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Introduction

Il existe actuellement de nombreuses preuves des impacts humains sur le climat et la
communauté scientifique semble s'accorder sur la nécessité d'une réponse urgente. Dans ce
contexte, la biomasse fait 'objet d'une attention accrue en tant que ressource renouvelable.
L'utilisation de carburants issus de la biomasse (biocarburants) est en effet une réponse
technologique prometteuse pour atténuer les émissions nettes de CO; et réduire la dépendance
vis-a-vis des matieres premieres fossiles. Un autre secteur qui présente un grand potentiel
d'utilisation de la biomasse est celui des produits chimiques biosourcés, car les molécules
extraites ou dérivées de labiomasse peuvent servir de plateformes pour de tres nombreuses voies
de valorisation.

Par rapport a la premiére génération, les biocarburants et les produits chimiques de deuxiéme
génération - issus de la biomasse lignocellulosique - présentent l'avantage supplémentaire
d'avoir une empreinte plus faible sur l'eau et la terre, et une concurrence directe moindre avec la
production alimentaire. Cette derniére est associée au fait que les matieres premieres utilisées
par cette technologie sont des parties non comestibles des plantes. Malgré ses nombreux
avantages, la biomasse lignocellulosique présente un inconvénient majeur pour son utilisation
industrielle : elle est extrémement récalcitrante au fractionnement. Deux approches sont
traditionnellement utilisées pour permettre sa valorisation : la voie thermochimique - basée sur
des catalyseurs thermiques et métalliques - et la voie biochimique - impliquant des enzymes et
des microorganismes, et a laquelle ce travail est consacré.

Dans la voie biochimique, le prétraitement est une étape clé pour résoudre I'écueil de la structure
récalcitrante de la biomasse lignocellulosique, car il favorise 1'accessibilité des polysaccharides a
I'hydrolyse enzymatique. Parmi les méthodes de prétraitement disponibles, I'explosion a la
vapeur est la plus employée et la plus efficiente d’'un point de vue technico-économique. Elle
comprend deux étapes, une cuisson acide et une étape de décompression explosive. Les
changements subis par la biomasse au cours de la cuisson acide se produisent a de multiples
échelles et ont un impact important sur l'efficacité de 1'étape d'explosion. En outre, ces
modifications déterminent la rentabilité de I'ensemble de la chaine de production. Tout d'abord,
parce que le prétraitement affecte de maniére critique les rendements globaux de conversion.
Deuxiemement, parce que le prétraitement lui-méme est un processus coliteux et gourmand en
énergie. L'optimisation de cette étape est donc cruciale.

En raison de la complexité de la biomasse lignocellulosique - et, en particulier, du bois - cette
question ne peut étre abordée d'un seul point de vue. En effet, les propriétés a différentes échelles
s'influencent mutuellement et les propriétés macroscopiques peuvent avoir un impact aussi
important que les propriétés chimiques sur le choix des conditions opératoires. Par ailleurs, bien
qu'elles soient riches en informations sur les mécanismes de dégradation de la biomasse au cours
du procédé, les analyses chimiques sont longues et impliquent des tests destructifs. Par
conséquent, la possibilité d'effectuer d’autres mesures en continu est évidemment séduisante,
permettant de réduire considérablement le nombre de tests requis.
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Ce projet de doctorat a proposé une approche multi-échelle pour observer et comprendre les
modifications subies par la biomasse lors de la cuisson acide. A cette fin, la combinaison de trois
disciplines - mécanique, chimie et imagerie - peut aider a développer des outils de conception
pour les systémes industriels. Le but ultime était de fournir des indicateurs mécaniques
macroscopiques de la cinétique de traitement permettant de faire émerger des regles pour
optimiser le temps de séjour et la température de traitement lors de la cuisson acide.

Tout d'abord, d'un point de vue chimique, une approche analytique classique a permis de
quantifier les réactions concomitantes d'hydrolyse et de dégradation des composants de la
biomasse. La biomasse pouvant se comporter tres différemment selon l'interaction entre ses
différents composants et selon son organisation anatomique, la caractérisation par imagerie a
également été nécessaire. En outre, d'un point de vue macroscopique, 1'évaluation continue des
propriétés mécaniques de la biomasse a pu fournir des informations sur l'effet de la sévérité du
traitement (temps de séjour, température, pH). Enfin, le développement d'un modele prédictif
permet d’envisager I'application des indicateurs de la déconstruction de la biomasse, identifiés a
partir de l'ensemble des données expérimentales, pour accompagner la conception ou
I'optimisation des systemes industriels.

Revue bibliographique

Alors qu'une grande partie de la littérature s'est consacrée aux modifications chimiques de la
biomasse soumise a la cuisson acide, moins d'attention a été accordée aux modifications aux
échelles pariétale, cellulaire et macroscopique.

D'un point de vue moléculaire, le principal phénomeéne impliqué lors de la cuisson acide est une
hydrolyse partielle qui libere des mono- et oligosaccharides. Aux échelles pariétale et cellulaire,
cette dégradation entraine des changements de la structure anatomique de la biomasse. Puisque
la structure de la biomasse a un role essentiel sur la performance de 'étape d’explosion et sur
'accessibilité des glucides pariétaux aux enzymes, la compréhension des changements auxquels
elle est soumise pendant le prétraitement est particuliérement critique. Pour adresser cette
question, la combinaison de différentes techniques d'imagerie peut étre une approche
intéressante.

L’évolution des propriétés macroscopiques lors de l'explosion a la vapeur est un sujet
particulierement peu exploré. Pourtant, quelques études ont démontré que les caractéristiques
rhéologiques du bois ont une trés bonne capacité a révéler les phénomenes chimiques ayant lieu
au cours de la cuisson acide. Par ailleurs, a notre connaissance, aucune étude sur le retrait de la
biomasse soumise a ce type de procédé n'a été réalisée. Lorsqu’il est mesuré lors d’'une pyrolyse,
le retrait du bois s'est avéré étre un bon indicateur de la sévérité du traitement et représente donc
une piste intéressante a explorer. On pourrait supposer que le méme effet serait observé dans le
cas d'un traitement hydrothermique. En effet, la réduction de I'hygroscopicité du bois observée
aprés le prétraitement, ainsi que la perte de masse due a la dégradation chimique et des
changements au niveau de l'ultrastructure du bois sont des facteurs qui modifient les dimensions
du bois.

La rareté d’études concernant les changements macroscopiques (retrait et propriétés
rhéologiques) subis par la biomasse au cours de la cuisson acide est certainement due a la
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complexité de ce type de mesures en conditions séveres (température élevée et vapeur saturée),
telles que ce type de traitement impose. Des recherches précédemment menées au sein du
Laboratoire de Génie des Procédés et Matériaux porterent sur le développement d’outils
permettant de surmonter ce défi. Grace a ces travaux, un dispositif de suivi rhéologique a été mis
en place, pouvant travailler en vapeur saturante jusqu’a 190 °C, tout en assurant des mesures
mécaniques trés précises. La possibilité d’extraire des paramétres utiles a la conception ou a
I'optimisation d’installations industrielles mérite une recherche approfondie.

Principaux résultats et conclusions

D’un point de vue chimique, les mécanismes déduits des résultats obtenus étaient conformes a
ceux généralement décrits dans la littérature. L'autoprotolyse de I'eau forme des ions hydronium
qui agissent comme catalyseurs pour une série de réactions d'hydrolyse, auxquelles les
hémicelluloses se sont montrées particulierement sensibles. Par ailleurs, I'hydrolyse des
groupements acétyle a entrainé la production d'acide acétique - également observable par une
diminution du pH du liquide de traitement. L'évolution de la dégradation de la biomasse a pu étre
suivie principalement par une augmentation de la quantité d'oligosaccharides dissous et, en outre,
par leur conversion en monosaccharides. L'hydrolyse de la biomasse et, par conséquent, la
solubilisation de ses composants dans la phase liquide ont entrainé une perte de masse de la
fraction solide. La biomasse solide résiduelle a également été altérée. Des mesures de sorption ont
révélé que l'hygroscopicité de la biomasse diminue avec l'augmentation de la sévérité du
traitement, ce qui a été attribué a la perte de groupements hydroxyle, des groupements acétyles
ou de monomeres osidiques entiers.

L’hydrolyse des hémicelluloses a également pu étre constatée par microscopie confocale Raman,
qui a aussi révélé une migration de la lignine au sein de la paroi cellulaire. Ces changements ont
ensuite pu étre liés aux changements ultra-structuraux identifiés par nano-tomographie a rayons
X et par microscopie électronique a balayage. L'analyse de ces images 3D a permis de mettre en
évidence un amincissement des parois cellulaires des échantillons traités, cohérent avec la perte
de masse produite par les réactions d'hydrolyse. Cette altération pariétale s'exprime au niveau
macroscopique par un retrait du bois et indique également un affaiblissement des parois propice
a l'efficacité de la décompression explosive qui suit la cuisson acide. Dans le cas de traitements
plus séveres, une rupture et un détachement des cellules adjacentes ont également été observés.

Ces résultats ont confirmé la pertinence d'une approche multi-échelle pour 1'étude du
prétraitement de la biomasse lignocellulosique. Cependant, bien que riches en informations, les
résultats obtenus par imagerie restent plutot qualitatifs et ont été acquis de maniere discontinue.
Afin de trouver un indicateur macroscopique de la déconstruction de la biomasse, il était
important de repérer des indicateurs quantitatifs. De plus, I'aspect continu de cet indicateur était
un élément crucial, car il comble une information lacunaire des analyses chimiques classiques : la
cinétique de la réaction.

D’un point de vue macroscopique, trois propriétés ont été suivies : la rigidité, la relaxation des
contraintes et le retrait.

Trois principaux phénomenes ont pu étre distingués grace a 1'évolution concomitante de la
rigidité et de la relaxation : I'activation thermique du comportement viscoélastique, le clivage des
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liaisons moléculaires et la re-condensation. Au début de la phase de chauffage, alors que la
température reste assez basse, seule l'activation thermique viscoélasticité se produit. Nos
résultats montrent que, ensuite, a partir d'une température relativement basse (60 °C), une
dégradation chimique concomitante commence a étre observée. Cet effet, probablement di a
I'hydrolyse des hémicelluloses, a été observé grace aux tests de relaxation des contraintes. A ce
stade, le comportement monotone des tests de rigidité empéche de distinguer les deux
phénomeénes.

Une fois le plateau de température atteint, on constate principalement deux phénomeénes : des
réactions de clivage et de re-condensation. La prédominance de I'un ou de l'autre dépend de la
sévérité du traitement. Les réactions de clivage se sont révélées prédominantes au début du
plateau quelle que soit la température du traitement, ce qui a été attribué a 1'hydrolyse de
I'hémicellulose et au clivage des liaisons (3-0-4 des lignines. Une sévérité modérée - qu'il s'agisse
de longues durées de traitement pour des températures de 150 et 160 °C ou de durées plus
courtes pour une température plus élevée (180 °C) - a favorisé les réactions de condensation de
lalignine. La condition la plus sévere testée (long temps de séjour a 180 °C) a favorisé de nouvelles
réactions de clivage, qui sont probablement liées a la réduction du dégrée de polymérisation de la
cellulose. La saturation préalable de la biomasse lignocellulosique par une solution aqueuse acide
semble également favoriser 1'hydrolyse, tandis que l'utilisation d'un liquide alcalin semble
provoquer l'extraction des lignines et des hémicelluloses a basse température mais limite les
altérations ultérieures pendant le plateau de température. Contrairement a la phase de chauffage,
les différents phénoménes se produisant pendant le plateau de température n'ont pu étre mis en
évidence que grace alarigidité, qui présente un comportement non monotone lors de cette phase.

Ces deux propriétés mécaniques se sont donc révélées complémentaires et ont fourni des
indications précieuses sur les mécanismes chimiques impliqués dans la cuisson acide.

Le méme dispositif utilisé pour mesurer les propriétés rhéologiques a servi au suivi de I'évolution
de la taille de I'échantillon pendant le traitement.

Au cours des essais préliminaires, deux phénomenes (hydro)mécaniques se sont avérées avoir un
impact sur les dimensions des échantillons et ont dii étre pris en compte lors de I'élaboration de
la méthodologie et du traitement de données : 1a récupération hygrothermique des contraintes de
croissance de la paroi cellulaire et la modification du point de saturation des fibres.

