, which further degraded into alkenes.
Our observations did not corroborate this statement as our results showed that along with alkenes
(CsHg), other products like unoxygenated aromatics, phenols and other light gases were also formed.
This alternate observation can be explained by the difference in vapour residence time; Gayubo et al.
(2004) having used a residence time shorter than the one used in this study. Hence, no intermediate

products (ketones, in this case) were seen during our experiments.

113



Chapter 4

|

Cy1Hqg (Aromatics)

e ) s
Q (@) ©/

a
)’LOH C;HzO (Phenols)

CH,0,
(Carboxylic acids)

+CO, C,H,, C,H,, H,0 + coke

X
" ;Y 2
544‘5

(b) H,, €O, CO,, CH,, C,H,, C,H,, + coke

Figure 4.6: Conversion mechanism of the major chemical family in xylan with (a) HZSM-5 and (b) Fe-HZSM-5
- Lignin

Finally, the transformation scheme for the conversion of the major constituents of lignin (phenols)
has been presented in Figure 4.7 (a) and (b). From the latter figure, it can be seen that the difference
between the two catalysts was the same as in the previous instances (transformation schemes for

cellulose and xylan); HZSM-5 favoured decarbonylation and formation of guaiacols while the iron-

modified HZSM-5 gave rise to decarboxylation.
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o
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(Phenols)
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Figure 4.7: Conversion mechanism of the major chemical family in lignin with (a) HZSM-5 and (b) Fe-HZSM-5
4.4 Conclusion

This study aimed at presenting a detailed analysis of the liquid and gaseous pyrolytic products of the
three principal components of biomass (cellulose, hemicellulose and lignin) using the two most
efficient catalysts found in the previous chapter: HZSM-5 and its iron-modification, Fe-HZSM-5 (See

Chapter 3) in the same experimental setup and under the same operating conditions. The goal was to
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be able to present transformation schemes for the catalytic de-oxygenation of the biomass
components and thus determine the provenance of aromatic compounds in the liquid product so as
to get a better idea of the composition of bio-oil to be used as a bio-fuel. It was firstly found that a
“competition” arose due to the presence of a catalyst; rather than one single chemical family being
targeted, the family which was present in majority was the one converted by the catalyst. Secondly,
it was found that HZSM-5 tended to privilege the decarbonylation route (production of CO), whilst
Fe-HZSM-5 favoured the decarboxylation one (production of CO,) for the same feed. It was also seen
that cellulose contributed most in terms of liquid and gas molecules, while lignin gave rise to mostly
solid particles. This can prompt the supposition that a pre-treatment aiming at getting rid of the
lignin fraction may enhance the quality of the final products formed, and may also increase the
catalyst lifetime. Finally, from the transformation schemes, it was seen that even though both
catalysts boosted the aromatics production, HZSM-5 produced more aromatics than its iron-
modification. It was also observed that HZSM-5 formed more phenols, and hence, more coke, than

Fe-HZSM-5.
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5. Investigating pyrolysis of biomass in a drop tube reactor with and

without catalytic treatment

5.1 Introduction

This part presents a continuous setup for the pyrolysis reaction: the drop tube reactor (DTR), also
known as the entrained flow reactor or the free fall reactor. This reactor was connected to a fixed
bed catalytic reactor so as to study the effect of this kind of setup on the pyrolytic products as a
comparison to the semi-continuous system and also, attempt to monitor the de-activation of the
catalyst. Firstly, the pyrolysis of beech wood without the use of catalysts was investigated by varying
the DTR reactor temperature (500, 550 and 600 °C) and the gas residence time by varying the
nitrogen flow rate (500, 1000 and 2000 mL/min). The liquid, gas and solid products were analysed by:
GC-MS and Karl Fischer titration for liquids and GC-FID/TCD for liquids and gas and
thermogravimetric analysis (TGA) for solids. Then, 1.48 g of catalyst was placed in the fixed bed
reactor, the temperature of which was varied (425, 450 and 500 °C). The liquid and gaseous products
formed were collected periodically in time and analysed so as to examine the de-activation of the

catalyst.
5.2 Experimental section

5.2.1 Materials used and layout of experimental setup
All the materials used throughout this study, that is, the biomass (beech wood) and the catalyst
(HZSM-5), have already been presented and detailed (Refer to Chapter 3, section 3.2). The

characterisation methods for the catalysts were also the same.

The experimental runs were performed in a continuous drop tube reactor coupled with a catalytic
fixed bed reactor, as is illustrated by Figure 5.1. Quite similarly to the setup used in the semi-
continuous experiments, this setup also possessed two reactors: a pyrolysis and a catalysis one. The
use of such a configuration has been proven to enhance liquid yield, which is the main focus of this
study (Li et al., 2008). However, the difference with the semi-continuous setup was that in this case,
the two zones were independently controlled. This meant that the pyrolysis reaction could occur at a
different temperature from the de-oxygenation reaction. This kind of setup also allows following the

catalytic de-activation and coke formation occurring only because of the pyrolytic vapours.
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Figure 5.1: DTR layout

- Biomass and carrier gas feeding systems

A screw conveyor (GLD 77.0, Tremie 5L from Gericke) was used to feed biomass into the reactor
through the top of the DTR. Information on the calibration of the conveyor has been detailed in

Annex D.

- DTR

The DTR was 2.37 m high and had 0.053 m as internal diameter. The heated length of the pyrolysis
zone was 2 m high, with the same internal diameter. Two electrical resistances were placed around a
stainless steel tube to ensure the heating at any desired temperature, and the whole installation was

insulated using a silica coat (thickness = 10 cm).

- Char collection and separation

A char collector was placed at the bottom of the DTR to gather the solid residues of the biomass

pyrolysis. The collector was 0.016 m high and has an external diameter of 0.017 m. It was heated to a
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temperature of 300 °C by a custom-made heating shell (purchased from “Jeannot”) to ensure that
the pyrolytic vapours penetrating it did not condense. However, some of the fine char particles
tended to get entrained by the gas/vapour flow and escaped the char collector. In order to separate
these particles from the gaseous flux, two cyclones were placed at the vapour exit of the DTR. The
two cyclones were identical and designed with the help of the “Cyclone Software” program; their
efficiency was about 85 %. The dimensions of the cyclones have been illustrated in Annex D, Figure

D.2.

- Fixed bed reactor

A stainless steel fixed bed reactor having an internal diameter of 0.0131 m was located at the exit of
the second cyclone. A bed of catalyst was then placed inside the reactor. It should be noted that the
whole system (except the catalytic fixed bed reactor, which was regulated independently) was kept

at a temperature of 300 °C to prevent the condensation of the pyrolysis vapours.

- Liquid and gas product collection

The vapours coming through at the exit of the fixed bed reactor were condensed to be recovered as
a bio-oil. The cooling system consisted of a condenser and a flask held in a cold bath, all maintained
at -10 °C. The flask possessed an exit at its top, which permitted the escape of the non-condensable
fraction of the reaction products. This fraction, the non-condensable gases, consisting of CO, CO,,
CH,4, H,, C, hydrocarbons and C; hydrocarbons, were then sent on to the analytical setup to be
analysed. A 45 um paper filter was placed at the mouth of the analytical equipment to ensure the

blockage of particles which could damage the apparatus.

5.2.1.1 Experimental procedure
The whole experimental setup was heated upstream to the cooling system to avoid the condensation
of the pyrolytic vapours, as mentioned earlier. The different temperatures used throughout the

experimental setup have been listed in Table 5.1.

Table 5.1: Temperatures used at different parts of experimental setup

DTR Fixed bed reactor | Cyclones | Char collector | Cooling system

Temperature (°C) | 500-600 300-500 300 300 -10

For the experiments without any catalyst use, the pyrolysis experiments were performed by varying
the DTR temperature (500, 550 and 600 °C) and the nitrogen flow rate (500, 1000 and 2000 mL/min).
The insulation of the whole setup, apart from the DTR itself, was ensured by rock wool. For each

experiment, the DTR was fed with 2 g/min of biomass. The DTR was set to the desired temperature,
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the nitrogen flow was measured at the exit to ensure no leakages and the setup was then left to
stabilise for two hours. After this period, the biomass was fed and the reaction allowed to take place
for 60 minutes. It was seen that the steady state was only reached after about 20 minutes. After the
experiment, the same procedure used for the semi-continuous setup was used: the heat was turned
off and the setup allowed to cool down to temperatures below 150 °C so as to permit the collection
of the solid char without it burning at the contact of air. After cooling, the oil was recovered by using

acetone with 99.98% purity, with a known added amount of nonane, as internal standard.

Concerning the experiments involving the presence of a catalyst, a bed of 2 cm high (1.48 g) of
catalyst was placed in the fixed bed reactor. The catalyst bed was held in place by thin layers of
quartz wool placed at its top and bottom. The same experimental procedure as described above was
used for these experiments. The only difference was that the bio-oil was collected and the non-
condensable gases were analysed at 10 minutes intervals so as to monitor any variation in their

composition with time.

5.2.2 Analytical tools and methods

Along with the various analytical tools and methods described previously: GC-MS, GC-FID, GC-
FID/TCD, Karl Fischer titration and PCA (See Chapter 2, section 2.2.4, 2.2.5, 2.2.6 and Chapter 3,
section 3.2.4.1 and 3.2.5), this study made use of another method that will be further developed in

this part.

5.2.2.1 Thermogravimetric analysis (TGA)

Char sample collected at the end of each experiment was analysed by TGA (TA Instrument Explorer
Q600) so as to determine the degree of conversion of the biomass. A 5 to 10 mg sample was placed
in a ceramic crucible under a 50 mL/min nitrogen flow. The char sample was then heated up to 800

°C with a heating rate of 15 °C/min, and finally, was held at constant temperature during 15 minutes.
5.3 Results and discussion

5.3.1 Pyrolysis without catalytic treatment

The pyrolysis of beech wood in the DTR was investigated by varying the DTR temperature (500, 550
and 600 °C) and the residence time of the pyrolysis vapours (by using 500, 1000 and 2000 mL/min N,
as carrier gas). In this case, the whole setup downstream of the DTR was maintained at 300 °C
(including the fixed bed reactor). The different experiments conducted have been listed in Table 5.2.
It should be noted that the vapour residence time has been calculated based on the nitrogen flow

rate.
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Table 5.2: List of pyrolysis experiments without catalyst use

DTR temperature (°C) Nitrogen flow rate (mL/min)* Vapour residence time (min)
500 500 9.27
500 1000 4.63
500 2000 2.32
550 500 9.27
550 1000 4.63
550 2000 2.32
600 500 9.27
600 1000 4.63
600 2000 2.32

*Measured at room temperature and pressure

5.3.1.1 Effect on pyrolysis product distribution

As mentioned earlier, different parameters were varied during the course of this study. Figure 5.2

demonstrates the different values obtained for the mass balances of the various experimental runs.

