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“Those who are courageous, go headlong. They search all opportunities of danger.
Their life philosophy is not that of insurance companies. Their life philosophy is that of a
mountain climber, a glider, a surfer.

Not only in the outside seas they surf; they surf in their innermost seas. And not
only on the outside they climb Alps and Himalayas; they seek inner peaks. Remember one
thing: never forget the art of risking — never, never. Always remain capable of risking;
wherever you can find an opportunity to risk, never miss it, and you will never be a loser.
Risk is the only guarantee for being truly alive.

You need courage to risk; do not forget that courage is not the absence of fear,

but rather the total presence of fear, with the courage to face it.”

Courage: The Joy of Living Dangerously (Osho)
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Abstract: The objective of the present work is to better understand chemical evolution of
both solid and gaseous phases during torrefaction of various biomasses. Torrefaction
experiments were carried out with a dynamic profile of temperatures between 200 and
300°C, under inert atmosphere, for pine, ash-wood, miscanthus and wheat straw. Mass
loss and formation of condensable species were analyzed by TGA-GC-MS, and chemical
evolution of solid phase was characterized by '3C CP/MAS solid-state NMR. Thirty
condensable species could be detected; a half of these species were formed during the
whole temperature range, and a third were formed by all biomass types. The main
phenomena that occurred in solid phase were found to be decrystallization of cellulose,
severe degradation of hemicellulose, devolatilization of acetyl groups, conservation of
methoxyl groups and charring. It was also found that mass loss and chemical evolution of
solid were not directly correlated for different biomasses. Based on the experimental
results, a conceptual model was developed to describe biomass degradation during
torrefaction. Thirty reactions were determined for the three major macromolecular
constituents, namely cellulose, hemicellulose — represented by C5 and C6 sugars — and
lignin — represented by H, G and S units. The main innovations of this model are in the
detailed approach of hemicellulose and lignin compositions, as well as in the prediction of
sixteen condensable and five permanent species, and six forms of solid char, through
chemically meaningful and stoichiometrically valid reactions.

Keywords: biomass, torrefaction, reaction mechanisms, Thermogravimetric Analysis—Gas
Chromatography—Mass Spectrometry, solid-state Nuclear Magnetic Resonance

Résumé : L'objectif des travaux est de mieux comprendre durant la torréfaction de
différentes biomasses I'évolution chimique a la fois des phases solide et gaz. Des
expériences de torréfaction ont été menées selon un profil de température dynamique
entre 200 et 300°C, sous atmosphere inerte, sur du pin, du fréne, du miscanthus et de la
paille de blé. La perte de masse et la formation des especes condensables ont été
analysées par ATG-GCMS, et I’évolution chimique de la phase solide par RMN du solide
13C CP/MAS. Trente espéces condensables ont été détectées ; la moitié a été formée dans
I’ensemble de la gamme de température explorée et un tiers I'a été par toutes les
biomasses. Les principaux phénomenes qui semblent associés a la dégradation du solide
sont la décristallisation de la cellulose, une séveére dégradation de I’"hémicellulose, la
dévolatilisation des groupes acétyles, la conservation des groupes méthoxys et la
formation d’un résidu solide. Il a été par ailleurs montré que perte de masse et évolution
chimigue du solide n’étaient pas directement corrélées pour différentes biomasses. A
partir de ces résultats expérimentaux, un modeéle conceptuel a été développé pour
décrire la dégradation de la biomasse. Trente réactions ont été associées aux trois
constituants macromoléculaires principaux que sont la cellulose, I’"hémicellulose et la
lignine, respectivement représentées par deux sucres en C5 et C6 et par trois unités de
type H, G et S. Ce modele présente |'originalité de s’appuyer sur une description détaillée
de ces deux derniers constituants et de prévoir la formation de seize espéces
condensables, cing gaz permanents et six formes de char solide, grace a des réactions
ayant un sens chimique et équilibrées d’un point de vue stoechiométrique.

Mots-clés : biomasse, torréfaction, mécanismes réactionnels, Analyse
Thermogravimétrique-Chromatographie Phase Gaz—Spectrométrie de Masse, Résonance
Magnétique Nucléaire solide
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The global energy demand and the related greenhouse gas emissions due to the
use of fossil energy sources, keep on increasing worldwide. This context encourages the
development of renewable sources of energy, such as solar, wind, biomass, tidal and
geothermal. These renewable sources constitute an alternative to the fossil sources, such
as crude oil, natural gas and coal. Among the renewable options, biomass is the only
source which is able to produce both energy and chemicals (van der Stelt et al., 2011).
Today, renewable energy represents 13% of the global energy consumption, in which
energy biomass sources — also called bioenergy — represent 10% (see Fig. 1) (Ho et al.,
2014). In the future, various biomass feedstock are expected to contribute to this
bioenergy (see Fig.1), with an increasing part constituted of residues from forestry and

agriculture as well as of lignocellulosic crops.

Muclear, Hydra i
5.1 23 izt Year
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\" Other", 1 . [ Agricultural
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% crops
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Y 0 50 100
A\
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13,113 Mtoe

Fig. 1. Global energy demand in 2011 (left) (IEA, 2013) and detail of biomass feedstock
potentially available (right) (IEA, 2012).

Bioenergy can be mainly obtained through two routes: thermochemical and
biochemical conversion. Generally speaking, thermochemical route relies on the heating
of biomass, while biochemical route involves the use of bacteria, microorganisms and
enzymes. Thermochemical conversion seems to be a promising route complementary to
biochemical route, as it can convert all biomass constituents, whereas biochemical route

focuses on carbohydrates.
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Thermochemical conversion of dry biomass mainly includes combustion,
gasification and pyrolysis processes. They basically differentiate in the atmosphere
applied, as combustion is carried out under excess of air, gasification under steam, CO; or
default of air and pyrolysis in the absence of air. Furthermore, the three processes are

Ill

associated to different final “products”: combustion only leads to heat and power, while
gasification and pyrolysis also offer routes to obtain chemicals and fuels. Fig. 2 shows a
scheme of the three thermochemical conversion processes, as well as the intermediate

and final products.

Biomass
Feedstock
Thermochemical Combustion Gasification Pyrolysis
Process
Im;:‘r:i{uw Hot Gases I l l
CESS L Energ o Fnere -
i G fergy M“hu"j Energy Char Hydrocarbons
ias Gas i
Steam
Final Product ’ o . "
Priscess Aokl Fuel Gases Syn Liquids Fuel Oil
Heat Combustion Mtz Methanol and
Electriciy Engines Gasoline Distillates

Fig. 2. Principal processes, intermediate energy carriers and final products in
thermochemical conversion of biomass (McKendry, 2002).

In view of biomass thermochemical conversion industrial implementation, some of
the physical and chemical properties of biomass can turn out to be problematic, in
particular its high oxygen content, its high moisture content, its low density, its fibrous
structure and its heterogeneous composition among tissues. Indeed, these properties
decrease process efficiency and raise both technical and economic difficulties at the
stages of collection, storage and transportation. Several pretreatment methods have
been developed to counterbalance these disadvantages, and can be classified as thermal

(e.g. torrefaction, drying) or mechanical (e.g. grinding, pelletizing). Under the
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pretreatment operating conditions (temperature, pressure...), significant structural and
chemical changes occur in biomass (Chen et al., 2015; Sierra et al., 2008; van der Stelt et
al., 2011).

The present work focuses on the understanding of the pretreatment by
torrefaction. Torrefaction is a mild thermal treatment whose severity is intermediate
between drying and pyrolysis. It is carried out at temperatures within the interval of 200-
300°C, under atmospheric pressure and in absence of oxygen. Torrefaction gives rise to a
solid product, which is the torrefied biomass, and gaseous by-products, which are
condensable species, such as water and acetic acid, and non-condensable species, mainly
carbon dioxide and carbon monoxide. During torrefaction, the torrefied solid acquires
mechanical and energy properties between coal and raw biomass, e.g. brown color, lower
H/C and O/C ratios, hydrophobicity, increased energy density as well as improved
grindability and flowability. These properties enhance biomass suitability for further
combustion or gasification processes (Fisher et al., 2012). The torrefaction condensable
by-products have been traditionally either burnt to obtain energy or removed as waste
but may also be in a more innovative way chemically recovered as high added value green
molecules, as tested in the frame of the collaborative French National Research Agency
project associated to this PhD thesis, namely the INVERTO project.

Thereby, the objective of the present work is to contribute to better understand
the chemical evolution of the solid product and the gaseous by-products formed during
biomass torrefaction.

The manuscript is divided into six chapters, which are presented hereafter:

e Chapter | exposes the context of this work and describes the feedstock, the

process, the framework and the objectives of the present work;

e Chapter Il discusses the state-of-the-art on chemical evolution of the solid

phase, production of gaseous species and modelling of biomass torrefaction;

e Chapter Il refers to materials and methods employed in the present work,
and describes biomasses investigated, as well as TGA-GC-MS and 3C CP/MAS

solid-state NMR devices;
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Chapter IV presents the experimental results from the present work, including
mass loss of the solid, formation of condensable species, characterization of

the solid, and the synergy potential between these results;

Chapter V describes a conceptual model of biomass torrefaction founded on

the experimental results obtained in the present work and on literature;

Chapter VI draws out general conclusions from the study in relation with the
objectives defined in Chapter |. To end, perspectives for future work both in

short and long-terms are proposed.
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1. THE FEEDSTOCK: LIGNOCELLULOSIC BIOMASS

1.1. DEFINITION

The term “lignocellulosic biomass” refers to all vegetal matter existing on Earth.

This includes wood, plants, agricultural products and vegetal wastes.

1.2. CONSTITUENTS AND STRUCTURE

Lignocellulosic biomass is mainly constituted by cellulose, hemicellulose and lignin.
Crystalline cellulose fibers constitute the core of the complex lignocellulosic structure.
Amorphous cellulose and hemicellulose are positioned among the fibrils of crystalline
cellulose, and oriented in the same direction. Lignin plays a structural role by forming a
matrix in which cellulose and hemicellulose are inserted (see Fig. 3) (Faulon et al., 1994;
Sjostrom, 1993).

Lignocellulosic biomass also contains a minor proportion of water, extractives and

ashes, which do not exercise a significant structural role (Raven et al., 1992).
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Fig. 3. Lignin-polysaccharide network in lignocellulosic biomass (Tsubaki and Azuma,
2011).

1.3. ELEMENTAL ANALYSIS

Elemental composition of biomass includes carbon, hydrogen and oxygen, which
are major elements in biomass, as well as nitrogen, chlorine and sulfur, which are minor
elements in biomass.

The work of Da Silva Perez et al. (2015) has investigated the elemental
composition of several woody biomasses — beech, spruce, poplar and eucalyptus — and
non-woody biomasses — wheat straw, triticale, fescue, miscanthus and switchgrass.
Results have shown that the contents in carbon and hydrogen are very similar for all the
biomasses. Regarding oxygen content, non-woody biomasses contain slightly less oxygen
than woody biomasses. This is mainly due to differences in ash content. However, oxygen
is calculated by difference, therefore this conclusion has to be taken with caution. The
contents in nitrogen and chlorine are higher for non-woody biomasses than for woody

biomasses. Chlorine content is higher for agricultural co-products (0.32%w), and wheat

24



straw, which is also an agricultural co-product, presents the highest sulfur content

(0.16%w).

1.4. CHEMICAL COMPOSITION

The chemical composition of lignocellulosic biomass strongly depends on its
source. Cellulose presents the same elemental composition in every biomass, whereas
the compositions of hemicellulose and lignin vary among biomasses (Sjostrom, 1993). The
proportions of the main biomass constituents vary significantly as a function of biomass

species. These variations are significant for all constituents, except cellulose (see Table 1).

Table 1. Proximate analysis of different biomasses (Castellano et al., 2015).

Biomass Unit | Cellulose | Hemicellulose | Lignin | Extractives | Ashes
Pine 23.56 44.16 28.46 6.00 0.96
Eucalyptus 19.15 34.33 30.31 6.85 2.83
Oak 21.94 36.44 24.44 5.32 3.10
Vine shoots 19.66 32.38 24.87 9.24 411
Poplar 1 % 20.33 42.65 25.19 4.62 2.79
Poplar 2 20.81 37.62 27.48 5.17 1.73
Oats 24.53 26.86 10.59 30.87 6.12
Triticale 20.86 34.75 11.07 29.39 6.88
Rice 24.08 37.09 13.82 13.98 12.35

1.4.1. Cellulose

Cellulose is a homopolysaccharide composed of D-glucopyranose monomers
linked by B(1—4)-glycosidic bonds, with cellobiose as the repeating unit (see Fig. 4). The
chemical formula of cellulose can be represented by (CsHi100s)n. The nature of the
glycosidic bonds between glucose monomers leads to an arrangement in linear chains
(Harmsen et al., 2010). In addition, since hydroxyl groups are distributed on both sides of
the glucose chains, cellulose has a strong tendency to form intramolecular and

intermolecular hydrogen bonds (Sjostrom, 1993).
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Fig. 4. Representation of the linear chain of cellulose (Vermerris and Abril, 2015).

Cellulose proportion in woody biomass is, in average, higher than in non-woody
biomass. In the work of Da Silva Perez et al. (2015), cellulose content in woody biomasses
tested ranges between 39 and 50%w, whereas for non-woody biomasses cellulose

content is lower, between 27 and 30%w (see Fig. 5).
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Fig. 5. Cellulose content for several woody and non-woody biomasses (Da Silva Perez et
al., 2015).

Regarding cellulose structure, bundles of cellulose molecules aggregate to form
micro-fibrils. Then, micro-fibrils build up macro-fibrils and, finally, they constitute fibers
(see Fig. 6). As a consequence of this fibrous structure, cellulose has a high tensile
strength and is insoluble in most solvents (Sjostrom, 1993). Besides, many properties of

cellulose depend on its degree of polymerization, that is to say, the number of glucose
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monomers which composes one cellulose polymer. The cellulose degree of
polymerization depends on biomass species. It can extend to 17000, although it

commonly ranges from 3000 to 10000 monomers (Kirk-Otmer, 2001).

Fig. 6. Cellulose structure at different levels of aggregation (website of JRS, J.
RETTENMAIER & SOHNE group).

Inside the various fibrils of the cellulose macro-polymer, highly ordered regions —
crystalline regions — alternate with less ordered ones — amorphous regions. Within
crystalline regions, four different crystalline arrangements, the so-called allomorphs, have

been identified (see Fig. 7):

e Cellulose | is the most abundant form found in nature, although its structure is
not completely known due to its high complexity. The structure of cellulose | is
a mixture of two crystalline forms: celluloses lo and Ig. The proportions of

these celluloses vary as a function of biomass species;

e Cellulose Il can be obtained either by mercerization, which is an alkali
treatment, or by regeneration, consisting of solubilization followed by

recrystallization;

e Celluloses lll; and Il can be formed from celluloses | and I, respectively, by

treatment with liquid ammonia, and the reaction is reversible;

e Celluloses IV, and IV, can be obtained by heating celluloses Ill; and Iy,

respectively (Park et al., 2010).
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Fig. 7. Cellulose allomorphs (Kaplan, 1998).

1.4.2. Hemicellulose

Hemicellulose is a polymeric heteropolysaccharide composed of different sugar
monomers, in contrast to cellulose (see Fig. 8). The average chemical formula of

hemicellulose could be represented by (CsHgO4)n (Chen and Kuo, 2011).

[=)
o

Fig. 8. Structure of hemicellulose (Ochoa-Villarreal et al., 2012).

Hemicellulose mainly contain the monomers D-glucose, D-mannose, D-galactose,
D-xylose, L-arabinose, as well as small proportions of L-rhamnose, D-glucuronic acid, 4-O-
methyl-D-glucuronic acid and D-galacturonic acid (see Fig. 9 for some examples). The

presence of these monomers and their proportions in hemicellulose strongly depend on
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biomass species (Sjostrom, 1993). In softwood hemicellulose, the main sugar structures
are galactoglucomannan, arabinoglucuronoxylan and arabinogalactan. In hardwood

hemicellulose, the main sugar structures are glucuronoxylan and glucomannan.

OH OHPH
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D-glucopyranose D-mannopyranose D-galactopyranose
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A G T S g
A HO - J /
HO o H oW Ho—(
O HO OH
L-arabinofuranose D-xylopyranose D-glucuronic acid

Fig. 9. Main sugar monomers in hemicellulose (Hansen and Plackett, 2008).

Hemicellulose proportion in non-woody biomasses is higher than in woody
biomasses. In the work of Da Silva Perez et al. (2015), hemicellulose content in woody
biomasses tested is of 22-33%w, whereas for non-woody biomasses hemicellulose

content is of 31-38%w (see Fig. 10).
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Fig. 10. Hemicellulose content for several woody and non-woody biomasses (Da Silva
Perez et al., 2015).
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The structure of hemicellulose is amorphous, mainly due to the highly branched
structure and the presence of acetyl groups linked to the polymer. In contrast to
cellulose, which is a long polymer, the degree of polymerization in hemicellulose reaches
a maximum of 200 monomers. Hence hemicellulose is a relatively short polymer

(Harmsen et al., 2010).

1.4.3. Lignin

Lignin is a heteropolymer with a very complex structure. Today, this structure is
still not fully understood, yet some models have been proposed (see Fig. 11 for an
example). The average chemical formula of lignin could be represented by

[CoH1003 " (OCH3)0.9-1.7]n (Chen and Kuo, 2011).
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Fig. 11. Model of lignin structure: in blue, syringyl (S unit); in green, guaiacyl (G unit); in
red, p-hydroxyphenol (H unit) (Lupoi et al., 2015).

Lignin is mainly composed of three phenylpropane monomers: sinapyl alcohol,
coniferyl alcohol and p-coumaryl alcohol. Their respective phenylpropanoid units are:
syringyl — usually represented as S unit —, guaiacyl — represented as G unit — and p-
hydroxyphenol — represented as H unit. These three structures are constituted by the
same phenylpropanoid skeleton, but they possess different degrees of oxygen-
substitution on the phenyl ring. The H-unit consists of a 4-hydroxyphenyl ring, the G-unit
has one hydroxyl group and one methoxyl group, and the S-unit has two methoxyl groups
and one hydroxyl group (Banoub et al., 2015) (see Fig. 12). Three types of ether bonds link
lignin units: B-aryl, diaryl and glyceraldehyde aryl (Tsubaki and Azuma, 2011).
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Fig. 12. Lignin monomers: in blue, sinapyl alcohol; in green, coniferyl alcohol; in red, p-
coumaryl alcohol (Lupoi et al., 2015).

Lignin composition changes depending on biomass species, like hemicellulose.
Softwood lignin mainly contains G units and to a less extent H units, while hardwood
lignin is mainly composed of S units, and to a less extent of G units. In cereal crops, lignin
is constituted by equivalent amounts of G and S units, whereas perennial crops are mostly
constituted of H units (Banoub et al., 2015; Ragauskas, A.J., 2008).

Lignin proportion in woody biomass is, in average, higher than in non-woody
biomass. In the work of Da Silva Perez et al. (2015), lignin content in woody biomasses

tested is of 20-29%w, whereas for non-woody biomasses lignin content is of 17-23%w
(see Fig. 13).

30% -
25% +
20%
15% -
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Lignin content (%)
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Fig. 13. Lignin content for several woody and non-woody biomasses (Da Silva Perez et
al., 2015).
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The measurement of lignin polymerization degree presents a high complexity,
since lignin tends to fragment during its extraction from biomass structure. Bibliographic
works have reported values of polymerization degree for lignin between 1000 and 20000

monomers (Banoub et al., 2015).

1.4.4. Extractives

Lignocellulosic biomass contains a small and variable amount of non-structural
constituents which can be extracted by solvents, the so-called extractives (see Fig. 14 for
some examples). The extractives fraction includes small molecules, like lipids, phenolic
compounds, terpenoids, fatty acids, resin acids, steryl esters, sterol and waxes, but also

heavier molecules, like soluble sugars and starch.
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Fig. 14. Common monoterpenoids in biomass: (1) B-myrcene, (2) limonene, (3) B-
phellandrene, (4) a-pinene, (5) B-pinene, (6) 3-carene, (7) borneol, (8) bornyl acetate,
and (9) B-thujaplicin (Sjostrom, 1993).

In the work of Da Silva Perez et al. (2015), the extractives content in woody

biomasses tested vary between 1 and 8%w, whereas values extend to 25%w for non-

33



woody biomasses (see Fig. 15). The reason for the high extractives content in non-woody
biomasses may be due to the presence of soluble sugars and starch, whereas extractives
content in woody biomasses is linked to “classic” extractives with low molecular mass (Da

Silva Perez et al., 2015; Dorado et al., 2000).

Although extractives are in minor proportion in biomass, they can have an
influence on biomass characteristics, such as wood strength or color. In some cases,

extractives may even be toxic (Shebani et al., 2008).
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Fig. 15. Extractives content for several woody and non-woody biomasses (Da Silva Perez
et al., 2015).

1.4.5. Ashes

Lignocellulosic biomass contains a low amount of inorganic matter, mostly found
in ashes. They originate from salts deposited in cell walls, mainly under the form of metal
salts. These salts can be carbonates, silicates, oxalates or phosphates. Different metal ions
are contained in metal salts, and their presence and proportion depend on biomass type.
In woody biomasses, the most abundant metal ions are calcium, potassium and
magnesium. In non-woody biomasses, the most abundant metal ions are silicon,
potassium and calcium. These metals can be either partially bound to the acetyl groups in

xylan or held by biomass constituents through complexing forces (Sjostrom, 1993).
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Ash content in woody biomasses is usually lower than in non-woody biomasses. In
the work of Da Silva Perez et al. (2015), ashes content in woody biomasses tested
represent between 1 and 4%w, while in non-woody biomasses ashes content represent

between 3 and 9%w (see Fig. 16) (Da Silva Perez et al., 2015).
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Fig. 16. Ashes content for several woody and non-woody biomasses (Da Silva Perez et
al., 2015).

2. THE PROCESS: TORREFACTION

2.1. DEFINITION

Torrefaction is a thermal pretreatment of biomass carried out between 200 and

300°C, under atmospheric pressure and in absence of oxygen.

Biomass loses relatively more oxygen and hydrogen than carbon during
torrefaction, which makes biomass acquire lower H/C and O/C ratios. This leads to
densification of energy, as well as higher hydrophobicity, friability, grindability and
flowability within torrefied biomass compared to raw biomass. It also simplifies the

storage of biomass, since biomass becomes more resistant to fungi and bacteria (Hakkou
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et al., 2006; van der Stelt et al., 2011). Macroscopically, it can be observed that biomass

acquires brown or black color during torrefaction (see Fig. 17).

Fig. 17. Evolution of an ash-wood sample during torrefaction. From left to right: raw
biomass, and biomass torrefied at 250, 280 and 300°C under the same conditions (Lé
Thanh et al., 2015).

2.2. PRoODUCTS

The products of torrefaction are distributed into two phases:
e Inthe solid phase, torrefied biomass is formed;

e In the gaseous phase, condensable and non-condensable species are formed.
Condensable species liquefy at room temperature, like water, acetic acid,
furfural, methanol and phenol. Non-condensable or permanent species
remain gaseous at room temperature, like carbon dioxide and carbon

monoxide.

Fig. 18 shows the distribution of these three types of products in the overall mass

balance obtained after torrefaction of several biomasses.

Permanent species typically represent one third of the overall torrefaction gas,
whereas condensable species represent the other two thirds. Within condensable

species, approximately one half is constituted by water, while the other half is constituted
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by many different organic species, such as carboxylic acids, aldehydes and ketones

(Nocquet et al., 2014a).
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Fig. 18. Mass balance of products during torrefaction of several biomasses (Commandré
and Leboeuf, 2015).

2.3. MASS AND ENERGY BALANCES

Fig. 19 shows typical overall mass and energy balances of torrefaction carried out
within the temperature interval of 200-300°C. According to mass balance, 70% of the
initial mass is retained in the torrefied solid, whereas 30% of the initial mass is contained
in the gaseous phase, approximately. In contrast, energy balance indicates that the
torrefied solid retains 90% of the initial energy, whereas the gaseous phase contains only
10% of the initial energy, approximately. Hence a gain of a 1.3 factor in the energy of the

solid could be achieved thanks to torrefaction process (Bergman et al., 2005).
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Fig. 19. Typical mass and energy balances of biomass torrefaction (Bergman et al.,
2005).

2.1. REACTIVITY OF BIOMASS

Among the three macro-polymeric constituents of biomass, hemicellulose seems
to be the most reactive constituent during torrefaction, followed by lignin and cellulose

(Bergman et al., 2005).

Before 250°C, mass loss is mainly originated by the limited devolatilization and
carbonization of hemicellulose. Lignin and cellulose are also degraded but in a minor
extent, indeed they suffer significant chemical changes but low mass loss. After 250°C,
the effects of torrefaction are more visible. Hemicellulose suffers extensive
devolatilization and charring — which is a severe carbonization —, while lignin and cellulose
already show limited devolatilization and carbonization (Bergman et al., 2005). This
explains the fact that, in literature, torrefaction carried out at temperatures lower than
250°C has been called mild torrefaction, whereas torrefaction carried out at temperatures
higher than 250°C has been called severe torrefaction (Chew and Doshi, 2011; Tumuluru

et al., 2011; van der Stelt et al., 2011).
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2.2,

PROPERTIES OF BIOMASS

Torrefaction allows improving biomass properties from a logistic and end-use

point of view (see Table 2). Torrefied biomass, in comparison with raw biomass, acquires

(Kiel, 2012):

fixed carbon;

transport cost;

Slower biodegradability.