Le retrait a augmenté de fagon monotone avec l'augmentation de la température et du temps de
séjour. Les résultats obtenus ont été utilisés pour alimenter un modéle d'énergie d'activation
distribuée (Distributed Activation Energy Model, DAEM), dont les parametres ont été identifiés en
utilisant simultanément les données de tous les tests. La capacité du modele DAEM ainsi alimenté
a prédire les propriétés chimiques de la biomasse (mesurées par des analyses chimiques
classiques) en fonction de la température de traitement et du temps de séjour a été évaluée. Le
degré de conversion, tel que calculé par le modéle DEAM et ajusté a partir de la mesure du retrait
in situ, s'est révélé étre un indicateur synthétique des altérations chimiques. Cet excellent résultat
a ensuite servi a l'ajustement d'expressions simples pour relier les mesures physiques et
chimiques au modéle identifié. Le retrait ressort donc comme un bon indicateur de la dégradation
chimique de la biomasse pendant la cuisson acide. Il peut étre considéré comme un outil précieux
pour choisir les conditions optimales de cuisson acide.
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Dans une optique plus large, ces résultats peuvent aider a comprendre les effets du traitement
hydrothermique sur les étapes ultérieures de la chaine de production du biocarburant. Ils
apportent des informations précieuses pour une meilleure modélisation, simulation et
optimisation de l'explosion vapeur. Enfin, en ce qui concerne l'hydrolyse enzymatique, les
modifications structurelles de la biomasse sont susceptibles d'améliorer 1'accessibilité de la
cellulose aux enzymes. La rupture de certaines cellules et le détachement entre cellules voisines
augmentent la surface exposée, tandis que la dépolymérisation des hémicelluloses et la
délocalisation de la lignine modifient I'accessibilité de la cellulose.

Perspectives

De ce travail émergent une variété de perspectives et de pistes pour la recherche et les
applications futures. Elles peuvent étre résumées comme suit :

e Les modifications chimiques des lignines, en particulier la re-condensation, ont fait 'objet
de nombreuses discussions dans le cadre de ce projet. Une étude complémentaire de ces
changements a l'aide de méthodes de chimie analytique pourrait alors grandement
enrichir ce travail. Elle permettrait a la fois de mieux comprendre les modifications
auxquelles sont soumises les lignines, comme la condensation, et d'identifier les molécules
d'intérét solubilisées dans la phase liquide.

e Le modele DAEM développé au cours de cette étude pourrait étre validé avec d'autres
types de biomasses lignocellulosiques. Il serait également intéressant d'inclure la
concentration en acide comme parametre dans le modele.

e La spectroscopie confocale Raman a prouvé son intérét pour 1'étude concomitante des
changements chimiques et anatomiques de la biomasse. Cependant, de nombreux défis
ont été rencontrés au cours de cette étude, ce qui a limité les analyses a des températures
de traitement douces. Il reste donc beaucoup de travail a fournir pour surmonter les
limitations imposées par la fluorescence. L'exploration d'autres techniques de topochimie
pourrait étre une réponse aux problemes rencontrés. L'une des options consiste a tirer
parti de cette caractéristique plutét que d'essayer de la surmonter, car certaines études
ont démontré que la fluorescence est liée aux types de liaisons présentes dans la structure
des lignines.

e La phase de décompression explosive qui suit la cuisson acide est une étape importante
dans le processus d'explosion vapeur. Cette phase, qui bénéficie de 'expansion brutale de
la phase gazeuse et de vaporisation de l'eau liquide contenue dans les pores de la
biomasse, est responsable de la fragmentation des particules et, par conséquent, de
'accessibilité de la paroi cellulaire a une attaque enzymatique ultérieure. Il serait donc
intéressant d'améliorer la prédiction de TransPore - un modele de calcul complet
simulant les transferts de chaleur et de masse dans un milieu poreux - pour la
fragmentation de la biomasse pendant1'explosion, en prenant en compte l'effet de la forme
représentative des cellules et de I'épaisseur moyenne de la paroi cellulaire sur le module
de rupture. Le présent travail fournit des informations précieuses sur la maniére dont ces
deux caractéristiques changent pendant la cuisson acide. La réduction de 1'épaisseur de la
paroi cellulaire a été démontrée avec succes par nano-tomographie a rayons X et
quantifiée par analyse d'images. La méme technique a illustré les changements de forme
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des cellules, entrafnant une réduction de la circularité moyenne de celle-ci. En outre, le
modeéle DAEM identifié a pu prédire les changements chimiques subis par la biomasse
pour différentes températures et durées de traitement. Ces résultats pourraient alors étre
combinés dans une nouvelle étude qui comprenant également I'étape d'explosion.

Plus globalement, et en termes d'applications futures, nos résultats montrent deux
approches antagonistes. La biomasse prétraitée peut étre utilisée soit dans des processus
de fermentation - auquel cas une dégradation minimale des monosaccharides qui la
composent est nécessaire - soit dans I'obtention de molécules plateforme résultant de la
dégradation des sucres. La premiére approche nécessite de traitements plus doux, tandis
que la seconde implique une augmentation de la sévérité du traitement.

Si appliquées aux processus de fermentation, ces études devraient étre analysées sous
I'angle de I'hydrolyse enzymatique. Il s’agit, en effet, du seul moyen permettant de valider
les éventuels résultats d'optimisation du prétraitement.

Enfin, les aspects économiques et environnementaux de ce procédé devraient étre pris en
compte lors de son optimisation afin de trouver le juste équilibre entre I'augmentation de
I'efficacité et la consommation énergétique du prétraitement. Cela permettrait également
de valider les intéréts de cette technologie en tant qu'alternative aux combustibles et aux
produits chimiques issus des ressources fossiles.
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General Introduction
General Introduction

There is currently much evidence of the human impacts on climate and the scientific community
seems to agree on the need of an urgent response. In this context, biomass has gained increased
attention as a renewable resource. The use of biomass-based fuels (biofuels) is indeed a very
promising technological response towards mitigating the CO; emissions and reducing the
dependency on fossil feedstocks. Another sector with great potential for biomass utilization is that
of organic chemicals, as the building blocks extracted or derived from biomass serve as monomers
or platform molecules with countless options of production pathways and final products.

In comparison with the first generation, second-generation biofuels and bio-based chemicals offer
the additional advantages of having a lower water and land footprints and a lower direct
competition with food production. The latter is associated to the fact that the feedstocks used by
this technology (lignocellulosic biomass) may be inedible part of plants. Despite its numerous
advantages, lignocellulosic biomass presents a major drawback for its industrial utilization: it is
extremely recalcitrant to fractionation. Two approaches are traditionally used to enable
lignocellulosic biomass valorization: the thermochemical pathway - based on heat and metal
catalysts - and the biochemical pathway - involving enzymes and microorganisms, and to which
this work is devoted.

In the biochemical pathway, pretreatment is a key step in overcoming the recalcitrant structure
of lignocellulosic biomass, as it promotes the accessibility of polysaccharides to enzymatic
hydrolysis. Among the available pretreatment methods, steam explosion is the most employed
and cost-effective. It consists of two steps, a hydrothermal treatment and an explosion step. The
changes suffered by biomass during hydrothermal treatment take place at multiple scales and
have a great impact on the explosion step efficiency. Furthermore, these modifications dictate the
profitability of the entire production chain. Firstly, because pretreatment critically affects the
overall conversion yields. Secondly because pretreatment itself is an expensive and energy-
demanding process. Optimizing this step is therefore crucial.

Due to the complexity of lignocellulosic biomass - and, particularly, wood - this question cannot
be addressed from a single point of view. Indeed, the properties at different scales influence one
another and macroscopic properties can have as important an impact as chemical ones on the
choice of a pretreatment method and its conditions. Additionally, although rich in information
about the mechanisms of biomass degradation during the process, chemical analyses are time-
consuming and involve destructive tests. Therefore, the possibility of carrying out continuous
measurements is certainly attractive, greatly reducing the number of tests required.

This doctoral project proposes a multiscale approach to observe and understand the
modifications suffered by biomass during hydrothermal treatment. Within this aim, the
combination of three disciplines—mechanics, chemistry and imaging—can help developing tools
to the design of industrial systems. The ultimate goal is to provide macroscopic mechanical
indicators of the treatment kinetics likely to give rules to optimize the residence time and
treatment temperature during hydrothermal treatment.
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First, from a chemical perspective, classical wet chemistry analyses allow the quantification of
concomitant hydrolysis and degradation of biomass. As biomass can behave very differently
depending on the interaction of its different components and on the morphological organization,
imaging characterization is also necessary. Finally, from a macroscopic point of view, the
continuous assessment of biomass mechanical properties can provide insight on the effect of
residence time. Additionally, the development of a predictive model, which is always desired and
sought, can reinforce their value as an indicator of biomass deconstruction.

Manuscript outline

The overall objective of this research was achieved in the various phases of this work, presented
as distinct chapters.

Chapter I provides the necessary and useful notions for understanding the study. In a first stage,
these notions are mainly related to the use of lignocellulosic biomass as a feedstock for the
production of biofuels and bio-based chemicals: the interests and challenges involved, the
productions pathways and the characteristics of this material influencing its suitability with
processes. A second part focusses on the hydrothermal treatment and the changes it causes on
biomass.

Chapter II covers the description of the methodology developed throughout this work, from
sampling to imaging techniques and the mechanical tests. All the actions taken during
methodology development aimed at improving the quality and reliability of the results and
include some preliminary results.

Chapter III corresponds to the experimental study of the influence of hydrothermal treatment on
the anatomical and topochemical properties of biomass. These features were evaluated using
imaging techniques, namely: confocal Raman microscopy, X-ray nano-tomography and electronic
microscopy. The influence of the location of different components through the cell wall on the
chemical changes undergone by biomass is discussed. Anatomical parameters such as cell wall
thickness and cell circularity are also evaluated and their potential as indicators of the treatment
severity is highlighted.

In the search of a good macroscopic indicator of biomass deconstruction, Chapter IV explores two
mechanical properties of wood: the apparent modulus of elasticity and the viscoelastic relaxation.
Through these means, different treatment conditions are compared (temperature and acidity).
Their capacity of reflecting different phenomena taking place during hydrothermal pretreatment
is demonstrated and their relevance as macroscopic indicators is discussed.

Chapter V looks at the changes suffered by biomass during hydrothermal treatment from both
chemical and dimensional perspectives. From continuous shrinkage measurement, a Distributed
Activation Energy Model (DAEM) is identified and its ability to predict biomass chemical
degradation is highlighted.

A general conclusion, as well as suggestions for future work and possible applications of the
innovative outcomes of this work to the design or optimization of industrial plants conclude this
manuscript.
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Lignocellulosic biomass as a feedstock for biofuels and bio-based chemicals

A. Lignocellulosic biomass as a feedstock for biofuels
and bio-based chemicals

1. General context

Global warming is one of the contemporary society’s primary concerns. There is currently much
scientific evidence of the human impacts on climate and of the need of an urgent response. In its
most recent report [1], the Intergovernmental Panel on Climate Change (IPCC) highlighted the
importance of keeping warming within 1.5 °C above pre-industrial levels (data relative to 1850-
1900). This value was stablished in order to limit several impacts concerning human welfare,
water supply, biodiversity and so on. To do so, unprecedent efforts are required. They estimate
that current net CO, emissions should decrease by 45 % until 2030 and should reach net zero by
2050 (Figure 1).
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Figure 1. Human-induced global warming. The blue curb shows the current level (ca. 1 °C) and the green curb
shows the pathway to limiting global warming to 1.5 °C. It requires immediate reductions of greenhouse gas
emissions, reaching a net zero by 2050 [1].

As the world’s primary energy source, fossil fuels are a central issue, representing approximately
82 % of the net greenhouse gas (GHG) emissions in the world [2]. In addition to the environmental
impact, the fluctuation of crude oil prices and fuel policy changes also encourage the switch from
a fossil fuel based economy to a carbon-neutral bio-economy [3,4].

In the search for sustainable alternatives, biomass has gained increased attention. Beyond heat
and power generation, two sectors could particularly benefit from the advantages of this type of
feedstock: transportation and chemicals.

The transport sector was responsible for 25 % of the European GHG emissions in 2017 [5], with
92 % of its final energy demand consisting of oil products [1]. Most of the advances towards
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renewables in this sector still rely on public policies. In its revised Renewable Energy Directive
for 2020-2030, the European Union (EU) has set that renewable energy must account for at least
14 % of the energy consumed by road and rail transport by 2030 and that second generation (2G)
biofuels should represent at least 3.5 % of the total. Concerned with the possible land-use change
impacts and food security, EU also stablished a maximum of 7 % first generation (1G) biofuels [6].

Even though there is an agreement about the importance of biofuels in limiting the global warming
to 1.5 °C, they seem to be a rather temporary solution. In the long term, some countries are
favoring electric vehicles over internal combustion engine vehicles, the main reason probably
being the land limitation in order to respond to such a large market. Of course, some exceptions
exist, such is the case of Brazilian ethanol and the aviation market [1,6].

Another sector that represents great potential for biomass is that of organic chemicals, which has
been historically constructed around fossil resources. Indeed, while there is a large variety of
renewable energy sources (wind, solar, hydroelectricity), the production of bio-based materials
and chemicals largely depends on biomass [7]. Today, around 92 % of organic chemical products
come from petroleum, not to mention the fossil fuels needed for providing the large amount of
heat and power needed by this industry [8]. The building blocks contained in biomass could be an
answer for a more sustainable chemical sector, with countless options of production pathways

and final products [9] (Figure 2).
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Carbohydrates
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Phenolics

Figure 2. Examples of platform molecules obtained from biomass. GA: glucosamine; NAGA: N-acetyl-D-
glucosamine. Adapted from [10].