It should be noted that values of more than 85 % were found experimentally. The gap in the values

can be explained by the fact that even if every effort was made to recover all of the liquid produced,

there still was a fraction that remained on the walls of the DTR installation and was lost. Hence, the

mass balances were completed to 100 % with respect to the liquid fraction.
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Figure 5.2: Mass balances of experiments performed without catalyst use
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What can be observed from the previous figure is that firstly, the lowest temperature (500 °C)
corresponded to the highest amount of char produced (between 13 and 18 wt. %) and the lowest
amount of non-condensable gases formed (between 28 to 30 wt. %). In contrast to the former
observations, 600 °C, the highest temperature tested produced the lowest amount of char (around 9
to 10 wt. %) and the highest amount of non-condensable gases (49-55 wt. %). Now, the results
obtained for the degree of conversion of the biomass by TGA under a nitrogen flow rate of 500

mL/min have been illustrated in Figure 5.3.
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Figure 5.3: Degree of biomass conversion (TGA) at different DTR temperatures under 500 mL/min N,

It can be seen from the above figure that the evolution of the char percentage and that of the degree
of conversion tended to follow opposite trends, as did the evolution of the bio-oil percentage and
that of the gas percentage. Hence, it can be claimed that the higher the temperature, the higher the
gas production, and the lower the liquid formation. This observation is logical in that at higher
temperatures, cracking reactions are favoured (Fan et al., 2014), and so, the larger liquid molecules
are broken down to form smaller gaseous ones. This also corroborates our previous observations

(Mohabeer et al., 2017).

It was also seen that the experiment at 500 °C under 500 mL/min N, yielded the highest amount of
bio-oil (58.8 wt. %). These conditions were also the ones resulting in the highest liquid product yield
in the semi-continuous setup (see Chapter 2). Hence, these operating conditions were adopted for

the whole series of experiments involving catalyst use undertaken in this part of the study.
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5.3.1.2 Effect of gas residence time on pyrolytic liquid and gas products

- Liquid product composition

As mentioned earlier, the carrier gas (N,) flow rate was varied from 500 to 2000 mL/min. This
variation induced a difference in the gas residence time in the DTR. The ensuing residence times have
been listed in Table 5.2. The different liquid product compositions obtained for the pyrolysis of beech
wood at 500 °C in the DTR have been illustrated in Figure 5.4. Those obtained for the experiments

conducted at other temperatures have been tabulated in Table D.1, found in Annex D.

Beech wood 500 °C
(a) 500 mL/min N, (b) 1000 mL/min N, (c}) 2000 mL/min N,

. . @
sUs

[l Carboxylicacids [[] Phenols [l Alcohols [] Carbohydrates [O] Ketones [li] Esters

[ Aromatics [l Aldehydes [ Furans [ Guaiacols [] Alkanes [] Amides

Figure 5.4: Liquid product compositions obtained for pyrolysis of beech wood at 500 °C in DTR

Here, as can be seen, the product compositions have not altered much even though the vapour
residence times have more than halved (9.27 min to 4.63 min to 2.32 min). Some further calculations
were performed to get an idea about the happenings during the reaction. These calculations can be
found in Annex D. It was seen from these calculations that the biomass particle residence time in the
reactor was 2.20 s, which was much lower than the gas residence time, as specified above. This
observation meant that the limiting parameter, that is, the parameter that controlled the formation
of products and the dynamics of the reaction, was the biomass particle residence time, and not the
gas residence time. This points to the fact that even if the carrier gas flow rate is increased, hence
reducing vapour residence time, no significant change will be brought to the liquid product
distribution as long as the pyrolysis reaction takes place in the same pyrolysis regime, that is, where
the biomass particle residence time is shorter than the gas residence time. This observation has also

been verified by Guizani et al. (2017), Jahirul et al. (2012)and Ellens (2009).
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- Gas product composition

NCG gas analysis was also performed while the N, flow rate was varied. Figure 5.5 represents the
different NCG compositions obtained at 500, 1000 and 2000 mL/min N, at 500 °C, while those

obtained at the higher temperatures have been summarised in Table D.2 (Annex D).

Beech wood 500 °C

(a) 500 mL/min N, (b) 1000 mL/min N, (c) 2000 mL/min N,

GGG

Figure 5.5: Gas product compositions obtained for pyrolysis of beech wood at 500 °C in DTR

ECOMCO, HCH, BH, BC,IC,

From the above figure, the same observation as for the liquid product composition can be made:
increasing the carrier gas flow rate did not impact significantly the NCG composition. Hence, the
same deduction can be made in this case: if the pyrolysis regime is not changed, even though the

vapour residence time changes, the gas product distribution is not importantly altered.

5.3.1.3 Effect of DTR temperature on pyrolytic liquid and gas products

- Liquid product composition

For the various families to be more visually representative, pie charts were built for each
temperature and nitrogen flow rate used. Figure 5.6 is an example of the chemical families present in
pyrolytic oil of beech wood obtained at 500 °C under 500 mL/min N, in the DTR, as compared to the
bio-oil obtained under the same conditions in the semi-continuous setup used in Chapter 2. Similar
diagrams were built for each bio-oil produced; the results obtained have been tabulated and can be

found in Annex D (Table D.1).
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(a) DTR
0.0,1,
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Figure 5.6: Composition of beech wood bio-oils obtained at 500 °C and 500 mL/min N, in DTR (t: 9.27 min)
and semi-continuous reactor (t: 11 min) (mol. %)

Guizani et al. (2017) studied the fast pyrolysis of biomass in a DTR by varying the reactor
temperature, particle size and vapour residence time. They used beech wood as biomass for their
experiments (gas residence time of 20.6 s for a mean particle size of 640 um). They found that the
maximum amount of oil, 62.4 wt. %, could be collected at 500 °C, which coincides with our findings.
They also made the observation that aldehydes, ketones and carboxylic acids were the major oil
components. However, it can be seen that for this study (Figure 5.6), the major chemical families
present in the collected oils were carboxylic acids, phenols and alcohols. These observations tally
more or less with what was found in Chapter 2; the only difference being that a higher amount of
ketones and esters were present in the oils gathered from the semi-continuous setup. This variation
can be explained by the difference in the components of the oil gathered: from the experiments in
the DTR, the use of a higher amount of biomass resulted in the production of a higher quantity of
bio-oil, which necessitated less solvent to be recovered. This made it possible to detect compounds
which were present in negligible proportions in the more dilute oil obtained from the semi-

continuous installation (338 detected compounds vs. 255 in semi-continuous setup).

Now, it is interesting to take a look at the evolution of the major families present in oil with
increasing temperature (Figure 5.7). The evolutions of all the chemical families present in the bio-oil

samples with increasing DTR temperature were drawn and presented in Annex D, Figures D.3 (a)-(l).
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It can be seen from Figure 5.7 that both the percentages of carboxylic acids and alcohols tended to
decrease with increasing temperatures, while phenols demonstrated the opposite trend. This is not
quite similar with what was found by using the semi-continuous setup (Refer to Figures 2.5, 2.7 and

A.6).
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Figure 5.7: Evolutions of major bio-oil components with increasing DTR temperature (t: 9.27 min)

The decrease in carboxylic acid percentages coincided with a sharp increase in the phenols
percentage. As mentioned earlier (See Chapter 3, section 3.3.6.1), carboxylic acids and phenols
shared a negatively correlated tendency; that is, when one experienced an increase, the other
experienced a decrease. This phenomenon is well-demonstrated in the above figure. Now, the
difference with the results obtained from the first configuration of the semi-continuous setup can be
explained again by the fact that more molecules were detected this time around, but also by the
varying conditions of the two reactors. This fact demonstrates the subsequent differences that may
be experienced when changing a reaction from lab to pilot scale, but also when changing the

reaction technology from discontinuous to continuous.

Now, the PCA of the bio-oils produced at 500 mL/min N, at different temperatures has been
illustrated in Figure 5.8. The major observation was that aromatics displayed a negative correlation
to almost all the “important” variables present in the bio-oils (carboxylic acids, ketones,
carbohydrates, alcohols and esters). This means that a decrease in those oxygenated families
engendered an increase in the formation of aromatic compounds, which are essential to the

composition of a performant bio-fuel.
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PCA beech wood bio-oil samples in DTR without catalyst
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Figure 5.8: PCA of beech wood bio-oil samples in DTR at 500 mL/min N, without catalyst

- Gas product composition

The same analysis as for liquid composition was made for the non-condensable gas composition.
Non-condensable gases (NCG) are mostly composed of CO, CO,, CH, and H,. In this case, C,H,, C,H,
and C,Hg (represented as ‘C,’) and C3H,;, C3Hg and C3;Hg (represented as ‘Cs’) have also been
guantified. Figure 5.9 depicts the gas product distribution obtained for a sample at 500 °C under 500
mL/min in the DTR, as compared to that obtained under the same experimental conditions in the
semi-continuous reactor. Similar diagrams depicting the NCG compositions obtained by varying the

reaction conditions were drawn and the results have been listed in Table D.2, found in Annex D.

(a) Beech wood 500 °C, 500 mL/min N, (DTR)

(b) Beech wood 500 °C
(semi-continuous setup)

ol

’

Figure 5.9: Composition of beech wood NCG obtained at 500 °C in DTR and semi-continuous reactor (vol. %)

BCONCO, DCH,EH,BCOCGC

127



Chapter 5

Firstly, it can be seen that the species present in majority was CO (58 vol. %). This results tallies with
the findings of Guizani et al. (2017) (58.4 vol. %), and was not very far from what was found when the
semi-continuous setup was used. However, the gas product distribution itself altered slightly when
the DTR was used: a higher amount of each gas fraction was detected. This may have had to do with
the fact that, as with the liquid fraction, a larger amount of beech wood was fed in the DTR as
compared to the semi-continuous setup and this resulted in a higher quantity of NCG being formed,
making it easier to detect smaller gas molecules as they are less diluted in the carrier gas. Also, if the
evolution of each NCG component at 500 mL/min N, gas flow were analysed with mounting reactor
temperature, the graph depicted by Figure 5.10 would be obtained. The evolutions obtained with

other flow rates have been represented in Annex D, Figures D.4 and D.5.
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Figure 5.10: Evolution of NCG components with DTR temperature under 500 mL/min N,

The evolutions of the NCG composition at different DTR temperatures remained quite feeble: a peak
of CO was noticed at 550 °C while CO, percentage tended to decrease with increasing pyrolysis
temperature. All other gas components, excluding C;, experienced an increase in percentage as the
reactor temperature increased. The general trend of an increase in CO and a decrease in CO, with
mounting reaction temperature, observed with the discontinuous setup (see Annex A, Figure A.11)
was somewhat altered through the use of the DTR. Here, while CO, did experience a reduction in its
percentage, the CO percentage remained quite stable. However, when the quantitative values are

glanced at, it could be observed that the CO volume did experience an increase, corroborating the
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previous theory that heightening the reaction temperature favoured cracking reactions and hence,

the generation of gas molecules.