Higher bulk density, volumetric energy density, low heating value (LHV) and

Lower moisture content, proportion of volatile matter, hygroscopicity and

Table 2. Comparison of properties between raw and torrefied wood (Kiel, 2012).

2.3.

Nowadays,

Torrefied
Units Wood pellets wood
pellets
Moisture content %w 7-10 1-5
Low heating value
(LHV) MJ/kg 15-17 18-24
Volatile matter %wfm 75-84 55-65
Fixed carbon %wfm 16-25 22-35
Bulk density kg/L 0.55-0.65 0.65-0.80
Volumetru.: energy Gl/m? 3-11 12-19
density
Hygroscopic - Moderately
properties Hydrophilic hydrophobic
BIOIOgIC.aI --- Moderate Slow
degradation
Transport cost - Medium Low

TECHNOLOGIES

the development of the torrefaction technologies

is

at a

demonstration stage. However, in the short term, it should reach the industrialization

stage.
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Several

competing technologies of torrefaction coexist.

Some of these

technologies have been specifically developed for torrefaction process, whereas others

have been adapted from other thermal industrial uses. Table 3 presents the main reactors

employed for torrefaction, their constructors and experimental conditions employed, as

well as advantages/limitations of each technology.

Table 3. Main technologies of torrefaction (Casajus et al., 2012; Nocquet, 2012).

Experimental

Reactor Constructor . Advantages Limitations
conditions
Wyssmont TURBO- 200-300°C -Homogeneous
Multiple (DRYER®), USA 30-90 min torrefaction -Expensive
hearth -Easy scale-up -Developed for low
furnace CMI, BE 200-300°C -Suitable for all types of flowrates
biomass
ECN (BO -Carri
$M 2 200-300°C arrier gas maY
pellets™), NL present preferential
-Robust technology athwavs
Moving bed -Suitable for woody . p y
Thermya 220°C biomasses -Difficult scale-up
(Torspyd™), FR -Not suitable for non-
woody biomasses
-Suitable for all types of
biomass -Complex design
. Topell Energy 280-320°C? -Short residence times e P &
Cyclonic bed . -Difficult control of
(Torbed®), NL Several min? -Easy scale-up rocess
-Suitable for high P
flowrates
280-300°C?
Torr-coal, NL <100 min -Robust technology -Low efficiency on heat
Torbed EBES AG, AUT 250-300°C “Well-known transfer
- technology for drying -Heterogeneous
reactor BioEnergy . .
? -Suitable for the torrefaction
Development, SWE L . .
majority of biomasses -High gas flow needed
4 Energy Invest, BE ?
Atmosclear (Airless -Easy control of
240-270°
drying), CH 0-270°C residence time and
Vibrating temperature -Expensive
belt . -Easy scale-up maintenance
Stramproy, NL 250-300°C _Suitable for the
majority of biomasses
FoxCoal, NL 250-300°C -Robust technology
Screw -Suitable for all types of -Difficult scale-up
reactor Biolake BV, NL 260-350°C

biomass

In all these torrefaction technologies, condensable by-products are normally

either removed as waste or burnt to obtain energy (Tumuluru et al., 2011). An innovative

option would be to consider these species as high added-value chemicals. This is the

central point of INVERTO project, discussed thereafter.
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3. THE FRAMEWORK: INVERTO PROJECT

The INVERTO project stands for INnovation in VEgetal chemistRy by TOrrefaction,
and focuses on by-products of biomass torrefaction. The general objective of this project
is to study the feasibility and interest of the chemical recovery of condensable species
formed during torrefaction of lignocellulosic biomass. The approach must respond to a
double question. Firstly, how to optimize the production of high added-value molecules
from condensable species produced during biomass torrefaction. Secondly, whether this
integrated energy/mass recovery allows improving the techno-economic and
environmental performance of the process.

The specific objectives of the INVERTO project are related to:

e Mass balance of condensable species formed during torrefaction: an
improvement on mass balances closure is aimed to more precisely know

which condensable species could be potentially recovered;

e Prediction of yields on condensable species versus torrefaction parameters:
the influence of experimental conditions and biomass species on the presence
and quantity of condensable species formed during torrefaction is poorly
known. A better knowledge about reaction mechanisms of torrefaction is

necessary to understand and then optimize this transformation;

e Treatment of condensable species obtained during torrefaction: a critical
point of the process is the treatment of condensable species in view of further
extraction of the molecules of interest. The design and implementation of an
adapted extraction/separation chain, as a function of downstream

requirements, is essential and must be the focus of the development work;

e Viability of the process pathway: proving the feasibility of the process is
necessary, but not sufficient. The viability of the process pathway must be
proved from both economic and environmental points of view, by integrating
the concepts of product price, toxicity and ecotoxicity, related to REACH

regulation and durability within a framework of sustainability.
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The objectives of the present work refer to the point of prediction of yields on

condensable species versus torrefaction parameters, as explained thereafter.

4. OBJECTIVES
The general objective of this work is to contribute to better understand the
chemical evolution of the solid and gaseous phases produced during biomass
torrefaction. The first step is to study the different variables which could potentially have
an influence on the evolution — experimental conditions and biomass type. The second
step is to elucidate the reaction mechanisms which link degradation of the solid and
formation of the gas during biomass torrefaction.

In order to attain this general objective, three specific objectives are considered:

e Identify and quantify chemical evolution of functional groups in the solid
phase during biomass torrefaction, versus temperature and versus biomass

species;

e Identify and quantify production of condensable species formed in the
gaseous phase during biomass torrefaction, versus temperature and versus

biomass species;

e Elucidate the reaction pathway which leads from reactants to products during

biomass torrefaction.

These specific objectives are expected to be reached by the means of two devices.
The 13C CP/MAS solid-state NMR technique is employed to characterize the chemical
evolution of the solid phase, while the TGA-GC-MS technique is employed to analyze the
production of condensable species in the gaseous phase during biomass torrefaction.
Then, the elucidation of torrefaction reaction mechanisms is based on the original 3C
CP/MAS solid-state NMR and TGA-GC-MS data obtained in the present work, as well as on

the existing literature.
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1. INTRODUCTION

Three specific aspects are investigated in literature carried out on biomass

torrefaction, in relation to the objectives presented in section 4 of chapter I:

e The chemical evolution of the solid phase during biomass torrefaction, versus

temperature, residence time and biomass species;

e The production of condensable species in the gaseous phase during biomass

torrefaction, versus temperature, residence time and biomass species;

e The modelling of solid degradation, gas formation and the associated reaction

mechanisms during biomass torrefaction.

2. CHEMICAL EVOLUTION OF THE SOLID

2.1. WHAT DOES CHEMICAL EVOLUTION OF THE SOLID STAND FOR?

Biomass suffers a chemical evolution in composition and structure during
torrefaction. More precisely, this evolution consists of changes in atoms layout within
functional groups and changes in chemical bonds between atoms.

Methyl groups (-CH3) and carbonyl groups (-CO-) are examples of functional
groups, while simple bonds between carbons (C-C) and double bonds (C=C) are examples

of chemical bonds.

2.2. CHARACTERIZATION TECHNIQUES

2.2.1. Challenges of solid characterization during torrefaction

The characterization of the solid phase during biomass torrefaction at lab-scale

presents several challenges, related to the fact that:
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e Biomass is a complex mixture of macro-polymers which contain many

different functional groups and chemical bonds;
e Sample masses available are relatively small, typically from 10 mg up to 1g;

e Transformation occurs at high temperatures, up to 300°C.

2.2.1. Comparison of characterization techniques

Chemical evolution of the solid can be followed by the means of different
characterization techniques. The principle of these techniques lies in the fact that, when
biomass suffers chemical evolution, the signals emitted by the characterization device
change. Then this change is detected and captured on a spectrum. Therefore, one crucial
issue is to know which functional group or chemical bond corresponds to which signal.

The main techniques employed to characterize chemical evolution of biomass
during torrefaction are NIRS (Near InfraRed Spectroscopy), FTIR (Fourier Transform
Infrared Spectroscopy), XRD (X-Ray Diffraction) and *3C solid-state NMR (Nuclear
Magnetic Resonance). Table 4 lists these techniques, works which have employed the
techniques, the objectives of works and the properties measured, as well as the

advantages and limitations of each technique.
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Table 4. Characterization techniques of biomass solid phase during torrefaction.

M r
Technique Work Their objective casu .ed Advantages Limitations
properties
Investigate the -Fast
Windeisen mechanical properties -Non-destructive
et al. and chemical evolution -Little or no sample
(2009a) in beech and ash-wood preparation e
; . . -Low sensitivity
during torrefaction required . .
. - -Calibration
. Chemical -Possibility to
NIRS Develop a numeric . . needed on a
. evolution of main | measure energy and
model to predict the . . . large range of
. biomass chemical properties .
Rousset et combined effects of . . biomass samples
constituents (calorific value,
al. (2011) temperature and . .
. within biomass ultimate and
duration of beech . .
. samples proximate analysis)
torrefaction s
-Quantitative
Study the chemical -Only relative
ETIR Park et al. changes of softwood -Fast values
(2011) during torrefaction in a -Quantitative -Preparation of
pilot-scale reactor samples required
-Specific (mostly
used to measure
Investigate the chemical crystallinity
evolution versus Crystallinity of . index)
Wen et al. . . -Non-destructive L
XRD temperature during cellulose within . -Crystallinity
(2014) ) ] -Quantitative .
bamboo torrefaction, biomass samples index values only
with a focus on lignin relative (higher
values than in
other methods)
Determine the effects of
Ben and torrefaction
Ragauskas temperature on the
(2012) chemical structure of
Loblolly pine
Investigate the chemical
transformation of the -Time-consuming
Melkior et main constituents in for satisfactory
al. (2012) beech and elucidate the Chemical signal-to-noise
main reaction evolution of main -Non-destructive ratios
13C solid- mechanisms biomass -High selectivity -Signals of one
state NMR Study the chemical and constituents -High resolution functional group
structural within biomass -Quantitative can be
transformation of samples overlapped b
Park et al. . . p . pp y
(2013b) Loblolly pine during signals from
torrefaction and other groups
elucidate the main
reaction mechanisms
. Determine the chemical
Khazraie . .
. changes in the solid
Shoulaifar hase durin
etal. (2014) P &

torrefaction of birch
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NIRS and FTIR techniques are both based on infrared spectroscopy, which consists
of the analysis of infrared light interacting with molecules. Infrared spectroscopy
measures the vibrations of atoms; as a consequence, it is possible to determine functional
groups contained in the solid, each of which corresponds to a defined stretching
frequency or wavenumber. As an illustration, Fig. 20 shows an example of NIRS spectra
and Fig. 21 of FTIR spectra. XRD technique is based on the measurement of the
interference suffered by X-rays within the sample. When the sample is irradiated with a
beam of monochromatic X-rays, the interaction with atoms in the sample results in
diffracted X-rays. These rays generate spectra characteristic of chemical composition of
the sample. Solid-state NMR is a nuclear magnetic resonance spectroscopy in which the
sample is placed in a magnetic field. Certain nuclei of the solid sample, such as 'H or 13C,
absorb the electromagnetic radiation and give in response a resonant frequency value. As

an illustration, Fig. 22 shows an example of 13C solid-state NMR spectra.
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Fig. 20. NIRS spectra of raw and torrefied beech at 220, 250 and 280°C for 1h (Rousset et
al., 2011).
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Fig. 21. FTIR spectra of torrefied pine at 240, 280 and 320°C (Zheng et al., 2012).
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Fig. 22. 3C CP/MAS solid-state NMR spectra of raw and torrefied samples of beech
wood (Melkior et al., 2012).

As shown in Table 4, NIRS and FTIR present an important advantage, which
involves the short duration of experiments. However, they also present major limitations
when the objectives of the present work are considered. NIRS has a low sensitivity, which
could hinder the detection of the least abundant functional groups within the solid. FTIR
requires the preparation of a concentrated dilution of the sample in a suitable solvent
and then transfer on a plate, which increases the analysis time. XRD is a technique
employed for specific purposes, such as measure of crystallinity index or crystallite size.
Although these measurements can be useful, they are not sufficient to describe the
evolution of the three main biomass constituents. The last technique, 3C solid-state
NMR, presents the advantages of high selectivity and resolution, which could deal with

the complexity of the torrefied solid phase. The only limitation of this technique lies in the
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duration of experiments, which could extend to twelve of hours if the biomass sample is

very condensed after torrefaction.

2.2.1. Conclusion

When putting together the different techniques available for characterization of
the chemical evolution in the solid phase and the constraints associated to this
characterization, 3C solid-state NMR appears as a very good compromise. Thus the
choice was made to employ it NMR in the present work, and to detail below the results

obtained through this technique in literature.

2.3. 13C soLID-STATE NMR RESULTS DURING TORREFACTION

Qualitative chemical evolution of the solid during biomass torrefaction has been
characterized with 13C solid-state NMR by several authors, as shown in Table 4 of section
2.2. As explained above, with this technique, each peak on the spectrum corresponds to a
signal value or interval of values, called chemical shift. Then each chemical shift is
associated to an assignment, which represents a carbon located in a determined
environment within the molecule. Carbon signals can be classified as carbonyls, aromatics
and alkyls, which means that the carbon atom is located in a carbonyl group, an aromatic
ring or an alkyl chain, respectively (Park et al., 2013b). Acetyl groups in hemicellulose are
an example of assignment type carbonyl, carbon-carbon bonds in lignin are an example of
assignment type aromatic, and carbons 4 of crystalline or amorphous cellulose are
examples of assignment type alkyl (Ben and Ragauskas, 2012; David et al., 2009).

One of the reference works in characterization of torrefied biomass with solid-
state NMR is the work of Ben and Ragauskas (2012). First of all, they studied torrefaction
of pine wood at 250°C for 30 min, as reference. They found that the intensity of the
signals corresponding to carbonyl and carboxyl groups slightly rose in comparison with
raw biomass, which could indicate the formation of carbonyl and carboxyl groups during
torrefaction. The intensity of the signal for aromatic C-O bonds increased, which would

indicate the presence of more free hydroxyl groups on aromatic rings, due to the cleavage
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of aryl ether bonds in lignin. The intensity of the signals for aromatic C-C bonds and
aromatic C-H bonds in lignin increased. This could be attributed to both cleavage of aryl
ether bonds in lignin, which would condense to form aromatic C-C bonds, and
degradation of some carbohydrates, which would lead to the formation of aromatic C-C
and C-H bonds. The intensity of the signal corresponding to C4 peaks of crystalline
cellulose decreased, whereas the intensity of the signal corresponding to C4 peaks of
amorphous cellulose increased. Despite the existence of overlapping from hemicellulose
and lignin signals, this fact may be interpreted as a decrease in crystallinity index of
cellulose. The intensity of the signal assigned to methoxyl groups in lignin significantly
increased, which would mean that there is enrichment in methoxyls upon torrefaction.
The intensity of the signal assigned to CH; groups in aliphatic chains remained almost
unchanged after torrefaction, which could indicate that the degradation of aliphatic
chains — mainly contained in extractives — is very limited during torrefaction.

Ben and Ragauskas (2012) studied the influence of temperature, using the above-
mentioned reference. When comparing torrefaction carried out at different temperatures
—250°C and 300°C — for the same residence time — 30 min —, they found clear differences
in solid chemical evolution. Pine torrefied at 300°C presented a higher intensity of signals
assigned to carbonyl, carboxyl and aromatic carbons, as well as of signal for methoxyl
groups. However, the intensity of the signal corresponding to acetyl groups contained in
hemicellulose indicated that these groups were almost completely degraded.

The same authors studied the influence of residence time. When comparing
torrefaction carried out for different residence times — 30 min and 4h — at the same
temperature — 300°C —, Ben and Ragauskas (2012) observed that cellulose and
hemicellulose were completely degraded after torrefaction for 4h, whereas lignin was
very degraded but not completely. In this case, the torrefied solid contained a high
proportion of carbonyl and aromatic carbons as well as methoxyl groups, which would
mean that a condensed aromatic structure is formed as torrefaction progresses. They
suggested that bonds between atoms into this complex structure might be C-O and C-C
bonds.

To our knowledge, the influence of biomass species on chemical evolution of the

solid during biomass torrefaction has not been studied by one author through solid-state
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NMR yet. In literature, works have investigated only one woody biomass, although from
different species among studies. Works have carried out torrefaction on softwood — pine
in the case of Ben and Ragauskas (2012) and Park et al. (2013b) — or hardwood — birch in
the case of Khazraie Shoulaifar et al. (2014) and beech in the case of Melkior et al. (2012).
Besides, to the best of our knowledge, no work has characterized the chemical evolution
of non-woody biomass through solid-state NMR.

To our knowledge, only one work has analyzed solid-state NMR results in terms of
individual behavior of main biomass constituents during torrefaction (Melkior et al.,
2012). Their work and conclusions are detailed below.

Few works have carried out a quantitative solid-state NMR characterization of
torrefied biomass (Melkior et al., 2012; Park et al., 2013b). Quantification through solid-
state NMR allowed Melkior et al. (2012) to observe that hemicellulose released acetyl
groups from 200°C, and that cellulose degradation started at 245°C. Furthermore, they
concluded that amorphous cellulose would be partly recrystallized from 200 to 245°C,
and demethoxylation would be the dominant mechanism of lignin degradation from
200°C, mainly affecting syringyl units. These observations, together with the above-
mentioned study of individual behavior of the main biomass constituents, enabled
Melkior et al. (2012) to propose a scheme linking solid mass loss, gaseous species
production and reaction mechanisms for beech samples during torrefaction, as shown in
Fig. 23. The work of Park et al. (2013b) quantified the chemical evolution of solid during
pine torrefaction at 270 and 300°C for 2.5 min, and obtained the results shown in Table 5.
In view of these measurements, it seems that the condensed structure of the torrefied
biomass would be mainly aromatic, probably due to the rearrangement and degradation
of non-aromatic structures, as well as the decomposition of the few remaining

carbohydrates.
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Fig. 23. Mass loss, gaseous species produced and reaction mechanisms of beech
torrefaction versus temperature (Melkior et al., 2012).

Table 5. Quantitative characterization through *3C DP/MAS solid-state NMR of the raw
and torrefied biomass (Park et al., 2013b).

Carbonyls Aromatics (%)
(%) c-0 Protonated Non- TotaI. Alkyls (%)
protonated | aromatics
Raw 3.6 4.7 31.1 35.8 60.6
270°C 2.8 6.1 18.7 19.9 44.6 52.5
300°C 4.5 5.1 19.2 29.5 53.8 41.7

Up to now, the 3C solid-state NMR results obtained during biomass torrefaction in
literature have shown that:

e When torrefaction severity increases in terms of temperature and time, a
condensed aromatic structure seems to appear within the biomass solid
phase, at the same time that the three main constituents of biomass
degrade;

e Polysaccharides would be completely degraded at high temperature of
torrefaction — around 300°C —, contrary to lignin, which would not be

totally degraded under the same conditions.
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However, to our knowledge, the influence of biomass species on chemical
evolution of the solid during torrefaction has not been investigated yet, and
guantification of solid chemical evolution has been barely carried out, although it seems
to provide more accurate data on the individual behavior of the main biomass

constituents, as well as on the reaction mechanisms present during biomass torrefaction.

3. PRODUCTION OF GASEOUS SPECIES

3.1. ANALYSIS TECHNIQUES

3.1.1. Challenges in analysis of the gaseous phase obtained during

biomass torrefaction at lab-scale

The analysis of the gaseous phase obtained during biomass torrefaction at lab-

scale presents several challenges, related to the fact that:
e High amount of chemical species conform the gaseous mixture;
e Chemical species released have different weights and polarities;

e Some species are present in low concentrations.

3.1.2. Comparison of analysis techniques

Several analysis techniques have been employed to analyze condensable species
produced during biomass torrefaction. The main single techniques employed in literature
are MS (Mass Spectrometry), HPLC (High-Performance Liquid Chromatography), FTIR
(Fourier Transform Infrared Spectroscopy), whereas the main coupled techniques are GC-
MS (Gas Chromatography-Mass Spectrometry) and GC-FID (Gas Chromatography-Flame
lonization Detector). Table 6 presents these techniques, works which have employed the
techniques and the objectives of these works, as well as the advantages and limitations of

each technique.

55



Table 6. Analytical techniques used to detect condensable species during biomass

torrefaction.
Technique Work Their objective Advantages Limitations
Aziz et al. Study the influence of temperature on -No separation of
(2012) torrefaction of oil palm biomass different compounds in a
mixture
-No differentiation of
“High sensitivity compounds with the
o . . same molecular weight
MS Develop a kinetic model to predict the -On-line measurement ) o
Shang et al. . ) . -Low intensities may be
mass loss and gas evolution during -Quantitative .
(2013) ) masked by higher
torrefaction of wheat straw . . >
intensities of signal
-Only mass spectra
provided, not peaks
-Destructive
Study the influence of temperature -Need of condensation
. and residence time on the yield and -Fast (short elution for liquid injection
Prins et al. " . . . .
HPLC (2006a) composition of solid and gas produced times of several min) -Need of specific columns
during torrefaction of deciduous and -Quantitative for different families of
coniferous wood compounds
Study the influence of temperature -Variable sensitivity
and residence time on fuel properties, depending on cell length
Chen et al. .
(2014) energy and mass yields, carbon and and compounds
oxygen yields, during torrefaction of -Low resolution for
rice husk complex mixtures
-High sensitivity -Low intensities may be
(depending on cell masked by higher
length and resolution) intensities of signal
FTIR . .
-Fast -Simultaneous evolution
Study the solid mass loss and gaseous -On-line measurement of several compounds
Nocquet et al. L . . - . .
(2012) species yields during torrefaction of -Quantitative (co-elution) may hinder
beech and its constituents identification
-Need of standard of all
compounds
-Need of heating the cell
to avoid condensation
Elucidate the scheme of reaction
Klinger et al. mechanisms and develop a semi-
(2013) empirical model for torrefaction of
aspen wood
Kh i . . . . .
ShouTaZirfa:alreet Study chemical evolution during -High separation
al. (2014) torrefaction of birch wood capability for complex | -Time-consuming (several
. Study the influence of temperature on mixtures h)
GC-MS u y u. _p_ ! -High sensitivity for low -Destructive
Pelaez- yield, chemical composition and . oo
. . L concentrations, even -Need of specific columns
Samaniego et deposition pattern of lignin liquid . I
. ) . traces (yields of 0.01%) for compounds families
al. (2014) intermediates on wood cells during o
. . -Quantitative
torrefaction of ponderosa pine
Perform a qualitative and quantitative
Lé Thanh et analysis of condensable species
al. (2015) produced during torrefaction of pine,
ash wood, miscanthus and wheat straw
Theng and Study the evolution of gas and liquid ca _aHlflri]tsigircaotrl':nlex con;glrjlszigf:i;trsbon
GC-FID e by-products versus temperature during P ¥ P

Doshi (2014)

mixtures

torrefaction of palm mesocarp fiber o
-Quantitative

atoms
-Destructive
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MS is an analytical technique based on the measurement of the mass-to-charge
ratio of ions in the gas phase, which have been previously obtained by, for instance,
bombarding with electrons. This provokes molecules to break into charged fragments or
ions, which are then separated according to their mass-to-charge ratio, usually by
applying an electric or magnetic field. HPLC technique consists of making a liquid mixture
pass through a column filled with a solid adsorbent. As molecules in the complex mixture
have different polarities, they interact differently with the adsorbent solid material. Thus
molecules of the mixture are retained on the adsorbent and released at different flow
rates. FTIR fundaments applied to solid have been explained in section 2.2 of the present
chapter, and can also be applied to the analysis of condensable species in a liquid or
gaseous phase. The coupling of GC and MS allows combining the detection of molecules
by MS with their separation by GC. The principle of separation in GC is the same as in the
HPLC column, since the column separates the molecules of the mixture. This allows the
separation of molecules clusters inside the GC before entering the MS detector, which
improves the accuracy of results. Fig. 24 shows an example of chromatogram obtained by
GC-MS, whereas Fig. 25 shows an example of GC-MS data treated to compare the
evolution of several gaseous species during biomass torrefaction. The coupling of GC-FID
is based on the passing of the gaseous mixture under an air flame into which organic
molecules are oxidized, and then charged to become ions. These ions produce an
electrical signal which is detected and measured.

Water analysis deserves a special mention due to its complexity, since water is an
abundant, small and polar molecule obtained during biomass torrefaction. Works in Table
6 have handled the issue measuring water by MS (Shang et al., 2013), HPLC (Prins et al.,
2006a), FTIR (Chen et al., 2014; Nocquet, 2012), GC-MS (Klinger et al., 2013) or Karl
Fischer volumetric titration (L& Thanh et al., 2015). However, other works have chosen
not to carry out measurement of water (Khazraie Shoulaifar et al., 2014; Pelaez-

Samaniego et al., 2014; Theng and Doshi, 2014).
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Fig. 24. GC-MS chromatogram of the gaseous phase produced during torrefaction of
poplar sawdust at 230°C for 15 min (Candelier et al., 2011).
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Fig. 25. Relative intensity obtained by GC-MS analysis of the major molecules produced
during torrefaction of aspen for 90 min (Klinger et al., 2013).