Even though mitigating the CO; emissions and reducing the dependency on fossil feedstocks might
seem a good argument for the use of renewable feedstocks, converting the fossil-based into a bio-
based chemical industry requires other driving forces. As an example, it could be said that there
is a market potential for bio-based products to respond to the increasing demand from consumers
and that biomass opens up the possibility of creating a whole new product portfolio, instead of
just finding equivalents to the fossil-based ones [11].

However, competing with petroleum-based products is not easy since a lot of effort has been put
in the past century to optimize their production. In order to meet the demand of the consumers,
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cost effective technologies must be developed for eliminating the bottlenecks of biomass
valorization.

2. The specifics of lignocellulosic biomass

The upcoming importance of lignocellulosic biomass as a renewable resource is obvious. As is the
case of the first-generation (1G, based on sugar or starch crops), the second-generation (2G)
biofuels and biochemicals can offer a mitigation of CO, emissions and improve domestic energy
security. Furthermore, 2G products present additional advantages, namely a lower water and land
footprints, and a lack of direct competition with food production [12]. The latter is associated to
the fact that the feedstocks used by this technology (lignocellulosic biomass) are inedible. As for
their sources, they can be either specifically grown for a biorefinery purpose or come from
forestry, agricultural and agro-industrial residues [9].

Despite its numerous advantages, the application of lignocellulosic biomass to produce biofuels
and biochemicals also presents some challenges. The major part of them originate from its
recalcitrance. Indeed, plants have gone through millions of years of evolution to resist to biological
and chemical attacks, as well as to have mechanical resistance. Overcoming those obstacles
requires reducing the complexity of lignocellulosic structure (CHAPTER I.B). Traditionally, two
approaches can be used: the biochemical pathway - involving enzymes and microorganisms - or
the thermochemical pathway - that uses heat and metal catalysts. Whether one is preferable to
the other has been subject to considerable discussions. The answer to this question depends on
many factors, such as the feedstock and the desired final product, and should consider
socioeconomical and environmental aspects [13,14]. Both of them have their advantages. The
biochemical conversion is often viewed as highly selective, while the thermochemical one is more
robust and more adaptable to a wide range of feedstocks [14]. The research questions in this study
focused on the biochemical pathway, which is going to be detailed in the following section. For the
sake of simplicity and because it is the most common product of this conversion method, ethanol
is often going to be explored as molecule of interest.

3. The biochemical pathway

The biochemical production of ethanol is not an innovation made by modern biotechnology.
Humankind has actually been using alcoholic fermentation in its daily life for atleast 300 centuries
[15]. The alcoholic fermentation consists on the conversion of hexoses (C6 sugars) into ethanol
by the metabolism of microorganisms according to the following equation [16]:

C6H1206 ->2 CH3CH20H +2 COZ

Feedstocks like sugarcane or sugar beet (1G) contain sucrose, a disaccharide composed of two C6
sugars, glucose and fructose, linked by a @-1,2- bond. This linkage can easily be broken by
invertase, an enzyme produced by yeast and therefore making direct fermentation of sugarcane
and sugar beet possible. Ethanol production is also possible using starch - e.g. from maize crops
(also from 1G). In this case, a prehydrolysis step is needed to breakdown the chains of starch
obtaining glucose that will later be fermented. This step is usually performed by starch-
hydrolyzing enzymes [16].

31



CHAPTER L. Literature review

Regarding lignocellulosic biomass, not only sugar molecules are present in the form of
polysaccharides (cellulose and hemicelluloses) but they also form a strongly bonded and highly
recalcitrant matrix, together with lignins (CHAPTER I.B). Thus, the main challenge of 2G
bioethanol production is to obtain simple sugars from this complex structure, so that they can be
used during fermentation. In addition to the enzymatic hydrolysis, another step (Figure 3)
becomes necessary and is called pretreatment.

Pretreatment Hydrolysis Fermentation Product
Glucose and Separation

Biomass Cellulose, Pentose

Hemicellulose

i g Monomers, Fermentation
Grinder Lignin i Lignin Broth > Ethanol
g CoOproducts
Energy E : Enzymes Yeast, Residue
nergy Bacteria (Process Fuel)

Figure 3. The different steps of lignocellulosic biomass conversion into ethanol [17]

4. Pretreatment: an essential step towards lignocellulosic
ethanol

As previously mentioned, in lignocellulosic biomass, sugars are present in the form of cellulose
and hemicelluloses, which are both polysaccharides. Polysaccharides are not directly available for
fermentation, requiring thus an enzymatic hydrolysis. In the case of cellulose, the enzymatic
hydrolysis is carried out by cellulases. Cellulases constitute the class of enzymes able to hydrolyze
B-1,4 linkages in cellulose chains, releasing oligosaccharides, cellobiose, and glucose [18]. Due to
its high crystallinity and to the protection provided by lignins, however, cellulose is hardly
accessible to enzymes. Therefore, a pretreatment is needed prior to the enzymatic hydrolysis

(Figure 4) [19].
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Figure 4. Schematic representation of the effect of pretreatment on lignocellulosic biomass [20]
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Optimizing the pretreatment step is crucial for ensuring the rentability of the whole production
chain because of a double effect. Firstly, the pretreatment is itself an expensive and energy-
demanding process. Secondly, because the effectiveness of pretreatment will critically affect the
overall conversion process. It explains the importance of this step and the importance of studying
this subject. To ensure a cost-effective and environmental friendly process, an ideal pretreatment
should meet the following requirements [21-26]:

e Separate biomass components (cellulose, hemicelluloses and lignins), with high recovery
of all of them in usable forms;

e Reduce cellulose crystallinity;

e Increase cellulose surface area;

o Efficient to a large range of feedstocks;

e Minimize the use of water and chemicals. When applied, they should have a low cost and
be noncorrosive;

e Minimize the production of waste;

e Beable to handle large size particles (biomass milling is energy-intensive and expensive);

e Fastreactions;

e Products formed should not have processing or disposal challenges;

e Promote high enzymatic hydrolysis or fermentation yields with minimal operational costs.

When ethanol is the desired end product, promoting high fermentation yields means that there is
little or no production of fermentation inhibitors. Since most of the known inhibitors come from
sugar degradation products, it implies that sugars should be preserved.

Trying to meet most of these requirements, many pretreatments have been proposed. They can
be classified into physical, chemical, physico-chemical, biological and even a combination of these
approaches (Figure 5).

Physico-chemical Biological
« Milling » Alkaline hydrolysis * Steam explosion + Whole cell
» Microwave « Acid hydrolysis * Ammonia fiber pretreatment
+ Extrusion « lonic liquids (ILs) explosion (AFEX) * Enzymatic
» Ultrasonication + Organosolv process * CO; explosion pretreatment

+ Liquid hot water

Figure 5. Diversity of existing pretreatment processes. Adapted from [19].

To date, none of these options can provide all the desired outcomes in all types of lignocellulosics
[24]. The advantages and disadvantages of the leading pretreatment methods are summarized in
Table 1.
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Table 1. Features of leading pretreatment methods [19,23,26,27]

Pretreatment .
Advantage Disadvantadges
method
No catalysts or chemicals
. Low formation of toxic materials Energy intensive
Liquid hot water

Low-cost reactor construction due to
low-corrosion potential

Large amount of water needed

Dilute acid
pretreatment

Accelerated sugar conversion rate
(especially hemicelluloses)

Lignin removal after hemicellulose
removal

Undesired sugar degradation into
inhibitory products

Need of neutralization of the pretreated
slurry

Corrosion of the equipments

Steam explosion

Causes lignin trasformation and
hemicellulose solubilization
Cost-effective

Low environmental effect

Limited chemicals use

High energy efficiency

High sugar recovery

Reduction in particle size and increased
pore volume

Generation of inhibitory compounds
Partial hemicellulose degradation

Alkali
pretreatment

Lignin removal

Increased carbohydrate exposure
Lower temperature than the other
pretreatments

Technique of alkali recovery yet to be
improved

Long pretreatment time

Salt production

Less effective for high lignin content

biomass
o High cellulose and lignin solubilization
Ionic liquids .

(Ls) Most of the ILs are recoverable and Expensive

reusable Toxic to microorganisms and enzymes.
pretreatment ) )
Safe and environmental friendly
) Not efficient for materials with high
Increases accessible surface area o
) ) ] lignin content
AFEX Reduction of cellulose cristallynity . .
. . . : Large amount of ammonia and the high
Negligible formation of inhybitors . :
cost that it implies
Relatively pure cellulose residue Cost of the organic solvents
Increased volume and surface area Energy-intense process to recover
Organosolv E?S},I rec.overy of the solvents by solvent.s N
distillation Operation under controlled conditions
Obtention of high quality isolated due to high flammability and volatility
lignins of the solvents
4.1. Steam explosion

From the existing methods, steam explosion is the most employed and cost-effective option [19].

Even though many variants to this process have been proposed, it generally does not require

adding any chemicals, which is an advantage. Aditionally, it was demonstrated that it requires
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almost 70 % less energy than traditional mechanical methods to attain the same particle size
[19,23,26].

It consists of two steps, a hydrothermal treatment and an explosion step. The hydrothermal
treatment can also be applied alone and, in this case, it is comonly called autohydrolysis or liquid
hot water. During this phase the biomass is submitted to high temperatures (between 160 and
260 °C) under saturated steam conditions (which implies pressures from 0.69 to 4.83 MPa) during
several seconds to a few minutes, which leads to several chemical and structural modifications of
the biomass (CHAPTER L.D). This is followed by a sudden release of the pressure. Under lower
pressure, part of the water that was present in a liquid state revaporizes. The resulting shear
forces cause a mechanical breakage of the biomass structure [19,23,24,28].

Residence time, temperature, particle size, and moisture content are the factors that most affect
steam explosion [25]. It has been found that under severe conditions, the production of inhibitors
becomes drastically important [19] and that temperatures higher than 250 °C should be avoided
due to the unwanted pyrolysis of hemicelluloses [29-31]. Indeed, the optimum temperature for
most of lignocellulosic materials seems to be between 160 and 200 °C [23].

From a structural point of view, process temperatures of up to 200 °C are largely sufficient for
water saturated lignins to go past their glass transition temperature [32]. As a result, cells
separate at the middle lamella and allow for single free cells to be obtained, whereas higher
temperatures can cause fiber damage [24].

4.2. Biomass mechanical properties during steam explosion

Up to now, literature on steam explosion has been paying far too little attention to the mechanical
properties of biomass. Yet, studies have shown that the continuous measurement of the
mechanical behavior of wood provides precious information on the chemical degradations during
hydrothermal pretreatment [33,34]. More than an indicator, some authors affirm that the
mechanical properties of biomass at the end of hydrothermal pretreatment can dictate its
response to the explosion step [35,36]. However, they only took into consideration the plasticizing
action of water adsorption (CHAPTER 1.C.3.3.2) - making biomass sufficiently soft to enable a
tearing effect during decompression - and not the possible mechanical changes suffered during
treatment.

The extent to which the mechanical properties change during hydrothermal treatment and,
consequently, affect steam explosion is still poorly understood. Studies correlating chemical and
mechanical properties are also required. This information would contribute to a better
understanding of the mechanisms involved in the steam explosion pretreatment towards its
optimization.
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B. Wood structure and composition

Knowing the characteristics of lignocellulosic biomass is an imperative for the optimization of the
different steps in the production chain. It is important to note that although there are common
characteristics to all lignocellulosic biomasses, each raw material has its own specificities.
Because it represents one of the major sources of lignocellulosic biomass [37], wood was chosen
as a model biomass in this research. Throughout this dissertation, the terms “lignocellulosic
biomass” and “wood” will be used indiscriminately.

Wood as it is known today is a result of millions of years of evolution. In the living tree, it evolved
to ensure essential roles, such as mechanical support and nutrients transportation. As many other
biological materials, it presents a high level of organization, in different scales. The interest, but
also the complexity of this material come from its hierarchical structure. The response of wood to
different treatments depends not only on its chemical composition but also on how the
components interact with each other, on their localization within the cell wall and the structures
at the upper scales. The effect at a molecular level is reflected in all other scales of the material. It
is therefore necessary to have some knowledge on wood structure and properties, before starting
to study the effects of hydrothermal pretreatment.
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Figure 6. Hierarchical structure of wood. Adapted from [38]. ML: middle lamella; P: primary wall; S: secondary
wall (with its sub-layers: S1, S2 and S3); CML: compound middle lamella; MFA: microfibril angle.