5.3.1.4 Water content of liquid products

The water content for each experiment was obtained by the Karl Fischer volumetric titration. The
results have been detailed in Figure 5.11. It can be seen that an increase in DTR temperature caused
the water content to increase (maximum water content: 48 wt. % at 600 °C under 1000 mL/min N,),
which coincided with the decrease in certain chemical families like alcohols, carbohydrates and
carboxylic acids. Similar observations have been noted by Lehto et al. (2013). Hence, it can be

stipulated that increasing the reaction temperature favoured the dehydration reaction of the afore-

mentioned chemical groups.
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Figure 5.11: Water content (wt. %) of bio-oils obtained from each experimental run
5.3.1.5 Oxygen content of liquid products
The major challenge to bio-oil use remains their elevated oxygen content, which renders them highly
functionalised (Adjaye and Bakhshi, 1995). This high functionality is the cause behind the elevated
viscosity, high acidity, low calorific value and instability of the bio-oils. Hence, getting an idea of the
oxygen content coming from the bio-oil components (oxygen from humidity not included) is essential
to understanding the behaviour of the oil and to finding a way to enhance their properties. Figure

5.12 depicts the evolution of the oxygen content of the bio-oils obtained at different temperatures of

the DTR under various N, flow rates.
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Figure 5.12: Oxygen content (mol. %) of bio-oils obtained from all experimental runs

It can be seen that the oxygen content deceased with mounting DTR temperature. This observation
goes along the fact that higher reaction temperatures tend to privilege cracking reactions, and hence,
smaller, gas molecules formation. Therefore, at higher temperatures, less liquid is recovered and
some of the oxygen atoms have escaped in the gas fraction. However, the overall oxygen content of
the bio-oils remain quite elevated (29-40 mol. %) as compared to that of fossil-derived fuels (~1 %)
(Xiu and Shahbazi, 2012). This brings us to the importance of upgrading the bio-oil so as to improve

its properties as a potential liquid bio-fuel.

5.3.2 Pyrolysis with catalytic treatment

The aim of this part of the research is to study the catalytic activity of HZSM-5 and Fe-HZSM-5 and
eventually, their de-activation during the course of the de-oxygenation of the bio-oils formed in the
DTR. In order to do so, as illustrated in Figure 5.1, a fixed bed catalytic reactor was placed at the exit
of the DTR. A catalyst mass of 1.48 g, corresponding to a catalyst bed volume of 2.70 mL, was used
for all the experiments. The catalysts’ apparent porosity was 0.61. The contact time was estimated to
be 0.20 s between the gas and the catalyst bed. The temperature of the fixed bed reactor was varied
(425, 450 and 500 °C) so as to study the effect on the pyrolytic products. It should be noted that
before conducting these experiments, experiments without any catalyst use were performed by
varying the temperature of the empty fixed bed reactor so as to get matching bench references.
These experiments have thus been listed in Table 5.3. The DTR temperature and the carrier gas flow
rate were fixed at 500 °C and 500 mL/min, respectively, because these conditions ensured the

maximum bio-oil yield.
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Table 5.3: Experimental runs involving use of catalyst

Catalytic fixed bed
N, flow rate used
DTR temperature (°C) reactor temperature Catalyst used
(mL/min)

(°)

400 -

425 -

500 -
500 500

400 HZSM-5

425 HZSM-5

500 HZSM-5

5.3.2.1 Effect of catalyst use on pyrolysis product distribution

It has already been shown (Refer to Chapter 3, section 3.3.5) that the presence of a catalyst boosted
NCG formation and inhibited liquid formation as the de-oxygenation process took place. Figure 5.13
confirms these findings, even though the reaction took place in the DTR (a percentage error of ~1 %
was found). The product distributions presented in Figure 5.13 were those recovered from t = 0 min
until the end of the reaction. It can also be noticed that even at a temperature of 425 °C, the HZSM-5

catalyst was performant and efficient in de-oxygenating the pyrolytic vapours.
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Figure 5.13:Catalytic effect on pyrolytic product distribution
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5.3.2.2 Effect of varying fixed bed reactor temperature on pyrolytic liquid and gas products

- Liquid product composition

As was seen earlier (see Chapter 3, section 3.3.5.1), catalyst use impacted significantly the pyrolytic
liquid product distribution in the semi-continuous reactor. Now, in the DTR, the de-oxygenation
reaction takes place continually. The main aims of the experiments about to be presented were to
investigate the catalytic performance in the continuous regime, the effect of the bed temperature on
the products formed and the stability of the catalyst in time during the course of the reaction as it
was observed in literature that the catalyst, after some time of use, starts losing some of its activity
and starts to de-activate (Cerqueira et al., 2008; Mukarakate et al., 2014; Paasikallio et al., 2014;
Vitolo et al., 2001). This de-activation usually affects the pyrolytic product distribution and in the
semi-continuous reactor, very obvious changes were observed in the percentages of the various

chemical groups present in the upgraded bio-oils (see Chapter 3).

1) Investigating catalytic performance during continuous pyrolysis and effect of catalytic fixed

bed reactor temperature on products formed

So as to get an appropriate visual representation of the liquid product composition in the DTR, pie
charts were drawn. Figure 5.14 illustrates the liquid product distribution obtained for an
experimental run at 500 °C DTR temperature, 500 mL/min N, and 500 °C catalytic fixed bed reactor
temperature at reaction time, t = 10 min, as compared to the results obtained in the semi-continuous
reactor (see Chapter 3). The various compositions obtained have been listed in Annex D, in Table
D.3.

0 1 (b) t =10 min 1

(a) Semi-continuous reactor
2 0o

B Carboxylic acids @ Phenols O Ketones W Esters O Furans H Alcohols

B Aromatics W Aldehydes 0 Guaiacols O Amides mE Carbohydrates @ Alkanes

Figure 5.14: Liquid product composition at t = 10 min in DTR and catalytic fixed bed reactor temperature 500
°C vs. semi-continuous reactor 500 °C with HZSM-5
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It can be seen that the liquid product distribution differed quite fundamentally. Primarily, the acid
percentage did not decrease as dramatically as it did in the semi-continuous reactor (55 mol. % vs. 8
mol. %). Among the several reasons behind this observation stands the fact that in the semi-
continuous reactor, a contact time of about 3.89 s was found between the gas and the catalyst,
whereas in the catalytic fixed bed reactor, the contact time was about 0.20 s. The high efficiency of
the catalyst in the semi-continuous reactor is thus explained. The low percentage of phenols as
compared to the semi-continuous reactor can also be explained by the fact that there was a lower
amount of catalyst present, and so, a lower production of phenols. It could nonetheless be noted
that certain highly oxygenated families like carbohydrates did indeed diminish due to the presence of

the catalyst, proving that the catalyst did contribute in the de-oxygenation of the bio-oil produced.

- Analysis of carboxylic acids evolution with rising catalytic fixed bed reactor temperature

Figure 5.15 depicts the percentage (mol. %) of the carboxylic acids as obtained in the bio-oils
collected at different catalytic fixed bed reactor temperatures, along with the mass flow rate (g/min)

of the carboxylic acids at t = 10 min for different catalytic fixed bed reactor temperatures.
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Figure 5.15: Evolution of mass flow rate (g/min) and percentage (mol. %) of carboxylic acids at t = 10 min at
different catalytic fixed bed reactor temperatures

Several observations can be made from the above figure. Firstly, some similarities were found in the
evolution trend in mass flow rate and percentages for the experiments done while using HZSM-5;
both series showed a decrease in carboxylic acids as catalytic fixed bed reactor temperature
increased. This is in line with what was seen in Figure 5.13. Indeed, with increasing catalytic reactor

temperature, less liquid was recovered. Hence, it can be said that increasing the catalytic reactor
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temperature boosted the catalytic activity, enhancing the different de-oxygenation reactions,
including decarboxylation, which resulted in a lower amount of carboxylic acids being present in the
collected bio-oil. However, one main difference was concerning the experiments done without the
use of catalysts: the mass flow rates showed a decrease with increasing catalytic temperature, while
the percentages demonstrated an increase. The decreasing trend appeared to be more coherent
according to the reasons stated previously. Several articles in literature base their results on the
percentage of chemical families present in bio-oils (Choi et al., 2013; Murata et al., 2012; Park et al.,
2006, 2007); this method of comparison may give rise to misleading conclusions if other, deeper

analyses are not conducted.

Now, as mentioned earlier, in order to better comprehend the impact of catalyst use on the liquid
product, bio-oil samples were recovered intermittently and analysed to get an idea of their
composition. Then, conversion and production rates, as previously explained (see Chapter 3, section
3.3.5), were calculated for each chemical family found in the oils. Table 5.4 details the values
obtained for the bio-oil recovered at a catalytic fixed bed reactor temperature of 500 °C. Those
obtained for the 450 and 425 °C temperatures have been listed in Annex D, in Tables D.4 and D.5.

Table 5.4: Conversion and production rates of chemical families present in upgraded bio-oils at a catalytic
fixed bed reactor temperature of 500 °C

Chemical Conversion (“-” sign) and production (“+” sign) rate (%)
families t=10 min t =20 min t=35min t=60min t=120 min
Carboxylic acids -96 -88 -69 -69 -49
Alkanes -97 -88 -68 -74 -55
Aromatics -98 -92 -81 -83 -77
Alcohols -97 -89 -75 -77 -61
Aldehydes -96 -82 -53 -54 -22
Amides -97 -91 -71 -71 -25
Ketones -95 -85 -66 -67 -49
Esters -91 -73 -49 -52 -61
Furans -82 -64 -8 -19 -2
Guaiacols -97 -85 -55 -50 -2
Phenols -97 -90 -71 -76 -59
Carbohydrates -99 -95 -87 -87 -79

Several deductions can be made following these tables. Firstly, it was seen that for all temperatures,

the trend was the same: the conversion rate for almost all families became less important in time.
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This is proof that the catalyst did indeed lose its activity during the course of the reaction, and so,
became less efficient. However, another difference that was noticed was the fact that according to
the fixed bed reactor temperature, the efficiency of the catalyst experienced a change. As it can be
seen from comparing the values for all temperatures, the higher the fixed bed reactor temperature
was, the more performant was the catalyst in converting the chemical families. For instance, if
carboxylic acids are considered, the de-oxygenation at 500 °C ensured a first conversion at -96 %,
that at 450 °C, one at -88 % and that at 425 °C, one at -85 %. It can hence be stipulated that de-
oxygenation at 500 °C is more successful than at lower temperatures. This fact has been further
corroborated by PCA (Annex D, Figure D.6): the experiments performed at 450 and 425 °C are
gathered close together in a sub-group; it means that they present the same behaviour as one
another (Esbensen et al., 2002). Meanwhile, the samples collected for the experiment at 500 °C

presented a distinct sub-group, presenting a different behaviour than the others.