As shown in Table 6, MS and GC-MS techniques present a high sensitivity, which is
essential to analyze the low concentration of gaseous species in the mixture. However,
MS cannot separate compounds in complex mixtures, like the mixture obtained during
biomass torrefaction. HPLC involves short elution times of analysis, which is a significant
advantage. However, samples for HPLC analysis require condensation, during which some
light compounds —such as formaldehyde — might escape. FTIR allows to avoid the escape
of species thanks to on-line analysis of gases. However, the main drawbacks of FTIR are
the risk of species co-elution and the fact that the most intense signals may mask the

least concentrated ones, which could hinder detection of diluted species. GC-MS
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technique joins the high separation capability of the GC and the high sensitivity of the MS.
Nevertheless, it can lead to long analyses and require specific columns depending on
compounds families present in the mixture, although this can be easily solved by
employing columns adapted to a large spectra of molecules polarities. Finally, GC-FID
presents a high separation capability, like GC-MS, but has the major drawback of
detecting only combustible carbon atoms, like -CH;- or -CHs. This means that molecules
which contain only carbon and hydrogen are well detected, but molecules which also
contain other atoms, like oxygen, emit a weaker response. Thus GC-FID seems not to be

recommendable for the present work.

3.1.3. Conclusion

When putting together the different techniques available for analysis of the
gaseous phase obtained during biomass torrefaction at lab-scale and the challenges
associated to this measurement, GC-MS appears as a very good compromise. Thus the
choice was made to employ it in the present work. Moreover, as the major limitation of
this technique is the long time required for analysis, it was decided to develop a heated
samples storage, which would enable to collect several samples of the gaseous phase, at
different times of torrefaction within the same experiment.

As a basis for our experimental study, the results obtained through this technique

during literature torrefaction experiments are detailed below.

3.2. GC-MS RESULTS DURING TORREFACTION

Condensable species production during biomass torrefaction has been analyzed
with the GC-MS technique in literature by many authors, as indicated in Table 6.

Works which have identified condensable species formed during biomass
torrefaction thanks to GC-MS are shown in Table 7. The condensable species most
commonly identified in literature are the most abundant ones, such as water, acetic acid,
furfural, methanol, formic acid and hydroxyacetone (or 2-propanone, 1-hydroxy-). Table 7

presents the works which have identified condensable species by GC-MS, their objective,
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the feedstock and experimental conditions employed, and the condensable species
detected. It can be observed that works did not detect the same number of species.
Bergman et al. (2005) identified thirty-four species, whereas other works like Chen et al.
(2011a) identified five or less species. No species was common to all works. However,
some species were common to most of works, like acetic acid, furfural and formic acid.
Other species were common only to few works, like vanillin, phenol and 2,6-
dimethoxyphenol. Less species were detected only in one work, like hydroxyacetone,
methylfurfural and hydroxymethylfurfural. This lack of agreement in identified species
among works may be due to differences in experimental conditions applied and feedstock

employed for the study of torrefaction.

60



Table 7. Identification of condensable species produced during biomass torrefaction by

GC-MS.

Experimental

Work Their objective Feedstock . Condensable species
conditions
Furfural, 5-methyl-2-furaldehyde,
acetaldehyde, 2(5H)-furanone, ethylene,
Better understand glycol diacetate, ethanol, pyrrole, 1-hydroxy-
biomass 2-butanone, eugenol, isoeugenol, propionic
torrefaction acid, 3,4,5-trimethoxytoluene, furan-2-
process by Willow, methanol, furan-3-methanol, methanol,
Bergman et investigating the woodcuttings, 250-300°C methylacetate, methylformiate,
al. (2005) effect of several demolition 7.5-30 min hydroxyacetone, cyclohexanone, butanone,
parameters, as well wood propanal, pyrrole-2-carboxaldehyde, 2-
as process butenal, phenol, 2-methoxyphenol, 3-
simulations and methoxyphenol, 4-methoxyphenol, 2,6-
designs dimethoxyphenol, acetone, 3-
methoxypyridine, 4-methoxypyridine, 2-
methoxypyridine, acetic acid, formic acid
Study the influence
ft t d L
° bizrr:';:sri ureej: Acetic acid, furfural, methylfurfural,
. 'yp 180, 200, 210, | hydroxymethylfurfural, phenol,2-methoxy-,
Candelier et formation of . . ] R . .
Pine, Silver fir 220, 230°C phenol,2,6-dimethoxy-, vanillin,
al. (2011) gaseous by- . . -
. 15 min syringaldehyde, acetovanillin,
products during .
. acetosyringone
biomass
torrefaction
Investigate the
behavior of Lauan
wood blocks during 220, 250,
Chen et al. torrefaction and Latian wood 280°C Phenol, phenol,2-methoxy-, phenol,4-
(2011b) influence of 0.5,1,1.5, 2h methyl-, eugenol, vanillin
experimental 30°C/min
conditions on
biomass properties
Quantify gaseous
by-products and ) -
. y-proaducts a.n Pine, R Acetaldehyde, acetic acid, formaldehyde,
Commandré evaluate solid . 250°C S
. . miscanthus, . formic acid, 2-furanmethanol, furfural,
and Leboeuf grindability after oplar, wheat 45 min lycolaldehyde dimer, 2-propanone-1-
(2015) torrefaction of popiar, 10°C/min gly v » <-propa
. . straw hydroxy-, propanoic acid
various biomass
types
Develop a kinetic
h .
Anca-Couce >¢ ezfotjouﬁtredlct Formaldehyde, acetaldehyde, acetone,
etal. (2014) composition of Beech 250,285°C methanol, ethanol, glycolaldehyde, acetic

beech woodchips
torrefaction

acid, water, glyoxal, lactic acid, formic acid

Many works have investigated the influence of temperature on formation of

condensable species during torrefaction. Candelier et al. (2011) carried out torrefaction of

ash sawdust from 180°C until 230°C for 15 min. As temperature increased, they observed

higher quantities of acetic acid, furfural, methylfurfural and hydroxymethylfurfural.

Vanillin was present in small quantities from 180°C, syringaldehyde from 210°C,
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acetovanillin from 200°C, and their quantities also increased with temperature. Lé Thanh
et al. (2015) quantified almost twenty condensable species produced at 250, 280 and
300°C of dwell time. They found that all these species increased in quantity as
temperature increased (see Table 8). In the case of anhydrosugars — LAC, DGP and
levoglucosan —, quantities were low during torrefaction at 250°C, but strongly increased
for higher temperatures. In these works, there was no specific reference to whether the

overall composition of the gaseous phase varies with temperature or not.

Table 8. Mean yields (mg/g biomass) of the main condensable species produced in ash-
wood torrefaction at different temperatures (Lé Thanh et al., 2015).

Condensable species 250°C | 280°C | 300°C

Water 77.4 104.1 | 153.5

Acetic acid 27.1 40.8 48.2
2-Propanone,1-hydroxy- 1.9 5.9 12.1
Methanol 6.6 9.7 12.1
Glycolaldehyde dimer 1.8 4.6 9.2
2-Furanmethanol 2.1 3.4 5.7
Formic acid 3.7 5.6 6.7
Formaldehyde 2.9 3.6 2.9
2-Methoxy-4-vinylphenol 0.8 1.8 2.1
2-Butanone,1-hydroxy- 1.2 2.6 3.1
Furfural 1.7 2.5 2.9
LAC 0.3 0.7 1.1
DGP 0.4 1.1 2.2
1-Acetyloxy-2-propanone 0.4 1.0 1.3
Propanoic acid 0.4 0.9 1.4
Levoglucosan 0.2 0.6 1.7
3-Methyl-1,2-cyclopentanedione 0.3 0.6 1.6
Isoeugenol 0.6 0.9 1.1
2,6-Dimethoxyphenol 0.4 1.1 1.8
Phenol-2-methoxy- 0.1 0.4 0.8

To the best of our knowledge, no work has investigated the influence of residence
time on formation of condensable species during torrefaction. In the present work, a
study of the evolution of condensable species formation versus time during biomass
torrefaction is carried out.

Lé Thanh et al. (2015) investigated the influence of biomass species on the

formation of condensable species during torrefaction. They investigated four biomasses
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representative of different families of behavior — pine, ash-wood, miscanthus and wheat
straw —, which are the biomasses investigated in the INVERTO project (see section 3 of
chapter 1). They observed that ash-wood produced about three times more methanol
than pine, whereas pine released much more LAC than wheat straw, for which LAC was
below the quantification limit. Pine produced the lowest amount of acetic, formic and
propanoic acids among the four biomasses — with the exception of formic acid produced
from wheat straw. They claimed that these three acids could be produced by degradation
of hemicelluloses, hence this difference in quantity formed during torrefaction would be
due to a different composition of pine hemicellulose in comparison with the other three
biomasses. Commandré and Leboeuf (2015) also studied the influence of biomass species
on the formation of condensable species during torrefaction. They torrefied pine,
miscanthus, poplar and wheat straw. Fig. 26 gives mass balances of the main condensable
species produced during torrefaction of the four biomasses. They observed that acetic
acid was the main species produced by all biomasses, except pine. Formaldehyde and
glycolaldehyde dimer were produced by all biomasses, except wheat straw. Propanoic
acid was produced by pine and wheat straw, and furfural was the only condensable
species to be produced by all biomasses. They suggested that the reason for these
differences in product distribution may lie in differences in hemicellulose composition
among biomasses. Nevertheless, they did not carry out experimental measurement of

sugars content in hemicellulose.
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Fig. 26. Mass balance of the main condensable species obtained after torrefaction of
four biomasses at 250°C for 45 min (Commandré and Leboeuf, 2015).

Nocquet et al. (2014a) investigated the production of condensable species during
torrefaction of each main constituent of beechwood. Cellulose and xylan — which
represented hemicellulose — were commercial constituents extracted from beech,
whereas milled wood lignin had been extracted from the beech sample employed in the
work. They observed that formic acid was produced only by xylan, formaldehyde was
mainly produced by lignin and cellulose — probably due to the presence of hydroxymethyl
groups in these constituents —, and methanol was produced only by lignin and xylan —
probably due to the presence of methoxyl groups in these constituents. An interesting
result was observed regarding the production of acetic acid, as it was one of the major
products of beech torrefaction, but was neither produced by lignin, cellulose nor xylan.
This would confirm the hypothesis which proposes that acetic acid may come from the
hydrolysis of the acetyl groups in hemicellulose, which had previously been removed
during the extraction of xylan from beechwood.

To our knowledge, up to now, no work has carried out torrefaction of biomass and
guantification of the condensable species formed by TGA-GC-MS. This type of study will

be carried out in the present work.
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Up to now, the GC-MS results obtained during biomass torrefaction in literature

have shown that:

There is lack of agreement regarding identification of condensable species
among works, which may be due to the differences in experimental conditions

applied and types of biomass investigated;

The variation of condensable species yields versus temperature has been
widely reported, however, no reference has been found to mention whether

the overall composition of the gaseous phase varies with temperature or not;

The variation of condensable species yields versus biomass type has also been
reported. It has been suggested that it is due to the differences in
hemicellulose composition among biomasses. However, no experimental

measurement of sugars content in hemicellulose has been carried out;

The extraction method of biomass constituents can affect the reactivity during
torrefaction. In particular, the removing of acetyl groups (present in xylan)

during extraction would delete the production of acetic acid.

To our knowledge, up to now, no work has investigated the influence of residence

time on formation of condensable species during torrefaction, and no work has carried

out torrefaction of biomass and quantification of the condensable species formed by

TGA-GC-MS.

4. MODELLING OF TORREFACTION KINETICS

41.

TYPES OF MODELS

There are quite a few recent works which have proposed kinetic models of

biomass torrefaction (Anca-Couce et al.,, 2014; Bach et al.,, 2014; Bates and Ghoniem,

2012; Cavagnol et al.,, 2013; Nocquet et al., 2014b; Patuzzi et al., 2013a; Prins et al.,

2006b; Ren et al., 2013; Sarvaramini et al., 2013; Shang et al., 2013).
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Kinetic models of biomass torrefaction can be classified into two groups. The first
group is composed of the majority of models, which only predict solid decomposition
(Bach et al., 2014; Cavagnol et al., 2013; Patuzzi et al., 2013b; Prins et al., 2006b; Ren et
al., 2013; Sarvaramini et al., 2013; Shang et al., 2013). The second groups is composed of
the minority of models, which link the prediction of solid decomposition and gaseous
species formation (Anca-Couce et al., 2014; Bates and Ghoniem, 2012; Nocquet et al.,
2014b). It has to be highlighted that models which predict solid decomposition and
gaseous species formation are more recent than works which only predict solid

decomposition.

Among models which predict the formation of specific gaseous species, Anca-
Couce et al. (2014) have proposed a kinetic scheme based on the scheme proposed by
Ranzi et al. (2008), whereas Bates and Ghoniem (2012) and Nocquet et al. (2014b) have
proposed a kinetic scheme based on the scheme proposed by Di Blasi and Lanzetta
(1997). The approach of these three models is particularly interesting for our study, thus

they are thereafter detailed.

4.2. MODELS OF SOLID DECOMPOSITION AND GASEOUS SPECIES FORMATION

4.2.1. Chemical species predicted

Different chemical species have been the target of models which predict the
formation of specific gaseous species linked to solid decomposition.

Anca-Couce et al. (2014) targeted the formation of 14 condensable and 5
permanent gases, as well as 4 forms of char. Condensable species considered in the
model were water, acetic acid (represented as AA in the model), hydroxyacetaldehyde
(HAA) —also known as glycolaldehyde —, glyoxal (GLYOX), acetaldehyde (CHsCHO),
hydroxymethylfurfural (HMFU), propanal (C3HsO) -—-also known as acetone -,
formaldehyde (CH;0), methanol (CHsOH), ethanol (ETOH), p-coumaryl alcohol (p-
COUMARYL), phenol (PHENOL), propanedial (C3H40;) — also known as malondialdehyde —
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and sinapaldehyde (FE2MACR). Permanent gases considered in the model were carbon
monoxide (CO), carbon dioxide (CO;), methane (CH4), hydrogen (H2) and ethylene (C;Ha).

Nocquet et al. (2014b) proposed a model to predict the formation of 6
condensable and 2 permanent gases. Condensable gases considered in the model were
water, formaldehyde, acetic acid, furfural, methanol and formic acid, whereas permanent
gases were carbon dioxide and carbon monoxide.

Bates and Ghoniem (2012) proposed a model to predict the production of 7
condensable and 2 permanent gases. Condensable species considered in the model were
water, acetic acid, formic acid, methanol, lactic acid, furfural and hydroxyacetone.
Permanent gases considered were carbon dioxide and carbon monoxide.

Table 9 shows the comparison of chemical species formation predicted by the

three models.

Table 9. Comparison of chemical species predicted by models.

Anca-Couce et al. Nocquet et al. Bates and Ghoniem
(2014) (2014b) (2012)

water
acetic acid
methanol

formaldehyde

furfural
formic acid

glycolaldehyde
Condensable glyoxal
gas acetaldehyde
hydroxymethylfurfural
acetone lactic acid
ethanol hydroxyacetone
p-coumaryl alcohol
phenol
propanedial
sinapaldehyde

carbon monoxide
carbon dioxide

Permanent gas methane

hydrogen -
ethylene

Char 4 forms of char no char
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Thus, regarding condensable species predicted by these models, Table 9 shows
that some of the species modelled by Bates and Ghoniem (2012) were also modelled by
Anca-Couce et al. (2014), but not formic acid, methanol, lactic acid, furfural and
hydroxyacetone. The majority of condensable species modelled by Nocquet et al. (2014b)
were included in the model of Anca-Couce et al. (2014), except furfural and formic acid.
The permanent gases modelled by Bates and Ghoniem (2012) and Nocquet et al. (2014b)
were included in the model of Anca-Couce et al. (2014).0nly the model of Anca-Couce et

al. (2014) included char species.

4.2.2. Approach

The scheme proposed by Anca-Couce et al. (2014), shown in Fig. 27, was based on
the scheme proposed by Ranzi et al. (2008), originally purposed for pyrolysis of small ash-
free biomass particles. Anca-Couce et al. (2014) adapted this scheme to torrefaction
conditions, since direct application of the scheme correctly predicted solid and total
volatile yields, but did not correctly predict the yield of some condensable species, such
as water and acetic acid. The adapted scheme eliminated some of the reactions proposed
by Ranzi et al. (2008) for pyrolysis, such as the formation of levoglucosan from cellulose
and the depolymerization of hemicellulose to xylose. The majority of the reactions
conserved were assumed to be common to pyrolysis and torrefaction, which may be
disputable since ranges of temperatures are different for these two processes. The
scheme of Anca-Couce et al. (2014) considered biomass to be composed of cellulose,
hemicellulose and three types of lignin, without interactions among them. Cellulose
torrefaction was described through one reaction which produces two types of volatiles
and chars. Hemicellulose torrefaction was based on two series reactions. The first
reaction produces acetic acid, two types of volatiles and chars, and a solid activated
hemicellulose. The solid activated hemicellulose reacts to produce two types of volatiles
and chars. Lignin torrefaction was based on the reaction of three pseudo constituents of
lignin defined as LIG-C, LIG-H and LIG-O units, which are lignin units of reaction richer in
carbon, hydrogen and oxygen, respectively. Each of these units was mathematically
defined, however this definition had no chemical meaning. LIG-C torrefaction was based
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on two series reactions, as for hemicellulose. The first reaction produces volatiles, char
and LIG-CC, a lignin unit even richer in carbon. LIG-CC decomposes to form two types of
volatiles and chars. LIG-H and LIG-O produce volatiles and LIG-OH, a lignin unit richer in
hydroxyl groups. The LIG-OH decomposes to form three types of volatiles and char, and
sinapaldehyde. Thus the decompositions of LIG-H and LIG-O follow a similar pathway,
different from that of LIG-C. The model of Anca-Couce et al. (2014) included six
parameters in reaction mechanisms of cellulose, hemicellulose and lignin degradation,

which represented the fraction of reactants which form products in a determined

reaction.
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R1__ (1) (Vol.+ Charly s -+ Char +
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Fig. 27. Torrefaction scheme adapted from Ranzi et al. (2008) (Anca-Couce et al., 2014).

The model of Nocquet et al. (2014b) was based on the kinetic scheme previously
proposed by Di Blasi and Lanzetta (1997), initially proposed to model the degradation of
xylan under torrefaction between 200 and 340°C (see Fig. 28). In this model, biomass is
considered to be composed of cellulose, hemicellulose — represented by xylan and acetyl
groups — and lignin. Thereby, four kinetic sub-models were added to describe the
degradation of each of the components (see Fig. 29). Acetyl groups were introduced as a
sub-model in order to represent the formation of acetic acid through hydrolysis of
acetyls. To obtain the model, the additive law was applied so that the contributions of the
four sub-models were added. Each of the four reactions in Fig. 28 were assumed to follow
kinetics of order one, and kinetic parameters to obey Arrhenius law. Volatile fractions V1
and V2 were assumed to be made up of the eight condensable species mentioned in
Table 9. To describe the composition of the volatile fractions, one parameter was
associated to each species for each reaction. Then the global yield of the species j was the

sum of the yield obtained in reaction 1 and in reaction 2. Since the composition of
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volatiles was approximately the same within the range of temperatures investigated, it
was assumed to be constant with temperature. Moreover, the composition of the volatile
fractions was assumed to be constant with time. Some of the parameters associated to
species were taken equal to zero, since in (Nocquet et al., 2014a) it was observed that

each constituent did not produce every species:

Cellulose formed carbon dioxide, carbon monoxide, water, formaldehyde and

furfural;

e Lignin formed carbon dioxide, carbon monoxide, water, formaldehyde,

furfural and methanol;

e Xylan formed carbon dioxide, carbon monoxide, water, formaldehyde,

methanol and formic acid;

e Acetyl groups only formed acetic acid.

The main novelty of this work is that Nocquet et al. (2014b) considered the
existence of interactions between biomass constituents — which were proved to exist
from 280°C and higher temperatures, in the experiments performed by the authors
(Nocquet et al., 2014a). The interactions between cellulose and the other two biomass
constituents — hemicellulose and lignin — were considered in the model by the means of a
corrective factor. Acetyl groups, however, were considered not to have any interaction

with the three main constituents.

Fig. 28. Kinetic scheme of biomass torrefaction proposed by Di Blasi and Lanzetta
(1997).
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Fig. 29. Principle of the kinetic model developed for biomass torrefaction by Nocquet et
al. (2014b).

The model of Bates and Ghoniem (2012) was also based on the kinetic scheme of
Di Blasi and Lanzetta (1997), and its approach is close to the model of Nocquet et al.
(2014b). Nevertheless, they differed in the fact that Bates and Ghoniem (2012)
considered that both total mass and composition of the volatiles could vary as a function
of time. Given the narrow temperature range of their experiments, between 230 and
300°C, composition in individual species of V1 and V2 were assumed to be constant with

temperature, which is in agreement with Nocquet et al. (2014b).

4.2.3. Experimental validation

The three models were compared to experimental data for validation.
Nevertheless, Nocquet et al. (2014b) and Anca-Couce et al. (2014) carried out their own
experiments, whereas Bates and Ghoniem (2012) used experimental data from a previous

work (Zanzi et al., 2002).
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The model of Bates and Ghoniem (2012) predicts that condensable species
represent 70-80% of the total gaseous yield, whereas the experimental data observed 80-
90%. The CO,/CO ratio predicted by the model was in agreement with the experimental
measurements. Thus the model satisfactorily predicts the global yields of condensable
and non-condensable gaseous species. They also evaluated the prediction of the carbon,
hydrogen and oxygen fractions retained by the solid product, with good agreement.
However, no information was given on condensable species yields.

In the work of Nocquet et al. (2014b), most modelling results were satisfactorily
validated with experimental results, in particular regarding the yields of the eight volatile
species predicted. The relative difference was of 35% or less for the major condensable
species, and slightly higher (50%) for carbon monoxide. The results were less satisfactory
for two minor species, namely formic acid (200%) and furfural (300%). This high
difference could be explained by the very low quantities of these species formed in the
experiments but even though, the order of magnitude was found to be correct and
sufficient for a first rough estimation in process design.

In the model of Anca-Couce et al. (2014), the final solid yield was satisfactorily
predicted, although evolution versus time was not precisely described. They validated the
yields of water and condensable species, the latter classified into four groups:
carbonyls+alcohols, furans, sugars and phenolics. The prediction was satisfactory for the
yields of the four groups of condensable species; however, the water yield was under-

predicted.

4.3. CONCLUSION

The comparison of the few existing models predicting condensable species during
biomass torrefaction can be summarized through Table 10. This table shows that to
develop a torrefaction model which predicts condensable species during biomass

torrefaction, one should:

e Consider the individual reactivity of the three main biomass constituents —

cellulose, hemicellulose and lignin;
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Detail the chemical composition of these biomass constituents to predict the

differences in results observed among different types of biomass;
Consider the potential interactions among biomass constituents;

Elucidate the reactions associated to the interval of temperatures of

torrefaction;

Consider not only the formation of condensable and permanent gaseous

species, but also the formation of solid char;

Detail the pathway from reactants to products through reactions with

stoichiometric coefficients.
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Table 10. Comparison of models which predict solid decomposition and formation of

gaseous species during biomass torrefaction.

Anca-Couce et al.
(2014)

Nocquet et al.
(2014b)

Bates and Ghoniem
(2012)

] Reference Ranzi et al. (2008) Di Blasi and Lanzetta (1997)
kinetic scheme
Chem'lcal 14 condensable gases 6 condensable gases | 7 condensable gases
Species > permanent gases 2 permanent gases 2 permanent gases
predicted 4 forms of char
'Own . Yes No
experimentation
Composition of
the volatiles ? Constant Variable
fraction vs. time
Composition of
the v?latlles ? Constant Constant
fraction vs.
temperature
No detailed approach of cellulose (crystalline/amorphous)
No detailed approach of hemicellulose (composition in sugars)
Lignin units defined
mathematically, but | No detailed approach of lignin (composition
lacking of chemical in units)
meaning
Reactions with
stoichiometric . . _— . -
- No reaction with stoichiometric coefficients
coefficients, but
lacking of chemical proposed
Limitations meaning

Char without any
chemical meaning

No char predicted

No interaction among
constituents
considered

Interaction among
constituents
considered with one
corrective factor

No interaction
among constituents
considered

No detailed
approach on which
reactant produces

which gaseous

species
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CHAPTER lll: MATERIALS AND METHODS
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1. BIOMASSES
Biomass potentially useable in thermochemical processes presents a large
diversity. As a consequence, in the present work, four biomasses were chosen to

represent each biomass family:

e Pine represents the softwood family. It has been harvested in Aveyron (South

West of France);

e Ash-wood represents the hardwood family. It has been harvested in Aveyron

(South West of France);

e Miscanthus represents the perennial energy crops family. It has been

harvested in Montans (South West of France);

e Wheat straw represents the agricultural residues family. It has been harvested

in Montans (South West of France).

As shown in Fig. 30, pine and ash-wood samples were received in the form of
wood chips, whereas miscanthus and wheat straw samples were in the form of pellets.
The reason is that woodchips are a suitable feedstock for industrial torrefaction process;
however, crops and agricultural residues occupy high volume and do not present suitable
properties for industrial process. Sampling has been carried out, following the standard

XP CENT/TS 14780, from a sample of several t to a sample of several kg.
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Fig. 30. The four biomasses: pine chips on the top left; ash-wood chips on the top right;
miscanthus pellets on the bottom left; and wheat straw pellets on the bottom right.

Both pine and ash-wood were dried, whereas miscanthus and wheat straw had
not been treated in any way. The reason for drying is that wood presented around 50%w
of moisture content, which means that biomass could rapidly degrade during the storage
period. Crops and agricultural residues, however, only presented around 20%w of
moisture content. For pine and ash-wood, drying was carried out at 60°C during 24h. The
temperature was fixed at 60°C so as to mainly remove water, but retain the maximum of
extractives. This way, extractives can be analyzed together with torrefaction products. As
shown in Table 11, moisture content after drying is similar for the four biomasses,
between 8 and 10%w. Therefore, the influence of this parameter is considered to be
similar for the four biomasses during torrefaction.