Figure 6 presents the different hierarchical structures of wood. From a macroscopic point of view,
wood is a multilayered orthotropic material. Microscopically, it is possible to see the different
types of cells and their morphology. The different cell wall layers and the organization of the
different components within these layers are called the ultrastructure of wood [39]. In this study,
the effects of hydrothermal pretreatment are studied (with different depth levels) at all these
scales, which are presented in greater detail in the next sections.
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1. Sub-parietal properties

Wood is mainly composed of three polymers: cellulose, hemicelluloses and lignins. Other
substances with lower molecular weight, like pectin, ashes and extractives, can also be found but
they are more specific to each species and will generally be present in lower quantities.
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Figure 7 Composition of lignocellulosic biomass [40]

1.1. Cellulose

Being synthesised by many different species, from bacteria to plants, cellulose is the most
abundant biopolymer on earth [41]. In wood, it corresponds to approximately 40-45 % of its dry
weight [42]. It is a linear polymer containing around 9 and 10 thousand units of B-D-
glucopyranose bond together by glycosidic linkages (C-0-C) at the C1 and C4 positions [43]. The
stabilization of these long molecular chains in ordered systems is ensured by the presence of
hydroxyl functional groups, capable of interacting with each other to form intra- and
intermolecular hydrogen bonds. Cellulose chains alternate crystalline and amorphous regions
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(Figure 8). They end up by packing together alongside one another in a highly ordered manner
forming microfibrils which, in turn, form microfibril bundles or aggregates (Figure 8). This
crystalline nature is what gives cellulose its main properties as a material: insolubility in water
and most organic solvents and high tensile strength [44]. The insoluble character of cellulose,
together with the poor accessibility of its crystalline region, make it very recalcitrant.
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Figure 8. Schematic representation of the organization of non-crystalline cellulose areas in a cellulose
microfibril aggregate [45].

1.2. Hemicelluloses

Hemicelluloses are heteropolymers whose main constituents are pentose sugars (L-arabinose and
D-xylose), hexose sugars (D-glucose, D-mannose and D-galactose) and uronic acids (B-D-
glucuronic acid, a-D-4-0-methylglucuronic acid and a-D-galacturonic acid). Unlike cellulose,
hemicelluloses are branched polymers and have much shorter molecular chains (degree of
polymerization, DP, of 50-200). Large substitute groups replace sugars hydroxyls, which makes a
crystalline structure very unlikely. This difference on the physical structure is responsible for
important differences in the chemical reactivity of hemicelluloses when compared to cellulose.
For example, a more branched polymer is more soluble and more accessible to chemical and
enzymatic attacks [43,46].

Alarge variety of hemicelluloses can be found in nature. They are classified according to the main
sugar residue in the backbone. The two main types in wood are xylans and glucomannans (Table
2).
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Table 2. Main wood hemicelluloses, expressed as a percentage of the dry weight ([10] cited by [11]).

Hemicellulose Occurrence Percentage in wood
(%)
Galactoglucomannan Softwood 5-8
Glucomannan Softwood 10-15
Arabinoglucuronoxylan Softwood 7-10
Glucuronoxylan Hardwood 15-30
Glucomannan Hardwood 2-5

In the case of xylans, the main chain is composed by xylose units linked together by B(1->4)
glycosidic bonds. The specific characteristics of the side groups attached to this backbone depend
on the species. In general, hardwoods have one 4-0O-methyl-glucuronic acid unit attached every
10 units of xylose. Of these xylose units, 3 to 7 are acetylated at C3 and C2 (less common) positions
(Figure 9). Given this proportion, xylose is by far the major hemicellulose monomer in hardwoods.
As for softwoods, the ratio of 4-0O-methyl-glucuronic acid is one for every 6 units of xylose and
some arabinose side groups can eventually be found [43,46,49].

Figure 9. Chemical structure of O-acetyl-4-0-methyl glucuronoxylan, a typical hardwood xylan. Adapted from
[50].

Glucomannans, as the name says, are heteropolymers of glucose and mannose. Table 3 presents
the typical composition of hardwoods and softwoods glucomannans. In hardwoods, it
corresponds to 3 to 5 % of the dry weight and is usually found at a mannose to glucose ratio of
2:1, with no side chains. Glucomannans are more abundant in softwoods and can represent up to
25 % of their dry weight. The backbone often presents a mannose to glucose ratio of 3:1, 25 %
acetylated, and a galactose side chain attached to the C6 of every 15 or 30 units of mannose
[43,46,49].

Table 3. Ratio between sugar and acetyl units in wood glucomannans. Adapted from [46].

Mannose Glucose Galactose Acetyl
Hardwoods 1-2a 1 - -
Softwoods 3a-4 1 0.1-0.2 1

a More common

1.3. Lignins

Lignins are the second most abundant polymer in lignocellulosic biomass, after cellulose. In
hardwoods they account for 18-25 % of wood dry mass, whereas in softwoods they represent
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from 25 to 35 % of the dry mass of wood [42]. Lignin is the term used to describe a family of
amorphous aromatic polymers of high molecular weight present in plant cell walls. They are often
referred to in plural due to the high variability of their structure, presenting no regular structure.
Despite this complexity, they can be defined as polymers resulting from the oxidative
polymerization of three main hydroxycinnamyl alcohols (monolignols), that differ from each
other in the degree of methoxylation: sinapyl alcohol, coniferyl alcohol and p-coumaryl alcohol
(Figure 10). They are also called syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) units when
polymerized in lignin [43,51].

Sinapyl alcohol (S) Coniferyl alcohol (G) p-Coumaryl alcohol (H)

Figure 10. Three main lignin precursors: sinapyl alcohol, coniferyl alcohol, and p-coumaryl alcohol [52].

The proportion of each unit depends on many factors, such as the source of biomass, the part of
the plant and even the location of lignins within the cell wall. A global comparison between the
percentage of each unit in hardwoods and softwoods can be found in CHAPTER 1.D.1.3. Softwood
lignins are mainly composed of G units and present a rather low variability between species
[53,54]. Hardwood lignins are composed of S and G units. The ratio between these two units (S/G
ratio) depends largely on the species - between 0.5 and 4 [42] - and determines important
structural features of lignins, such as the degree of condensation and the quantity of 3-O-4
linkages [53]. Some authors have also reported that a higher S/G ratio resulted in an increased
degradability of lignins [55]. That is because the steric repulsion caused by the presence of an
extra methoxyl group in the C5 position keeps it from cross linking, resulting in a less condensed,
more linear structure and in a lower molecular weight [43,52].

The linkages between the primary units is another source of variability on the structure of lignins.
-0-4 are the most abundant linkages. In poplar, for example, they account for 69 % of the total
inter-unit linkages, while 3-8 and -5 represent only 28 % and 3 %, respectively [56]. They are
also the weakest ones and, thus, the main target during biomass pretreatments [57]. Figure 11
shows a lignin model, with the main interunit linkages usually found.

40



Wood structure and composition

AQ Phenylcoumaran
—j § B-5
Sy rmgvl unit
&}Q "
\S/

¢ G
b \ Guaiacyl unit

p-hydroxy phenol unit

Figure 11. Schematic representation of a lignin fraction and its interunit linkages [58]

It is generally accepted that lignins are not simply deposited between the polysaccharides of cell
walls but are bound with them through covalent and non-covalent bonding (Figure 12) [59]. The
structures thus formed are called lignin-carbohydrate complexes (LCC) [49,59,60]. This intimate
association between lignins and polysaccharide fractions constitutes a major challenge of biomass
pretreatment due to the difficulty in separating them [49,60].
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Figure 12. Examples of covalent bonds between lignins and carbohydrates: (a) ester bond to xylan; (b) ether
bond to xylan; (c) phenyl glucoside bond to the reducing end of glucomannan [61].

Due to the aforementioned properties, lignins have three main functions on plants: providing
compression strength to the cell wall, increasing its hydrophobicity (which is useful for water
transportation) and acting as a barrier for chemical and biological attacks [43,51,61].
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1.4. Ultrastructure

As previously mentioned, wood cell wall is a multilayered structure formed from inside to outside
the cell by successive deposition of materials. As the result of the growing of a living cell, the cell
wall responds to cell’s specific needs during its development and to those of the plant once the
maturity has been achieved. The cell wall is composed of three main regions, namely: the
intercellular layer or middle lamella (ML), the primary cell wall and the secondary cell wall (Figure
13) [43].

Figure 13. (a) Scanning electron microscopy (SEM) and (b) transmission electron microscopy (TEM) images of a
poplar fiber in which the different layers of the cell wall can be identified and (c) a schematic representation of
these layers with the preferred microfibril orientation. Adapted from [62], [63] and [47]. The scale bars
correspond to 5 um (a) and 0.5 um (b).

The intercellular layer is responsible for connecting each cell with its neighbors. No cellulose
microfibrils are observed in this region, whose composition evolves during cell development. In
its early stages, it is mainly pectic, becoming posteriorly highly lignified.

The primary cell wall (P or PCW) is a thin membrane (0.1-1 um) [64] composed of cellulose, pectin
and hemicelluloses that appears just after the duplication. At this moment, cell requires an
expansible membrane, allowing it to grow longitudinally and radially. Due to a reorganization
during cell enlargement, this layer presents roughly organized cellulose microfibrils. The primary
cell walls of two adjacent cells and the intercellular region between them is called compound
middle lamella (CML).

Once the cell has achieved its maximum size, the secondary (S) cell wall begins to be formed.
Cellulose is the main constituent of the S layer. It is the first macromolecule to be deposited, in the
form of highly organized microfibrils, oriented parallelly. Hemicelluloses are aggregated just after,
with the main chains being placed around cellulose microfibrils and the whole structure being
reinforced by the addition of branching chains. Finally, lignin precursors are spread throughout
the cell wall and polymerize in situ from the cell corner towards the center of the cell, filling the
voids of the saccharide matrix. Consequently, the cell wall thickens and the fiber shrinks
longitudinally, provoking growth stresses in wood [65]. The characteristics of lignins highly
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depend on its location. In the intercellular region, it has enough space to freely polymerize,
forming preferentially spherical structures of more condensed lignins. In the S region, however,
due to the presence of polysaccharides, it presents more elongated forms (following microfibril
orientation) and forms LCCs, where lignins are less concentrated and more loosely packed [65,66].

The secondary cell wall is the thickest layer and is composed of three sub-layers, called S1 (the
outer one), S2 and S3 (the inner one). Each sub-layer differs from the others in terms of chemical
composition, thickness (Figure 14) and microfibril angle (MFA - Figure 6). The S1 layer is 0.1 to
0.2 um thick and presents a roughly perpendicular microfibril orientation related to the
longitudinal direction [67]. The thickest sub-layer is S2, reaching up to 5 pm thick in latewood
[67]. The presence of long microfibrils, oriented almost parallelly to the fiber axis (MFA of 5 to 30°
in the case of normal wood [68]), is considered as the main cause of the anisotropic behavior of
wood [48]. This behavior is reflected in almost all wood properties, from shrinkage to strength.
S3 has the same thickness as S1, with MFA from 30 to 90°. From a mechanic point of view, the
variation of MFA between secondary wall sub-layers is very important, increasing the rigidity and
the strength of wood [64].

The distribution of the main cell wall components throughout the different layers of hardwood
and softwood is summarized in Figure 14.
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Figure 14. Distribution of the main constituents in (a) hardwood and (b) softwood cell walls [46]

For many years, assessing wood properties and composition at the parietal scale was almost
impossible. The former available techniques would either provide information on the chemical
composition, as is the case of classical wet chemistry techniques, or allow the visualization of cell
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wall morphology (e.g., by electron microscopy), without further information on the molecules
present. Some methods existed to obtain parietal organization of wood components, but they
could drastically change the native state of the sample, as they required either the isolation of each
morphological region, embedding the samples or chemical treatments [69].

Even tough fully understanding cell wall structure and composition remains a great challenge, a
lot of progress has been done on this field, thanks to in situ techniques such as Raman micro
spectroscopy. It is a powerful tool for this purpose and deserves a parenthetical comment
(CHAPTER 1.B.3).

2. Micro and macroscopic structures of wood (supra
parietal levels)

So far, this chapter has focused on the components of wood and on the structure of a single cell.
Wood is, however, a complex tissue resulting from the assembly of different cells [62], most of
which are dead and hollow.

The cell arrangement depends largely on the species of the tree, but they can generally be divided
into two groups: softwoods (gymnosperms) and hardwoods (angiosperms). Their typical
tridimensional organizations are shown in Figure 15. When compared to hardwoods, softwoods
have a simpler structure, with fewer cell types. In these trees, tracheids exert both structural and
conducting functions. On the other side, hardwoods present more cell types and each of these
functions is carried out by highly specialized cells. Vessels are responsible for conducting the sap,
while fibers provide mechanical support [48]. These are just the main examples of cell types. Of
course, there are many other elements in wood, whose presence depends on the species.

Smoll vessels arronged
" Clusters CROSS SECTION

TANGENTIAL SECTION

TANGENTIAL SECTION

Figure 15. Tridimensional cell arrangement of softwoods (left) and hardwoods (right) [70]
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From Figure 15, wood is clearly an oriented material. Most of the cells are oriented vertically,
which favorizes conducting functions. From this oriented nature, one can easily guess that wood
presents an anisotropic behavior. Indeed, almost all of its properties — physical, mechanical and
even the way it is attacked by plagues [71] - depend strongly on the direction considered. Thus,
mutually perpendicular directions are defined (Figure 16): the longitudinal direction, along the
trunk axis; the radial direction, normal to the growth rings; and tangential direction,
perpendicular to the grain but tangent to the growth rings [72].
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Figure 16. The three directions (L. Longitudinal, T. Tangential, R. Radial) and three main planes of wood [73]

3. Raman micro-spectroscopy as a powerful tool for the
study of wood cell wall

When it comes to the application of Raman spectroscopy to the study of lignocellulosics, it is hard
to miss out the works of Agarwal, Atalla and Gierlinger.