2) Stability of catalyst during continuous pyrolysis reaction

As mentioned earlier, when the catalyst has been in continual use during a continuous pyrolysis
reaction for some time, it starts to display a decrease in activity. Figure 5.16 represents the effect of
catalyst de-activation on the collected bio-oil in time during the course of catalytic pyrolysis of

biomass.
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Figure 5.16: Effect of catalyst de-activation on bio-oil obtained during pyrolysis reaction

Studying this de-activation and its impacts on the product distribution is of utmost importance to
fully comprehend the reaction in its entirety. For this, the chemical family mostly present in the bio-
oil obtained without the use of the catalyst and that impacted most on the behaviour of the bio-oil

(Guo et al., 2009; Mohabeer et al., 2017), that is, carboxylic acids, was taken as case in point. Figure
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5.17 represents the evolution of the mass flow rate of the carboxylic acids (g/min) during the course
of the catalytic pyrolysis reaction at different catalytic fixed bed reactor temperatures. Only the first
three bio-oil recoveries are presented (t = 10, 20 and 35 min). The figures for phenols and alcohols

have been illustrated in Annex D, in Figures D.7 and D.8.

Carboxylic acids

9 W No catalyst (300 °C)
|425°C
| 450 °C

@500 °C

Mass flowrate (g/min)
(5]

10 20 35
Reaction time (min)

Figure 5.17: Evolution of carboxylic acids in liquid product (g/min) in time with different fixed bed reactor
temperatures

Firstly, the same behaviour as discussed above was noted: the mass flow rate of the carboxylic acids
demonstrated a steady decrease as the catalytic fixed bed reactor temperature increased. Secondly,
as it may be observed, the mass flow rate of the carboxylic acids also showed a steady increase
during the course of the reaction, at all catalytic fixed bed temperatures (for instance, at t = 10 min,
6.13 g/min vs. t = 35 min, 9.20 g/min with no catalyst). However, the mass flow rates remained less
than that obtained for the non-catalytic bio-oil. This proved that even at 425 °C, the catalyst did
display de-oxygenation performance. Now, the increase in mass flow of carboxylic acids during the
course of the reaction was proof that the catalytic activity tended to decrease as the reaction

continued on in time.
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- Gas product composition

NCG samples were recovered intermittently as well, at the same times as bio-oil sample recoveries,
and the same kind of analyses as for the bio-oil samples were performed on them. Figure 5.18
depicts the gas product distribution obtained for a sample at a fixed bed reactor temperature of 500
°C under 500 mL/min with the use of HZSM-5, as compared to that obtained under the same
experimental conditions without the use of any catalyst. Similar figures have been drawn for the

other catalytic reaction temperatures and have illustrated in Annex D, Figures D.9 and D.10.

Catalytic fixed bed reactor temperature: 500 °C
60

@ No catalyst
50 o Bt=10min
Bt=20min
Et=35min
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Ht =120 min
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Percentage (vol. %)

20 A
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H2 co CH4 co2 c2 Cc3

Figure 5.18: Evolution of NCG composition (vol. %) in time at 500 °C (fixed bed reactor) vs. no catalyst

It was firstly seen that the evolutions for reactions at fixed bed reactor temperatures 500, 450 and
425 °C follow the same trend. Here, the focus is on the one at 500 °C. As it can be observed, the
composition of the NCG did not undergo a drastic change during the first four analyses (60 minutes
reaction time), as compared to the reaction without catalyst. A real change was noticed at the fifth
analysis (t = 120 min), where the CO and CH, percentages dropped and the CO,, C, and C; ones
experienced an increase. These observations primarily call out the fact that the catalyst had not been
completely de-activated after 120 minutes of reactions. Then, as the percentages stood after two
hours of reaction, it could be said that the decarboxylation reaction (production of CO,) was being

privileged in time relative to the decarbonylation one (formation of CO). Also, according to Gayubo et
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al. (2004), carboxylic acids underwent decarboxylation under the action of HZSM-5 to give rise to
ketones as intermediates and to alkenes as end products. Hence, the increase in C, and C; could be

related to the de-oxygenation of carboxylic acids.

However, as it has been mentioned earlier, percentages give an idea of the evolution of the
composition; the actual change can be more accurately monitored through the conversion and
production rates of the components. Table 5.5 lists the values obtained for the NCG components at a
catalytic fixed bed reactor temperature of 500 °C. Those obtained for the 450 and 425 °C
temperatures have been listed in Annex D, in Tables D.6 and D.7.

Table 5.5: Conversion and production rates of NCG components at a catalytic fixed bed reactor temperature
of 500 °C

NCG Conversion (“-” sign) and production (“+” sign) rate (%)
components t =10 min t=20 min t=35min t =60 min t=120 min
H, -82 -30 159 239 3316
co -84 -35 140 219 2938
CH, -84 -33 147 215 2434
Co, -85 -37 173 402 3351
CH, -89 -66 31 -12 903
C,H, -83 -40 109 225 1643
C,Hs -81 -16 229 433 3254
CsH, -95 -84 -39 -21 652
CsHs -75 -19 193 538 2452
CsHg -80 -30 159 502 2442

The values listed in Table 5.5 further confirm what has been stated previously: the catalyst was not
completely de-activated after 120 minutes of reaction. Actually, even if a decrease in the CO
percentage at t = 120 min was noticed, the fact that CO underwent a production rate at that point
belies the fact that decarboxylation was privileged over decarbonylation. As it is, both reactions were

occurring at the same time as both CO and CO, were experienced very significant production rates.

However, the values obtained for the NCG components did not reflect the same trend as that
demonstrated for chemical families in the liquid product. In the latter case, the conversion rate
tended to decrease, showing a decreasing activity of the catalyst; here, the production rates of the
NCG components all increased. With the present setup, it is difficult to draw a proper conclusion on

this part as, from t = 120 min onwards, severe clogging problems were experienced within the
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experimental installation. It was theorised that the coke formed on the surface of the catalyst bed
and solid particles deposited on the catalyst surface caused a severe pressure drop, which gave rise
to a pressure build-up inside the setup. It subsequently caused an important drop in the gas flow at

the exit of the installation. This phenomenon happened for every reaction repeatedly.

5.3.2.3 Experiments with catalyst treatment: use of Fe-HZSM-5

The same series of experiments was also conducted with Fe-HZSM-5, deemed to be the most
efficient of the catalysts tested (see Chapter 3, section 3.4). The phenomenon that was observed at
two hours of reaction time with HZSM-5 was seen within 10 minutes of reaction with Fe-HZSM-5. The
sudden drop in the gas flow rate at the exit of the installation was experienced at the very start of
the reaction. This observation confirms the fact that Fe-HZSM-5 did de-oxygenate the bio-oils more
efficiently than HZSM-5. However, it also shows that a fixed bed reactor setup might not be the best

alternative to test the de-activation of a catalyst during long reaction times.

5.4 Conclusion

This study presented the pyrolysis liquid and gas results obtained for a continuous pyrolysis reaction
in a DTR, with and without catalyst use. The aim was firstly to establish a comparison between a
semi-continuous and a continuous pyrolysis reaction and the eventual similarities and differences
that could be obtained. Then, for the reactions involving catalyst use, the goal was to study the effect
of this kind of setup on the pyrolytic products as a comparison to the semi-continuous system and
also, attempt to monitor the de-activation of the catalyst by analysing the evolution of the
composition of the liquid and gaseous products formed, periodically. DTR temperature and gas
residence time were primarily varied to examine the pyrolytic products. It was found that despite not
using the same installation, the reaction parameters yielding the maximum bio-oil yield without the
use of catalysts were the same: 500 °C under 500 mL/min N, (~58 wt. % in both cases). Also, while
varying the temperature impacted significantly on the product distribution (higher temperatures
yielded higher gas products and a more acidic oil), varying the gas residence time did not quite alter
the product distribution as it was found that the pyrolysis was still taking place within the
intermediate regime, and that the reaction was governed by the biomass particle residence time.
Finally, many non-compliant observations were obtained between the semi-continuous and the
continuous setups. This fact highlighted the heightened error margin present for using results
obtained in a semi-continuous or discontinuous setup to globally model pyrolysis as a continuous
reaction. Concerning the reactions involving catalyst use, a glance at the conversion and production
rates of the chemical families present in the liquid product showed that HZSM-5 lost its de-

oxygenation efficiency steadily over time as the conversion rates of the families decreased. However,
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with the present setup, it is difficult to draw a proper conclusion on this part as, from t = 120 min

onwards, severe clogging problems were experienced within the experimental installation.
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Conclusion and perspectives

- Conclusion

The main aim of this work was to provide a detailed characterisation of the pyrolysis products
obtained from biomass residues and pure woody biomass components, with and without the use of
various catalysts in order to better understand the provenance of each family in the bio-oil. Then, the
effect of scaling up the process (from semi-continuous process to continuous process in drop-tube
reactor) on the pyrolytic products was studied, again with and without the use of catalysts to finally

gauge the performance of the catalyst during the course of the continuous reaction.

Firstly, the pyrolytic behaviour of flax shives relative to beech wood and the three woody biomass
components (cellulose, hemicellulose and lignin) at different pyrolysis temperatures was studied
successfully in a semi-continuous reactor. It was found that the two biomasses exhibited
approximately the same behaviour. However, their behaviours as compared to that of a theoretical
average of the biomass components were different; mostly due to physical interactions between the
different components in the biomass and also, the mineral content of the latter. Because the main
problem concerning the utilisation of the bio-oil remained the relatively elevated oxygen content,

the catalytic de-oxygenation of the bio-oil was studied.

A detailed analysis of the liquid and gaseous pyrolytic products of catalytic de-oxygenation of two
biomasses (beech wood and flax shives) using different catalysts (HZSM-5, Fe-HZSM-5, H-Y, Fe-H-Y,
Pt/Al,O; and CoMo/Al,O3) was presented. The results showed:

. The different pathways and reactions through which aromatic compounds were produced
from the catalytic de-oxygenation of flax shives as compared to a conventional lignocellulosic
biomass, beech wood.

. Fe-HZSM-5 was deemed to be the most efficient of the catalysts utilised as it helped reach the
lowest oxygen contents in both bio-oils.

. At higher catalyst-to-biomass ratios of 4:1, de-oxygenation efficiency did not experience any
further significant improvement.

. HZSM-5 and H-Y tended to privilege the decarbonylation route (production of CO), whilst their
iron-modified counterparts favoured the decarboxylation one (production of CO,) for both
biomasses.

. The metal-based catalysts were seen to exhibit the least efficient performance in terms of de-

oxygenation, but showed relatively high H, and H,0 productions, prompting the supposition
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that the presence of H, gas may prompt the metal-based catalysts to undergo HDO and give

birth to some water formation.

The third part of the study followed the second in that a detailed analysis of the liquid and gaseous

pyrolytic products of the three principal components of biomass (cellulose, hemicellulose and lignin)

using the two most efficient catalysts found in the previous chapter: HZSM-5 and its iron-

modification, Fe-HZSM-5 in the same experimental setup and under the same operating conditions

was presented. It was observed that:

Similarly to the reaction with the biomasses, HZSM-5 tended to privilege the decarbonylation
route (production of CO), whilst Fe-HZSM-5 favoured the decarboxylation one (production of
CO,) for the same feed.