Feedstock was prepared following the XP CEN/TS 14780 standard for sample
preparation of solid biofuels. Biomass samples were ground below 300 um in order to
ensure sample homogeneity and representativeness.

Chemical properties and elemental analysis of biomasses are shown in Table 11,
and analysis of sugars composition in hemicellulose is shown in Table 12. Proximate and

ultimate analyses were carried out following standards on solid biofuels, except for
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extractives content, which was measured by internal methods because no standard

exists.
Table 11. Biomasses chemical properties and elemental analysis.
Magnitude Standard Unit Pine | Ash-wood | Miscanthus | Wheat straw
Moisture EN 14774-1 %W 10.0 13.3 8.0 9.6
Ash XP CEN/TS 14775 13 2.8 2.8 8.3
Extractives Internal method 8.4 10.0 8.6 15.7
TAPPI standard
Cellulose 7249 -85 36.7 39.0 45.7 33.8
Hemicellulose | APPI standard 26.1 21.9 22.8 21.7
T249 cm-85 sewmf
Lignin TAPPI ;2322 om- 27.5 26.3 20.2 20.5
C XP CEN/TS 15104 51.3 49.2 48.3 45.2
H XP CEN/TS 15104 6.2 5.9 6.0 5.7
N XP CEN/TS 15104 <0.3 0.3 <0.3 0.8
0] By difference 42.5 44.5 45.7 48.4
Al EN 15290 350 204 65 280
As EN 15297 0.2 <0.1 <0.1 <0.1
Ca EN 15290 2128 8792 2539 4081
Cd EN 15297 <0.4 <0.4 <0.4 <0.4
Cr EN 15297 1.2 1.0 1.2 4.0
Fe EN 15290 288 146 91 296
Mg EN 15290 597 606 329 735
P EN 15290 75 257 291 1247
Hg EN 15297 ppm 0.1 0.1 <0.1 <0.1
K EN 15290 wmf 590 2663 3364 8823
Mn EN 15297 42 16 70 59
Ni EN 15297 <1.5 <1.5 <1.5 <1.5
Na EN 15290 57 56 56 325
Pb EN 15297 2.3 0.6 <0.5 6.0
Ti EN 15290 50.0 15.0 6.8 33.0
Zn EN 15297 15.0 6.6 6.3 31.0
B NF EN ISO 11885 4.7 14.1 <15 <15
Si 2074 985 7009 25226
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Table 12. Sugars composition in hemicellulose analysis.

Functional

Standard Unit Pine | Ash-wood | Miscanthus | Wheat straw
group/sugar

Acetyl Internal method %wmf 1.7 3.6 2.6 1.7

TAPP| T249 cm-85/
TAPPI T249 cm-
Mannan 85/ASTM E1758 - 10.3 1.2 0.3 0.4

01(2007)

TAPPI T249 cm-85/
TAPPI T249 cm-
Xylan 85/ASTM E1758 - 5.0 143 17.2 16.0

01(2007)

TAPP| T249 cm-85/
TAPP| T249 cm- o
Galactan 85/ASTM E1758 - %wmfh 1.7 0.6 0.4 0.9

01(2007)

TAPPI T249 cm-85/
. TAPPI T249 cm-
Arabinan 85/ASTM E1758 - 1.0 1.6 1.9 2.3

01(2007)

TAPPI T249 cm-85/
TAPPI T249 cm-
Other sugars 85/ASTM E1758 - 6.4 0.6 0.4 0.6

01(2007)

Analysis of biomass main constituents in Table 11 shows that lignin content was
determined by weighting the solid residue after sulfuric acid dissolution of samples,
according to the Klason method. For cellulose and hemicellulose, samples were totally
hydrolyzed in sulfuric acid, and the sugar monomers were quantified by chromatography.
Cellulose and hemicellulose contents were estimated by modelling from sugar
quantification (Jacob et al., 2013). Composition in major biomass constituents varies
between 34-45%wmf for cellulose, 22-26%wmf for hemicellulose and 20-28%wmf for
lignin, which are typical values found in literature (Da Silva Perez et al., 2015).

Extractives content was measured using an ASE (Accelerated Solvent Extractor) to
carry out extraction with 2 cycles at 1500 psi. Firstly, it was done with water at 110°C then
with acetone at 95°C. Once solvents were evaporated, the residues were weighted as the
extractives content (Jacob et al., 2013). The extractives content ranges from 8 to
16%wmf. These values are higher than expected, since they are usually lower than

10%wmf (Sjostrom, 1993). High values of extractives content can be due to the extraction
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method, which may extract some inorganic matter (e.g. silica) and/or organic matter (e.g.
starch), in addition to “classic” extractive species, especially in extraction from wheat
straw.

Regarding ash content, pine shows the lowest value, ash-wood and miscanthus
present higher ash contents — and similar between them —, and wheat straw shows the
highest ash content close to 10wmf%. These ash contents are in agreement with
bibliographic data (Da Silva Perez et al., 2015; Vassilev et al., 2010).

In elemental analysis, oxygen was calculated by difference, considering that
C+H+N+0=100. Carbon content varies between 45-51%wmf, hydrogen content is around
6%wmf and oxygen content varies between 42-48%wmf. The content in these three
elements varies in a narrow range of values from one biomass to another, which has been
reported before in literature (Da Silva Perez et al., 2015). However, nitrogen content
varies among biomasses from a non-detectable quantity up to 1%wmf, thus the content
in this element varies in a wider range. In addition, nitrogen content is higher for wheat
straw than for the other three biomasses, which has also been reported before (Da Silva
Perez et al., 2015).

Composition in ashes is variable, in terms of type and proportion of inorganic
species, among biomasses. Wheat straw contains significantly higher amounts of Si, Na, K
and P than the other three biomasses, ash-wood contains more Ca and B, and pine
contains more Pb. These observations are consistent with literature (Da Silva Perez et al.,
2015).

In Table 12, analysis of sugars composition in hemicellulose shows that the four
biomasses contain a similar proportion of acetyl groups in hemicellulose. Acetyl groups
are mainly contained in xylan, but are also present in other sugars. Ash-wood, miscanthus
and wheat straw contain similar proportions of sugars, with comparable proportions of
mannan and galactan, which are sugars with 6 carbons or C6 sugars. Ash-wood,
miscanthus and wheat straw also contain similar proportions of xylan and arabinan,
which are sugars with 5 carbons or C5 sugars. On the contrary, pine contains a high
proportion of mannan, almost absent in the other three biomasses, and less xylan. This

difference in sugars composition of softwood hemicellulose has been previously reported
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in literature (Sjostrom, 1993). The unidentified fraction of sugars is higher for pine than

for the other three biomasses, and could be mainly composed of glucose monomers.

2. COUPLING OF TGA-GC-MS

Torrefaction of biomass samples and analysis of condensable species formed were

carried out with the TGA-GC-MS device (see Fig. 31 for device and Fig. 32 for scheme). As

a matter of fact, the entire facility is a coupling of four devices: TGA (Thermogravimetric

Analyzer), loops storage of gaseous samples, GC (Gas Chromatograph) and MS (Mass

Spectrometer). They are described in detail thereafter.

Fig. 31. TGA-GC-MS device.

' l
| I
| I—
GC
TGk Samples storage

Fig. 32. TGA-GC-MS scheme.
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2.1. THERMO-GRAVIMETRIC ANALYSIS (TGA)

2.1.1. Device description

Torrefaction was carried out in a Thermogravimetric Analyzer SETARAM ATG92
(see Fig. 33 for scheme). Inside, there was a cylindrical furnace in which torrefaction of
the biomass sample was carried out. The biomass sample was contained in a crucible,

which was placed inside the furnace.

Electronic
balance
Protection gas Ar _AI;ET u He
A
_*
Reactor
l I 4—%— Water

'

Towards 16 heated
storage loops

Fig. 33. TGA scheme.

2.1.2. Experimental procedure

Biomass samples were placed into a three-stage crucible, whose dimensions were
1.2 cm in width and 2.3 cm in height (see Fig. 34). These dimensions allowed to keep the

crucible inside the isothermal zone of the TGA furnace.
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Fig. 34. Three-staged crucible for TGA torrefaction.

Torrefaction experiments were carried out under a dynamic profile of
temperatures. Temperature rose from room temperature with a heating rate of 5°C/min,
until the final temperature of torrefaction between 200 and 300°C. Then the sample was
removed so as to stop further reactivity.

In order to make sure that identical temperature was applied on the whole
biomass, the crucible was placed in the isothermal zone of the furnace. Moreover, to
ensure that torrefaction experiments were carried out under chemical regime and that a
homogeneous torrefaction took place, particle size and mass of samples were reduced.
The values were established as: maximal particle size of 300 um and maximal sample
mass of 150 mg.

Torrefaction was carried out under inert atmosphere. In the present work, this
atmosphere was made up of helium. The reason for this choice is that helium was the
carrier gas in the GC-MS, so using helium all along the facility avoided gaseous samples
from being diluted in different gases. The flow rate of the helium was 40 mL/min.

A sample mass of around 100 mg was necessary to dispose of a reliable enough
MS signal, since forming a higher quantity of gas led to a more intense signal. By
calculating reaction characteristic times for samples of 100 mg and less, it was checked
out that there were not heat limitations related to external control (Gonzalez-Martinez,

2015). This is why a three-stage crucible, instead of a simple crucible, was chosen as
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support for the biomass sample. The three-staged crucible can contain a higher mass

sample (around 100 mg) than a simple crucible (around 35 mg).

Mass loss of torrefied samples was normalized to 100% at 200°C, in order to

compare mass variations after drying. This mass loss until 200°C corresponds mainly to

remaining water, although some extractive species can also be released (Nocquet, 2012).

Mass loss until 200°C represents a maximum of 6%w of the raw biomass in the present

work.

2.1.3. Repeatability experiments

Two types of tests were carried out during torrefaction with the three-stage

crucible:

Firstly, repeatability of experiments with the three-stage crucible was tested,
by carrying out two experiments under the same experimental conditions. The
temperature profile was dynamic from room temperature until 300°C with a
heating rate of 5°C/min. Then the sample was removed to stop further
reactivity. Two samples of 100 mg of ash-wood, ground to 300 um, were
torrefied. Experiments showed a relative difference lower than 2% in terms of
mass loss between experiments with the three-stage crucible (see Fig. 35).
Hence experiments carried out in the three-stage crucible were considered to

be repeatable.

Secondly, a comparison between experiments with the three-stage crucible
and with a simple crucible was carried out. Four experiments, two for each
crucible, were compared (see Fig. 35). Four samples of 100 mg of ash-wood,
ground to 300 um, were torrefied. The temperature profile was dynamic from
room temperature until 300°C with a heating rate of 5°C/min. Experiments
showed a relative difference lower than 3% in terms of mass loss when
comparing the simple crucible and the three-stage crucible. Therefore the
evolution of mass loss for samples in the simple crucible and the three-stage

crucible were identical.
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Fig. 35. Compared evolution of mass loss for ash-wood samples in a three-staged and a
simple crucible.

2.2. LOOPS STORAGE

2.2.1. Device description

The gaseous species formed during torrefaction of biomass in the TGA furnace
were led to the Chromatostock loops storage (see Fig. 36 for scheme). The role of this

device was to keep samples heated at 200°C inside the loops, in order to maintain their
gaseous state. After being stored, these gaseous samples were sent to analysis in the GC-

MS. The storage device was made up of 16 loops, and each loop contained a volume of
500 pL.

The 16 loops of the Chromatostock could adopt two positions:

In position V1, the loop received the gaseous sample originated in the TGA
furnace;
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e In position V2, the loop released the gaseous sample and sent it to the GC-MS,

where the sample was analyzed.

Heated-up zone

Vented sample ~=l——T

-] 5ample from GC

Towards GC i
Vented gaseous sample -‘—_

-] Entry of gaseous external standard

<] Carrier gas from GC

Fig. 36. Chromatostock loops storage scheme.

2.2.2. Experimental procedure

Gaseous samples were stocked one by one in each of the loops on the V1 position.
The sampling was done at torrefaction temperatures of 200, 210, 220, 230, 240, 250, 260,
270, 280, 290 and 300°C, attained by the biomass sample in the TGA (see Fig. 37). Then

the V2 position was activated and samples were sent one by one for analysis to the GC-
MS.
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Fig. 37. Sampling temperatures in TGA-GC-MS experiments.

A set of experiments was carried out to verify the existence or not of secondary
reactions within gaseous samples stocked in the Chromatostock loops. A sample of 100
mg of ash-wood was torrefied. Two samples of gaseous phase produced at 300°C were
stocked (at 200°C) into two different loops. One of them was right away analyzed,
whereas the other one was stocked for 18h. These conditions of temperature and storage
time were chosen as the most extreme values of the TGA-GC-MS experiments.
Chromatograms showed similar profiles, i.e. the same species were present after
torrefaction of the sample which had not been stocked and the sample which had been
stocked for 18h. This indicates that kinetics of gas-to-gas reactions were negligible during
the sample storage of 18h, hence it can be claimed that no significant secondary reactions

took place during storage of gaseous samples in the loops.
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2.3. GAs CHROMATOGRAPH (GC)

2.3.1. Device description

The gaseous samples stocked in the Chromatostock loops were led to the Gas
Chromatograph device, which was a GC Perkin-Elmer Clarus 580. The capillary column
was a Perkin-Elmer Elite-1701 with a composition of 14% cyanopropylphenil-85%
dimethyl polysiloxane, a non-polar stationary phase. The dimensions of this capillary
column were 60 m in length, 0.25 mm in internal diameter and 0.25 um in film thickness.
On the internal surface of this capillary column, chemical species were adsorbed
(attracted) and desorbed (released). Depending on their polarity, molecules were
adsorbed on different adsorption sites and desorbed at different elution times. Due to
the non-polar nature of this column, the lower the polarity of molecules was, the earlier
they were adsorbed onto the capillary column. As temperature rose in the column,

molecules started to desorb.

2.3.2. Experimental procedure

Fig. 38 showed the temperature program in the GC column, which allowed a good

separation of peaks, especially of the light carboxylic acids.
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Fig. 38. Temperature profile in the GC column.

2.4. MASS SPECTROMETER (MS)

2.4.1. Device description

After the GC separation, gaseous species were sent to the Mass Spectrometer
device. The MS Perkin-Elmer Clarus SQ8S allowed qualitative and quantitative analysis of
the volatile species. It contained an Electron lonization (El) ion source, a mass analyzer
and a detector. Molecules were fragmented in the ion source, then fragments were

analyzed and finally identified in the detector.

2.4.2. Experimental procedure

One chromatogram of 70 min duration was obtained for each sample, which had

been previously sampled at torrefaction temperatures between 200 and 300°C.

90



In the present work, the identified m/z values of molecules fragments ranged from
28 to 300. Once the species was identified, it could be quantified by measuring the
integrated area under the corresponding peak. Thanks to an external standard
calibration, a straight line correlated integrated area under the peak to an absolute
quantity of gaseous species (Fougeroux, 2014).

The carrier gas in the GC-MS was helium, with a flow rate of 1 mL/min, which was
established with the objective of creating a laminar regime inside the GC column.
Calculations were made to check out whether the flow regime was laminar or not.
Considering that the inner diameter of Chromatostock loops was of 0.5 mm, the Reynolds
number (Re) was calculated for the two extremes of the temperatures interval applied. As

it can be observed in Table 13, Re varied as a function of temperature.

Table 13. Helium properties in Chromatostock loops.

Property Unit 20°C 300°C
Density | kg:m?3 0.164 0.084
Viscosity Pa:s | 1.96:10° | 3.12-107
Re --- 0.36 0.11

These values much lower than the transition Re which is 2300 (Frank M. White,
n.d.). As the transition Re indicates the change from laminar regime to turbulent regime,
this means that the helium flow inside the GC column was under a laminar regime.
Hence, inside the GC capillary column, gaseous species carried by helium were adsorbed
onto the column and released one by one in series, without mixing. This ensured that

species followed always in the same order the pathway from the GC forwards the MS.

2.4.3. TGA-GC-MS data treatment

To carry out quantification, standards were made from 1 uL of condensable
species which was diluted to make different concentrations. When the standard solution
was injected in the GC column, a split of 1/10 was applied. Then a conversion factor of 10

4 correlates peak area (Ap) and concentration of species.
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To carry out semi-quantification, the normalized peak area (NA;) of condensable
species is calculated taking into account the peak area (Ap), the initial sample mass (mj)

and the mass loss suffered by the sample during torrefaction, as indicated in equation (1).

— 4,
(1) NA, =2 ML

The repeatability of experiments in TGA-GC-MS has been analyzed. Results have
shown that the quantitative difference in formation of condensable species, obtained
during two identical torrefaction experiments, is not negligible. This difference in values
can vary in a factor between 3 to 7 times. Thus, quantitative and semi-quantitative
experiments on condensable species formation are not repeatable for now. However, the
trends of formation of condensable species obtained during two identical torrefaction
experiments, appear to be very similar, as shown in Fig. 39 and Fig. 40. Thus, trends of
condensable species formation in quantitative and semi-quantitative experiments are
repeatable. These similarities between identical experiments, in terms of trends of
condensable species formation, appear to be present for all species from all biomasses.
The example in Fig. 39 shows the formation of isoeugenol during torrefaction of two
identical ash-wood samples, under the same experimental conditions. In this example, it
can be observed that the values of isoeugenol yield are of the same order of magnitude
for both experiments at each temperature. However, the absolute values are significantly
different, since the experiments of set 1 produce 3-4 times more eugenol than the
experiments of set 2, from 240°C. The trends in evolution of eugenol yield are similar in
both sets of experiments: the formation is negligible until 240°C, then it starts to increase;
this increase accelerates between 240 and 280°C, then it decelerates from 280 to 300°C.
The example in Fig. 40 shows the formation of 2-methoxy-4-vinylphenol during
torrefaction of two identical pine samples, under the same experimental conditions. The
values of normalized peak area of -methoxy-4-vinylphenol are of the same order of
magnitude for both experiments at each temperature. However, the absolute values are
significantly different, since the experiments of set 1 produce around 3 times more 2-
methoxy-4-vinylphenol than the experiments of set 2, from 240°C. The trends in evolution
of 2-methoxy-4-vinylphenol normalized peak area are similar in both sets of experiments:

the formation is negligible until 240°C, then it starts to increase; this increase accelerates
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between 240 and 300°C, except for pine 1 between 280 and 300°C, where there is no
increase.

The reason for the relative lack of repeatability of TGA-GC-MS experiments could
lie in either the pollution which tends to accumulate into the storage loops, or the
differences in configuration of the TGA-GC-MS from one set of experiments to another,

sometimes carried out at distant periods of time.
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Fig. 39. Production of isoeugenol during torrefaction of ash-wood.
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Fig. 40. Production of 2-methoxy-4-vinylphenol during torrefaction of pine.

The proportion of each semi-quantified and quantified species in the overall
formation is calculated by integrating the formation of the condensable species within
the interval of temperature. When the value of this integral is equal or higher than 10%, it
is considered that formation of the species is significant.

The set of experiments carried out to investigate the condensable species
formation during torrefaction of miscanthus turned out not to be exploitable for
quantification and semi-quantification. Hence these data has only been exploited for

qualitative analysis.
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3. 13C CP/MAS SOLID-STATE NMR

3.1. DEVICE DESCRIPTION

The study of the evolution of chemical composition in the solid phase was carried
out using the 3C Cross-Polarization/Magic Angle Spinning (CP/MAS) solid-state Nuclear
Magnetic Resonance (NMR) technique. Experiments were performed with a Bruker

Avance Il 400 MHz spectrometer (see Fig. 41).

Fig. 41. Solid-state NMR device.

The spectrometer operated at 100.6 MHz for 13C, using the combination of cross-
polarization and magic angle spinning (CP/MAS) methods. The spinning speed was set at

12000 Hz. The H radio frequency field strength was set to give a 90°-pulse duration at 2.5
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us, while the Hartman-Hahn conditions were obtained by matching the 3C radio
frequency field strength at 60 kHz. The standard conditions were defined by recording at
least 2000 transients with a contact time of 2 ms and recycle delay of 2 s. The acquisition
time was set at 30 ms and the sweep width at 29400 Hz.

The chemical shift of the carbonyl group of glycine was set at 176.03 ppm as an
external standard. It was checked out that in these conditions the integrations were
guantitative, taking into account a 1.1 correction for non-protonated carbons according

to calibration experiments with glycine.

3.2. EXPERIMENTAL PROCEDURE

Samples investigated in solid-state NMR were raw and torrefied biomass. In order
to be characterized in solid-state NMR, thermal-treated samples were previously
torrefied in the TGA device with a heating rate of 5°C/min until the final temperature of
torrefaction (200, 220, 240, 260, 280 or 300°C). To carry out the solid-state NMR
experiment, the raw or torrefied sample was packed inside the rotor and then analyzed
without destruction of the sample.

In this work, the evolution of eight chemical shifts, shown in Table 14, is followed
in order to study the evolution of cellulose, hemicellulose and lignin during torrefaction
process. The choice of intervals has been made on the basis of chemical shifts reported in
literature (Ben and Ragauskas, 2012; David et al., 2009; Holtman et al., 2010; Wikberg and
Maunu, 2004; Zheng et al., 2013).

Table 14. Signal assignments for solid-state NMR spectra of biomasses.

Chemical shift (ppm) Assignment

190-109 Aromatics in lignin

109-96 C1 of cellulose (signals for hemicellulose overlap)
92-87 C4 of crystalline cellulose
87-80 C4 of amorphous cellulose (signals for hemicellulose overlap)
68-64 C6 of crystalline cellulose
64-58 C6 of amorphous cellulose (signals for hemicellulose overlap)
58-50 Methoxyl groups (-O-CH3) in lignin
24-18 Acetyl groups (-CO-CH3) in hemicellulose
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Three types of signals coexist in solid-state NMR spectra:

e Signals without overlapping from other functional groups: C4 of crystalline

cellulose, C6 of crystalline cellulose and acetyl groups in hemicellulose.

e Signals overlapped by other functional groups during the whole interval of
torrefaction temperatures: C1 of cellulose, C4 of amorphous cellulose and C6

of amorphous cellulose.

e Signals overlapped due to char formation: aromatics and methoxyl groups in

lignin.

3.3. SoLID-STATE NMR DATA TREATMENT

Output spectra are firstly treated on two aspects:
e Corrections of phase are carried out in order to avoid dispersive components;

e Corrections of baseline aim to set the background noise to zero. This allows
that an empty spectrum — carried out without sample — which only emits

noise, can correspond to an area integral value of zero.

At the end of this first treatment, the areas of peak corresponding to each
assignment of interest (Ap) are obtained. In the acquisition conditions used in this study,
peak area is proportional to the number of carbons. These peak areas are further treated,
so as to take into account the mass loss of the sample (ML) and thus compare spectra
obtained at different temperatures. Thereby, the normalized peak area (NA;) is obtained
by dividing the peak area (Ap) by the total area of the spectrum (A:), i.e. the relative
abundance of each contribution, corrected by the mass loss suffered by the sample

during torrefaction, as indicated in equation (2).

_ A,
(2) NA, =22+ ML
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In the present work, the crystallinity index of cellulose is calculated for biomass
samples, both raw and torrefied. It is defined as the ratio between the integrated area of
the C4 peak of crystalline cellulose and the integrated total area of the two C4 peaks of

cellulose — crystalline and amorphous (Heux et al., 1999).
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CHAPTER IV: EXPERIMENTAL RESULTS
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1. INTRODUCTION

In order to achieve the objectives exposed in section 4 of chapter |, three types of

experiments have been carried out:

e Evolution of the mass loss in the solid phase and the formation of
condensable species in the gaseous phase, versus temperature and biomass

species, by the means of TGA-GC-MS;

e Evolution of the functional groups in the solid phase, versus temperature and

biomass species, by the means of solid-state NMR.

Finally, a synergy of experimental results is discussed. This leads, in chapter V, to a

proposition of some reaction mechanisms which take place during torrefaction.

2. MASS LOSS OF SOLID
Evolution of the mass loss of solid, followed by TGA-GC-MS, is discussed in this

section. Mass loss of the four biomasses under dynamic conditions of torrefaction is

shown in Fig. 42, and reaction rate is shown in Fig. 43.
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Fig. 42. Mass loss evolution of the four biomasses during dynamic torrefaction.
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Fig. 43. Reaction rate evolution of the four biomasses during dynamic torrefaction.

Evolution of mass loss as a function of temperature during dynamic torrefaction
could be divided into two stages. The first stage goes from 200 until 250°C, and
corresponds to a slight increase in reaction rate, thus a slight acceleration of mass loss.
The second stage goes from 250 until 300°C, and corresponds to a strong increase in
reaction rate, thus a strong acceleration of mass loss.