Pioneers of this field in the mid-1980s, Atalla and Agarwal [74-76] proved the capacity of Raman
spectroscopy of generating valuable information on chemical and structural aspects of wood
tissues. Their work allowed the first direct evidences of the orientation of cellulose [74] and
lignins [74,75] on wood cell walls to be found. By this time, studies were made with Raman probes
and it was not until the end of the 1990s that the first Raman imaging studies in plant research
came out [77].

However, early Raman spectroscopy of lignocellulosics was confronted with two major problems:
laser induced fluorescence (LIF) and large acquisition time. Indeed, LIF can be a serious drawback
when using Raman spectroscopy. It is particularly true for lignocellulosic materials due to
presence of lignins, which emit a considerable amount of fluorescence when excited by visible
lasers. Over the past decades, the availability of longer laser wavelengths (785 and 1064 nm) and
confocal microscope configurations allowed to overcome this problem, at least when it comes to
native wood samples [64,78]. Another important improvement on commercially available Raman
was the use of charge-coupled devices (CCD), allowing the acquisition time to be substantially
reduced [64,78].
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Since then, a considerable amount of literature on Raman spectroscopy of lignocellulosic biomass
has been published. A first effort was put on identifying the relevant bands of the Raman spectra.
At first, the contributions of wood'’s different components were studied separately or by means of
model compounds [79,80]. When analyzing lignocellulosic biomass in its entirety, Raman spectra
become as complex as the structure of this material. A summary of the main Raman bands used
for the analysis of lignocellulosic materials and their respective assignment is given on Table 4.
Due to the chemical resemblance of cellulose and hemicelluloses, for example, their bands are
often overlapped and, thus, hard to be distinguished from each other [81]. However, the highly
organized structure of cellulose results in more intense and sharper bands, as opposed to the non-
crystalline structure of hemicelluloses [79].

Table 4. Main Raman bands used for the analysis of lignocellulosic materials and their respective
assignments. Adapted from [81].

Wavenumber (cm1) Component Assignment

903 Cellulose Heavy atom (CC and CO) stretching

1096 Cellulose, Xylan and Heavy atom (CC and CO) stretching

Glucomannan
1122 Cellulose, Xylan and Heavy atom (CC and CO) stretching
Glucomannan

1150 Cellulose Heavy atom (CC and CO) stretching; HCC and HCO
bending

1274 Lignins Aryl-0 of aryl OH and aryl O-CHs; guaiacyl ring (with
C=0 group) mode

1333 Cellulose HCC HCO bending

1376 Cellulose HCC, HCO and HOC bending

1423 Lignins 0-CHs deformation; CHz scissoring; guaiacyl ring
vibration

1462 Lignins, Cellulose HCH and HOC bending

1508 Lignins Aryl ring stretching, asymmetric

1601 Lignins Aryl ring stretching, symmetric

1620 Lignins Ring conjugated C=C stretching of coniferaldehyde

1660 Lignins Ring conjugated C=C stretching of coniferyl alcohol;
C=0 stretching of coniferaldehyde

2897 Cellulose, Xylan CH and CH: stretching

2938 Lignins, Glucomannan CH stretching in OCH3 asymmetric

The reduction in the acquisition time, promoted by improvements in the Raman technology,
allowed a large number of data to be collected in a shorter time. At the same time, the increasing
knowledge of Raman spectra of lignocellulosics proved its interest in the study of wood cells. The
combination of these factors, allied with the high resolution of Raman micro-spectroscopy,
opened a new field of application: the chemical mapping of wood cell walls. It allowed information
on both morphology and chemical composition to be obtained at the same time and has been
widely used to the study of ultrastructural features of wood cell wall. Some relevant works on this
field are the study of polymer distribution throughout the cell wall of black spruce [69] and poplar
[81], to name but a few.
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Figure 17. (a) Raman chemical mapping of a beech cell obtained by integrating over defined wavenumber areas.
(b) Mean spectra of the area corresponding to different morphological regions of the cell. Adapted from [82].

Figure 17 shows examples of results that can be obtained by Raman micro-spectroscopy [82].
After scanning the sample, one obtains as much spectra as the number of pixels previously
defined. One possible way to represent the collected data is to integrate over selected
wavenumber areas. Each pixel of the image represents then the intensity of the selected band
(Figure 17a). In wood, the band from 1560 to 1650 cm! is typically attributed to the lignin
aromatic band and is stronger in the cell corners. The band from 2860 to 2920 cm-! is attributed
to the C-H stretching and is more intense in the zones corresponding to the secondary cell wall. It
is also possible to group different regions of the image by their spectra resemblance. Figure 17b
shows an example where different morphological regions of a beech cell could be identified by
multivariate analysis thanks to their spectral signature.
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C. How wood structure and composition impact its
properties

The basis of wood structure was presented in the previous section. Every macroscopic property
of wood is a reflect of its composition and architecture. The main properties regarding biomass
pretreatment will be presented next.

1. Wood-water relationship

It is impossible to talk about wood without mentioning hygroscopicity, as it affects almost every
single one of its properties, from the dimensions to the mechanical behavior. Indeed, wood is a
highly hygroscopic material, adsorbing or desorbing water, in a search for equilibrium with the
surrounding environment.

From a chemical point of view, lignocellulosic materials owe their hygroscopicity to the capacity
of some groups of forming hydrogen bonds with water. These groups are mainly represented by
hydroxyls and other polar groups (such as O-acetyl groups) of the polymers that constitute cell
walls, more importantly the carbohydrate fraction [83-85]. Indeed, both cellulose and
hemicelluloses present highly hydroxylated structures [85]. Previous works have shown that
cellulose has 18.5 mmol of hydroxyl groups per gram, while 14.4 mmol/g are found in xylans [85].
However, only the OH-groups present on the surface of the microfibrils - i.e. 33 % of the total
amount - are accessible to water, making it far less hygroscopic than hemicelluloses and their
short, branched, open structure [83].

1.1. The different states of water in wood

Due wood’s composition and structure, water can be present under three forms, represented in
Figure 18:

e Liquid free water filling up the cavities of wood (such as cell lumens) by capillary or
tension forces;

e Water vapor that can be found in those spaces as well;

e Bound (or adsorbed) water attached to the cell wall by hydrogen or Van der Waals bonds.

The fiber-saturation point (FSP) is the moisture content (MC) at which the cell wall is fully
saturated, but no liquid water is observed at the lumen. Above FSP, wood has its lumens (fully or
partially) filled with water, but no additive quantity of water is adsorbed by the cell wall. The
range of MC comprised between the anhydrous state (relative humidity = 0 %) and the FSP is
called hygroscopic range [86]. While in the hygroscopic range, wood physical and mechanical
properties change according to the RH, which is going to be presented in the next sections.
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Figure 18. Schematic representation of the moisture distribution in a wood cell cross-section [87]

1.2. Equilibrium moisture content

Macroscopically, when exposed for a sufficiently long time to a given relative humidity (RH), wood
stabilizes at a MC that assures its equilibrium with the ambient atmosphere. This MC is called
equilibrium moisture content (EMC). Many are the factors that can influence the EMC. They can
be intrinsic, such as the chemical composition of wood, or extrinsic (RH, temperature, etc.) [87].

A typical way of representing this phenomenon is a sorption isotherm. It shows a discrete
representation of the EMC attained under constant temperature and RH. The typical sorption
isotherm of lignocellulosic materials is presented in Figure 19.
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Figure 19. Typical sorption isotherm of lignocellulosic materials [88]

This sigmoidal shaped sorption isotherm presents three distinct zones (identified in Figure 19),
which can be described as follows [88]:

o Atlow RH values, the first layer of water molecules fixates to the sorption sites of cellular
wall. The binding energy is high and water molecules have low mobility;
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e At intermediate RH, the water molecules attach themselves to the first layer already
adsorbed. The binding energy decreases with the number of layers;

e At high values of RH, the molecules adsorbed on the different sites interact and form a
continuous liquid film on the pores surface (capillary condensation).

As shown in Figure 19, increasing the temperature results in a lower EMC for a given RH. Which
means that FSP is reduced as well. Indeed, with the increase of temperature, molecules intensify
their state of excitation, increasing the distance and decreasing the attraction forces between
molecules [89,90].

2. Shrinkage and swelling of wood

In a microscopic scale, the adsorption of water molecules to the cell wall matrix - only possible
under the FSP - sunders the hydrophilic polymers and results in swelling [84]. The reflect of this
behavior at a mesoscopic level depends on the architecture of the wood cell as well.

Because it is the thickest layer, S2 responds for most of these dimensional changes. In this layer,
MFA is very low, which implies that microfibrils are oriented almost parallelly to the longitudinal
axis of the cell. For this reason, macroscopic swelling is observed mainly in the transverse
directions of wood, and almost no dimensional change can be seen along the fibers [84].

The microfibril orientation is also responsible for an anisotropic behavior between radial and
tangential directions, with the tangential swelling usually being greater than radial swelling. [85].

3. Mechanical properties

Before talking about the mechanical behavior of wood two concepts must be defined: stress (o)
and strain (¢).
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Figure 20. Primary stress types [91]

Stress is the measure of the internal forces per surface unit exerted in a material as a result of the
application of an external load. Stresses can be classified in three types: tensile, compressive and
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shearing stresses (Figure 20). Tensile and compressive stresses have a stress plane perpendicular
to the axis of the applied force - they are called normal stresses. In the case of shear stresses,
however, the stress plane is parallel to the forces from which it originates [91,92]. In this thesis
we will focus on normal stresses and, more precisely, compression tests.

Stress (o) can, thus, be equated as the force (F) applied per cross-sectional area (A):

ng (1)

When subjected to an external load, a solid body deforms. Strain (&) is the relative deformation
suffered by this material as a result of the applied force:

AL

SZL—O

(2)

Where Ly is the initial length of the material and AL is the difference in length caused by the
application of a force.

The mechanical properties of a material reflect its behavior in the face of loads. In response to
external loads, wood presents a viscoelastic response, combining both instantaneous and time-
dependent strain components [93-95].

3.1. Instantaneous deformations

When analyzing instantaneous deformations, stress is usually plotted against strain, resulting in
a stress-strain diagram. A typical stress-strain diagram for wood is presented in Figure 21.
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Figure 21. Typical compressive stress-strain diagram for wood. Adapted from [94].
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Under low stress levels, the deformations are completely recoverable once the loads are removed.
This region, comprised between the origin and the proportional limit (Figure 21), is known as the
elastic range [96]. In this range, stress and strain correlate linearly according to the Hooke’s law
[92], which can be expressed by the equation:

oc=F.¢ (3)

It means that stress and strain are directly proportional by a constant E, called elastic modulus,
modulus of elasticity (MOE) or Young’s modulus [92]. The MOE reflects the stiffness of a material
[97] - or its resistance to deformation under an applied force - and can be experimentally
determined by a compression test. Due to the orthotropic nature of wood, three MOE can be
identified according to the three axes of wood: longitudinal (E.), radial (Er) and tangential (ET)
[96]. Wood typically presents a ratio E; /Er of 10 and a ratio Er /Er of 2 [98].

Over the proportional limit (Figure 21), the material enters the plastic zone, where a linear
relation between stress and strain is no longer observed and the material does not regain its
original dimensions, even after the stress is removed [99]. In the case of wood, it leads to cell wall
collapse. Firstly, plastic or elastic buckling of cell walls take place, with little stress variation.
Ultimately, under high strains (¢ > &4 - Figure 21), cell walls touch one another and the stress
increases rapidly during a phase called wood densification [94].

3.2. Viscoelastic time-dependent deformations

As discussed in the previous section, when subjected to an instant load, wood deforms elastically.
If, the load is maintained, an additional time-dependent deformation occurs. It is the case of creep
tests. On the other hand, if the strain is held constant, the initial stress decreases with time. It is
the case of stress relaxation tests [96,100].

Stress relaxation tests are very important to determine the viscoelastic properties of materials,
including wood. They may be conducted in shear, uniaxial tension, or uniaxial compression [100].
During this test, a strain is applied and kept constant. As a response to stress relaxation tests, a
wide range of behavior may be observed (Figure 22). For ideal elastic materials, no relaxation is
observed - meaning that the stress level remains constant - whereas ideal viscous materials relax
instantaneously. Viscoelastic materials have an intermediate behavior, progressively relaxing
until reaching certain level. This level depends on the molecular structure of the material being
tested. Viscoelastic liquids reach a residual stress of zero, while viscoelastic solids — which is the
case of wood - reach an equilibrium stress (o.) superior to zero [100].
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Figure 22. Stress relaxation curves [100].
3.3. Factors affecting the mechanical properties of wood

In such a hierarchically organized material as wood, understanding its features requires a
multiscale approach. The mechanical properties of wood are no exception: the behavior observed
macroscopically is a result of wood properties coming from many different scales. They are mainly
attributed to the structure of the cell wall which, in turn, depends on its chemical composition. In
addition to inherent characteristics of the material, environmental factors, such as temperature
and relative humidity, play an equally important role. In this section the main factors affecting
wood mechanical properties are addressed.