From the transformation schemes, it was seen that even though both catalysts boosted the
aromatics production, HZSM-5 produced more aromatics than its iron-modification. It was also

observed that HZSM-5 formed more phenols, and hence, more coke, than Fe-HZSM-5.

Finally, the last part of this study tackled a change in technology: pyrolysis in a continuous, drop-tube

reactor. DTR temperature and gas residence time were primarily varied to examine the pyrolytic

products. It was found that:

Despite not using the same installation, the reaction parameters yielding the maximum bio-oil
yield without the use of catalysts were the same in the semi-continuous and continuous
processes.

While varying the temperature impacted significantly on the product distribution (higher
temperatures yielded higher gas products and a more acidic oil), varying the gas residence
time did not quite alter the product distribution as pyrolysis was still taking place within the
intermediate regime.

A heightened error margin was present for using results obtained in a semi-continuous or
discontinuous setup to globally model pyrolysis as a continuous reaction as various results

obtained present non-compliances.

Concerning the reactions involving catalyst use:

The conversion and production rates of the chemical families present in the liquid and gaseous

products showed that the HZSM-5 lost partially its efficiency as a catalyst over time.
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- Perspectives

While the previous sub-part of this chapter has provided an overview of the work previously
conducted and the various results obtained, some recommendations of future works will be

proposed henceforth.

1) Understanding the catalytic de-oxygenation mechanisms of model molecules from each

chemical family present in the pyrolytic bio-oils.

While some work has been conducted on the overall catalytic de-oxygenation of the pyrolytic bio-
oils, it can be very interesting to deepen the analysis by studying the effect of the catalyst by feeding
model molecules to the reactor and analysing the obtained products. This could help polish the
understanding of de-oxygenation reaction mechanisms. The setup to be used for this part of the
study has already been put into place during this PhD thesis and some trials have been performed.
However, during the trials, a fixed bed catalytic reactor was used. As a result, severe blockages,
clogging and gas returns were experienced. It can hence be claimed that a fluidised bed catalytic
reactor might provide a more functional alternative to this setup, as shown in Figure 3. This research

work will be undertaken as a continuum to this thesis.

)
: Condenser
V\N\f\f\/’\f N
\L N, + gas
)
Liquid '
phasé Gas sampling
bag
Cold bath
Tr---
Fluidised bed Catalyst bed Oxygenated
reactor (= @ molecule
M A P A A A A A A A A A
| |
nsulating Heating shell { oo ‘
cover Electrical °oo o
resistance H N, Syringe driver

Figure 3: Setup layout for catalytic de-oxygenation of model molecules
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2) Setting up a model for biomass pyrolysis in the drop tube reactor (DTR).

As mentioned in Chapter 5, pyrolysis temperature and gas residence time have been varied for the
experiments conducted in the DTR. Indeed, it was seen that varying gas residence times in the range
studied did not bring forth very significant changes in the pyrolytic product distributions obtained.
Therefore, it would be interesting to undertake this part of the study again, by varying the gas
residence times in a larger range, or by diminishing the biomass feed rate so that the reaction is no
longer governed by this parameter, in order to build a model for the pyrolysis reaction occurring in
the DTR. This model should thus take into account the kinetics of the reaction, heat transfer and the
physical forces acting on the biomass particle. Hence, along with the various analyses done, a model
comprising the conversion degree of the biomass particle as it falls down the DTR could be obtained.
This model, coupled with the prevision of the pyrolytic products obtained at one specific conversion
degree, could help guide researchers to know what heated length of reactor they would need for

them to attain the product composition they require.

3) Investigation of catalyst de-oxygenation and regeneration during continuous catalytic

pyrolysis.

Again, as was seen earlier, in Chapter 5, some work was conducted on the continuous catalytic
pyrolysis of biomass in the DTR. However, the reaction time was limited to approximately two hours
as beyond this reaction time, severe clogging and gas return problems were encountered. Indeed,
during catalytic de-oxygenation reactions occurring in the catalyst bed, an increase in pressure inside

the DTR, and also, a notable drop in the gas flow at the exit of the experimental setup were noticed.

This problem could again be taken care of by replacing the fixed bed catalytic reactor by a fluidised
bed one. The latter could provide longer reaction times during which, by applying the same
experimental protocol as described in Chapter 5, catalyst de-activation could be further investigated

and a mechanism for this reaction could subsequently be proposed, tested and proven.

Then, as an endeavour to remedy to catalytic de-activation, continuous regeneration of the catalyst
could be undertaken. The fluidised catalytic cracking (FCC) technology already known, tested and
utilised in the petroleum industry, it would be practical to adapt this technology in the biomass
valorisation sector. In this light, a model of a dual fluidised and entrained bed reactor was made, as
represented in Figure 4. The purpose of this dual bed reactor is to perform continuous catalytic
pyrolysis coupled with the regeneration of partially or completely de-activated catalyst

simultaneously.
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De-oxygenated
vapours + gases

Pyrolytic vapours

Air

Figure 4: Schematic of dual fluidised and entrained bed reactor
As of now, only trial tests at ambient temperature have been performed on this model in order to
find the most practical configuration and also, the different parameters needed for the functioning of
the dual fluidised bed. The ultimate goal, however, is to set up the same reactor made of stainless

steel to affix it to the exit of the DTR, instead of the fixed bed reactor.
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Annex A

A. AnnexA
This part shows the different tables and graphs that are related to the different results discussed in

the text, but could not be included.

Table A.1 shows the detailed quantification of mineral elements found through inductively coupled

plasma-optical emission spectrometry (ICP-OES), in the different biomass samples.

Table A.2 (a), (b), (c) and (d) show the different “model molecules” found for the various chemical

groups present in the bio-oils recovered at the four pyrolytic temperatures studied.

Table A.3 synthesises the percentages (in mol. %) of the different chemical groups present in the five

different raw materials studied at the four pyrolytic temperatures of 450°C, 500°C, 550°C and 600°C.
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Table A.1: Detailed list of minerals in raw materials used

Mass (mg/kg of raw material)
Beech wood Flax shives Cellulose Xylan Lignin
Ag <2 3 <2 <2 <2
Al 211 335 <5 <5 58
Ba 12 7 0.4 <0.2 2
Be <0.05 <0.05 <0.05 <0.05 <0.05
Bi 2 3 2 3 2
Ca 1770 2911 <2 7 126
Cd 0.1 0.2 <0.05 <0.05 0.09
Co <0.8 <0.8 <0.8 <0.8 <0.8
Cr 2 6 2 2 2
Cu 1 14 <0.5 <0.5 0.5
Fe 84 994 11 13 52
Ga <0.5 0.5 <0.5 <0.5 <0.5
In <5 <5 <5 <5 <5
K 1054 4501 <20 <20 2226
Li <1 <1 <1 <1 <1
Mg 291 1410 4 6 152
Mn 103 69 0.3 0.3 31
Mo 1 0.6 0.2 0.3 1
Na 47 295 27 77 >500
Ni 1 3 0.6 <0.2 0.4
Pb <1 2 <1 <1 <1
Rb 5 <4 <4 <4 10
Sr 2 6 <0.2 <0.2 <0.2
Tl <1 <1 <1 <1 <1
\" <0.5 2 <0.5 <0.5 37
Zn 6 115 1 1 6
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Table A.2 (a), (b), (c), (d): Most abundant compound in pyrolytic oils at 450°C, 500°C, 550°C and 600°C

Pyrolvt Raw Chemical groups present in bio-oils
rolyt-
.y ¥ material | Carboxy- Aromat- Aldehy- . Guaiaco- Carboh-
ic temp. ) ) Alkanes ] Alcohols Amides | Ketones Esters Furans Phenols
used lic acids ics des Is ydrates
Beech
C5H402 C14H1808 C7H12O C8H1202
wood
FIaX C7H14O4 C10H14O
CeHeO CoH4,0 C;1H1,0 CyHgO CyH4,0 CeH100
Shives C2H402 C8H14 61163 91122 C8H17NO 117112 9lig\Ju2 911122 61105
450 °C
Cellulos CaHacO CsHioOs | CoH10
e C5H402 811163 C5H1004 C7H120 gl 1102 9112
Xylan C8H1203 C4H402 C9H1202 CGHGO C7H1407
Lignin CgH1603
Raw Chemical groups present in bio-oils
Pyrolyt- . -
] material | Carboxy- Aromat- Aldehy- . Guaiaco- Carboh-
ic temp. L Alkanes i Alcohols Amides | Ketones Esters Furans Phenols
used lic acids ics des Is ydrates
Beech
C12HZS CSHSOZ CSHGOZ C8H8() C8H100
wood
Flax C7H10
CeHgO CeHeO C;H,00 CioH140 | CgHy00
shives | C,H,0, CeHua OO CeHa0, | CHNO | T e 1o oo
500 °C
Cellulos C-HAO CoHAO
e CaH100 OO CHy0s | CyHLO o
Xylan C,;H4,0 CoH,,0 C;H.,0
'y ' 7M12 912U, CeHeO 711407
Lignin CgH1603
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Pyrolvt Raw Chemical groups present in bio-oils
rolyt-
.y v material | Carboxy- Aromat- Aldehy- . Guaiaco- Carboh-
ic temp. L Alkanes i Alcohols Amides | Ketones Esters Furans Phenols
used lic acids ics des Is ydrates
Beech
CiaHae C4H100 C/H1,0 CgH1,0; CeHeO
wood
f C,H40, CeHgO3
ax
C,;HsO C,;H.,0 C;H,0 CioH140 | CgH100
Shives C8H14 71182 C5H402 C8H17NO 711144 71110 10t 114 6! 1105
550 °C
Cellulos
C3H602 C12HZS C6H603 C7H1002 C9HlZO
e C,;H,0
Xylan C,H,0 C4H,00 CsH100 C,H.,0
V : 21142 41110 C8H1503 s5t110vV4 CGHGO 711147
Lignin
Pyrolvt Raw Chemical groups present in bio-oils
rolyt-
.y v material | Carboxy- Aromat- Aldehy- ) Guaiaco- Carboh-
ic temp. o Alkanes ] Alcohols Amides | Ketones Esters Furans Phenols
used lic acids ics des Is ydrates
Beech
wood
C8H1603
Flax CoH CsHeO CioH10 | CoHio0
shives C2H402 121126 C8H14 5162 C7H14O4 10t114 61105
600 °C
Cellulos CsH,0,
C4Hy00 CgHi7NO | CeHgOs CoH1,0
e C/H1,0
Xylan CgH150 CgH,60
.V . ofl1g gM1603 CeHeO
Lignin CsH160,
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Table A.3: Percentages of chemical groups present in bio-oils recovered