Evolution of mass loss as a function of biomass species during dynamic
torrefaction could also be divided into two stages. During the first stage of dynamic
torrefaction (until 250°C), similar mass losses of 3%w take place for all biomasses. The
maximal difference, in terms of mass loss, between two biomasses at the end of this first
stage is lower than 1%w, which is not a significant difference. During the second stage of
dynamic torrefaction, however, biomasses show different mass losses. Pine suffers mass
loss of 13%w, miscanthus and wheat straw of 19%w, and ash-wood of 20%w. The
maximal difference, in terms of mass loss, between two biomasses at the end of this
second stage is 7%w, which is a significant difference. According to these observations,

within this second stage, two families of biomasses can be differentiated. On the one
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hand, pine exhibits the lowest mass loss, whereas on the other hand, miscanthus, wheat
straw and ash-wood exhibit higher mass losses, and similar among them. Higher mass
losses could be related to a higher content in xylan, as it is the most reactive sugar in
hemicellulose. This would explain the observed trends, since ash-wood, miscanthus and
wheat straw contain higher proportions of xylan than pine, and similar among them.
Dynamic torrefaction consists of increasing temperature on a ramp and then
stopping thermal treatment. An alternative is to, instead of stopping the thermal
treatment, add a plateau after this ramp of temperature, carrying out isothermal
torrefaction. In this work, experiments under isothermal conditions of torrefaction are
carried out in order to investigate the influence of residence time on solid mass loss
during biomass torrefaction. A set of TGA experiments under isothermal conditions were
carried out — after drying at 105°C for 1h — with a heating rate of 5°C/min, a torrefaction
temperature of 280°C and 2h of residence time. These isothermal experiments are
hereafter compared to the previous dynamic experiments — which had been carried out
with a heating rate of 5°C/min and until a torrefaction temperature of 300°C. Mass loss of
the four biomasses under isothermal conditions of torrefaction is shown in Fig. 44, and

reaction rate is shown in Fig. 45.
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Fig. 44 Mass loss evolution of the four biomasses during isothermal torrefaction.
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Fig. 45. Reaction rate evolution of the four biomasses during isothermal torrefaction.

Evolution of mass loss as a function of time during isothermal torrefaction could
be divided into two stages, although the criterion is not the same as under dynamic
conditions. The first stage corresponds to the ramp of increasing temperature, i.e. the
dynamic conditions of torrefaction. During the first stage of isothermal torrefaction,
reaction rate increases, thus mass loss accelerates. The second stage of isothermal
torrefaction corresponds to the plateau of temperature. During this second stage,
reaction rate strongly increases, afterwards it rapidly decreases and then decreases more
slowly. Thus, mass loss strongly accelerates, afterwards it rapidly decelerates and then
decelerates more softly.

Evolution of mass loss as a function of biomass species during isothermal
torrefaction could also be divided into two stages. During the first stage of isothermal
torrefaction, mass loss increases for all biomasses, reaching values of 4-6%w. The
maximal difference, in terms of mass loss, between two biomasses at the end of this first
stage is 1%w, which is not a significant difference. At the end of the first stage of

isothermal torrefaction experiments, mass loss (4-6%w) is lower than at the end of
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dynamic torrefaction experiments (13-20%w) for two reasons. The first reason is that
isothermal torrefaction experiments include a drying step — at 105°C for 1h —, which is
responsible for a fraction of the difference in mass loss. The second reason is that
dynamic experiments reach 300°C, whereas isothermal experiments only reach 280°C,
hence this would explain the other fraction of the difference in mass loss. During the
second stage of isothermal torrefaction, pine suffers mass loss of 33%w, ash-wood of
39%w, miscanthus of 44%w and wheat straw of 48%w. The maximal difference, in terms
of mass loss, between two biomasses at the end of this second stage is 15%w, which is a
significant difference. Hence, during the second stage of isothermal torrefaction,
biomasses present different mass loss behaviors. However, one does not find two families
of behavior like during dynamic torrefaction, but it rather seems that each biomass
represents a family of behavior. The least consumed biomass continues to be pine, like
under dynamic conditions. The most consumed biomass under isothermal conditions is
wheat straw, followed by miscanthus and ash-wood, as explained before. It can be
concluded that the evolution of mass loss is related to the proportion and composition of
the main constituents in biomass. During dynamic torrefaction, the most affected
constituent is hemicellulose, thus differences in mass loss evolution may be mostly linked
to the proportion and composition of hemicellulose in each biomass. During isothermal
torrefaction, differences in mass loss evolution may be also linked to the proportion of
cellulose and lignin in each biomass, as well as crystallinity of cellulose and lignin
composition in each biomass.

These trends have been reported before under the same isothermal conditions of
torrefaction — a torrefaction temperature of 280°C and 2h of residence time, although the
heating rate was higher, 30°C/min (Dupont et al., 2011). These authors classified
biomasses into three families, as shown in Fig. 46. Each biomass of the present work can
be related to one of the families presented in their work. Thereby, pine belongs to
softwood family, ash-wood to hardwood family, miscanthus to perennial crops family and
wheat straw to cereal crops or agricultural by-products family. For Dupont et al. (2011),
the hardwood tested is the least reactive biomass, followed by the softwood, the

perennial crop and the cereal crop. Hence, they observed that, under isothermal
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Fig. 46. Mass loss of several biomasses during torrefaction under isothermal conditions
(T = 280°C, t = 2h, heating rate = 30°C/min) (Dupont et al., 2011).

3. FORMATION OF CONDENSABLE SPECIES

In this section, the evolution of the production of condensable species in the

gaseous phase, followed by TGA-GC-MS, is discussed.

3.1.

QUALITATIVE RESULTS

In Table 15, Table 16, Table 17 and Table 18, the thirty-two condensable species

detected during torrefaction of the four biomasses are presented.

Two general families of condensable species can be identified:
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The first family of condensable species is constituted by extractive species

which are mainly produced during the first half of torrefaction, from 200°C

until 250-260°C. These species are a-pinene, camphene, B-pinene, D-limonene

and cymenene. These “classic” extractive species are only released by pine,

whereas the other three biomasses do not emit these extractive species at

any temperature.

The second family of condensable species is constituted by those mainly

produced either only during the second half of torrefaction, or during the

whole interval of torrefaction temperatures:

(@]

(@]

The condensable species mainly produced during the second half of
torrefaction, from 240-250°C until 300°C, are: 2-methylfuran,
glycolaldehyde, propanoic acid, 2-butanone-1-hydroxy-, 2(5H)-
furanone-5-methyl-, 2-cyclopenten-1-one-2-hydroxy, phenol-2-

methoxy-, eugenol and isoeugenol.

The condensable species mainly produced during the whole interval of
torrefaction are: methanol, 2,3-butanedione, formic acid, acetic acid,
hydroxyacetone, furfural, 2-furanmethanol, 2-propanone-1-
(acetyloxy)-, 4-cyclopentene-1,3-dione, cymene — the only extractive
species produced during the whole interval of torrefaction —,
benzaldehyde, 2-furancarboxaldehyde-5-methyl-, butyrolactone, 2-
methoxy-4-vinylphenol, 2(5H)-furanone, phenol,

hydroxymethylfurfural (HMF) and vanillin.

The majority of condensable species included in this second family are formed
during torrefaction of the four biomasses. Methanol, furfural, 2-furanmethanol,
butyrolactone, 2-furancarboxaldehyde-5-methyl-, phenol, 2-methoxy-4-vinylphenol and
vanillin are produced within the whole spectrum of temperatures from the four
biomasses. 1-Hydroxy-2-butanone, 2-propanone-1-(acetyloxy)-, 2(5H)-furanone-5-methyl-
, 2-cyclopenten-1-one-2-hydroxy-, phenol and phenol-2-methoxy- are produced from

non-woody biomasses at low temperature (200°C), whereas they are formed from woody
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biomasses at higher temperature (210-240°C). Some condensable species present a
different evolution for one biomass in comparison with the others. Glycolaldehyde,
formic acid, 2(5H)-furanone, 4-cyclopentene-1,3-dione and 2-methylfuran are formed at a
different temperature for pine in comparison with ash-wood, miscanthus and wheat
straw. Glycolaldehyde is produced from pine at 270°C, whereas at 220-230°C from the
other three biomasses; formic acid is produced from pine at 230°C, whereas at 200-210°C
from the other biomasses; 2(5H)-furanone is formed at 220°C from pine, but at 200°C
from the other biomasses; 4-cyclopentene-1,3-dione is produced at 240°C from pine, but
at 200°C from the others. However, 2-methylfuran is produced at 200°C from pine,
whereas at 240-260°C from the other biomasses. 2,3-Butanedione is produced during the
whole range of torrefaction temperatures from wheat straw, whereas it is formed only at
230-260°C from pine, ash-wood and miscanthus. Other condensable species show specific
evolutions. Acetic acid, hydroxyacetone and isoeugenol are formed from all the
biomasses but at a different temperature. Acetic acid is formed at 240°C from pine, at
220°C from ash-wood, at 230°C from miscanthus and at 200°C from wheat straw.
Hydroxyacetone is formed at 260°C from pine, at 220°C from ash-wood, at 230 C from
miscanthus and at 200°C from wheat straw. Isoeugenol is formed at 260°C from pine,
miscanthus and wheat straw, whereas at 200°C from ash-wood. Hydroxymethylfurfural
(HMF) is produced during the whole torrefaction of pine, ash-wood and wheat straw, but
is barely formed during torrefaction of miscanthus — only from 200 to 230°C.
Benzaldehyde is released from low temperatures for every biomass, but at high
temperatures it disappears for miscanthus (260°C) and wheat straw (270°C). Eugenol is
produced at 250 C from pine and at 260°C from ash-wood, however it is not produced

from non-woody biomasses.

Lé Thanh et al. (2015) identified condensable species formed during torrefaction
of the same four biomasses. Some of the species that they identified are in common to
the present work, while others are not. The common identified species are acetic acid, 2-
propanone,1-hydroxy-, methanol, 2-furanmethanol, formic acid, 2-methoxy-4-
vinylphenol, 2-butanone-1-hydroxy-, furfural, 1-acetyloxy-2-propanone, propanoic acid,

isoeugenol and phenol-2-methoxy-.
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They also identified some species which were not detected in the present work,
such as formaldehyde, LAC — which stands for 3,6-dioxabicyclo[3.2.1]octan-2-one,1-
hydroxy-,(1R) —, DGP — which stands for 1,4:3,6-dianhydro-a-D-glucopyranose — and
levoglucosan. Several works in literature have detected formaldehyde during torrefaction
(Anca-Couce et al., 2014; Bridgeman et al., 2008; Nocquet et al., 2014a), thus the reason
for not detecting it in the present work could be that the quantity formed was below the
detection limit. Lé Thanh et al. (2015) measured significant quantities of formaldehyde
from 250°C to 300°C, except for wheat straw at 250 and 280°C. The molecules LAC, DGP
and levoglucosan are sugars which start to form at high temperatures of torrefaction,
thus in the present work they were probably very diluted to reach the detection limit of
the MS. Lé Thanh et al. (2015) detected glycolaldehyde dimer, which is the dimeric state
of the glycolaldehyde detected in the present work. The reason why they detected the
dimer could be that glycolaldehyde is a reactive molecule, which becomes more stable
after dimerization. In addition, some other molecules were detected in the present work,
but not by Lé Thanh et al. (2015), for instance, 3-butanedione and 2(5H)-furanone-5-

methyl-.
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Table 15

. Condensable species produced during torrefaction of pine.

Elution Temperature (°C)
time (min) | 200 | 210 | 220 | 230 | 240 | 250 | 260 | 270 | 280 | 290 | 300
Methanol 4.80 X X X X X X X X X
2-Methylfuran 7.05 X X X X X
2,3-Butanedione 8.33 X X X X X X X
Glycolaldehyde 10.51 X X X X
Formic acid 10.99 X X X X X X X
Acetic acid 12.88 X X X X X X
Hydroxyacetone 14.82 X X X X X
Propanoic acid 18.09 ? X X X X X X
2-Butanone-1-hydroxy- 20.13 X X X X X
a-Pinene 21.79 X ?
Camphene 22.84 X X X X X X
Furfural 23.10 X X X X X X X
B-Pinene 24.24 X
2-Furanmethanol 24.87 X X X X X X X X X X
2 (Parf;’t?;:x';‘;l 25.27 X | x | x| x| x| x| x| x
Z(SH):::ECE”E'S' 25.91 >l x| x| x| x| x| x| x
D-Limonene 26.48 X X X X X X X
4-Cyclopentene-1,3- 2685 | X X | x | x | x| x| x| x| x| x
dione
Cymene 27.19 X X X X X X X X X
2-Cyclopenten-1-one-2- 27 61 ) ) X X X X X X X
hydroxy-
Benzaldehyde 27.88 X X X X X X X X ?
2-Fura nscf"r:;ct’zill‘_mhyde' 28.78 X X | x | x | x| x| x| x| x| x
Butyrolactone 29.70 X X X X X
2(5H)-Furanone 30.06 X X X X X X X X
Cymenene 30.27 X X X X X
Phenol 32.25 X X X X X X X
Phenol-2-methoxy- 33.06 X X X X X
zvmjlt:;;‘:o? 40.70 X X | x | x| x| x| x| x| x| x
Eugenol 41.37 X X X X X
Hydroxy;:ﬁ\;?)'lfurf”ral 41.69 X X | x | x| x| x| x| x| x
Isoeugenol 44.41 X
Vanillin 45.16 X X X X
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Table 16. Condensable species produced during torrefaction of ash-wood.

Elution Temperature (°C)
(tr::\:) 200 | 210 | 220 | 230 | 240 | 250 | 260 | 270 | 280 | 290 | 300
Methanol 4.80 X X X X X X X X X X X
2-Methylfuran 7.05 X X X X
2,3-Butanedione 8.33 ? X X X X X
Glycolaldehyde 10.51 X X X X X X X X
Formic acid 10.99 X X X X X X X X X
Acetic acid 12.88 X X X X X X X X X
Hydroxyacetone 14.82 X X X X X X X X
Propanoic acid 18.09
2-Butanone-1-hydroxy | 20.13 X X X X X X X X X
a-Pinene 21.79
Camphene 22.84
Furfural 23.10 X X X X X X X X X X X
B-Pinene 24.24
2-Furanmethanol 24.87 X X X X X X X X X X X
2?;:;??:)(’;‘;1 25.27 X | x | x| x| x| x| x| x| x/|x
Z(SH)::ECE eS| 2501 X | x | x| x| x| x| x
D-Limonene 26.48
4-Cyclopentene-1,3- | ¢ g5 X | x| x x| x| x| x| x| x
dione
Cymene 27.19
2-Cyclopenten-1-one-2- 27 61 X X X X X X ) )
hydroxy-
Benzaldehyde 27.88 X X X X X X X X X X
2-Fura ";?n:k;c;’r:?/:‘?ehyde' 278 | x | x | x | x| x | x| x| x| x| x| x
Butyrolactone 29.70 X X X X X X
2(5H)-Furanone 30.06 X X X X X X
Cymenene 30.27
Phenol 32.25 X X X X X X X
Phenol, 2-methoxy- 33.06
zv:\:jlt;: ::O? 4070 | X | x | x | x | x | x | x | x| x| x| «x
Eugenol 41.37 X X X X X X
Hydroxymethylfurfural 41.69 X X X X X X X X X X X
(HMF)
Isoeugenol 44.41 X X X X X
Vanillin 45.16 X X X X X X X
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Table 17. Condensable species produced during torrefaction of miscanthus.

Elution Temperature (°C)
::nr?:) 200 | 210 | 220 | 230 | 240 | 250 | 260 | 270 | 280 | 290 | 300
Methanol 4.80 X X X X X X X X X X X
2-Methylfuran 7.05 X X X X
2,3-Butanedione 8.33 X X X X X X X X
Glycolaldehyde 10.51 X X X X X X X X
Formic acid 10.99 X X X X X X X X X X X
Acetic acid 12.88 X X X X X X X
Hydroxyacetone 14.82 X X X X X X X X
Propanoic acid 18.09
2-Butanone-1-hydroxy 20.13 X X X X X X X X X X
a-Pinene 21.79
Camphene 22.84
Furfural 23.10 X X X X X X X X X X X
B-Pinene 24.24
2-Furanmethanol 24.87 X X X X X X X X X X X
2?;:;??:)(’;‘;1 2527 | X | X | X | x | x [ x [ x| x| x| x|x
Z(SH):ztrsclc_’ ne-s- 2591 | X | X X | x | x | x| x| x| x| x
D-Limonene 26.48
4-Cyclopentene-1,3- | pees | x | x | x [ x | x | x | x | x | x| x| x
dione
Cymene 27.19
2-Cyclopenten-l-one-2-| ;0 |\ oy | ) x| x| x | x | x| x| 2| 2| x
hydroxy-
Benzaldehyde 27.88 X X X X X
2-Fura ";?n:k;c;’r:?/:‘?ehyde' 278 | X | x [ x | x | x | x| x| x| x| x| x
Butyrolactone 29.70 X X X X X X X
2(5H)-Furanone 30.06 X X X
Cymenene 30.27
Phenol 32.25 X
Phenol, 2-methoxy- 33.06 X X X X X
zv:\:jlt;: ::O? 4070 | X | X | x | x | x | x [ x| x| x| x| x
Eugenol 41.37
Hydroxy(r:i;f;y)/lfurfural 41.69 X X X
Isoeugenol 44.41
Vanillin 45.16 X X X X X X X X X
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Table 18. Condensable species produced during torrefaction of wheat straw.

Elution Temperature (°C)
time (min) | 200 | 210 | 220 | 230 | 240 | 250 | 260 | 270 | 280 | 290 | 300
Methanol 4.80 X X X X X X X X X X
2-Methylfuran 7.05 X X X X X X X
2,3-Butanedione 8.33 X X X X X X X X X X
Glycolaldehyde 10.51 X X X X X X X X
Formic acid 10.99 X X X X X X X X X X
Acetic acid 12.88 X X X X X X X X X X
Hydroxyacetone 14.82 X X X X X X X X
Propanoic acid 18.09
2-Butanone-1-hydroxy 20.13 X X X X X X X X X X X
o-Pinene 21.79
Camphene 22.84
Furfural 23.10 X X X X X X X X X X X
B-Pinene 24.24
2-Furanmethanol 24.87 X X X X X X X X X X X
27;3;37531 25.27 X | X | x | x| x| x| x| x| x| x| x
Z(SH):ZECE ne->- 2501 | X | x | x | x | x X | x| x| x| x
D-Limonene 26.48
4'Cyd°z:eo"::ne'1’3' 26.85 X | x | x| x| x| x| x| x X | x
Cymene 27.19
2-Cyclopenten-l-one-2- | ;0 |y | x | x | x | x| x| 2] 2| x| x| x
hydroxy-
Benzaldehyde 27.88 X X X X X X X X ?
2-Fura nsci:]t:z’;?/'l‘_jehyde' 28.78 X | x | x | x| x| x| x| x| x|x]|x
Butyrolactone 29.70 X X X X X
2(5H)-Furanone 30.06 X X X X X X X X X X
Cymenene 30.27
Phenol 32.25 X X X X X X X X
Phenol, 2-methoxy- 33.06
zv:\:slt;::on 4070 | X | x | x | x | x [ x | x | x | x| x| x
Eugenol 41.37
Hydroxyg‘_li;t‘)’lf” rural | 4169 X | x | x| x| x| x| x| x| x
Isoeugenol 44.41 X X X X X
Vanillin 45.16 X X X X X X
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From the qualitative analysis of these thirty-two condensable species produced

during torrefaction, it was found that:

e One can find formation of condensable species within the whole range of

torrefaction temperatures;

e Fourteen (out of thirty-two) condensable species were produced within the
whole interval of torrefaction temperatures, seven species were formed
during the first half of the interval of torrefaction temperatures, and nine

species were formed during the second half;

e Twenty-two (out of thirty-two) condensable species were produced from all

biomass species;

e Five extractive species were only measured during torrefaction of pine

(softwood).

Based on these results, quantification has been carried out for condensable
species abundantly produced during torrefaction and for which external standards were
available in laboratory. Semi-quantification has been carried out for condensable species
abundantly produced during torrefaction and for which external standards were not

available.

3.2. QUANTITATIVE RESULTS

3.2.1. Hydroxyacetone

The formation of hydroxyacetone shows similar trends, whatever biomass (see Fig.
47). Hydroxyacetone is produced mainly from 250°C. At this temperature, the increase in
its production accelerates, and then it tends to decelerate at higher temperatures,
between 280 and 300°C. Wheat straw and ash-wood form more hydroxyacetone (7 and 3

times more, respectively) than pine in the overall torrefaction.
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Fig. 47. Production of hydroxyacetone during torrefaction.

Table 19 shows the proportion of hydroxyacetone in the overall formation at each
temperature for each biomass. It can be observed that hydroxyacetone is significantly
formed from 270°C for every biomass. More precisely, from 270 until 300°C, 97% of the
hydroxyacetone formed from pine is produced, 91% of the formed from ash-wood and

65% of the formed from wheat straw.
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Table 19. Proportion of hydroxyacetone in the overall formation at each temperature.

Proportion in the overall formation (%)
T(°C)
Pine Ash-wood Wheat straw
200
210 0.2
220 -—- 0.1 0.1
230 0.4 0.6
240 --- 15 1.1
250 -—- 1.2 2.3
260 3.4 6.4 1.8
270 10.6 13.0 7.5
280 | 28.8 23.6 15.1
290 22.7 219 229
300 | 34.5 32.0 19.3

In literature, L& Thanh et al. (2015) also detected hydroxyacetone during
isothermal torrefaction of pine, ash-wood, miscanthus and wheat straw. Isothermal
conditions consisted of a heating rate of 10°C/min, final temperatures of torrefaction of
250, 280 and 300°C, and 45 min of residence time (see Table 20). The proportions of
hydroxyacetone in the overall formation at 250, 280 and 300 °C, have been compared
between the work of Lé Thanh et al. (2015) and the present work. However, the
difference between their isothermal and our dynamic conditions of torrefaction has to be
taken into account. Firstly, values in the present work are lower in comparison with Lé
Thanh et al. (2015). The reason could be that their value includes the formation of the
condensable species during the temperature ramp of 10°C/min plus the residence time of
45 min, whereas, in the present work, only the formation during the temperature ramp is
considered. Thus a higher amount of the condensable species would be accumulated in
their case. Regarding the influence of temperature, values in the present work increase as
temperature increases, and this observation agrees with Lé Thanh et al. (2015). In the
present work, only in one case it has not been possible to measure hydroxyacetone,
probably because its quantity was lower than the detection limit. Regarding the influence
of biomass species, values in the present work are far from those of Lé Thanh et al. (2015)

for all biomasses.
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Table 20. Comparative formation of hydroxyacetone (mg/g initial biomass).

Lé Thanh et al. (2015) Our work
Biomass Isothermal profile Dynamic profile
250°C | 280°C | 300°C | 250°C | 280°C | 300°C
Pine 1.1 6.3 12.2 1.0 1.2
Ash-wood 1.9 5.9 12.1 0.1 2.8 3.8
Wheat straw | 3.1 12.6 | 18.2 0.4 5.7 7.3

Hydroxyacetone would be mainly formed from cellulose degradation. One

hypothesis is that lignin may protect cellulose fibrils, thus a higher content in lignin would

mean higher protection of cellulose from thermal degradation. Ash-wood and pine —

woody biomasses — contain higher proportions of lignin, whereas wheat straw — non-

woody biomass — contains lower proportions. Hence cellulose in ash-wood and pine

would be more protected from thermal degradation than in wheat straw, which would

result in lower quantities of hydroxyacetone formed during ash-wood and pine

torrefaction.

3.2.2. Acetic acid

The production of acetic acid shows different trends among biomasses (see Fig.

48). Acetic acid is slightly produced from 200°C. The increase in its production accelerates

from 240°C, and then it decelerates from 280°C. For ash-wood, production decreases

from 280°C. In the overall torrefaction, ash-wood and wheat straw form more acetic acid

(8 and 6 times more, respectively) than pine.
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Fig. 48. Production of acetic acid during torrefaction.

Table 21 shows the proportion of acetic acid in the overall formation at each
temperature for each biomass. Despite the fact that ash-wood and wheat straw start to
produce acetic acid before pine, this species is significantly formed from 270°C for the
three biomasses. Within the short interval of temperatures between 270 and 300°C, 87%
of the acetic acid from pine is formed, 84% of the formed from ash-wood and 76% of the

formed from wheat straw.
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Table 21. Proportion of acetic acid in the overall formation at each temperature.

Proportion in the overall formation (%)
T(°C)
Pine Ash-wood Wheat straw
200
210 -—- --- 1.1
220 0.0 1.8
230 -—- 0.4 2.5
240 2.2 1.6 3.9
250 3.5 3.9 5.1
260 7.0 9.9 9.2
270 13.9 16.5 14.3
280 23.7 23.2 19.5
290 | 26.7 22.8 20.0
300 23.1 21.7 22.6

Lé Thanh et al. (2015) have also measured acetic acid formation during isothermal
torrefaction for 45 min (see Table 22). Values obtained in the present work are lower
than those of Lé Thanh et al. (2015), like in the case of hydroxyacetone, and probably for
the same reason. Regarding the influence of temperature, values in the present work do
not completely agree with those of Lé Thanh et al. (2015). In their work, values rise as
temperature increases. In the present work, only half of the values follow this trend. The
other half of the values — formation from pine at all temperatures, and formation from
ash-wood at 300°C — decrease as temperature increases. Regarding the influence of
biomass species, values in the present work are far from those of Lé Thanh et al. (2015)

for all biomasses, like in the case of hydroxyacetone.

Table 22. Comparative formation of acetic acid (mg/g initial biomass).

Lé Thanh et al. (2015) Our work
Biomass Isothermal profile Dynamic profile
250°C | 280°C | 300°C | 250°C | 280°C | 300°C
Pine 4.5 142 | 194 0.3 2.0 2.0

Ash-wood 27.1 40.8 47.2 2.5 14.7 13.7
Wheat straw | 18.6 | 31.9 39.1 2.8 10.8 12.5

Acetic acid is said to be formed from the release of acetyl groups contained in
hemicellulose, mainly in xylan (Nocquet et al., 2014a; Prins et al., 2006a). Moreover, xylan

is known to be the most reactive sugar in hemicellulose, as mentioned before. Hence, the
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higher proportion of xylan in ash-wood and wheat straw in comparison with that in pine,
could explain the fact that ash-wood and wheat straw produce higher quantities of acetic

acid during torrefaction than pine.