3.3.1. Factors inherent to wood
When it comes to the wood structure, three factors seem to have a major influence on its
mechanical properties: the polymer composition and their interactions, the cellulose microfibril
angle, and the density.

Cellulose is considered to dictate most of the mechanical properties of wood, due to its high DP
and linear orientation [99,101]. The S2 layer of the cell wall, responsible for 75-85 % of the fiber
volume and rich in cellulose, is particularly important for this matter [68,102].

Lignins act as stiffening agents for the cellulose molecules and are also responsible for holding
fibers together [45,99]. Although the mechanisms relating lignins to wood’s mechanical behavior
are yet to be fully understood, researchers seem to agree on the importance of this component
[39,95,103,104]. Indirectly, its hydrophobic nature prevents water uptake, which could have a
plasticizing effect (more information about the influence of water is given in the next section) [39].
However, a more active role of lignins in mechanical properties of wood has recently been
explored, especially in the case of transverse loading or longitudinal loading for cells with MFAs
superior to 15° [103,104]. Lignin content was shown to positively correlate to cell wall elastic
modulus [103], probably because, in room conditions (temperature and relative humidity), lignins
are in a vitreous state. It limits the mobility of the cell wall, contributing to wood stiffness [39,95].
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More recently, a model to evaluate the effect of cell wall features on the mechanical properties of
wood fibers has been developed [105]. It highlighted that transverse cell wall elastic modulus is
also highly influenced by hemicelluloses. This finding is consistent with other studies
demonstrating that hemicelluloses affect the creep response of fibers due to their important
viscoelastic behavior [106,107].

More than the polymers themselves, it is the interaction between them that allows a fully
understanding of the mechanisms involved in the mechanical behavior of wood. The hydrogen
bonds between cellulose and hemicelluloses provide at the same time strength and flexibility, due
to their capacity to break and reform. Hemicelluloses also form covalent bonds with lignins and,
thus, help assembling the whole structure [106].

The relation between cellulose and the mechanical properties of wood has been largely studied
and the influence of the MFA has been unquestionably highlighted. In the longitudinal direction,
cellulose microfibrils act as load-bearing elements due to their very high axial stiffness in
comparison to other cell wall polymers [103] and are responsible for controlling the MOE of wood
in this direction [95,106,108]. Figure 23 was obtained from axial tension tests of wood fibers with
low (earlywood) and high (compression wood) MFA. It shows that a lower MFA results in a higher
modulus of elasticity [108]. Microfibrils with larger MFAs are off the longitudinal axis, inducing
shear stresses in the matrix [103]. Once the shear strength of the matrix is surpassed, cellulose
microfibrils can glide past one another without further damaging the matrix, hence the large
plastic deformation observed in Figure 23 [108].
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Figure 23. Stress-strain curves of low (grey) and high (black) MFA wood cells in the longitudinal direction [108]

For fibers with high MFAs and for transversal loading, however, the contribution of polymers
other than cellulose becomes important [103,104,109]. In this case, the orientation as well as the
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viscoelastic properties of lignins and hemicelluloses must thus be considered for a complete
appreciation of cell wall mechanics.

In higher scales, wood density has a major influence on the MOE [95], as showed in Figure 24. It
can also be related to the cell wall thickness, which was proven to greatly affect the MOE in radial
compression [110]. An increase in either wood density or cell wall thickness results in an increase
of the elastic modulus, which can be attributed to the fact that internal stresses have more
molecular material to be distributed to [99].
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Figure 24. Effect of the specific gravity on the longitudinal modulus of elasticity of green and air-dried wood

[95]

3.3.2. Influence of temperature and water
The influence of temperature is mostly related to the glass transition temperature (Tg), a
characteristic of the viscoelastic behavior of amorphous polymers. Below Ty materials are in a
glassy state, which is also observed by a high modulus of elasticity. Once temperature exceeds its
Tg, the stiffness of a material decreases drastically and begins to present a rubbery-like aspect
[32]. From this point, many of materials properties change drastically.

Softening depends directly on the rotational or translational mobility of molecule segments. At
low temperature, this mobility is minimal. When heated, materials suffer a thermal expansion,
which provides the necessary space for the motion of molecules to occur [32].

Some of the main molecule properties affecting the T are [39]:

o Size of side groups: For rigid side groups, the larger the side group, the higher the glass
transition temperature. For flexible groups, however, the mobility of the lateral sequences
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brings an additional free volume. Therefore, the increase in size of the lateral groups
results in lower T, values.

e Polarity of side groups: Ty increases with the polarity of the lateral groups. Indeed,
interactions such as hydrogen bonds strongly increase the cohesion energy, having an
important impact in the T,.

e Molecular mass: T, increases with average molecular mass, which is related to the
concentration of chain ends. Indeed, the greater the number of chain ends (low molecular
weight), the greater the free volume and the lower the T,.

As it is composed of three different polymers, wood presents a softening range rather than one
specific glass transition temperature [32,39]. It is, however, impossible to talk about the T, of
wood polymers without mentioning the effect of water. As previously mentioned, the adsorption
of water by wood sunders the polymer chains, increasing the volume and creating free spaces
between molecules. As a consequence, wood macromolecules see their mobility increase and can
slide past each other more easily, lowering the Ty [111].

Table 5. Tg values of wood polymers in water-saturated and anhydrous states [39].

Tg (°C)
Cellulose Hemicelluloses Lignins
Water-saturated 0-60 60-100
Anhydrous 220 150 - 220 130-195

Hemicelluloses are particularly affected by this phenomenon. Their structure is rich in hydroxyl
and carboxyl groups, to which water has a strong affinity [112]. Due to this fact, the Ty of
hemicelluloses exhibits a broad range of values (Figure 25) [113]. In the anhydrous state, the T,
of hemicelluloses is superior to 100 °C (Table 5), while, for water contents near the FSP, it can
approach 0 °C (Table 5) [39,113]. In the normal ambient conditions to which wood is exposed,
temperature is superior to the Ty of hemicelluloses and, it is, thus, in the rubbery state. The same
cannot be said for cellulose. Its crystalline structure makes it almost insensitive to the effects of
water adsorption and gives it a very high T, (Table 5) [39].

Hemicelluloses

100

Amorphous
cellulose

0 10 20 30
MOISTURE CONTENT, %

SOFTENING TEMPERATURE, Tg, °C

Figure 25. Influence of the moisture content on the glass transition temperature of hemicelluloses [113]
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In usual ambient conditions, considering the very low T, of hemicelluloses and the very high T, of
cellulose, the softening temperature of wood is thus mostly influenced by that of lignins (Table 5),
occurring in the same range as wood’s (50 °C to 100 °C) [39,112]. Lignins Ty is related to the
presence of large methoxyl side groups, preventing covalent cross-linking and entanglement of
the structure. A similar effect is caused by free phenolic hydroxyl groups [112].

If the quantity of methoxyl groups is an important factor to the T, of lignins, the proportion of
different units is obviously something to be considered. G units, that constitute the major part of
softwood’s lignins, have only one methoxyl unit. Whereas S units, major units of hardwood’s
lignins, have two methoxyl units (Section B.1.3). It explains why hardwoods have a lower T, when
compared to softwoods [39,112].

The increase of moisture content, for the reasons mentioned above, causes the modulus of
elasticity to decrease steadily up to the FSP (Figure 26) [95]. For moisture contents under 8%,
however, the molecular rearrangements caused by water adsorption seem to increase the
stiffness of wood [114].
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Figure 26. Effect of the moisture content on the modulus of elasticity of spruce. Adapted from [95].
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D. How hydrothermal pretreatment affects
lignocellulosic biomass

As previously mentioned, the goal of pretreatment in the production chain of second-generation
bioethanol is to facilitate the access of enzymes to the carbohydrates without prejudice to the
fermentation step. From a chemical point of view, hydrothermal pretreatment has been
extensively studied in literature. The changes induced on carbohydrates are particularly well
documented. Due to the greater complexity of their structures, lignins changes are less
understood. The consequences of the chemical changes suffered by biomass during hydrothermal
pretreatment can be observed in a wide range of scales. Some of them have been widely studied,
others remain as hypothesis. This section aims to review the work done on hydrothermally
pretreated biomass at different scales.

1. Biochemical changes

1.1. Hemicelluloses

During hydrothermal pretreatment, hydronium ions (H30*) from water are responsible for
starting the hydrolysis process [115,116]. Hemicelluloses are the most thermosensitive
components of wood cell walls and represent, thus, the major part of the mass loss [117]. This is
attributed to their low degree of polymerization when compared to cellulose [118] and to their
branched, amorphous structure, making them more sensitive to chemical attack [43].

The first hemicellulose structures to be attacked are their side chains, mainly acetyl groups
(Figure 27). The acetic acid produced by acetyl groups hydrolysis and other in situ-generated
compounds (such as uronic and phenolic acids) then behave as catalysts themselves [115],
promoting the breakage of glycosidic linkages [119]. Due to the presence of more acetyl groups in
their hemicelluloses, hardwoods are more susceptible to this treatment than softwoods [117]. The
lack of enough acetyl groups in softwoods to promote autohydrolysis may require the addition of
an acid catalyst prior to treatment [24].

R=H. AcO R=H, AcO
o O_ OH He 0 O _©OH H+ O OH
- o oH g [< OH J [o] OoH T’ OH
HT
OH OH OH
OH OR n OH OR m, m<n OH

D-Xylose

Hemicellulose (shown as xylan) \ Xylan oligomers
0 /

HC OH

Acetic acid

Figure 27. Hydrolysis reactions of hemicelluloses taking place during hydrothermal pretreatment, with xylan as
model compound [22].
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Xylan, the most important component of hardwood hemicelluloses, can be present in wood under
three forms [119]: free xylan, glucuronoxylans bound to the surface of cellulose microfibrils or
forming lignin-carbohydrate complex (LCC) bonds. Free xylan is the easiest fraction to be
removed [50], whereas the xylan fraction associated with the crystalline cellulose microfibrils is
seldom removed during hydrothermal treatment [119].

At the end of the treatment, up to 85 % of hemicelluloses original amount is released [119],
generating oligosaccharides. These oligosaccharides are later hydrolyzed into monomers and may
be partially degraded into other degradation products, such as furfural and formic acid (CHAPTER
1.D.1.4) [119].

1.2. Cellulose

As hemicelluloses, cellulose can also undergo hydrolysis reactions, producing oligomers and
monomeric glucose (Figure 28). However, the conditions applied to biomass during hydrothermal
pretreatment favorize cellulose depolymerization reactions rather than solubilization [120].

CHpDH CH,OH CH,OH CH,0H CHzOH
0. OH
OH
m, m<n OH
Cellulose Cellulose ohgomers D-Glucose

Figure 28. Hydrolysis reactions of cellulose taking place during hydrothermal pretreatment [22].

A study on the hydrolysis behavior of cellulose showed that the amorphous fraction needs at least
150 °C to start breaking glycosidic bonds. This minimal temperature rises to 180 °C in the case of
crystalline cellulose [121]. Thus, the initial rapid decrease in cellulose degree of polymerization
(DP) is mainly due to the hydrolysis of amorphous cellulose [43], especially once the protective
barrier of hemicelluloses has been solubilized [24]. DP then stabilizes at a level-off degree of
polymerization (LODP) [122] of around 200 units. Indeed, amorphous regions occur in series with
crystalline areas along cellulose microfibrils approximately every 150 to 250 units of anhydrous
glucose [23,24] as presented in Figure 8 (CHAPTER [.B.1.1).

Structurally, cellulose also follows significant changes during hydrothermal pretreatment, such as
the separation into single microfibrils or small bundles of fibrils, resulting in less packed
structures with increased surface area [123,124]. Indeed, some authors believe that hemicellulose
solubilization and lignin reorganization partially release molecular tensions holding crystalline
cellulose together, which allows amorphous cellulose to be incorporated into the crystalline
structure [24]. Contrastingly, previous works have observed an increased crystallinity index of
lignocellulosic material after hydrothermal pretreatments. It was attributed to a loss of
amorphous components (hemicelluloses, lignins and amorphous cellulose) and, thus, a
concentration of crystalline cellulose [22,122].

59



CHAPTER L. Literature review

1.3. Lignins

Reactions involving lignins during hydrothermal pretreatment are less elucidated than the ones
acting on carbohydrates, probably due to the structural complexity of this component [58].
However, a lot of effort has been made recently to better understand its behavior [125].