Biomass/ Chemical families present (mol. %)
Pseudo- Temperatu- .
componen- re Alcohols | Aldehydes | Alkanes Arc?mat— Amides Carb?xyllc Esters | Furans | Guaiacols | Ketones | Phenols Carbohyd-
/°C ics acids rates
ts used
450 8.04 3.90 - 1.58 2.79 30.55 14.73 | 2.94 1.43 12.99 12.09 8.95
Beech 500 8.07 4.21 0.39 0.69 2.51 34.54 9.77 3.12 - 14.23 14.86 7.61
wood 550 9.84 2.30 0.43 1.23 2.44 29.64 13.78 | 2.09 0.72 10.91 20.53 6.09
600 7.65 3.01 - 1.89 1.43 34.61 14.2 2.36 - 10.19 21.16 3.49
450 7.49 4.33 - 2.16 2.15 23.66 12.74 | 2.92 0.79 12.87 21.92 8.99
Flax shives 500 8.19 4.57 - 1.97 2.88 28.07 14.26 1.19 - 11.86 20.51 6.50
550 6.28 3.86 - 1.99 2.18 30.83 12.22 | 1.83 - 11.91 26.37 2.51
600 8.04 1.56 0.91 0.66 - 37.95 20.95 - - 6.87 20.89 2.17
450 6.52 4.72 - 1.41 0.92 6.83 7.08 5.04 0.49 15.38 23.95 27.66
il 500 4.90 3.37 - 1.01 1.23 7.14 7.38 5.17 - 11.30 21.21 37.29
Cellulose 550 3.90 3.08 0.40 1.01 0.49 6.36 6.24 4.00 - 9.40 13.18 51.95
600 4.26 2.40 - 1.21 1.08 9.12 12.43 | 3.82 - 9.76 12.44 43.48
450 6.25 22.13 - 1.26 1.84 16.31 8.99 3.59 0.65 18.15 6.77 14.05
500 6.13 16.55 - 1.22 2.24 22.33 10.40 | 4.19 0.81 12.53 8.39 15.21
Xylan 550 4.52 21.86 - 1.25 2.67 25.76 11.41 | 5.09 - 10.09 9.39 7.97
600 2.15 19.08 - 0.91 - 41.81 10.04 | 2.61 - 8.09 15.32 -
450 - - - - - - - - - 46.28 53.72 -
Lignin 500 - - - - - - - - - 33.98 66.02 -
550 - - - - - - - - - 31.61 68.39 -
600 - - - - - - 10.49 - - - 89.51 -
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The following figures (Figures A.1-A.9) represent the variation of esters, ketones, carbohydrates,

alkanes,

aromatics, alcohols,

aldehydes,

amides, furans and guaiacols with the pyrolytic

temperatures studied. This part is complementary to Figures 1-6 presented previously, in the text.
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Figure A.1: Effect of the pyrolysis temperature on the ester content of bio-oils
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Figure A.6: Effect of the pyrolysis temperature on the aldehyde content of bio-oils
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Figure A.7: Effect of the pyrolysis temperature on the amide content of bio-oils
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Figure A.9: Effect of the pyrolysis temperature on the guaiacol content of bio-oils

Table A.4 represents the different chemical families and the major molecules identified in the bio-

oils that belong to each of them.
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Table A.4: Molecules present in bio-oils and their chemical family

Chemical family Molecules Identified

1-Hexanol, 4-methyl-

2-Propanol, 2-methyl-

1-Butanol, 4-butoxy-

5-Hexen-3-ol, 2,2,4-trimethyl-

Alcohols 2-Furanmethanol

1-Heptanol, 6-methyl-

Maltol

Thymol

Resorcinol

3-Methylcatechol

1,4-Benzenediol, 2,6-dimethyl-

3-Furaldehyde

Furfural

2-Furancarboxaldehyde, 5-methyl-

Aldehydes
Benzaldehyde, 2-hydroxy-6-methyl-

Benzaldehyde, 2-methyl-

Cinnamaldehyde, (E)-

Nonane, 4-ethyl-5-methyl-
Alkanes

Decane

1,5-Heptadiene, 3-methyl-

Aromatics Cyclopentene, 1-(1-methylethyl)-

Naphthalene, 1,2-dihydro-4-methyl-

Butyramide, 2,2,3,3-tetramethyl-
Amides

2-Butynamide, N-methyl-

Acetic acid

Propanoic acid

Carboxylic acids 2-Butenoic acid, 2-methyl-

2-Pentenoic acid, 4-hydroxy-

Nonanoic acid
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Benzoic acid, 3,4-dimethyl-

1,2,3-Propanetriol, monoacetate

Butanoic acid, pentyl ester

Propane-1,1-diol diacetate
Esters

Methyl 2-furoate

Benzoic acid, 3,4-dihydroxy-, methyl ester

Methylparaben

2,2'-Bifuran

Benzofuran, 2,3-dihydro-
Furans

Furan, 2-(2-propenyl)-

2-(1-Cyclopentenyl)furan

3-Methoxy-5-methylphenol

Guaiacols 4-Ethyl guaiacol

Phenol, 2-methoxy-6-(1-propenyl)-

3-Penten-2-one, (E)-

3-Hexen-2-one

Cyclopentanone

2(5H)-Furanone

2-Cyclopenten-1-one
Ketones

2-Pentanone, 4-hydroxy-4-methyl-

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

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

Cycloheptanone

Ethanone, 1-(4-methylphenyl)-

Phenol, 3-methyl-

Phenol, 4-methyl-

Phenol, 3-ethyl-5-methyl-

Phenols Phenol, 3,5-dimethyl-

Phenol, 2,4,5-trimethyl-

Phenol, 2-ethyl-4,5-dimethyl-

Phenol, 2,3,5,6-tetramethyl-

1,4:3,6-Dianhydro-a-B-glucopyranose
Carbohydrates

2,3-Anhydro-B-galactosan
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B-Glycero-y-gluco-heptose

Levoglucosan

Table A.5 (a), (b), (c), (d) and (e) represent the different correlations between the various chemical
groups present in the different samples of bio-oils recovered from the five raw materials used in this
study. The closer the values are to +1, the stronger the correlation is between the two chemical
groups. Also, the positive sign shows a direct relation between the two groups. It means that when
one group increases, the other increases as well. The opposite holds true; a negative correlation
demonstrates an opposing trend between two chemical groups. Again, as the values are closer to -1,

the correlations become stronger.
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Table A.5 (a), (b), (c), (d) and (e):

Correlations existing between chemical groups in pyrolytic oils of (a) beech wood, (b) flax shives, (c) cellulose, (d) xylan and (e) lignin

Beechwood
Temperature Acids Aromatics | Alcohols | Aldehydes Amides Ketones Esters Furans Phenols Carbohydrates
Temperature 1
Acids 0,36 1
Aromatics 0,37 -0,08 1
Alcohols 0,08 -0,74 -0,29 1
Aldehydes -0,68 0,44 -0,37 -0,68 1
Amides -0,90 -0,59 -0,56 0,35 0,39 1
Ketones -0,81 0,14 -0,73 -0,24 0,87 0,72 1
Esters 0,14 -0,54 0,88 0,10 -0,52 -0,19 -0,68 1
Furans -0,74 0,36 -0,45 -0,60 0,99 0,48 0,92 -0,54 1
Phenols 0,96 0,12 0,31 0,34 -0,84 -0,76 -0,86 0,20 -0,88 1
Carbohydrates -0,99 -0,42 -0,48 0,06 0,62 0,96 0,82 -0,21 0,69 -0,92 1
Flax shives
Temperature Acids Aromatics | Alcohols | Aldehydes | Amides Ketones Esters Furans Phenols Carbohydrates
Temperature 1
Acids 0,98 1
Aromatics -0,83 -0,92 1
Alcohols -0,04 0,13 -0,41 1
Aldehydes -0,84 -0,91 0,97 -0,21 1
Amides -0,74 -0,82 0,94 -0,21 0,98 1
Ketones -0,85 -0,93 0,99 -0,39 0,97 0,92 1
Esters 0,72 0,84 -0,98 0,58 -0,91 -0,88 -0,97 1
Furans -0,86 -0,91 0,87 -0,45 0,77 0,65 0,89 -0,87 1
Phenols 0,13 -0,04 0,35 -0,99 0,17 0,20 0,33 -0,54 0,35 1
Carbohydrates -0,96 -0,89 0,65 0,29 0,70 0,58 0,68 -0,50 0,72 -0,39 1
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Cellulose
Temperature Acids Aromatics | Alcohols | Aldehydes Amides Ketones Esters Furans Phenols Carbohydrates
Temperature 1
Acids 0,65 1
Aromatics -0,40 0,20 1
Alcohols -0,87 -0,23 0,79 1
Aldehydes -0,96 -0,61 0,59 0,91 1
Amides -0,11 0,55 0,14 0,29 -0,03 1
Ketones -0,88 -0,30 0,78 0,99 0,94 0,21 1
Esters 0,69 0,99 0,22 -0,26 -0,62 0,47 -0,32 1
Furans -0,90 -0,45 0,19 0,75 0,75 0,47 0,73 -0,52 1
Phenols -0,95 -0,42 0,44 0,90 0,88 0,40 0,89 -0,48 0,96 1
Carbohydrates 0,78 0,04 -0,73 -0,96 -0,79 -0,55 -0,93 0,08 -0,79 -0,90 1
Xylan
Temperature Acids Aromatics | Alcohols | Aldehydes | Amides Ketones Esters Furans Phenols Carbohydrates
Temperature 1
Acids 0,95 1
Aromatics -0,79 -0,94 1
Alcohols -0,94 -0,97 0,90 1
Aldehydes -0,19 -0,27 0,31 0,03 1
Amides -0,56 -0,79 0,95 0,76 0,19 1
Ketones -0,97 -0,87 0,66 0,82 0,33 0,39 1
Esters 0,54 0,25 0,08 -0,24 -0,11 0,39 -0,69 1
Furans -0,25 -0,55 0,79 0,50 0,21 0,94 0,08 0,67 1
Phenols 0,92 0,99 -0,96 -0,97 -0,25 -0,83 -0,8 0,18 -0,61 1
Carbohydrates -0,91 -0,94 0,87 0,99 -0,08 0,75 0,78 -0,22 0,49 -0,94 1
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Lignin

Temperature

Acids

Aromatics

Alcohols

Aldehydes

Amides

Ketones

Esters

Furans

Phenols

Carbohydrates

Temperature

1

Acids

Aromatics

Alcohols

Aldehydes

Amides

Ketones

-0,92

Esters

0,77

-0,95

Furans

Phenols

0,95

-0,99

0,90

Carbohydrates
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Table A.6 lists the non-condensable gases compositions obtained for all experimental runs done in this

part of the study.