3.2.3. 2-Furanmethanol

The formation of 2-furanmethanol shows different trends among biomasses (see
Fig. 49). 2-Furanmethanol is produced from approximately 240°C. The increase in its
formation accelerates up to 280°C, and then decelerates. Ash-wood and wheat straw
form more 2-furanmethanol than pine (3 and 3.5 times more, respectively) in the overall

torrefaction.
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Fig. 49. Production of 2-furanmethanol during torrefaction.

Table 23 shows the proportion of 2-furanmethanol in the overall formation at

each temperature for each biomass. Like in the case of hydroxyacetone and acetic acid, 2-
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furanmethanol is significantly formed from the same temperature for all biomasses.
Within the interval of temperature from 270 until 300°C, 92% of the total 2-
furanmenthanol from pine is formed, 88% of that from ash-wood and 80% of that from

wheat straw.

Table 23. Proportion of 2-furanmethanol in the overall formation at each temperature.

T () Proportion in the overall formation (%)
Pine | Ash-wood Wheat straw

200

210 | 0.0 0.2 1.2
220 0.1 0.4 2.3
230 0.8 0.8 2.8
240 1.3 2.0 4.3
250 1.4 1.7 2.7
260 4.4 7.1 7.2
270 5.5 13.4 13.3
280 | 324 26.4 23.7
290 | 25.2 215 14.8
300 | 28.9 26.6 27.7

Lé Thanh et al. (2015) have measured the quantity of 2-furanmethanol formed
under isothermal torrefaction for 45 min (see Table 24). Values in the present work are
lower in comparison with those of Lé Thanh et al. (2015), like in the case of
hydroxyacetone and acetic acid, thus the comments are similar to the previous ones.
Regarding the influence of temperature, values in the present work increase with
temperature, the same as in their work. Regarding the influence of biomass species,
values in the present work are, far from those of Lé Thanh et al. (2015) for all biomasses,

like in the cases of hydroxyacetone and acetic acid.

Table 24. Comparative formation of 2-furanmethanol (mg/g initial biomass).

Lé Thanh et al. (2015) Our work
Biomass Isothermal profile Dynamic profile
250°C | 280°C | 300°C | 250°C | 280°C | 300°C
Pine 1.1 3.2 5.9 0.03 0.6 0.6

Ash-wood 2.1 3.4 5.7 0.1 1.5 1.5
Wheat straw | 1.3 4.4 6.2 0.2 1.5 1.7
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In literature, the origin of 2-furanmethanol is not as well-known as the origin of
hydroxyacetone or acetic acid. As mentioned before, ash-wood and wheat straw form
more acetic acid than pine within the same interval of temperatures. Acetic acid may
catalyze the production of 2-furanmethanol, thus a higher content in xylan could lead to

the formation of a higher quantity of 2-furanmethanol.

3.2.4. Eugenol

The formation of eugenol shows different trends among biomasses (see Fig. 50).
Eugenol is produced from 250°C. From 250 and until 280°C, the increase in its production
accelerates, then decelerates; it also reaccelerates for pine between 290 and 300°C. In
the overall torrefaction, ash-wood and pine form more eugenol (12 and 6 times more,

respectively) than wheat straw.
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Fig. 50. Production of eugenol during torrefaction.

Table 25 shows the proportion of eugenol in the overall formation at each
temperature for each biomass. As in the previous cases, eugenol is produced from a
different temperature among biomasses, however this species is significantly formed
from the same temperature for all biomasses. More precisely, between 270 and 300°C,
99% of the total eugenol from pine is formed, 94% of the total eugenol from ash-wood

and 99% of the total eugenol from wheat straw.
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Table 25. Proportion of eugenol in the overall formation at each temperature.

Proportion in the overall formation (%)
T(°C)
Pine Ash-wood Wheat straw
200
210 --- - ---
220
230
240
250 0.5
260 1.0 5.9 0.6
270 8.9 12.8 15.7
280 | 23.9 22.8 30.5
290 | 29.6 27.5 15.7
300 | 36.6 30.5 37.5

In the case of eugenol, the results of Lé Thanh et al. (2015) could not be compared
to ours, since no quantification of this condensable species is available in their work.

Eugenol is an aromatic species which would come from lignin degradation. As ash-
wood and pine contain more lignin — they are woody biomasses — than wheat straw — it is
a non-woody biomass —, this would lead to the production of higher quantities of eugenol

during torrefaction of these biomasses.

3.2.5. Isoeugenol

The formation of isoeugenol shows similar trends, whatever biomass (see Fig. 51).
Isoeugenol is formed from 250°C, and the increase in its production suffers an
acceleration from 250 until 280°C, and then a deceleration from 280°C. Pine and ash-
wood form more isoeugenol (3 and 9 times more, respectively) than wheat straw in the

overall torrefaction.
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Fig. 51. Production of isoeugenol during torrefaction.

Table 26 shows the proportion of isoeugenol in the overall formation at each
temperature for each biomass. Like in the cases of the previous condensable species,
isoeugenol is significantly formed from 270 until 300°C: 96% of the total isoeugenol from
pine is released within this interval, 89% of that from ash-wood and 86% of that from

wheat straw.
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Table 26. Proportion of isoeugenol in the overall formation at each temperature.

Proportion in the overall formation (%)
T(°C)
Pine Ash-wood Wheat straw
200
210 --- - ---
220 0.1
230 0.3
240 --- 1.7 2.5
250 0.4
260 3.8 8.0 11.6
270 11.4 15.1 21.1
280 | 26.8 23.6 29.6
290 | 19.3 22.1 9.4
300 | 38.7 28.6 25.9

Lé Thanh et al. (2015) measured, for most conditions, lower quantities of
isoeugenol during torrefaction of the four biomasses (see Table 27). In the present work,
in two cases it has not been possible to measure isoeugenol, probably because its
guantity was lower than the detection limit. Regarding influence of temperature, it can be
observed that quantities rise as temperature increases, except the value corresponding to
wheat straw at 300°C. Regarding influence of biomass species, values in the present work
for pine and wheat straw are closer to those of Lé Thanh et al. (2015) than in the cases of

hydroxyacetone, acetic acid and 2-furanmethanol.

Table 27. Comparative formation of isoeugenol (mg/g initial biomass).

Lé Thanh et al. (2015) Our work
Biomass Isothermal profile Dynamic profile
250°C | 280°C | 300°C | 250°C | 280°C | 300°C
Pine 0.3 1.2 1.8 1.5 2.1
Ash-wood 0.6 0.9 1.1 0.06 34 4.1
Wheat straw | 0.1 0.2 0.2 --- 0.5 0.4

As mentioned before, ash-wood and pine contain more lignin than wheat straw.
As isoeugenol is an aromatic compound, its production could come from the degradation
of lignin. Hence a higher content in lignin would give rise to higher quantities of

isoeugenol.
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Table 28 synthesizes this quantitative analysis of condensable species formation.

The normal font corresponds to appearance of the species, and the bold font corresponds

to significant appearance.

Table 28. Synthesis of the quantitative analysis of condensable species formation.

200°C 240°C 250°C 270°C
hydroxyacetone
hydroxyacetone acetic acid
Pine acetic acid | 2-furanmethanol eugenol 2-furanmethanol
isoeugenol eugenol
isoeugenol
hydroxyacetone
hydroxyacetone acetic acid
Ash-wood | acetic acid | 2-furanmethanol eugenol 2-furanmethanol
isoeugenol eugenol
isoeugenol
hydroxyacetone
hydroxyacetone acetic acid
Wheat straw | acetic acid | 2-furanmethanol eugenol 2-furanmethanol
isoeugenol eugenol
isoeugenol

129



3.3. SEMI-QUANTITATIVE RESULTS

3.3.1. Glycolaldehyde

The formation of glycolaldehyde shows similar trends, whatever biomass (see Fig.
52). Glycolaldehyde is formed from 250°C. Its production increases from 250 until 280°C,
and then it strongly decreases. Wheat straw and ash-wood form more glycolaldehyde

than pine (4 and 7 times more) in the overall torrefaction.
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Fig. 52. Production of glycolaldehyde during torrefaction.

Table 29 shows the proportion of glycolaldehyde in the overall formation at each
temperature for each biomass. Ash-wood and wheat straw significantly produce

glycolaldehyde between 270 and 300°C, whereas pine significantly produces
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glycolaldehyde between 280 and 300°C. Ash-wood and wheat straw produce 95% and
97% of glycolaldehyde, respectively, in the interval of 270-300°C, while pine produces
98% in the interval of 280-300°C.

Table 29. Proportion of glycolaldehyde in the overall formation at each temperature.

T () Proportion in the overall formation (%)
Pine Ash-wood Wheat straw
200
210 --- - ---
220 0.1
230 0.0 0.1
240 --- 0.2 0.3
250 --- 0.0 0.0
260 5.2 2.1
270 2.4 22.5 214
280 | 80.4 53.1 64.0
290 0.7 0.9 0.5
300 | 16.6 18.1 11.4

Lé Thanh et al. (2015) observed glycolaldehyde formation during torrefaction of
the four biomasses, under the form of glycolaldehyde dimer. They observed that
glycolaldehyde dimer quantity rises with temperature, although they did not observe the
drop between 280 and 300°C.

Glycolaldehyde could come from the degradation of hemicellulose sugars of five
and six carbons. Hemicellulose degradation would be accelerated in a catalytic acid
medium created, for instance, by the presence of acetic acid. Since ash-wood and wheat
straw form more acetic acid than pine within the same interval of temperature, this

would lead to higher production of glycolaldehyde.

3.3.2. Formic acid

The formation of formic acid shows different trends among biomasses (see Fig.
53). Formic acid is produced from 220°C. The increase in its formation accelerates until
280-290°C, and then it decelerates. Pine and wheat straw produce approximately as

much formic acid, whereas ash-wood forms more formic acid (3 times more).
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Fig. 53. Production of formic acid during torrefaction.

Table 30 shows the proportion of formic acid in the overall formation at each
temperature for each biomass. Ash-wood significantly produces formic acid from 260 to
300°C, whereas pine and wheat straw significantly produce formic acid from 270 to
300°C. Thereby, ash-wood forms 93% of formic acid in the interval of 260-300°C, while

pine and wheat straw form 89% and 86%, respectively, in the interval of 270-300°C.
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Table 30. Proportion of formic acid in the overall formation at each temperature.

Proportion in the overall formation (%)
T(°C)
Pine Ash-wood Wheat straw
200 0.3
210 -—- 0.1 0.6
220 0.3 0.5
230 0.6 0.9 1.5
240 1.2 15 15
250 4.1 4.4 4.7
260 5.1 11.1 5.2
270 | 12.6 20.1 11.9
280 229 24.8 19.0
290 | 26.6 21.4 33.5
300 27.0 15.4 21.6

Lé Thanh et al. (2015) also observed the formation of formic acid during
torrefaction of all biomasses. They noticed that formation rises with temperature, but
they did not observe the final drop between 280 and 300°C.

Formic acid would be mainly originated during degradation of hemicellulose
sugars of five carbons. Hemicellulose degradation may be accelerated by the presence of
acetic acid, thus biomasses which form more acetic acid would be expected to produce
more formic acid. Since ash-wood and wheat straw produce more acetic acid than pine, it
could be expected that ash-wood and wheat straw form more formic acid. This is true for
ash-wood, whereas wheat straw forms less formic acid than expected, reaching

proportions similar to those produced from pine.

3.3.3. Furfural

The formation of furfural shows different trends among biomasses (see Fig. 54).
Furfural is formed from the beginning of torrefaction, i.e. at 200°C. The increase in its
production suffers an acceleration from 200 until 280°C, then its production starts to
decrease for all biomasses, except production for wheat straw, which continues to
increase. In the overall torrefaction, wheat straw and ash-wood produce approximately 2

times more furfural than pine.
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Fig. 54. Production of furfural during torrefaction.

Table 31 shows the proportion of furfural in the overall formation at each
temperature for each biomass. Furfural is significantly produced from pine at 250-300°C
from ash-wood at 260-300°C and from wheat straw at 270-300°C. Within their respective

intervals, pine forms 84% of the total furfural, ash-wood forms 86% and wheat straw

forms 80%.
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Table 31. Proportion of furfural in the overall formation at each temperature.

Proportion in the overall formation (%)
T(°C)
Pine Ash-wood Wheat straw
200 0.5 0.3 0.7
210 0.6 0.9
220 2.3 1.1 1.4
230 4.7 2.0 2.1
240 9.5 3.8 3.2
250 11.0 6.3 4.4
260 13.8 12.6 7.7
270 15.3 17.4 13.6
280 16.4 20.8 20.2
290 | 14.8 18.5 21.2
300 | 12.3 16.9 25.2

Lé Thanh et al. (2015) observed production of furfural during torrefaction of the
four biomasses. Its quantity rises with temperature in their work, whereas in the present
work the quantity drops between 280 and 300°C for ash-wood and pine.

Furfural would come from the degradation of cellulose and hemicellulose. The
presence of acetic acid may accelerate the degradation of these polysaccharides. Ash-
wood and wheat straw produce more acetic acid than pine within the same interval of
temperature; therefore the pH becomes lower throughout their torrefaction. This would
explain the fact that cellulose and hemicellulose are degraded faster for these two

biomasses and, consequently, they produce more furfural.

3.3.4. 2-Methoxy-4-vinylphenol

The formation of 2-methoxy-4-vinylphenol shows different trends among
biomasses (see Fig. 55). 2-Methoxy-4-vinylphenol is formed mainly from 250°C. The
increase in its production accelerates from 250 until 280°C, and then its production
decreases. More 2-methoxy-4-vinylphenol is formed from ash-wood and wheat straw (4

and 12 times more, respectively) than from pine.
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Fig. 55. Production of 2-methoxy-4-vinylphenol during torrefaction.

Table 32 shows the proportion of 2-methoxy-4-vinylphenol in the overall
formation at each temperature for each biomass. Wheat straw significantly forms 2-
methoxy-4-vinylphenol between 260 and 300°C, whereas pine and ash-wood significantly
form this species between 270 and 300°C. Within their respective intervals, wheat straw

forms 92% of 2-methoxy-4-vinylphenol, pine forms 90% and ash-wood forms 89%.
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Table 32. Proportion of 2-methoxy-4-vinylphenol in the overall formation at each

temperature.
Proportion in the overall formation (%)
T(°C)

Pine Ash-wood Wheat straw
200 1.2 0.6 0.8
210 -—- 0.2 0.4
220 0.9 0.5 1.2
230 0.7 0.6 1.5
240 2.0 1.9 4.0
250 0.3 0.3 0.9
260 5.8 7.0 13.1
270 | 11.9 13.1 22.2
280 | 33.0 25.1 29.2
290 11.4 18.3 7.4
300 | 33.9 32.9 20.0

Lé Thanh et al. (2015) have also measured the formation of 2-methoxy-4-
vinylphenol. They observed that formation rises with temperature for all biomasses,
while, in the present work, it decreases for wheat straw between 280 and 300°C.

2-Methoxy-4-vinylphenol is an aromatic molecule whose origin could be in the
degradation of lignin. It is known that lignin composition varies from one type of biomass
to another, with the predominance of different phenylpropanoid monomers in the lignin
skeleton — H, G or S units. As mentioned in section 1.4.3 of chapter |, softwood lignin
contains mainly G and H units, where G ones prevail, and hardwood lignin is a mixture of
S and G units, where S ones predominate. Lignin of cereal crops is constituted by
equivalent amounts of G and S units, and perennial crops are mostly made up of H units.
As the 2-methoxy-4-vinylphenol is thought to be formed from the degradation of S and G
units of lignin, it would be expected that biomasses which contain these units — ash-wood

and wheat straw — form more 2-methoxy-4-vinylphenol.

3.3.5. Vanillin

The formation of vanillin shows different trends among biomasses (see Fig. 56).
Vanillin is formed from early torrefaction, i.e. at 200°C. The increase in its production
accelerates until 250°C, and then it evolves differently depending on the biomass species.

The production increases — with the same acceleration —, then decreases for pine; the
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increase in production decelerates, then accelerates for ash-wood; and the production
decreases, then increases and decreases for wheat straw. Pine and wheat straw form

more vanillin than ash-wood in the overall torrefaction (2 and 3 times more, respectively).
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Fig. 56. Production of vanillin during torrefaction.

Table 33 shows the proportion of vanillin in the overall formation at each
temperature for each biomass. Ash-wood and wheat straw significantly form vanillin
before pine does. Between 250 and 300°C, ash-wood forms 79% out of the total vanillin,

and wheat straw forms 78%. Between 270°Cand 300°C, pine forms 72%.
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Table 33. Proportion of vanillin in the overall formation at each temperature.

Proportion in the overall formation (%)
T(°C)
Pine Ash-wood Wheat straw
200 5.6 2.8
210 0.6 3.9 2.4
220 2.6 4.4 4.2
230 3.5 5.5 6.6
240 5.8 6.9 8.8
250 6.2 11.3 11.5
260 9.4 10.7 11.3
270 13.1 12.5 11.1
280 16.9 12.9 10.0
290 | 21.6 17.0 18.2
300 | 204 14.9 15.9

Vanillin could arise from the degradation of G and S units of lignin. As mentioned
before, pine lignin mainly contains G and H units (G units predominate), ash-wood lignin
contains a mixture of S and G units (S units predominate), and wheat straw lignin contains
equivalent amounts of G and S units. This leads to think that kinetics of degradation might
be faster for G units than for S units to form vanillin. Thereby, wheat straw would form
vanillin due to the contribution of half of G “fast” units and half of S “slow” units, pine
would form vanillin due to the contribution of a major proportion of G “fast” units, and
ash-wood would form vanillin due to the contribution of a minor proportion of G “fast”
units and a major proportion of S “slow” units.

Table 34 synthesizes this semi-quantitative analysis of condensable species
formation. The normal font corresponds to appearance of the species, and the bold font

corresponds to significant appearance.
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Table 34. Synthesis of the semi-quantitative analysis of condensable species formation.

200°C 220°C 250°C 260°C 270°C 280°C
glycolaldehyde
. furfural .. furfural formic acid
Pine vanillin formic acid 2-methoxy-4-vinylphenol 2-methoxy-4-vinylphenol glycolaldehyde
vanillin
glycolaldehyde L
Ash-wood furfgr.al formic acid | 2-methoxy-4-vinylphenol formic acid glycolalde.hyde
vanillin - furfural 2-methoxy-4-vinylphenol
vanillin
furfural glycolaldehyde glycolaldehyde
Wheat straw vanillin formic acid | 2-methoxy-4-vinylphenol | 2-methoxy-4-vinylphenol formic acid
vanillin furfural
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4. CHEMICAL EVOLUTION OF SOLID
The gaseous phase produced during torrefaction has been analyzed in the
previous section. In the present section, the chemical evolution of the solid phase, which
has been followed by solid-state NMR, is characterized as a function of temperature and

biomass species.

4.1. QUALITATIVE RESULTS

In Fig. 57, Fig. 58, Fig. 59 and Fig. 60, one can observe a strong change of spectra
characteristics versus torrefaction temperature, thus a strong solid chemical
transformation. Interestingly, this transformation takes place for the four biomasses but
at different temperatures for each one. Disappearance of spectrum peaks related to
polysaccharides — hemicellulose and cellulose — for non-woody biomasses indicates the
complete degradation of the polysaccharides: in wheat straw they completely degrade at
280°C and in miscanthus, at 300°C. Strong flattening of spectrum peaks related to
polysaccharides for woody biomasses indicates that these biomasses suffer major
structural transformation of polysaccharides: around 300°C polysaccharides in the two
woody biomasses degrade, although those in pine degrade slightly before than those in

ash-wood.
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Fig. 57. Solid-state NMR spectra of pine samples: raw and torrefied at 200, 220, 240,
260, 280 and-300°C.
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Fig. 58. Solid-state NMR spectra of ash-wood samples: raw and torrefied at 200, 220,
240, 260, 280 and-300°C.
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Fig. 59. Solid-state NMR spectra of miscanthus samples: raw and torrefied at 200, 220,
240, 260, 280 and-300°C.
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Fig. 60. Solid-state NMR spectra of wheat straw samples: raw and torrefied at 200, 220,
240, 260, 280 and-300°C.

4.2. QUANTITATIVE RESULTS

A quantitative analysis of the evolution of each representative spectral region
versus temperature has been carried out, in order to follow the transformation during
torrefaction of functional groups listed in section 3.2 of chapter Ill. The eight functional
groups — aromatics in lignin, C1 of cellulose, C4 and C6 of crystalline cellulose, C4 and C6
of amorphous cellulose, methoxyl groups in lignin and acetyl groups in hemicellulose —

have been quantified on raw and torrefied biomasses.

4.2.1. Aromatics in lignin

The evolution of the proportion of aromatics in lignin shows different trends
among biomasses (see Fig. 61). Aromatic structures in lignin appear to be conserved until

260°C, and from this temperature the proportion of aromatics in lignin increases in all
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biomasses, except in ash-wood. At 280°C, the increase in aromatics continues: this
increase accelerates for ash-wood and miscanthus, and it decelerates for pine and wheat
straw. At the end of the torrefaction experiments, the evolution of the proportion of
aromatics in lignin is, from more to less abundancy, as follows: wheat straw, miscanthus,

pine and ash-wood.
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Fig. 61. Evolution of the proportion of aromatics in lignin during torrefaction.

Hence it seems that aromatic structures in lignin are not affected by torrefaction
until 260°C. Above this temperature, the aromatic structures in lignin of wheat straw are
the most affected by torrefaction, followed by those of miscanthus and pine, and those in
ash-wood are the least affected. The reason could be related to the cellulose crystallinity
of each biomass, shown in Table 35. Wheat straw presents a lower initial crystallinity
index than the other three biomasses. As amorphous cellulose is more reactive than
crystalline cellulose, a higher initial proportion of amorphous cellulose would lead to a
higher proportion of char coming from cellulose, hence more abundant aromatics.
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Table 35. Crystallinity index of the four biomasses.

Temperature (°C) | Pine | Ash-wood | Miscanthus | Wheat straw

Raw 34 30 29 26
200 33 28 30 27
220 35 29 28 26
240 34 30 30 26
260 35 33 31 27
280 35 34 25 6

300 30 28 13

In literature, the increase in aromatic carbon content due to charring of the three
major components has been reported (Wen et al.,, 2014). These features seem to be
correlated with the degradation of polysaccharides, discussed in the previous section.
Polysaccharides would be completely degraded at 280°C for wheat straw, at 300°C for
miscanthus, and above 300°C for pine and ash-wood. In parallel of polysaccharides
degradation, the contribution linked to charring increases. The two non-woody
biomasses, miscanthus and wheat straw, are the most affected by the polysaccharides
degradation already at 260°C. For ash-wood and pine, the two woody biomasses, charring
is not negligible at 300°C, whereas polysaccharides still resist at this temperature, with
however a small decrease in crystallinity. This may mean that charring becomes a
predominant mechanism of solid conversion at high temperatures of torrefaction. In
addition, the increase in abundancy of aromatics while polysaccharides are still not
degraded, and also after they degrade, might prove that char initially comes from lignin

degradation, then also from polysaccharides.

4.2.2. C1 of cellulose

The evolution of the proportion of C1 of cellulose shows different trends among
biomasses (see Fig. 62). C1 of cellulose signal is conserved until it starts to decrease: at
200°C for wheat straw, at 260°C for miscanthus, and at 280°C for pine and ash-wood.
Thus agricultural by-products, represented by wheat straw, seem to start degrading

before other biomasses.
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Fig. 62. Evolution of the proportion of C1 of cellulose during torrefaction.

The reason for this difference in C1 of cellulose evolution during torrefaction could
lie in crystallinity of cellulose, which is initially lower for wheat straw than for the other
three biomasses, as already mentioned. As amorphous cellulose is the most reactive
fraction of cellulose, a higher initial proportion of amorphous cellulose would imply a

faster degradation of cellulose.

4.2.3. C4 and C6 of crystalline cellulose

The evolution of the proportions of C4 and C6 of crystalline cellulose shows
different trends among biomasses (see Fig. 63 and Fig. 64). C4 and C6 peaks of crystalline
cellulose are conserved until they start to decrease at 200°C for wheat straw, at 260°C for
miscanthus, and at 280°C for pine and ash-wood. Like in the case of C1 of cellulose, it

would mean that agricultural by-products start to degrade before the other biomasses.
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The reason for the differences in evolution of crystalline cellulose during
torrefaction may again lie in crystallinity index of cellulose. This index is initially lower for
wheat straw than for the other three biomasses, which means that wheat straw has a
higher initial proportion of amorphous cellulose. This could lead to a faster degradation of
cellulose in wheat straw in comparison with the other biomasses.

A slight increase of crystallinity index can be observed for ash-wood at 260 and
280°C. In some studies, this phenomenon has been attributed to cellulose partial
recrystallization before degradation at high temperatures (Melkior et al.,, 2012; Wen et
al.,, 2014). However, it could be more simply due to the initial mass loss in ash-wood.
Indeed, as amorphous contribution comprises contribution from amorphous cellulose and
hemicellulose, this signal slightly decreases when hemicelluloses are degraded and then
the crystalline ratio is logically higher, even if cellulose crystallinity remains unchanged.

As mentioned in section 4.1, there is a significant difference between spectra
profiles of the woody and the non-woody biomasses. The whole structure is totally
modified for wheat straw at 280°C and for miscanthus at 300°C, whereas at 300°C the
structure is partly but not totally modified for ash-wood and pine. These characteristics
would have a strong correlation with the lignin content of biomasses. The fact that
cellulose in pine and ash-tree is less degraded than in miscanthus and wheat straw, could
be due to the fact that woody biomasses contain more lignin than non-woody biomasses.