Hydrothermal treatments have been proven to significantly promote the cleavage of (3-0-4 aryl
ether linkages [125-127], even at temperatures as low as 150°C [128-130]. Two different
mechanisms leading to this cleavage have been described in literature (Figure 29): the heterolytic
and the homolytic pathways [126]. In the acid-catalyzed heterolytic path, the cleavage of the (3-O-
4 linkages is a result of the formation of a carbonium ion on the a position of the lateral chain. The
homolytic mechanism, on the other hand, results from a 3-0-4 radical cleavage and its subsequent
coupling [126].

path a: @
OH

heterolytic pathway
O,
HO
OMe
OH Hibbert's
ketone
OH lignin
path b: recondensation
homolytic pathway

Figure 29. Cleavage mechanisms of the 5-0-4 aryl ether linkages. Adapted from [126].

At 200 °C for 30 minutes, previous studies observed that 90 % of 3-0-4 linkages were removed
[128]. It resulted in an initial decrease of lignin molecular weight [127] and a generation of
aromatic monomers in the liquid phase [122]. However, as the duration of the treatment
increased, the molecular weight was again shifted to higher values, which suggests that lignin
depolymerization was also accompanied by condensation reactions [127,131]. The concomitant
increase in C-C bonds [33,126,131] supports these observations. The resulting structure, rich in
strong inter-unit linkages such as B-5’, -’ and 5-5’ [33,131], is much more stable and less likely
to form lignin monomers [131].

The balance between these two contrasting reactions - depolymerization and re-condensation -
and, thus, the extent of lignin structural changes depend largely on the type of biomass and the
process conditions. Lignins monomeric composition, for example, can impact their susceptibility
to depolymerization. The monomeric composition can in turn be influenced by many factors, such
as the species and the location within a cell [66]. S-units are methoxylated at the C-5 position
(section B.1.3). As a consequence, S-rich lignins present a more linear structure than G-rich
lignins, with fewer inter-unit cross-links [132,133]. Additionally, since the C-5 position is taken by
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a methoxyl group, S-units are less likely to form highly stable 5-5 and (-5 linkages [133].
Therefore, the predominance of S units make lignins more susceptible to thermal degradation
[115,132,133]. As mentioned in section B.1.3, hardwoods have more S units in their structure than
softwoods. Poplar lignins, for example, are composed by 61.9 % of S-units, 37.8 % of G-units and
0.3 % of H-units [56]. Within the cell wall, the secondary layer is also known to be richer in S-units
than the others [132,134]. It is therefore reasonable to imagine that lignin degradation during
pretreatment depends on its location through the cell wall thickness. Previous studies on the
chemical pulping of spruce have indeed reported that lignins present in the middle lamella are
less reactive than those within the cell wall, which was attributed to their higher C-C bond content
[43].

Another possibility is that lignins undergo a migration process. Donohoe et al. [135] suggested a
mechanism (Figure 30) in which, once treatment exceeds lignin melting temperature (Tm), lignins
expand and become mobile. Due to their hydrophobic nature, when in aqueous environment they
coalesce into spheres to minimize their surface of contact. These spheres can migrate within the
biomass sample. Even though thermal expansion and diffusion may force lignin spheres to be
expelled from the cell wall matrix, according to the proposed mechanism, the main cause to lignin
extrusion is the approach of adjacent cellulose microfibrils. This extrusion process could also
apply to pseudo-lignin droplets [24], presented in more detail in CHAPTER 1.D.1.4.
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Figure 30. Possible mechanism for lignin migration [135].

The effect of lignin relocation in enzymatic hydrolysis is rather controversial. Some authors claim
that the removal of lignins creates an opened-up cell wall structure, improving the accessibility to
the cellulose microfibrils [135]. Indeed, lignins are important to cell wall integrity and
delignification is likely to alter 3D ultra-structural network [119]. Others suggest that the
redeposit of this material on the biomass surface during the cooling phase may have a coating
effect, negatively impacting the enzymatic attack [136].

Moreover, it has been shown that the redeposition of droplets is not limited to the outer surfaces
of biomass. Clusters of spherical droplets have also been found in inner anatomical regions such
as cell corners [122,135]. The composition of these droplets may however change according to
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the anatomical region in which they are found. According to Zeng et al. [137] the droplets formed
in the cell corners tend to be composed of dense (or concentrated) lignins (Figure 31a), while the
droplets formed in the secondary cell wall consist of loosely packed lignins (Figure 31b),
structures of carbohydrate cross-linked with relatively low amounts of lignins.

« Carbohydrate

o

Figure 31. Hypothetic representation of (a) dense and (b) loosely packed lignin structures [137].

1.4.

Under high temperature and acidic conditions, the monosaccharides released during
hydrothermal pretreatment are unstable and tend to dehydrate. C6 monosaccharides form 5-
hydroxymethylfurfural (HMF) and C5 monosaccharides form furfural (Figure 32) [24,25]. When
high severity pretreatments are applied, these components can be further degraded into products
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such as levulinic acid and formic acid [122].
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Figure 32. C6 and C5 sugar degradation reactions taking place during hydrothermal pretreatment. Adapted
from [22]

When a further fermentation step is foreseen, care must be taken to minimize the formation of
these molecules, as they have a highly inhibitory effect on microorganisms [24]. Furfural, for
example, starts to inhibit ethanol production by Saccharomyces cerevisiae from 0.5 g/L and
presents a complete inhibitory effect at 4 g/L [138].

Furthermore, carbohydrate degradation products can be converted into key aromatic
intermediates that, through polymerization and polycondensation reactions, form lignin-like
compounds [116]. These compounds are insoluble in sulfuric acid and are often accounted for as
lignins in classical wet chemistry analyses. A possible pathway to the formation of this pseudo-
lignins is shown in Figure 33. Two problems originate from their formation. Firstly, it represents
a reduction in sugar yields. Secondly, like lignins, they tend to form spherical structures that
adhere to the cell wall surface during the cooling phase [139]. The presence of such structures on
the cell wall may be prejudicial to enzymatic hydrolysis by reducing cellulose accessibility and by
unproductively binding to the enzymes [116,140].
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Figure 33. Possible reaction pathways for the formation of pseudo-lignins [139]

The pretreatment conception must take these aspects into account. Optimized time-temperature
couples should allow oligomeric sugars to be preserved. Hydrothermal pretreatment has been
shown to be particularly good at limiting oligomers degradation, as the pH is maintained around
4. Another option is to continuously remove the released sugars, which is possible when flow-
through or countercurrent processes are applied [24].
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2. Hygroscopicity

Hygroscopicity is a macroscopic property directly affected by biomass chemical characteristics.
Previous studies on heat treatment of eucalyptus [141] and hydrothermal treatment of spruce
[142] have shown that increasing the treatment temperature would significantly reduce wood
hygroscopicity. Both works attributed this phenomenon to a reduction in the number of accessible
hydroxyl groups caused by the hydrolysis reactions suffered by hemicelluloses (CHAPTER[.D.1.1)
[141,142].

3. Shrinkage

To the best of our knowledge, no previous study on the shrinkage of biomass subjected to
hydrothermal pretreatment has been made, probably due to the severe conditions (high
temperature and steam saturated conditions) that it requires. However, wood shrinkage has
already been measured for both hardwoods and softwoods in the case of mild pyrolysis and has
been proven to be a good indicator of the treatment severity [143], increasing both with treatment
time and temperature.

It is reasonable to presume that the same effect would be observed in the case of hydrothermal
treatment. Indeed, the reduction of wood hygroscopicity observed after pretreatment naturally
results in a lower FSP [141]. A lower hygroscopic swelling power results in an overall smaller
scaled cell wall structure [144]. Moreover, shrinkage can reflect a reduction in the cell wall
thickness as a result of the mass loss due to molecular degradation [143].

Beyond the chemical influence, shrinkage could equally inform on the ultrastructure of wood. For
example, electron microscopy has shown that mild pyrolysis can induce changes in the cellular
shape, such as vessels flattened along the tangential direction [143].

4. Rheological changes

Despite the relevance of this subject in many fields, relatively few papers are devoted to the
simultaneous effect of temperature and time in wood’s rheological properties under saturated
conditions. Most of the research has been carried out in temperatures no higher than 140 °C
[33,145-148]. This is probably due to the severe conditions involved in higher temperatures,
requiring special experimental set-ups to be designed. Two papers describe especially conceived
apparatus allowing the application of temperatures relevant to the pretreatment of biomass
[34,149].

Mokdad et al. highlighted the existence of two mechanisms as being responsible for the changes
in wood mechanical properties: thermal activation and thermal degradation [34].

Increasing the temperature up to 100 °C favorizes thermal activation over thermal degradation
[33,145]. Under these conditions, enough energy is provided to allow macromolecules to slide
past each other due to the breakage of weak or even covalent intermolecular bonds [33]. As
explained in section C.3.3.2, in the case of saturated wood, hemicelluloses are in a softened state
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even at room temperature. Consequently, the thermal activation of hydrothermally treated wood
is mostly related to the softening of lignins [148], which happens between 50 and 100 °C
[32,33,148]. It can be observed by a substantial decrease of the elastic modulus, especially in the
transversal direction [148].

When treatment temperature exceeds 100 °C or when treatment times are sufficiently long, the
effects of thermal degradation on water saturated samples can no longer be neglected, as it has
been shown by several works. Placet et al. [145] used dynamic mechanical tests to assess the
viscoelastic properties of hardwood and softwood under water-saturated conditions during
several hours. They noted a loss of beech samples rigidity of up to 17.2 % in tangential and 14.7 %
in radial directions, respectively, after 8h at 93 °C. This fact was related to the degradation of
hemicelluloses (section 1.1). Similar results were found in other studies [34,147,150].

However, for treatments above 100 °C and long residence times, the tendency was not the same.
After 3h at 135 °C, for example, samples storage modulus had experienced a reduction of around
50 %, in both tangential and radial directions. During the following hours, samples regained
rigidity until reaching their original storage modulus values after 24h of treatment. This rather
surprising result was attributed to the condensation generated by the formation of strong links
between lignin units.

To better understand the mechanisms leading to this behavior, Assor et al. [33] studied the
concomitant changes in chemical and mechanical properties of wood. This study showed that
hardwood lignins were more susceptible to hydrothermal treatment than softwood lignins.
Indeed, according to the authors, oak lignins (hardwood) initially contained 66 % of non-
condensed units only involved in (3-0-4 bonds, which are the most susceptible ones to
hydrothermal treatment. The cleavage of these bonds could be responsible for a loss of rigidity
even before hydrolysis of hemicelluloses takes place, as it requires milder conditions. At 135 °C,
for treatments longer than 4h, the loss of non-condensed lignins gave rise to condensed structures
to which has been attributed the increase in rigidity.
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Figure 34. Schematic picture of the lignin matrix material within undulating spaces of secondary cell wall
cellulose aggregates [151].

Hemicelluloses may also take part on the mechanical properties of wood. In native wood, lignins
are placed within the undulating cellulose aggregates, recovered by hemicelluloses. Stress is thus
indirectly transferred between cellulose and lignins. Under longitudinal tensile loads, it results in
transverse compressive forces on the lignin-hemicellulose complex, to which it responds with
viscoelastic relaxation. After kraft pre-cooking, when hemicelluloses have been partially removed,
lignins participate more actively in the stress transfers because they have a more direct contact
with cellulose [151].
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E. Conclusion

It is clear that industrialization of lignocellulosic ethanol cannot be made without an optimization
of the pretreatment step. Ultimately, it is the overall amount of recovered sugars and inhibitors -
and therefore a chemical aspect - that will dictate the choice of a pretreatment method and its
conditions. However, this question cannot be addressed from a single point of view since
properties at different scales influence each other. A comprehensive study of the effects of
pretreatment on biomass requires, thus, looking at its multiple scales.

While much of the literature has focused on the chemical changes of biomass subjected to
hydrothermal treatment, less focus has been given to larger length scales. Although rich in
information about the mechanisms of biomass degradation, chemical analyses are time-
consuming and involve destructive tests.

The possibility of carrying out continuous measurements is certainly attractive. It greatly reduces
the number of tests required to describe the evolution of certain properties during pretreatment.
Based on previous studies, continuous assessment of biomass rheological properties has been
chosen as a macroscopic indicator of the pretreatment extension and lies in the heart of this thesis.
The interest of continuous rheological monitoring is to use the mechanical signature of the
chemical modifications to assess the degradation kinetics and the effects of time and temperature.
Several measurements will be explored throughout this study: the apparent modulus of elasticity,
the viscoelastic relaxation and the variation of the sample dimensions.

Rheological results are further related to useful data for pretreatment, such as chemical and
morphological modifications at chosen treatment durations. This allows a broad overview of the
modifications taking place during the process. Ultimately, this multiscale study aims at obtaining
a model able to predict lignocellulosic chemical degradation.
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Poplar: a promising feedstock

A. Poplar: a promising feedstock

Samples used in this work were obtained from a 25-year-old poplar tree (Populus euro-americana
‘Koster’) that grew in Auménancourt-le-Petit (Marne, North-East of France). It was chopped and
sawn into boards that were subsequently dried before sample preparation.