Table A.6: Summary of non-condensable gas compositions for all experimental runs

vol. %
Feed material used Temperature (°C)

O | CO, | CH, | H, | G | G
450 37.33 | 53.87 | 673 | 0.86 | 637 | -
500 4451 | 39.99 | 11.38 | 1.04 | 2.77 | -
Beech wood 550 4532 | 34.80 | 13.29 | 3.60 | 2.99 | -
600 5172 | 29.18 | 1091 | 436 |3.74 | -
450 30.16 | 61.12 | 634 | 0.70 | 1.65| -
500 35.39 | 50.18 | 10.51 | 1.30 | 2.60 | -
Flax shives 550 37.94 | 41.77 | 13.46 | 3.11 |3.72| -
600 46.96 | 30.59 | 11.73 | 4.89 | 5.66 | -
450 4555 | 50.04 | 2.16 | 0.88 | 1.36 | -
500 54.80 | 3427 | 3.67 | 1.64 |3.25 | 1.79
Cellulose 550 57.23 | 29.53 | 590 | 470 | 2.64 | -
600 55.38 | 18.06 | 10.16 | 9.69 | 6.61 | -
450 4280 | 52.73 | 2.42 | 047 | 157 | -
500 46.59 | 43.78 | 537 | 1.60 | 2.41 | -
Xylan 550 5478 | 31.93 | 7.22 | 3.06 |3.02| -
600 55.85 | 22.48 | 821 | 952 | 369 | -
450 1032 | 79.13 | 883 | 082 | 090 -
500 9.54 | 59.97 | 11.35 | 1556 | 3.57 | -
Lignin 550 9.16 | 42.92 | 12.05 | 34.76 | 1.12 | -
600 852 | 32.65 | 15.67 | 40.55 | 2.21 | -
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B. Annex B

The apparent porosity of the various catalysts was measured by first putting a known volume of
catalyst (Vcatayst) in @ graduated measuring cylinder and filling the cylinder with acetone to the same
level of the catalyst. The mass of the acetone bottle was measured before and after its use. Hence,
the volume of acetone used was known (V,eone). The difference in volumes of the acetone and the
catalyst thus gave the volume of the pores of the catalyst (V,ores). The apparent porosity is the
percentage of the ratio of the volume of the pores to the exterior volume (initial catalyst volume), as

shown in the equation below.

V. - V
Apparent porosity = acetone caralyst ) x 100 %= ) x 100 %
Vcatalyst catalyst

Figures B.1 to B.4 represent the spectra obtained for the Fourier transform infrared (FT-IR) at

different temperatures (100, 150, 200 and 400 °C) of the catalysts samples used in this study.

Wavenumber (cm?)

1700 1650 1600 1550 1500 1450 1400 1350 1300

WW\MNVWV\W

== Fe-HZSM-5 100 °C

e CoMo/Aluminag 100 °C

= H-¥ 100 °C
= Fe-H-Y 100 °C
= Pt/Alumina 100 °C

= Alumina 100 °C

HZSM-5 100 °C

Figure B.1: IR spectra of catalysts at 100 °C
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Wavenumber (cm?)

1700 1650 1600 1550 1500 1450 1400
—~——" Y
——Fe-HZSM-5150°C V
s CoMo/Alumina 150 °C
——Fe-H-Y 150°C
—H-Y150°C
e Pt fAlumina 150 °C
= Alumina 150°C M
——HZSM-5 150 °C
Figure B.2: IR spectra of catalysts at 150 °C
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—_—
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——Fe-H-Y 200°C
—H-Y200°C
e Pt fAlumina 200 °C
———=Alumina 200°C

——HZ5M-5 200 °C

=

Figure B.3: IR spectra of catalysts at 200 °C
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Wavenumber (cm1)

1700 1650 1600 1550 1500 1450 1400 1350 1300

W
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——CoMo/Alumina 400 °C
———Fe-H-Y 400°C
—H-Y400°C

= Pt/Alumina 400 °C

= flumina 400 °C

HZSM-5 400 °C

Figure B.4: IR spectra of catalysts at 400 °C

Table B.1 lists the evolution of the percentage of the different chemical families present in the bio-oil

sample from flax shives with different catalyst-to-biomass ratios.

Table B.1: Evolution of percentage of chemical families present in bio-oil from flax shives samples with
different catalyst-to-biomass ratios

Bio-oil samples (mol. %)
Chemical family present in
Catalyst : biomass ratio
bio-oil
0 2 4 9
Carboxylic acids 34.41 18.79 - -
Alkanes 1.86 1.29 - -
Aromatics 4.95 6.00 10.30 17.00
Alcohols 10.18 5.82 - -
Aldehydes 3.07 1.78 3.26 7.36
Amides 15.13 - - -
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Ketones 6.93 11.73 12.44 20.96
Esters 9.57 4.03 - -
Furans 0.70 1.74 - -

Guaiacols 1.20 2.18 13.26 10.72

Phenols 8.31 46.65 60.74 43.96
Carbohydrates 3.68 - - -

For the determination of the oxygen percentage (mol. %), the following calculations were performed:
For a molecule A, having molecular formula C,H,0,, the theoretical oxygen fraction is:

(zx16)
[(xx12)+(yx1)+(zx16

)] = f oxygen

From the GC-FID calibration, the molar concentration of the molecule A ([A]) is obtained, and thus,

the molar percentage of oxygen is found from the following equation:

Oxygen percentage (mol. %) = (f X [A])x 100%

oxygen

The following figure, Figure B.5, is complementary to Figure 3.11 shown in Chapter 3. It represents
the different plots obtained from running a PCA for beech wood bio-oil and non-condensable

product samples.
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(i)

| (a) PCA for beech wood bio-oils ‘
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(b) PCA for beech wood non condensable gas components
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Figure B.5: PCA of (a) bio-oil sample, and (b) non-condensable gas sample, of beech wood
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C. Annex C
The water content of the bio-oils has been evaluated by using the Karl Fischer method. These values

(in wt. %), with their associated standard errors (%), have been listed in Table C.1.

Table C.1: Water content of bio-oil samples

Biomass component Catalyst used Water content (wt. %) Standard error (%)

No catalyst 1.97 0.09

Cellulose HZSM-5 6.43 0.11
Fe-HZSM-5 5.42 0.26

No catalyst 2.96 0.04

Xylan HZSM-5 9.13 0.21
Fe-HZSM-5 2.86 0.08

No catalyst 3.19 0.24

Lignin HZSM-5 7.78 0.02
Fe-HZSM-5 3.61 0.19

Table C.2 represents the model molecules of each chemical family present in the bio-oil samples

studied.
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Table C.2: Model molecules found in bio-oil samples

Chemical families present in bio-oils

Bio-oil
samples

Carboxylic
acids

Alkanes

Aromatics

Alcohols

Aldehydes

Amides

Ketones

Esters

Furans

Guaiacols

Phenols

Carbohydrates

Cellulose

Cellulose
+ HZSM-
5

Cellulose
+ Fe-
HZSM-5

Xylan

Xylan +
HZSM-5

C,H,0,

ClOHZZ

CoHyo

CsH140s

CioH140

C,HsNO,

CeH1003

CsH1004

CeH100

C14H26

C8H10

C11H1603

CgH4100

CgHoNO5

C7H14(J3

C14H2002

CeHeO

CeHsO

GHsO

CeH100s

C14H26

C9H12

C10H16O

CeHeO,

C4HgNO,

CsH,0,

CSH1003

CeH100

C8H1003

ClOHIZO

C7H14O7

Xylan +
Fe-
HZSM-5

CllH 10

CsHgO

CgHg

CsHgO;

CgH4100

C16H17NO

C3H120

C14H2002

C7H1405

C6H1005

CeHsO

C10H12OZ

C;HsO

ClOH 12O

CgH100

Lignin

C2H402

C10H22

C25H42

CeHeO3

Lignin +
HZSM-5

Lignin +
Fe-
HZSM-5

C11H 12

C7H1002

C12H 1402

CoH100

CgH100,

CeHeO

C7H14O3

CsH1003

CeHgO

C8H1003
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D. AnnexD

Calibration of the conveyor was performed by varying the frequency on the control board and
measuring the mass of biomass gathered for a given time. Figure D.1 shows the calibration curve
obtained. Concerning the carrier gas, nitrogen was introduced at the top of the DTR and in the screw

conveyor reservoir to ensure an inert atmosphere. Both these flow rates were regulated using flow

controllers.
8 -
y =0,0691x+0,3527 _
7 R2=0,9994 ~*
[
= .
E..
5
1]
®
- .
o
o
2° 7
m
=
2 -
%
1 A &
0 T T T T T 1
0 20 40 60 80 100 120

Frequency (Hz)

Figure D.1: Calibration curve for screw conveyor

The following figure illustrates the dimensions of the cyclones used for solid particles separation

from the gaseous flux, as obtained from the “Cyclone Software”.
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——pe——— ———bc———
—pi— —pi—
—"_bﬂ Cyclone 1
TT T : T a(m :0.0123
: a b(m :0.0054
1 | Ds (m) :0.0084
L. : Di(m) :0.0128

HTot (m) : 0.1021
L(m) :0.0180

HCyl —p— HCyl (m) : 0.0511
Dc(m) : 0.0255

Cut diameter (micron) : 22 4275
Pressure drop (Pa) : 10.0000

1 Cyclone efficiency (-) : 1.0000
HTot Volumetric flowrate (m3/s) : 0.0002

Fitting law at the entrance: Rosin-Rammler
n:2.132780790328979
dm : 81.5836181840825

D=

Figure D.2: Dimensions of cyclones

Table D.1 synthesises the percentages (in mol. %) of the different chemical groups present in the
different experimental runs performed at the pyrolytic temperatures of 500, 550 and 600°C under

the N, flow rates of 500, 1000 and 2000 mL/min.
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Table D.1: Percentages (mol. %) of chemical families in obtained bio-oil samples

Chemical families present (mol. %)

Experiment
Carboxylic
conditions Alkanes | Aromatics | Alcohols | Aldehydes | Amides | Ketones | Esters | Furans | Guaiacols | Phenols | Carbohydrates
acids
500 °C
47.44 0.36 3.64 10.38 1.74 0.25 7.45 6.10 1.04 1.02 13.12 7.45
500 mL/min N,
500 °C
43.88 1.00 3.65 9.18 1.94 0.26 7.38 6.48 0.97 1.26 15.55 8.46
1000 mL/min N,
500 °C
45.75 0.53 5.09 5.67 1.49 1.01 8.35 5.99 2.13 3.15 16.03 4.81
2000 mL/min N,
550 °C
46.91 0.55 2.95 4.04 1.75 0.90 5.94 5.00 1.02 1.05 26.33 3.57
500 mL/min N,
550 °C
46.34 0.29 2.60 7.92 1.40 0.72 7.24 3.28 1.00 1.04 24.88 3.29
1000 mL/min N,
550 °C
47.90 1.59 3.63 5.76 1.66 0.15 6.56 3.88 0.98 1.07 23.74 3.08
2000 mL/min N,
600 °C
39.04 0.33 4.90 2.97 1.76 2.08 4.75 5.21 0.71 0.98 35.9 1.38
500 mL/min N,
600 °C
38.35 0.21 2.80 3.60 1.31 1.98 4.78 8.59 1.26 1.21 34.71 1.21
1000 mL/min N,
600 °C
39.75 0.34 3.50 3.37 1.69 2.53 5.66 4.37 0.82 1.18 35.09 1.69

2000 mL/min N,
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Hydrodynamic calculations for pyrolysis reaction occurring in DTR

- Determining terminal velocity, u,, of biomass particles

Using Stoke’s law,

4 '8 -d ~ Fbiomass
u, =\/ (pNZ P ) , for 0.1 < Re <1000

3w, Co
Where py, = 0.5956 kg/m* and pyiomass = 840 kg/m’>
d: biomass particle diameter = 0.0004 m
g: gravity = 9.812 m/s” (Engineering ToolBox, 2001)

Py Du
Re:ReynoIdénumbet:L, where p: dynamic viscosity of carrier gas = 3.49 x 10”
vl

kg/m.s (Engineering ToolBox, 2001)

24
Cp: drag coefficient = (—) (1 +0.14 Re°'7)
Re
To determine the terminal velocity of the biomass particle, an iterative calculation is required. The
Reynold’s number, Rey is first calculated for an initial value of u;o = 3 m/s (Ellens, 2009), followed by
the drag coefficient Cp o and finally, once again, the terminal velocity, u, ;. This process repeats itself;

the values of Re; (using u; 1), Cp 1 and then, u;, and so on are obtained n times until (ut,n2 - ut,n_lz)2 =0.