Thus, lignin may play a protecting role forwards cellulose during thermal treatment.

4.2.4. C4 and C6 of amorphous cellulose

The evolution of the proportions of C4 and C6 of amorphous cellulose shows
different trends among biomasses (see Fig. 65 and Fig. 66). The proportions of C4 and C6
of amorphous cellulose are conserved, until they start to decrease at 200°C for wheat
straw, at 260°C for miscanthus, and at 280°C for pine and ash-wood. As for the other
carbons of cellulose, the evolution of the proportions of C4 and C6 of amorphous
cellulose tends to show that agricultural by-products start to degrade before other
biomasses. Thus degradation trends of crystalline cellulose — discussed in the previous

section — and those of amorphous cellulose seem to be quite similar.
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Fig. 65. Evolution of the proportion of C4 of amorphous cellulose during torrefaction.
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Fig. 66. Evolution of the proportion of C6 of amorphous cellulose during torrefaction.

As for C4 and C6 of crystalline cellulose, the behavior of C4 and C6 of amorphous
cellulose may be related to crystallinity index of cellulose. This index is initially lower for
wheat straw than for the other three biomasses, which could lead to a faster degradation

of cellulose in wheat straw in comparison with cellulose in the other biomasses.

4.2.5. Methoxyl groups in lignin

The evolution of the proportion of methoxyl groups in lignin shows different
trends among biomasses (see Fig. 67). Methoxyl groups in lignin of pine and ash-wood are
conserved during torrefaction, whereas methoxyl groups in lignin of miscanthus and,

especially, wheat straw increase from 260°C.
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Fig. 67. Evolution of the proportion of methoxyl groups in lignin during torrefaction.

The key to understand this evolution could be in the overall degradation of lignin,
not only methoxyl groups. Miscanthus and wheat straw contain lower proportion of lignin
than pine and ash-wood. As discussed in section 4.2.1, aromatics in lignin degrade during
torrefaction; however, it could be possible that methoxyl groups in lignin either slightly
react or do not react during torrefaction. This would lead to an increase in the proportion
of methoxyls in the total lignin upon torrefaction. Lignin in miscanthus and wheat straw
degrades faster than lignin in pine and ash-wood, as already mentioned. Hence, the faster
decrease of aromatics in lignin could provoke the apparent increase in methoxyl groups,
which would actually not be degraded during torrefaction.

In literature, some works have attributed the increase in methoxyls signal during
torrefaction to an enrichment of this functional group, such as Ben and Ragauskas (2012).
However, the increase of methoxyl peak intensity with temperature would not
necessarily imply that methoxyl groups are created during torrefaction. It might come
from a bias in the calibration with the C1 peak of cellulose, since some works have

assumed that the C1 of cellulose signal does not evolve under the torrefaction conditions
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tested, such as Melkior et al. (2012). However, this aspect of spectra treatment is not
commented in the work of Ben and Ragauskas (2012). Hence, this bias in the calibration
would lead to think that concentration of methoxyl groups is higher, whereas they may

simply slightly degrade, in comparison with other functional groups, during torrefaction.

4.2.6. Acetyl groups in hemicellulose

The evolution of the proportion of acetyl groups in hemicellulose shows different
trends among biomasses (see Fig. 68). Acetyl groups signals begin to decrease at 260°C
for ash-wood, miscanthus and wheat straw, whereas acetyl groups of pine are conserved
during torrefaction. After reaching a minimum, values for miscanthus and wheat straw
increase from 280°C, which might be due to the fact that acetyls have been completely
released, and new structures with the same chemical shift as acetyls are being formed.
Thus it can be considered that acetyl groups of miscanthus and wheat straw are

completely degraded at 280°C.
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Fig. 68. Evolution of the proportion of acetyl groups in hemicellulose during
torrefaction.

The differences in degradation of acetyl groups could be explained by the xylan
content in biomasses. As mentioned in section 3.2.2, acetyl groups are mainly contained
in xylan, which is the most reactive sugar in hemicellulose. Ash-wood, miscanthus and
wheat straw contain higher proportions of xylan than pine, which would lead to a faster
release of acetyl groups.

This result confirms the lability of this group, reported before in literature by

several works (Ben and Ragauskas, 2012; Melkior et al., 2012; Sivonen et al., 2002).

Table 36 synthesizes the quantitative characterization of the solid phase during
torrefaction of pine, ash-wood, miscanthus and wheat straw. The green font indicates the
increase of the functional group, the red font indicates its decrease, and the strikethrough

font indicates its disappearance.
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Table 36. Synthesis of quantitative characterization of the solid phase.

200°C

260°C

280°C

C1 of cellulose

Pine aromatics in lignin C4 and C6 of crystalline cellulose
C4 and C6 of amorphous cellulose
aromatics in lignin
Ash-wood acetyl groups in hemicellulose C1of ceIIngse
C4 and C6 of crystalline cellulose
C4 and C6 of amorphous cellulose
aromatics in lignin acetylgroupsin-hemicellulose
C1 of cellulose
Miscanthus C4 and C6 of crystalline cellulose
C4 and C6 of amorphous cellulose
methoxyl groups in lignin
acetyl groups in hemicellulose
C1 of cellulose aromatics in lignin Seoh-ararEsin-nenrieatilese

Wheat straw

C4 and C6 of crystalline cellulose
C4 and C6 of amorphous cellulose

methoxyl groups in lignin
acetyl groups in hemicellulose
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5. SYNERGY OF RESULTS
The three types of data presented in section 2 — mass loss of the solid obtained by
TGA —, section 3 — formation of condensable species obtained by TGA-GC-MS —, and
section 4 — chemical evolution of the solid obtained by solid-state NMR — have been

individually analyzed.

5.1. MASS LOSS AND CHEMICAL EVOLUTION OF THE SOLID

TGA results showed two families of biomasses when considering mass loss
evolution versus temperature. One family is constituted by pine, and the other family is
constituted by miscanthus, wheat straw and ash-wood.

At 300°C, pine suffered the lowest mass loss in TGA and was also the least
chemically transformed biomass in solid-state NMR. The other three biomasses — ash-
wood, miscanthus and wheat straw — suffered similar mass losses, but exhibited different
trends regarding chemical evolution of the solid phase. This means that, for the same
mass loss, chemical evolution of the solid may change from one biomass to another. In
other words, a similar overall mass loss may hide different chemical evolutions within the
solid.

Results of the present work imply that mass loss criterion alone would not be
sufficient to characterize the quality of the torrefied solid. Several works in literature have
claimed that mass loss would be the only indicator needed to describe the degree of
torrefaction intensity , i.e. products quality and properties, at least for samples from the
same type of biomass (Englisch M., 2011; Sabil et al., 2013; Grigiante and Antolini, 2015;
Almeida et al.,, 2010). Other works have claimed that both mass loss and chemical
transformation criteria would be needed to describe the degree of torrefaction intensity

(Boonstra et al., 2007; Rutherford et al., 2012; Windeisen et al., 2009).
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5.2. PRODUCTION OF GASEOUS SPECIES AND CHEMICAL EVOLUTION OF THE
SOLID

TGA-GC-MS results can be coupled with solid-state NMR results. In particular, the
synergy of the case acetic acid-acetyl groups is presented. In literature, it has been
reported that, under torrefaction conditions, the release of acetyl groups leads to the

formation of acetic acid (Nocquet et al., 2014a; Prins et al., 2006a).

Fig. 69, Fig. 70 and Fig. 71 show the synergy of: the production of acetic acid in the
gaseous phase, and the degradation of acetyl groups and the mass loss of the solid phase,
for pine, ash-wood and wheat straw, respectively. The yield of acetic acid and the solid
mass loss have been obtained by TGA-GC-MS, and the proportion of acetyl groups has
been obtained by solid-state NMR.
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Fig. 69. TGA-GC-MS and solid-state NMR synergy for pine.
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Fig. 70. TGA-GC-MS and solid-state NMR synergy for ash-wood.
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Fig. 71. TGA-GC-MS and solid-state NMR synergy for wheat straw.

For ash-wood and wheat straw, the production of acetic acid increases and, in
parallel, the proportion of acetyl groups decreases. This leads to think that the production
of acetic acid and the degradation of acetyl groups would be correlated for ash-wood and
wheat straw. However, for pine, the production of acetic acid increases whereas, in
parallel, the proportion of acetyl groups remains stable. This leads to think that the
production of acetic acid and the degradation of acetyl groups would not be correlated

for pine.

6. CONCLUSION
Table 37 synthesizes all the original experimental results, obtained by TGA-TG-MS

and solid-state NMR. For results on the formation of condensable species, the normal
font corresponds to appearance of the species, and the bold font corresponds to
significant appearance. For results on the characterization of functional groups within the
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solid, the green font indicates the increase of the functional group, the red font indicates

its decrease, and the strikethrough font indicates its disappearance.
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Table 37. Synthesis of original experimental results from TGA-GC-MS and solid-state NMR.

200°C 220°C 240°C 250°C 260°C 270°C 280°C
acetic acid formic acid | 2-furanmethanol | hydroxyacetone aromatics in lignin hydroxyacetone C1 of cellulose
furfural eugenol acetic acid C4 and C6 of crystalline cellulose
vanillin isoeugenol 2-furanmethanol C4 and C6 of amorphous cellulose
Pine glycolaldehyde eugenol glycolaldehyde
furfural isoeugenol
2-methoxy-4-vinylphenol formic acid
vanillin 2-methoxy-4-vinylphenol
acetic acid formic acid | 2-furanmethanol | hydroxyacetone acetyl groups in hemicellulose hydroxyacetone aromatics in lignin
furfural eugenol formic acid acetic acid C1 of cellulose
vanillin isoeugenol furfural 2-furanmethanol C4 and C6 of crystalline cellulose
Ash-wood glycolaldehyde eugenol C4 and C6 of amorphous cellulose
2-methoxy-4-vinylphenol isoeugenol
vanillin glycolaldehyde
2-methoxy-4-vinylphenol
aromatics in lignin acetylaroupsin-hemicellulose
C1 of cellulose
. C4 and C6 of crystalline cellulose
Miscanthus C4 and C6 of amorphous cellulose
methoxyl groups in lignin
acetyl groups in hemicellulose
C1 of cellulose formic acid | 2-furanmethanol | hydroxyacetone aromatics in lignin hydroxyacetone acetylaroupsin-hemicellulose
C4 and C6 of crystalline cellulose eugenol methoxyl groups in lignin acetic acid
C4 and C6 of amorphous cellulose isoeugenol acetyl groups in hemicellulose 2-furanmethanol
Wheat straw acetic acid egcoIaIdehyde- 2-methoxy-4-vinylphenol feugenol
furfural 2-methoxy-4-vinylphenol isoeugenol
vanillin vanillin glycolaldehyde
formic acid
furfural
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CHAPTER V: MODELLING
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1. INTRODUCTION
In the present chapter, a conceptual model of torrefaction reaction mechanisms is
proposed, based on the set of experimental results and their associated synergy exposed

in chapter IV.

2. APPROACH

As already mentioned, biomass is mainly constituted of the macro-polymers
cellulose, hemicellulose and lignin, and to a less extent of extractives and ashes. There is
at the moment no consensus on the role of these minor constituents during torrefaction.
However, several authors claim that their role would not be significant within the
torrefaction interval of temperatures (Collard and Blin, 2014; Sebio-Pufial et al., 2012).
Moreover, kinetic models discussed in section 4.2 of chapter Il did not consider neither
extractives nor ashes in reactivity of biomass. Based on these facts, the conceptual model
of the present work considers biomass reactivity only on the basis of cellulose,

hemicellulose and lignin reactivity.

Significant interactions between certain constituents of biomass have been reported
in literature during torrefaction (Nocquet, 2012). However, in the present work, these
interactions are not considered. The reason is that our model aims to give a first approach
to detailed mechanisms of torrefaction, thus it has been chosen to simplify the model and
focus on detailed individual degradation of the three macro-constituents.

In the present work, a more detailed approach of biomass constituents
composition is proposed, in order to explain the differences in cellulose, hemicellulose
and lignin — and thus of the whole biomass — reactivity during torrefaction of different

species of biomass:

e Cellulose is considered as composed only of glucose monomers (see section
1.4.1 of chapter |), thus cellulose is described with the same chemical formula
for all biomasses. Crystalline and amorphous cellulose coexist, as shown by
calculation of crystalline index shown in section 4.2.1 of chapter IV. Crystalline
and amorphous cellulose do not suffer the same reaction mechanisms of

degradation during torrefaction. Amorphous cellulose gives rise to chemical
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species in the gaseous phase, whereas crystalline cellulose gives rise to

amorphous cellulose.

Hemicellulose is considered as a blend of C5 and C6 sugars — with different
average chemical formulae, shown in Table 38 —, and the proportion of these
sugars varies as a function of biomass type, as indicated by chemical analysis
shown in section 1.4.2 of chapter I. Some mechanisms affect only C5 sugars,

others affect only C6 sugars, and the remaining affect both C5 and C6 sugars.

Lignin is considered as a blend of H, S and G units— with different chemical
formulae, shown in Table 38 —, and the proportion of these units also varies as
a function of biomass species (see section 1.4.3 in chapter I). In the present
work, no chemical analysis of lignin units has been carried out. Reaction

mechanisms of lignin degradation affect either all units, or only G and S units.

Table 38 shows the reactants considered in torrefaction mechanisms of the

present works, and their chemical formulae.

Table 38. Reactants in torrefaction mechanisms.

Constituent Approach Chemical formula | Bibliographic reference
Crystalline cellulose
Cellulose Y CeH100s Sjostrom (1993)
Amorphous cellulose
. C5 sugars CsH1006
H lul w l. (201
emicellulose C6 sugars CeHio <O ang et al. (2013)
H unit CoH1002
Lignin G unit Ci0H1203 Lupoi et al. (2015)
S unit C11H1404

Our model has a validated chemical meaning, however, it has not been developed

mathematically. For this reason, in next sections, the model proposed is referred to as a

conceptual model.

In addition, the adjustment of stoichiometric coefficients in reactions has been

carried out on the basis of the elemental composition of reactants and products.
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3. PRODUCTS CONSIDERED
In the present work, twenty-six species are considered to be involved in the
reaction mechanisms proposed. The choice of mechanisms has been done on the basis of

the condensable species of interest defined in the framework of the INVERTO project.

The case of propanoic acid deserves special mention. In literature, this species has
been considered a product of torrefaction mechanisms (Lé Thanh et al., 2015). However,
in the present work propanoic acid has been considered to come from extractive matter
in biomass, and it would be directly released from biomass, without transformation,
during torrefaction. For this reason, its production has not been considered in the present
proposition of reaction mechanisms.

Table 39 and Table 40 show the name of each species as well as its abbreviation in

the present work, chemical formula and representation.
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Table 39. Gaseous species considered as products in reaction mechanisms.

Name Abbreviation Chemical formula Representation
MeO
pa
2-methoxy-4- 2M4V CoH100;
vinylphenol HO
O
Acetic acid AA C2H40, )J\
OH
0 CH,
Acetone Ac CsHO Y
CH,
Carbon dioxide -—- CO; O—=—
Carbon monoxide -—- co —0
CsHs 503 (reaction H7 and
H12)
C4HsO4 (reaction H8
h h ?
Char ¢ C4He503 (reaction H9)
C4HgO3 (reaction Hll)
CsHsO (reaction L4)
H H
Ethylene Et CaH4 >:<
H H
Eugenol Eu C10H1202
OMe
OH
H 0
Formaldehyde Fo CH;0 \Ié
H
Formic acid FA CH,0; HO\{,O
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Table 40. Gaseous species considered as products in reaction mechanisms (continued).

Name Abbreviation | Chemical formula Representation
)
Furfural FF CsH40, \ / ~0
Glyceric acid GAc C3He04 0
HO/\HLOH
OH
Glycolaldehyde GA C2H40,
Hydrogen - H, H
H -
Hydroxyacetone HA C3H6O, 0
L on
Hydroxymethylfurfural HMF CsHeO3 0
W e

Levoglucosan LG CeH100s
0
0 OH
OH
HO
Methanol M CH,0 HSC—OH
Oxygen - 0, =10
O -~
Propanal Pr C3H6O /\\’/’;O
Vanillin v CsHsO3 0
S
OMe
OH
Water --- H20 H. _H
0
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4. REACTION MECHANISMS

For each biomass constituent, a different number of reaction mechanisms take
place. Cellulose presents six degradation mechanisms, while hemicellulose and lignin
present twelve degradation mechanisms.

The reaction mechanisms of cellulose degradation are decrystallization,
dehydration, transglycosylation, depolymerization, and fragmentations with formation of
glycolaldehyde and hydroxyacetone. The reaction mechanisms of hemicellulose
degradation are dehydration of alkyl chains, depolymerization, fragmentation of acetyl
groups and methoxyl groups, fragmentation with formation of formic acid and
glycolaldehyde, fragmentation of carboxyl groups and cracking of carbonyl groups. Finally,
the reaction mechanisms of lignin degradation are dehydration of alkyl chains,
fragmentation of Cg-C, bonds, and fragmentation with formation of eugenol, 2-methoxy-
4-vinylphenol and vanillin. The thirty reaction mechanisms are detailed in the next
sections.

The majority of chars come from the degradation of hemicellulose, only one
comes from lignin and no char comes from cellulose. As explained in section 3, these
chars do not present the same chemical formula among them. Their atomic H/C and O/C
ratios are shown in Fig. 72. The torrefaction chars of the present work have H/C and O/C
ratios slightly higher than torrefied biomass reported in literature (Prins, 2005).

Stoichiometric coefficients in reactions have been adjusted according to the
elemental composition of reactants and products. However, they do not include

thermodynamic considerations, like the enthalpy and the Gibbs free energy of formation.
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Fig. 72. Van Krevelen diagram of chars.

4.1. CELLULOSE REACTIVITY

Cellulose is proposed to be degraded through six reaction mechanisms during

torrefaction. These reaction mechanisms are shown in Table 41.

171



Table 41. Reaction mechanisms of cellulose degradation.

No. Name Reactions Phase Range of temperature / Observations
C1 Decrystallization CeH100s crystalline - CeH100s amorphous S->S 200-325°C?

Cc2 Dehydration CeH1005 amorphous - CsHsO4 + H20 S-> S+G 200-550°C?

Cc3 Transglycosylation CeH100s amorphous = CeH100s (LG) S>G 200-500°C?

c4 Depolymerization 2 CeH1005 amorphous = CeH100s (LG) + CsH40:2 (FF) + CH20 (Fo) + 2 H20 S->G 200-390°C?

C5 | Fragmentation to form glycolaldehyde CeH100s amorphous + H20 - 3 C2H402 (GA) S+G—>G 250°C-?

C6 | Fragmentation to form hydroxyacetone CsH100s amorphous + H20 > C3HsO2 (HA) + C3Hs04 (GAC) S+G>G 250°C-?
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4.1.1. Decrystallization

Reaction C1 is the decrystallization mechanism which transforms crystalline
cellulose into amorphous cellulose.

Experimental results on chemical evolution of the solid phase have shown that
decrystallization begins at 280°C for pine and ash-wood, at 260°C for miscanthus and at
200°C for wheat straw. At 300°C, crystalline cellulose of miscanthus and wheat straw have
almost completely disappeared, whereas crystalline cellulose of pine and ash-wood have
not completely disappeared. This would lead to think that decrystallization takes place
from 200°C. This hypothesis is quite far from literature, where it has been reported that
decrystallization takes place from 270°C. However, our hypothesis agrees with the
reported fact that complete disappearance of crystalline structure takes place at high
temperatures of torrefaction (Pastorova et al., 1994; Yu et al., 2012). Some works have
stated the presence of a partial recrystallization before complete degradation of
crystalline cellulose, as mentioned in section 4.2.3 of chapter IV. However, experimental
results of the present work have not shown any cellulose recrystallization, thus

recrystallization is not considered in the reaction mechanisms proposed here.

4.1.2. Dehydration

Reaction C2 shows the dehydration which leads from amorphous cellulose to
anhydrocellulose and release of water.

Water has not been detected in the present work, yet the evolution of amorphous
cellulose in the solid phase has been quantified. It has been observed that, during
torrefaction, amorphous cellulose (and also hemicellulose) is conserved until 280°C for
pine and ash-wood, whereas it degrades from 260°C for miscanthus, and from 200°C for
wheat straw. This would mean that agricultural by-products start to degrade before other
biomasses do. Besides, at 300°C, amorphous cellulose of miscanthus and wheat straw
have almost completely disappeared, whereas at this temperature amorphous cellulose
of pine and ash-wood have not completely disappeared. This could mean that

dehydration of amorphous cellulose begins at 200°C. This hypothesis agrees with
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literature, where reaction of cellulose dehydration has been reported to start at 220°C.
According to the present work, dehydration finishes at 300°C or even above, which is also
in agreement with literature, where it has been reported that dehydration continues
beyond torrefaction interval of temperatures (Scheirs et al., 2001).

According to previous works, dehydration reaction would be responsible for most
of the mass loss of cellulose during torrefaction, promoted by low temperatures and slow
heating rates, as well as for being at the origin of charring formation. The dehydration can
be originated either intra-ring (within a glucopyranose moiety) or inter-ring (between two
chains). On the one hand, intra-ring dehydration gives rise to a keto-enol tautomerization
equilibrium (see Fig. 73). This leads to the formation of C=C bonds, which promotes the
formation of benzene rings composing char. On the other hand, inter-ring dehydration
gives rise to stable ether bonds (see Fig. 73). This leads to the formation of covalent
bonds, which means higher thermal stability. Within the torrefaction interval,
dehydration reactions would be mainly inter-ring ones (Collard and Blin, 2014; Scheirs et

al., 2001).
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Fig. 73. Intra-ring dehydration of cellulose: (a) enol form of anhydrocellulose, (b) keto
form of anhydrocellulose, (c) transglycosylation to form a levoglucosan chain-end, (d)
hydroxyl glucosidic chain-end, (e) unsaturation on the glucosidic chain-end, (f)
elimination of water on C6, (g) formation of a vinylene group (Scheirs et al., 2001).

4.1.3. Transglycosylation

Reaction C3 describes the mechanism of transglycosylation, which leads to
formation of levoglucosan from amorphous cellulose (see Fig. 73).

Since levoglucosan has not been detected in the present work — probably due to
the fact that its production did not reach the detection limit —, experimental measures are
not available. However, the evolution of amorphous cellulose in the solid has been
guantified. As already said, amorphous cellulose (and also hemicellulose) is conserved
until 280°C for pine and ash-wood, whereas it degrades from 260°C for miscanthus, and
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from 200°C for wheat straw. Besides, at 300°C, amorphous cellulose of miscanthus and
wheat straw have almost completely disappeared, whereas at this temperature
amorphous cellulose of pine and ash-wood have not completely disappeared. These
observations might lead to think that transglycosylation starts at 200°C, although it is
probable that the degradation of amorphous cellulose is caused by other mechanisms
and not transglycosylation, at low temperatures. In literature, the reaction of
transglycosylation has been reported to take place from 300°C (Wang et al., 2013), which
would confirm that transglycosylation do not start at low torrefaction temperatures.
According to literature, transglycosylation consists of the rupture of glycosidic
bonds between glucopyranoses. This type of depolymerization has a relatively slow
kinetics within torrefaction interval, however it seems that water catalyzes this reaction.
Therefore, the presence of water (partly released by dehydration mechanisms) would

accelerate the transglycosylation (Collard and Blin, 2014; Wang et al., 2011, 2013).

4.1.4. Depolymerization

Reaction C4 describes the mechanism of further depolymerization of amorphous
cellulose, which forms levoglucosan in the solid phase and light condensable species in
the gaseous phase. These condensable species are furfural, formaldehyde and water.

Levoglucosan, formaldehyde and water have not been detected in the present
work, however furfural has been semi-quantified. Experimental results have shown that
formation of furfural increases with temperature, and is present from 200°C although
starts to be significant from 250-270°C. Furfural is formed during torrefaction of pine, ash-
wood and wheat straw (no data available for miscanthus). In parallel, evolution of
amorphous cellulose in the solid has been quantified (see previous sections). These
observations lead to think that depolymerization of amorphous cellulose would start at
200°C, although become significant from 250°C. In literature, depolymerization of
amorphous cellulose has been reported to start at 300°C and to accelerate until 390°C
(Scheirs et al., 1998). Thus, temperature for the start of depolymerization in the present
work is much lower than the one reported in literature.

Several works in literature have claimed that depolymerization of cellulose is very
fast, contrary to transglycosylation. At 300°C, glycosidic bonds become very reactive,
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leading to a high yield of condensable species (Collard and Blin, 2014; Scheirs et al., 1998).
In general, cellulose with a low crystallinity index would lead to less levoglucosan and
more furans, whereas cellulose with a high crystallinity index would lead to more

levoglucosan and less furans (Wang et al., 2013).

4.1.5. Fragmentation to form glycolaldehyde

Reaction C5 describes the mechanisms of amorphous cellulose fragmentation
which leads to the formation of glycolaldehyde.

In the present work, glycolaldehyde has been semi-quantified. Results have shown
that glycolaldehyde production increases with temperature, being present from 250°C
and becoming significant from 270-280°C. Glycolaldehyde is produced by pine, ash-wood
and wheat straw (no data available for miscanthus). In parallel, in the solid phase, it has
to be remembered that amorphous cellulose (and also hemicellulose) is conserved until
280°C for pine and ash-wood, whereas it degrades from 260°C for miscanthus, and from
200°C for wheat straw. This could lead to think that the reaction of fragmentation to form
glycolaldehyde takes place from 250°C, although it becomes significant from 270°C.
However, in literature, this reaction has been observed only at 530°C (Shen and Gu, 2009;
Wooten et al., 2004), thus our hypothesis is in disagreement with bibliography.

According to literature, fragmentation of amorphous cellulose to form
glycolaldehyde would be a secondary mechanism, present to a very little extent during

torrefaction interval of temperatures (Shen and Gu, 2009; Wooten et al., 2004).

4.1.6. Fragmentation to form hydroxyacetone

Reaction C6 describes the mechanism of amorphous cellulose fragmentation

which leads to the formation of hydroxyacetone.

In the present work, hydroxyacetone has been quantified. Results have shown
that hydroxyacetone production starts at 250°C, increases with temperature, and
becomes significant from 270°C. Hydroxyacetone is produced by pine, ash-wood and
wheat straw (no data available for miscanthus). Besides, and taking into account the

evolution of amorphous cellulose in the solid phase, our results lead to think that the
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fragmentation of amorphous cellulose to form hydroxyacetone could start at 250°C, then
become significant at 270°C. Like in the case of fragmentation to form glycolaldehyde, in
literature, this reaction has been observed only at 530°C (Shen and Gu, 2009; Wooten et
al., 2004). Hence, our hypothesis is in disagreement with bibliography.

Like in the case of fragmentation to form glycolaldehyde, these bibliographic
works claim that fragmentation of amorphous cellulose to form hydroxyacetone would be
a secondary mechanism, present to a very little extent during torrefaction interval of
temperatures (Shen and Gu, 2009; Wooten et al., 2004).

Finally, our hypothesis proposes that glyceric acid could be formed as a by-product
during this reaction. To our knowledge, no formation of glyceric acid has been reported in

literature during fragmentation of amorphous cellulose to form hydroxyacetone.

4.2. HEMICELLULOSE REACTIVITY

Hemicellulose is proposed to be degraded through twelve mechanisms. In the
present work, the difference in reactivity for C5 and C6 sugars is considered. When the
same reaction takes place from C5 and C6 sugars, it has been reported that C5 sugars
react at a lower temperature, around 20-30°C lower, than C6 sugars (Collard and Blin,
2014). Table 42 shows the reaction mechanisms responsible for the degradation of

hemicellulose sugars.

178



Table 42. Reaction mechanisms of hemicellulose degradation.

No. Name Reactions Phase Range of temperature / Observations
H1 Dehydration of C6 sugars CeH10.505 - CeHs.504 + H20 S>S+G C6 sugars: 150?-270°C?
H2 Dehydration of C5 sugars CsH1006 = CsHgOs + H20 S>S+G C5 sugars: 150?-240°C?
H3 Depolymerization of C6 sugars 2 CeH10505 = 2 CeHsO3 (HMF) + 4 H20 + %2 H2 S->G C6 sugars: 200-350°C?
H4 Depolymerization of C5 sugars 2 CsH1006 = 2 CsH402 (FF) + 6 H20 + 02 S->G C5 sugars: 200-320°C?
H5 Fragmentation of acetyls (-CO-CH3) of C5 sugars CsH1006 = 2 C2H402 (AA) + CH20: (FA) S>G C5 sugars: 200-700°C?
CsH1006 = 2 C2H402 (AA) + CO + H20 S>G
H6 Fragmentation of methoxyls (-O-CH3) of C5 sugars CsH1006 = 2 CH40 (M) + CH20: (FA) S>G Hemicellulose: 200°C-?
CsH1006 = 2 CH40 (M) + CO + H,0 S>G
H7 Fragmentation and formation of formic acid from C6 CeH10.505 = CH20:2 (FA) + CsHs.s03 (Ch) S>S+G Hemicellulose: 220-300°C?
sugars
H8 Fragmentation and formation of formic acid from C5 CsH1006 = CH202 (FA) + CaHg0a4 (Ch) S>S+G Hemicellulose: 220-300°C?
sugars
H9 Fragmentation and formation of glycolaldehyde from CeH10.505 - C2H402 (GA) + C4Hs503 (Ch) S>S+G C6 sugars: 250-270°C?
C6 sugars
H10 Fragmentation and formation of glycolaldehyde from CsH1006 = 2 C2H402 (GA) + CH20: (FA) S>G C5 sugars: 250-320°C?
C5 sugars
CsH1006 = 2 C2H402 (GA) + CO + H20 S=>G
H11 Fragmentation of carboxyls (-COOH) of C5 sugars CsH1006 = CO2 + H20 + C4HgO3 (Ch) S>S+G C5 sugars: 180?-900°C?
H12 Cracking of carbonyls (-CO-) of C6 sugars CeH10.505 = CO + H20 + CsHg.s03 (Ch) S>S+G Hemicellulose: 210?-900°C?
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4.2.1. Dehydration of C6 and C5 sugars

Reactions H1 and H2 consist of dehydration of C6 and C5 sugars of hemicellulose,

respectively, to produce anhydrosugars and water.

In the present work, water formation during torrefaction has not been measured,
thus no experimental data are available. In literature, dehydration of hemicellulose has
been reported to start at 150°C for both C6 and C5 sugars. It would become significant
from 200°C, and continue to take place until 270°C for C6 sugars and 240°C for C5 sugars

(Worasuwannarak et al., 2007).

4.2.2. Depolymerization of C6 and C5 sugars

Reactions H3 and H4 represent the depolymerization of C6 and C5 sugars, which

lead to formation of hydroxymethylfurfural and furfural, respectively, and water.

Water has not been detected in the present work, hydroxymethylfurfural has been
detected and furfural has been semi-quantified in the present work. Experimental results
have shown that hydroxymethylfurfural production increases with temperature from
200°C. This species is formed in torrefaction of pine, ash-wood and wheat straw, but
barely formed during torrefaction of miscanthus — only from 200 to 230°C. Experimental
results have shown that furfural production increases with temperature, and is present
from 200°C, although formation starts to be significant from 250-270°C. Furfural is
formed during torrefaction of pine, ash-wood and wheat straw (no data available for
miscanthus). As there is no peak which purely corresponds to hemicellulose evolution, a
direct relationship with hydroxymethylfurfural and furfural production cannot be
established. However, from results on condensable species production, it could be
derived that reactions H3 and H4 take place from 200°C and are significant from 250°C. In
literature, reaction H3 for C6 sugars is reported to take place between 270 and 350°C,
whereas reaction H4 for C5 sugars is reported to take place between 240 and 320°C (Alén
et al., 1996; Boonstra et al., 2007; Branca et al., 2013). Thus, our hypothesis is quite in

agreement with literature.
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Finally, these reactions also formed by-products. Reaction H3 forms hydrogen,
whereas reaction H4 forms oxygen. Neither of these by-products have been detected in

the present work.

4.2.3. Fragmentation of acetyl groups

Reaction H5 consists of the fragmentation of acetyl groups mainly contained in

xylan of C5 sugars, which produces acetic acid.

Acetic acid production has been quantified in the present work. The quantity of
acetic acid formed increases with temperature, since it is detected from 200°C although
formation starts to be significant from 270°C. Acetic acid is formed during torrefaction of
pine, ash-wood and wheat straw (no data available for miscanthus). In parallel,
degradation of acetyl groups in hemicellulose is measured from 260°C. According to
results on chemical evolution of the solid during torrefaction, acetyl groups in
hemicellulose begin to degrade at 260°C for ash-wood, miscanthus and wheat straw,
whereas for pine they remain quite stable. Moreover, acetyl groups of miscanthus and
wheat straw are completely degraded at 280°C. This could lead to think that reaction H5
takes place from 200°C at a relatively slow kinetics, knowing that from 260°C kinetics
becomes faster. This hypothesis agrees with literature, which assumes the start

temperature of reaction H5 at 200°C (Peng and Wu, 2010; Prins et al., 2006a).

In the present work, two hypotheses are proposed to explain the formation of the
other products of this reaction. In addition of acetic acid formation, this reaction could
form either formic acid (AF), or carbon monoxide plus water. In literature, it has been
reported that acetic acid may be secondary decomposed into carbon monoxide and

dioxide at high temperatures of torrefaction (Peng and Wu, 2010).

4.2.4. Fragmentation of methoxyl groups

Reaction H6 consists of the fragmentation of methoxyl groups mainly contained in

xylan of C5 sugars to form methanol.
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Methanol production has been detected in the present work. Formation of
methanol is present from 200°C for pine, ash-wood, miscanthus and wheat straw. As
there is no peak which purely corresponds to hemicellulose evolution, a direct
relationship with methanol production cannot be established. Methanol production data
may suggest that reaction H6 takes place from 200°C. This is in agreement with literature,
where fragmentation of methoxyl groups in hemicellulose was reported to start at 200°C

(Prins et al., 2006a).

Moreover, two hypotheses are proposed to explain the formation of the other
products of this reaction. Reaction H6 could either form formic acid, or carbon monoxide

plus water.

4.2.5. Fragmentation of side chains to form formic acid

Reactions H7 and H8 consist of fragmentation of side chains to form formic acid

from C6 and C5 sugars, respectively.

Formic acid has been semi-quantified in the present work. Production of formic
acid increases with temperature, is detected from 220°C and starts to be significant from
260-270°C. Moreover, formic acid is produced by pine, ash-wood and wheat straw (no
data available for miscanthus). As usual, there is no peak which purely corresponds to
hemicellulose evolution, a direct relationship with formic acid production cannot be
established. Results for production of formic acid may suggest that reaction H5 takes
place from 220°C at a relatively slow kinetics, and then acquires a faster kinetics from
260°C. This hypothesis is in agreement with literature, where formation of formic acid
from hemicellulose is reported to take place from 230°C (Prins et al., 2006a).

Regarding formation of by-products, both reactions would lead to production of
char. However, chemical formulae of these two chars are different: reaction H7 produces

CsHs 503, whereas reaction H8 produces C4HgOa.
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4.2.6. Fragmentation of C6 and C5 sugars to form glycolaldehyde

Reactions H9 and H10 are fragmentation mechanisms for C6 and C5 sugars,

respectively, to form glycolaldehyde.

Glycolaldehyde has been semi-quantified in the present work. Results have shown
that glycolaldehyde production increases with temperature, being present from 250°C
although significant from 270-280°C. Glycolaldehyde is produced by pine, ash-wood and
wheat straw (no data available for miscanthus). Again, because there is no peak which
purely corresponds to hemicellulose evolution, a direct relationship with glycolaldehyde
production cannot be established. However, with results on production of glycolaldehyde,
it could be derived that reactions H9 and H10 take place from 250°C with a slow kinetics,
then from 270°C with a faster kinetics. This contrasts with literature, where formation of
glycolaldehyde is reported to begin at a lower temperature, around 220°C. Besides,
reactions H9 and H10 have been reported to be secondary mechanisms, present in little
extent within the torrefaction interval of temperatures (Wu et al., 2009).

Fragmentation of C6 sugars would also produce a form of char, whose chemical
formula is C4Hss03. Fragmentation of C5 sugars presents two hypotheses: it might form

either formic acid, or carbon monoxide plus water.

4.2.7. Fragmentation of carboxyl groups in C5 sugars

Reaction H11 describes the fragmentation of carboxyl groups in C5 sugars. This
reaction would form a gaseous phase composed of carbon dioxide and water, as well as a
form of char in the solid phase — whose formula is C4HgOs. As carbon dioxide and water
formation during torrefaction have not been measured in the present work, no
hypothesis could be emitted about this reaction. In literature, fragmentation of carboxyl

groups has been reported to start at 180°C (Yang et al., 2007).

4.2.8. Fragmentation of carbonyl groups in C6 sugars

Reaction H12 presents the fragmentation of carbonyl groups in C6 sugars. This

reaction would produce carbon monoxide and water in the gaseous phase, and a form of
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char in the solid phase — whose formula is CsHgs503. Again, since carbon monoxide and
water formation during torrefaction have not been measured in the present work, no
hypothesis could be emitted about this reaction. Previous works have reported the

beginning of this reaction at 210°C (Yang et al., 2007).

4.3. LIGNIN REACTIVITY

Lignin is proposed to be degraded through twelve mechanisms. Table 43 shows

the reaction mechanisms responsible for the degradation of lignin.
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Table 43. Reaction mechanisms of lignin degradation.

No. Name Reactions Phase Range of temperature /
Observations
L1 Dehydration of alkyl chains in H units CoH1002 (UH) = CoHgO + H20 S>S+G 1807-425°C?
L2 Dehydration of alkyl chains in G units C10H1203 (uG) = Ci10H1002 + H20 S>S+G 1807-425°C?
L3 Dehydration of alkyl chains in S units C11H1404 (uS) = C11H1203 + H20 S>S+G 1807-425°C?
L4 Fragmentation of Cg-C, bonds in H units CoH1002 (UH) = CH20 (Fo) + CgHsO (Ch) S>S+G 180?-900°C?
L5 Fragmentation of Cg-Cy bonds in G units C10H1203 (UG) = CH20 (Fo) + CoH1002 (uH) S>S+G 180?-900°C?
L6 Fragmentation of Cg-C, bonds in S units C11H1404 (uS) > CH20 (Fo) + C10H1203 (uG) S>S+G 180?-900°C?
L7 Fragmentation and formation of eugenol from G units C10H1203 (uG) + CO - C10H1202 (Eu) + CO2 S+G>G 250-300°C?
L8 Fragmentation and formation of eugenol from S units C11H1404 (uS) > Ci10H1202 (Eu) + CH202 (FA) S->G 250-300°C?
L9 Fragmentation and formation of 2-methoxy-4-vinylphenol from G C10H1203 (UG) > CsH1002 (2M4V) + CH20 (Fo) S->G 250-380°C?
units
L10 Fragmentation and formation of 2-methoxy-4-vinylphenol from S C11H1404 (uS) = CoH1002 (2M4V) + 2 CH20 (Fo) S->G 250-380°C?
units
L11 Fragmentation and formation of vanillin from G units C10H1203 (uG) = CsHgOs (V) + CaHa (Et) S>G 200-500°C?
L12 Fragmentation and formation of vanillin from S units C11H1404 (uS) = CsHgO03 (V) + C3HsO (Pr or Ac) S>G 200-500°C?
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4.3.1. Dehydration of alkyl chains

Reactions L1, L2 and L3 describe the dehydration mechanisms of alkyl chains of H,

G and S units in lignin, respectively, which form water.

However, in the present work, the water formation has not been measured. In
literature, the reaction has been reported to take place from 180°C (Jakab et al., 1995;

Monteil-Rivera et al., 2013; Shen et al., 2010).

4.3.2. Fragmentation of Cg-C, bonds

Reactions L4, L5 and L6 consist of the fragmentation of Cg-C, bonds in H, G and S

units, respectively, which give rise to formaldehyde.

In the present work, formaldehyde has not been detected during torrefaction
experiments for any biomass. In literature, these reactions have been reported to be
activated when hydroxyl groups are located on a C, carbon. Then a fragmentation
between Cg and C, carbons would take place, provoking the release of formaldehyde
(Collard and Blin, 2014; Jakab et al., 1995; Liu et al., 2008).

Reactions L4, L5 and L6 would also form solid by-products. Fragmentation on H
units in reaction L4 would form char — whose chemical formula is CsHsO —, fragmentation
on G units in reaction L5 would form H units, and fragmentation on S units in reaction L6

would form G units.

4.3.3. Formation of eugenol

Reactions L7 and L8 involve G and S units, respectively, in the formation of
eugenol.

Eugenol has been quantified in the present work. It has been shown that eugenol
production increases with temperature, present from 250°C although significant from
270°C. Eugenol is produced by pine, ash-wood and wheat straw (no data available for
miscanthus). In parallel, aromatic structures in lignin appear to be stable until 260°C.
From this temperature, their proportion increases, from more to less abundancy, as
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follows: wheat straw, miscanthus, pine and ash-wood. This could lead to think that
reactions L7 and L8 take place from 250°C but are more significant from 260°C. This
contrasts with literature, where formation of eugenol has been reported to begin at
lower temperature, around 200°C (Fenner and Lephardt, 1981; Shen et al., 2010).

Reaction L7 would take place in the presence of carbon monoxide and give rise to
carbon dioxide, for which higher quantities have been measured during torrefaction by
works in literature, such as Nocquet et al. (2014a). Reaction L8 would give rise to formic
acid as by-product, whose formation has been semi-quantified and observed to
significantly increase from 260-270°C.

According to literature, mechanisms of these reactions would be based on the
reactivity of chemical bonds between lignin monomers, such as a-O-4 and B-0O-4, which
are quite unstable and reactive at low temperatures. Concretely, a-0O-4 bond would begin
to react at 200°C, whereas B-0-4 bond would react from 245°C. This could lead to a
reorganization in lignin structure, releasing phenolic molecules with a structure similar to
that of lignin units. This means that released species would contain a propyl or ethyl side
chain (Candelier et al., 2011; Collard and Blin, 2014; Huang et al., 2012; Kibet et al., 2012;
Mu et al., 2013; Shen et al., 2010). This is the case of eugenol, which keeps the phenolic

structure with a propyl chain (see Table 39).

4.3.4. Formation of 2-methoxy-4-vinylphenol

Reactions L9 and L10 involve G and S units, respectively, in the production of 2-

methoxy-4-vinylphenol, also called 4-vinylguaiacol, and formaldehyde.

2-Methoxy-4-vinylphenol has been semi-quantified in the present work. It has
been shown that 2-methoxy-4-vinylphenol production increases with temperature, being
released from 250°C although its formation starts to be significant from 260-270°C. 2-
Methoxy-4-vinylphenol is produced by pine, ash-wood and wheat straw (no data available
for miscanthus). In parallel, aromatics in lignin appear to be stable until 260°C, then their
proportion rises, from more to less abundancy, as follows: wheat straw, miscanthus, pine
and ash-wood. This could mean that reactions L9 and L10 take place from 250°C with

relatively slow kinetics then from 260°C with faster kinetics. To our knowledge, no
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temperature intervals have been reported in literature for the mechanisms of production

of 2-methoxy-4-vinylphenol.

Both reactions involved in the production of 2-methoxy-4-vinylphenol would take
place for the same reasons as reaction L7 and L8 involved in the formation of eugenal,
since 2-methoxy-4-vinylphenol keeps the phenolic structure with an ethyl chain (see
Table 39) (Candelier et al., 2011; Collard and Blin, 2014; Huang et al., 2012; Kibet et al.,
2012; Mu et al., 2013; Shen et al., 2010).

4.3.5. Formation of vanillin

Reactions L11 and L12 involve G and S units, respectively, in the formation of

vanillin.

Vanillin has been semi-quantified in the present work. Experimental results have
shown that vanillin production increases with temperature, as this species is detected
from 200°C although its formation starts to be significant from 250-270°C. Vanillin is
present in torrefaction of pine, ash-wood and wheat straw (no data available for
miscanthus). In parallel, as already mentioned, aromatics in lignin appear to be stable
until 260°C, then their proportion rises, from more to less abundancy, as follows: wheat
straw, miscanthus, pine and ash-wood. This could mean that reaction L11 and L12 take
place from 200°C with slower kinetics, then from 250°C with faster kinetics. This
hypothesis differs from literature (Candelier et al., 2011), where reaction is reported to

take place only from 300°C.

Regarding formation of by-products, reaction L11 would produce ethylene, while
reaction 12 would produce propanal or acetone. Neither ethylene nor acetone has been

detected in the present work.

Reactions which form vanillin might take place at approximately the same
temperature as reactions which form 2-methoxy-4-vinylphenol and eugenol, since both
condensable species keep the phenolic structure. Vanillin keeps a one-carbon side chain
(see Table 39), while 2-methoxy-4-vinylphenol keeps a two-carbon side chain, and

eugenol keeps a three-carbon chain.
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5. CONCLUSION
The conceptual model proposed has been elaborated using in a complementary
way both the original experimental results of the present work and literature. The main

innovations of our model compared with the existing ones lie in:

e The detailed approach of hemicellulose and lignin compositions, which
enables to predict the differences of behavior observed among the different

types of biomass;
e The elemental balance of reactions with stoichiometric coefficients;

e The chemical meaning of the mechanisms proposed.
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CHAPTER VI: CONCLUSIONS AND PERSPECTIVES
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The general objective of this work was to contribute to better understand the
chemical evolution of the solid and gaseous phases produced during biomass
torrefaction. In order to attain this general objective, three specific objectives were

considered:

e Identify and quantify chemical evolution of functional groups in the solid
phase during biomass torrefaction, versus temperature and versus biomass

species;

e Identify and quantify production of condensable species formed in the
gaseous phase during biomass torrefaction, versus temperature and versus

biomass species;

e Elucidate the reaction pathway which leads from reactants to products during

biomass torrefaction.

Torrefaction experiments were carried out with a dynamic profile of temperatures
(heating rate of 5°C/min), between 200 and 300°C and under inert atmosphere. Four
different biomasses were torrefied: pine, ash-wood, miscanthus and wheat straw. The
TGA-GC-MS coupled to the loops storage was employed to analyze the mass loss of the
solid phase and the production of condensable species in the gaseous phase during
biomass torrefaction; the 3C CP/MAS solid-state NMR was employed to characterize the
chemical evolution of functional groups in the solid phase. Torrefaction reaction
mechanisms were elucidated on the basis of the original 13C CP/MAS solid-state NMR and
TGA-GC-MS data obtained, as well as on the existing literature.

The characterization of the solid phase carried out on raw and torrefied biomass
at different temperatures through 3C CP/MAS solid-state NMR enabled to get
information about the chemical structure of the solid, i.e. functional groups such as
aromatics and methoxyl groups in lignin, or acetyl groups in hemicellulose. It was mainly

found:

e A significant difference between spectra profiles of woody and non-woody

biomasses, related to their lignin content;

193



A decrystallization of crystalline fraction of cellulose from 200-280°C — this
temperature depends on the type of biomass — with no further

recrystallization, in disagreement with some literature;

Hemicellulose is the most degraded constituent during the whole torrefaction
interval of temperatures, while cellulose turns out to be rapidly degraded at

high temperatures, and lignin is degraded to a less extent during torrefaction;

Charring is the predominant mechanism of solid conversion at high
temperatures: char initially comes from lignin degradation, then also from

polysaccharides;

Methoxyl groups in lignin appear to remain unaffected by torrefaction, and

there is no enrichment in this group, in disagreement with some literature;

Acetyl groups in hemicellulose are, at 280°C, completely degraded for non-
woody biomasses and almost completely degraded for ash-wood, whereas

acetyl groups of pine are conserved throughout torrefaction;

In view of the experimental results, the three parameters which would mainly
affect solid chemical evolution are: the lignin content in biomass, the cellulose

crystallinity index and the xylan content in hemicellulose.

The analysis of the condensable species in the gaseous phase produced at

different temperatures through GC-MS coupled with TGA has shown that:

The formation of the major condensable species observed has been reported
in literature, only the formation of some minor species, e.g. 3-butanedione

and 2(5H)-furanone-5-methyl-, has not been reported before;

One can find formation of condensable species within the whole range of

torrefaction temperatures explored;

Around a half of condensable species are produced within the whole range of
torrefaction temperatures, around a fourth are produced within the first half
of this range, and around a fourth within the second half;

Around a third of condensable species are produced from all types of biomass;
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A little amount of extractive species were measured only during torrefaction

of pine (softwood);

For the majority of condensable species, trends of formation versus
temperature appear to be different among biomasses, in agreement with
results found on solid characterization and thus probably also due to

difference in compositions of hemicellulose and lignin among biomasses;

In view of the experimental results, the three parameters which would mainly
affect the formation of condensable species are: the proportion and

composition of lignin in biomass, and the proportion of xylan in hemicellulose.

In literature, only three kinetic models predict the formation of specific gaseous

species linked to solid decomposition during biomass torrefaction. The conceptual model

proposed in the present work will be the fourth one, and includes several innovative

aspects in comparison to existing models:

The

studies are:

Proposes reaction mechanisms based on a detailed approach of reactants,
which are: cellulose (crystalline and amorphous), C5 and C6 sugars of
hemicellulose, and H, G and S units of lignin. This approach would enable to

predict the differences of behavior among different types of biomass;

Considers the formation of twenty-six species: twenty-one are gaseous
species — sixteen are condensable species and five are non-condensable

species —, and five are forms of solid char;
Reactions proposed have chemical meaning;

Presents reactions which satisfy the elemental balances in C, H and O.

main perspectives on experimentation that arise from this work for future

Development of experimental procedures in order to increase the amount of

condensable species detected and improve the quantification methods;
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are:

Analysis of condensable species produced during torrefaction of cellulose,
hemicellulose and lignin extracted from biomass, and torrefaction of mixtures

of the three extracted constituents;

Characterization of the chemical evolution of the solid during torrefaction of
cellulose, hemicellulose and lignin extracted from biomass, and torrefaction of

mixtures of the three extracted constituents;

Comparison of the previous experiments on analysis of condensable species
and characterization of the solid phase with results obtained during
torrefaction of raw biomass to investigate the potential interactions among

constituents.

The main perspectives on modelling that arise from this work for future studies

Detail the approach of solid reactants to the level of composition in functional
groups: the type and proportion of functional groups are a function of type of
biomass, thus this even more detail approach would improve the prediction of

the behavior of different biomass species;

Elaborate a numeric model based on the conceptual model: our model
already has chemical coherence, thus the next step would be to add

mathematical coherence;
Elucidate reaction mechanisms for other condensable species;

Elucidate intermediate mechanisms between reactants and products of each

reaction in order to better understand the pathway of reaction;

Consider interactions among biomass constituents in the model, insofar as

they are proved to exist with experimental results;

Consider not only kinetic aspects, but also thermodynamic aspects, like the

enthalpy and the Gibbs free energy of formation;

Elucidate the kinetic laws, during both dynamic and isothermal torrefaction.
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