The values thus found were: Re = 15.41; Cp = 3.04; u, = 1.08 m/s

. toarticle: residence time of biomass particle= —=2.20s
t

L
u

The following Table D.2 details the different NCG compositions obtained for the various

experimental runs performed.

Table D.2: NCG compositions (vol. %) obtained for all experimental runs

vol. %
Experiment performed
co Cco, CH, H, G G
500 °C, 500 mL/min N, 58.27 15.86 12.46 5.39 4.60 3.43
500 °C, 1000 mL/min N, 59.06 15.16 12.08 5.69 4.51 3.50
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500 °C, 2000 mL/min N, 59.80 | 1553 | 11.86 | 5.23 | 4.42 | 3.15
550 °C, 500 mL/min N, 59.38 | 10.54 | 13.68 | 7.98 | 5.41 | 3.00
550 °C, 1000 mL/min N, 6008 | 1047 | 1327 | 7.84 | 530 | 3.04
550 °C, 2000 mL/min N, 6046 | 1044 | 12.69 | 7.95 | 5.19 | 3.28
600 °C, 500 mL/min N, 5632 | 970 | 15.64 | 10.14 | 6.00 | 2.19
600 °C, 1000 mL/min N, 56.60 | 9.59 | 15.11 | 1041 | 593 | 236
600 °C, 2000 mL/min N, 5644 | 956 | 14.56 | 11.17 | 579 | 248

Figures D.3 (a)-(l) illustrate the evolution of the different chemical families present in the bio-oil

samples obtained under different nitrogen flow rates with increasing DTR temperature.
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Figure D.3 (a)-(I): Evolution of chemical families in bio-oil samples obtained under different nitrogen flow
rates with DTR temperature

Figures D.4 and D.5 depict the evolutions of the non-condensable gas compositions obtained with
increasing DTR temperature under different gas flow rates, except that obtained with 500 mL/min

N,, as it was presented in the main text.
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Under 1000 mL/min N,

Percentage(vol. %)

500 550 600

Temperature of DTR (°C)
Figure D.4: Evolution of NCG components with DTR temperature under 1000 mL/min N,

Under 2000 mL/min N,

Percentage(vol. %)

500 550 600
Temperature of DTR (°C)

Figure D.5: Evolution of NCG components with DTR temperature under 2000 mL/min N,

Table D.3 summarises the different bio-oil compositions obtained in time with the use of HZSM-5 at

different catalytic fixed bed reactor temperatures.
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Table D.3 : Bio-oil compositions (mol. %) obtained during course of reaction at different catalytic fixed bed reactor temperatures with and without HZSM-5

Bio-oil composition (mol. %)

Fixed bed reactor No catalyst
425 °C 450 °C 500 °C
temperature (300 °C)
Time in reaction
- 10 20 35 60 120 10 20 35 60 120 10 20 35 60 120
(min)
Carboxylic acids 47.44 60.83 | 61.11 | 61.66 | 55.01 | 55.28 | 50.57 | 56.94 | 59.11 | 62.56 | 53.30 | 48.10 | 54.73 | 52.37 | 53.45 | 58.25
Alkanes 0.36 147 | 142 | 1.34 | 1.55 | 1.18 | 1.59 | 1.72 | 1.69 | 1.90 | 2.70 - 0.28 | 0.38 | 0.38 | 0.35
Aromatics 3.64 254 | 213 | 192 | 210 | 1.85 | 3.27 | 2.82 | 2.67 | 214 | 297 | 3.68 | 253 | 2.73 | 259 | 2.03
Alcohols 10.38 6.78 | 4.89 | 539 | 5.18 | 556 | 7.07 | 589 | 532 | 465 | 5.68 | 451 | 3.77 | 491 | 437 | 439
Aldehydes 1.74 143 | 154 | 1.71 | 1.86 | 1.85 | 2.54 | 2.23 | 2.17 | 239 | 240 | 2.60 | 1.29 | 2.09 | 2.16 | 2.33
Amides 0.25 0.57 | 1.22 | 066 | 1.21 | 0.68 | 062 | 0.44 | 0.38 | 0.30 | 0.47 | 0.75 | 0.51 | 0.56 | 0.69 | 1.18
Ketones 7.45 7.28 | 6.81 | 6.57 | 837 | 7.64 | 12.64 | 11.92 | 10.17 | 6.43 | 8.25 | 10.81 | 9.39 | 9.27 | 8.47 | 8.09
Esters 6.10 5.83 | 492 | 486 | 850 | 7.11 | 420 | 413 | 431 | 6.81 | 6.48 | 1239 | 825 | 830 | 6.27 | 3.11
Furans 1.04 221 | 235 | 195 | 1.23 | 1.06 | 146 | 153 | 1.57 | 1.10 | 1.32 | 3.66 | 3.87 | 2.62 | 262 | 1.81
Guaiacols 1.02 131 1.55 1.75 | 2.20 | 2.71 1.30 1.27 | 1.46 | 1.52 | 2.02 - 0.66 | 1.31 | 1.54 | 2.19
Phenols 13.12 9.18 | 10.79 | 10.46 | 10.39 | 12.68 | 14.06 | 10.21 | 9.79 | 8.66 | 12.06 | 13.50 | 14.22 | 14.01 | 15.88 | 14.59
Carbohydrates 7.45 0.57 | 1.28 | 1.73 | 239 | 239 | 068 | 091 | 1.35 | 1.54 | 2.35 - 0.50 | 1.44 | 1.58 | 1.68
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The following tables (Tables D.4 and D.5) list the conversion (-) and production (+) rates of the
different chemical families obtained in the presence of a catalyst, in time. The calculations used to

get these values have been detailed in Chapter 3.

Table D.4: Conversion and production rates of chemical families present in upgraded bio-oils at 450 °C

Chemical Conversion (“-” sign) and production (“+” sign) rate (%)
families t=10 min t=20 min t=35min t =60 min t =120 min
Carboxylic acids -88 -79 -63 -51 -12
Alkanes -74 -56 -25 6 219
Aromatics -92 -89 -82 -82 -48
Alcohols -92 -89 -83 -81 -52
Aldehydes -84 -78 -63 -49 9
Amides -91 -90 -86 -86 -54
Ketones -84 -77 -66 -73 -27
Esters -93 -89 -81 -61 -22
Furans -85 -76 -58 -63 -5
Guaiacols -87 -80 -60 -47 48
Phenols -91 -90 -83 -81 -43
Carbohydrates -98 -97 -91 -87 -59

Table D.5: Conversion and production rates of chemical families present in upgraded bio-oils at 425 °C

Chemical Conversion (“-” sign) and production (“+” sign) rate (%)
families t=10 min t =20 min t=35min t=60min t=120 min
Carboxylic acids -85 -53 -43 -35 -23
Alkanes -85 -55 -50 -26 -33
Aromatics -92 -78 -76 -67 -65
Alcohols -92 -82 -76 -70 -62
Aldehydes -91 -70 -61 -45 -36
Amides -92 -46 -65 -17 -45
Ketones -89 -69 -64 -42 -37
Esters -92 -78 -74 -43 -43
Furans -75 -15 -16 -32 -31
Guaiacols -87 -52 -36 3 50
Phenols -94 -76 -73 -65 -50
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Carbohydrates -99 -93 -89 -80 -76

Figure D.6 illustrates the PCA of the bio-oil samples obtained with the use of HZSM-5 at different

fixed bed reactor temperatures.

PCA beech wood bio-oil samples in DTR with HZSM-5
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Figure D.6: PCA of beech wood bio-oil samples in DTR with HZSM-5 at different fixed bed reactor
temperatures

Figures D.7 and D.8 depict the different mass flow rates obtained for the two families following
carboxylic acids in percentage present (phenols and alcohols) during the reaction at different

catalytic fixed bed reactor temperatures.
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Figure D.7: Evolution of phenols in liquid product (g/min) in time with different fixed bed reactor
temperatures
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Figure D.8: Evolution of alcohols in liquid product (g/min) in time with different fixed bed reactor
temperatures
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The evolution in time (vol. %) of the NCG composition for experiments conducted at fixed bed
reactor temperatures of 450 °C and 425 °C have been illustrated in Figures D.9 and D.10. These

percentages have been pitted against those obtained for the same reactions without catalyst use.
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Figure D.9: Evolution of NCG composition (vol. %) in time at 450 °C (fixed bed reactor) vs. no catalyst

Catalytic fixed bed reactor temperature: 425 °C
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Figure D.10: Evolution of NCG composition (vol. %) in time at 425 °C (fixed bed reactor) vs. no catalyst
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Tables D.6 and D.7 list the conversion and production percentages obtained for the NCG

components at a catalytic fixed bed reactor temperatures of 450 and 425 °C.

Table D.6: Conversion and production rates of NCG components at a catalytic fixed bed reactor temperature

of 450 °C
NCG Conversion (“-” sign) and production (“+” sign) rate (%)
components 1* analysis 2™ analysis 3" analysis 4™ analysis 5 analysis
H, -78 -37 139 394 2445
co -79 -40 116 330 2089
CH, -80 -40 121 329 2093
Co, -81 -45 133 473 3204
CH, -84 -60 23 111 726
CoH, -79 -46 84 236 1561
C,He -80 -26 196 485 3033
CsH, -93 -79 -38 11 495
CsHe -75 -35 125 316 1981
CsHg -79 -36 111 287 1632

Table D.7: Conversion and production rates of NCG components at a catalytic fixed bed reactor temperature

of 425 °C
NCG Conversion (“-” sign) and production (“+” sign) rate (%)
components 1* analysis 2" analysis 3" analysis 4™ analysis 5™ analysis
H, -68 70 175 673 1477
co -70 53 139 579 1346
CH, -71 56 140 569 1291
Co, -71 55 193 863 2644
CH; -77 -3 45 266 425
C,H, -72 31 92 425 936
C,Hs -70 97 219 803 1872
CsH, -94 -100 -100 206 233
CsHs -73 50 167 511 1157
CsHg -58 25 111 485 922
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