The choice of poplar (Populus spp.) as model biomass in this study was motivated by its great
potential as feedstock for the production of 2G biofuels [152]. Because of its relatively compact
genetic complement, poplar was one of the first trees to have its DNA sequenced [153]. This
knowledge accelerated the development of new poplar hybrids and clones, optimized for the
biofuel production. Hybrid poplar now figures among the fastest-growing trees (from 3.2 to 21.5
dry tons per hectare and per year), thanks to which it can be farmed as short rotation woody crops
[154]. Other important characteristics include a wide site adaptability, low need of fertilizers
input and aptitude to be harvested in different seasons [154].

B. WAVET 2: general principle and accuracy

As previously stated, the ultimate goal of this study was to provide macroscopic indicators of the
treatment kinetics during hydrothermal treatment. To explore the macroscopic changes suffered
by biomass during hydrothermal treatment, two approaches were used: monitoring the
dimensions of wood samples (strain measurement at almost zero stress level) and their
rheological properties (strain and stress measurements).

Such measurements were only possible thanks to an in-house developed device, lying at the heart
of this work. It allows rheological measurements to be performed under the severe conditions
imposed by hydrothermal pretreatment (high temperature and saturated steam pressure). The
rheological results obtained with this device are presented in Chapters IV and V, where a brief
description of its principle is presented. The aim of this section is to give details about its
functioning and development. Several blank and preliminary tests, specially designed to increase
the accuracy of the system and reliability of the results, will also be presented in this section.

1. General principle

The bases of this equipment were inspired by a previous device (named WAVET, for
Environmental Vibration Analyzer for Wood) [39,145,155], able to perform harmonic tests on a
water-saturated sample under pressure. Even though perfectly functional, this first device was
limited to 130 °C, which does not cover the ranges of temperature usually applied to biomass
during hydrothermal treatment. This is the reason why a second device (WAVET 2) was designed
and built prior to this research, as a part of Futurol project led by Procethol 2G, allowing uniaxial
compression tests to be performed under saturated steam conditions and temperatures of up to
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190 °C (which implies more than 12 bar of pressure) [34]. WAVET 2 consists of two separate parts:
areactor and a controlling system.

Figure 35. The WAVET 2 device (left) and a zoom on the reactor (right).

1.1. The reactor

The reactor (Figure 36) is where the samples are treated under controlled conditions and where
rheological measurements are made. It is composed of two chambers. The bottom one (Figure 36
(b)) is where the treatment takes place. With treatment temperatures reaching up to 190 °C under
steam saturated conditions, the instrumentation system (CHAPTER II.B.1.2) must be kept in a
separate chamber (Figure 36 (a)), where a cold and dry environment is maintained (T < 30 °C and
RH < 50 %).

The key feature of this device is its aptitude to maintain two extremely distinct conditions in one
single frame, enabling a physical communication without friction between them - a prerequisite
for reliable force measurements. Due to its huge partial pressure gradient, water vapor tends to
diffuse from the lower chamber towards the upper chamber, which could degrade electrical
components. To prevent the water vapor from reaching instrumentation, a patented system [156]
was used. On top of the device, a flow of cold dry air (T < 30 °C and RH < 50 %) is injected. This air
flow (with a pressure 1.5 bar higher than saturated water vapor pressure) acts as a counter-
pressure to the water vapor. Both flows meet at the center of the reactor (Figure 36 (e)), where a
controlled leakage (Figure 36 (3)) and a set of successive fins (Figure 36 (1)) are present. They
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ensure a downwards convective flux of cold dry air that progressively limits the upwards
convective-diffusion flux of warm water vapor in each volume between two successive fins, and
eventually stops any flow to the upper chamber. The leakage is controlled through a flowmeter
and set at 40 L/min.

, Dry & cold air Inlet
‘ ) Up to 15 bar

()~

Saturated steam
Up to 190 °C

Figure 36. Scheme of the device. Left: (a) instrumentation zone; (b) reaction chamber; (c) actuator; (d) load cell;
(e) frame for zoom; (f) compression rod; (g) sample; (h) sample holder; (i) electric heater; (j) liquid water. Zoom
in the device (right): 1 - fin set (4 on each zone - cold/hot); 2 - fins and sample holder support rods; 3 -
controlled leakage (3 symmetric outlets); 4 - compression rod.

The sample (Figure 36 (g)) is placed on the sample holder (Figure 36 (h) and Figure 37). To limit
the effects of differential thermal expansion, all the elements present in this zone are made of the
same material (stainless steel 316). At the bottom of the reactor, near the sample holder, 100 mL
of distilled water (Figure 36 (j)) ensure a vapor saturated atmosphere and, thus, a good heat
transfer inside the chamber while avoiding drying. Two electric heating collars (total of 370 W)
placed at the outer surface of the chamber (Figure 36 (i)) are responsible for reaching the
treatment temperature, while two external fans cool-down the reaction chamber at the end of the
treatment. The temperature is measured by a K-thermocouple near the sample and controlled by
a PID system (EUROTHERM 3216).
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Compression rod

Compression platen

Sample

Sample holder

Figure 37. Sample on the sample holder and the compression system, including the compression rod and the
compression platen.

1.2. The mechanical testing system

The sample is subjected to compression loading by a Newport LTA-HL actuator (Figure 36 (c)) -
travel range of 25 mm, minimum incremental motion of 0.05 um and accuracy of 3 pm - equipped
with a displacement sensor. The actuator is controlled by a Newport XPS Q8 universal controller.
The force applied to the sample is independently measured by a load cell (Figure 36 (d)) -
MEASUREMENT SPECIALTIES XFTC 310, full range of 100N and 105N precision. The
transmission of the load from the actuator (located in the upper chamber) to the sample (located
in the lower chamber) is ensured by a rod (Figure 36 (f)), with a load platen at its extremity (both
visible in Figure 37). The whole system is placed on an anti-vibration table (Nexus, THORLABS)
to prevent any external interference on the measurements.

1.3. Data acquisition

The data emitted by the actuator and the load cell are transmitted to a USB-6002 NI card
(NATIONAL INSTRUMENTS), allowing a sampling rate of 50 kHz. The signal from the
thermocouple is transmitted to an acquisition unit (AGILENT HP 34970A) which directly provides
the temperature in degrees Celsius.

2. Improving the reliability of the results

Throughout this work, a significant amount of time was dedicated to improving the accuracy of
the results. The series of actions taken in this regard - which included developing a new control
software (and, consequently, a new user interface) as well as testing protocols - are going to be
presented hereafter.
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2.1. Development of a new control software

A LabVIEW application has been developed as a part of this thesis in order to control the
experimental set-up (Figure 38). It allows the previously mentioned testing system to be
controlled from a PC: Newport XPS Q8 universal controller, NI acquisition card and Agilent data
acquisition unit. The communication between the PC and these devices is done via RS232 ports,
USB ports and using 10/100 Base-T Ethernet communication with a TCP/IP Ethernet protocol.
This LabVIEW interface allows an almost completely automatic piloting of the experimental set-
up during the entire experiment. Nevertheless, for safety reasons, the pressurized air inlet (1.5 bar
higher than the saturated steam pressure at maximum plateau temperature) and the leakage are
manually controlled. The acquired data is saved in its raw format for posterior processing.
Security of the equipment is also a crucial point of this application. Indeed, the maximum force
exerted at the force sensor should never exceed 100 N, which could otherwise damage it. For this
reason, a data acquisition rate of 300 Hz was stablished in order to have a quick response in the
event of exceeding a force threshold (set at 70 % of the maximum limit).
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Figure 38. Overview of the control software (user interface).

At the beginning of the experiment, the operator enters the desired experimental protocol, which
can be done manually or by importing a previously created protocol template. The protocol
consists of a sequence of steps and each step represents a motion command whose characteristics
are the following:

e The direction of the motion: upward or downward;
e Speed of motion: Maximum of 1 mm/s. A speed of 0 mm/s should be selected if no motion
is desired;
e The stopping criterium: dictates the end of a step. It is composed of:
o A type of criterium: a force, an elapsed time, a total displacement or a relative
displacement;
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o Avalue;
e The frequency of data recording;

o  Whether or not the force scale should be set to zero during this step.

The protocols can also include cycles, during which certain steps are repeated in loop. To create a
cycle, the user should indicate its first and last steps, its stopping criterium (elapsed time, number
of repetitions or reaching a certain temperature) and which step to go to at the end of the cycle.

Each data point is recorded in a text file and contains the following information:

o Elapsed time since the beginning of the experiment;
e Position;

e Force;

e Pressure;

o Temperature of the upper chamber;

o Temperature of the bottom chamber;

e Current step;

e Current repetition (in the case of a cycle);

e Date and time.

2.2. Contact detection: defining a force threshold

When executing mechanical tests, an important step consists in detecting the contact of the
compression platen with the sample. In the case of this device, the contact is detected when the
measured force exceeds a predefined threshold. This threshold must be, at the same time,
sufficiently small not to crush the sample and sufficiently larger than the sensor noise (which
would otherwise result in false positives). In order to find an acceptable compromise between
these constraints, preliminary tests were made.
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Figure 39. (a) Unfiltered and (b) median filtered (200-points sliding window) force values during time.

The first step was to look at the force sensor noise. Figure 39a, shows raw force values measured
in a blank test during a few seconds as the compression platen approaches contact with the sample
holder. In this case, noise can reach up to 0.1 N. In post-processing, the effect of applying a 200-
points sliding window median filter to these values was evaluated (Figure 39b). The increase in
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the signal quality is clear and motivated the adoption of this filter directly in the LabVIEW
application.

The second step involved finding an adequate threshold value for the contact detection. With this
purpose in mind, four different force thresholds were tested. For each one of these values, ten
attempts of detecting the contact with a sample were made and the position of contact detection
was recorded. The results are presented in Figure 40.

6.65

6.60

6.45

Position of contact detection (mm)

6.40
0.040N 0.045N 0.050N 0.055N

Figure 40. Position of contact detection as a function of force threshold (n=10 for each tested force threshold)

The reduction of standard deviation between 0.045 and 0.050 N is drastic (from +0.049 mm to
+0.007 mm), whereas there is only a small change between 0.050 N and 0.055 N (from £0.007 mm
to £0.006 mm). These results encouraged the use of 0.05 N as force threshold for detecting the
contact between the compression platen and the sample.

2.3. Blank tests

Measuring the size of the sample with this device requires knowing the distance between the zero
position of the actuator and the sample holder, as shown in Figure 41.
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Contact with Zero Contact with
sample holder position sample

Figure 41. Schematic representation of the load platen in different positions. The size of the sample (C) is
calculated by subtracting the position of contact with the sample (B) from the position of contact with the
sample holder (A).

For this reason, a series of blank tests was made. The blank test consisted in detecting the position
of the sample holder during time using the same protocol applied for the samples (threshold of
0.05 N, as described in the previous section). Three temperature plateaus were applied for each
blank test: an initial plateau at room temperature, followed by a plateau at the temperature levels

used during treatment (160 or 180 °C) and finally a second plateau at room temperature. A typical
blank test result is showed in Figure 42.
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Figure 42. Typical blank test result (160 °C).
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The results obtained at room temperature show a stability of 0.5 pm in the measured position of
the sample holder throughout time, which is remarkable. The results obtained at higher
temperatures might, however, seem disappointing at a first glance. Inmediately after the heating
system is turned on and temperature begins to rise, an overshoot in the measured position is
observed, followed by an undershoot. The same phenomenon happens at the end of the
temperature plateau, when the heating system is turned off and the fans are turned on. During the
temperature plateau, even though it presents a higher noise than under room temperature, the
position reaches stability. The values measured at this moment are clearly smaller than the ones
measured at room temperature. From this fact, it becomes evident that temperature must be
accounted for when defining the total distance used for the sample size calculation.

Several repetitions were made in order to assess the effect of temperature on sample holder
position (Figure 43). The position measurements respond equally to the increase of temperature
in each repetition, with overshoots and undershoots of similar magnitudes. Such comparable
behaviors happening during heating could be explained by a response of the device frame to a
different thermal expansion in different parts of the device. Indeed, during this phase,
temperature is probably not equal throughout the device.
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Figure 43. Series of blank tests performed at 160 °C. The measured values of the sample holder position are
shown in blue, the temperature in red and the median between the tests is shown in purple.

This dynamic behavior of the device, with deviations of the order of a few tens of micrometers,
cannot be neglected when following the size of the samples during treatment. The approach
chosen for correcting the measured values was based on the median of all the blank tests (Figure
43, in purple). During the temperature plateau, however, the noise in the measured values is high,
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compared to data obtained at room temperature. For this reason, a 5-point sliding window median
filter was applied for the values within temperature plateau.

The length of the samples was then calculated as the difference between the median blank test
results (as a function of both time and temperature) and the position measured during treatment:

AL = Lg(t, T) — L(t, T) (4)

In which AL is the length difference between the compression platen and the sample holder (equal
to the size of the sample), L is the median blank test value (as a function of time and temperature)
and L is the position measured during treatment (as a function of time and temperature).

Additionally, during the heating phase, the rod and the sample holder dilate differentially due to
their difference in length (which corresponds to the size of the sample). It results, thus, in an
artificial effect of elongation of the sample. To correct this effect, each measurement was corrected
using the following equation:

Lc=AL.a. (T, —Ty) (5)

In which L¢ is the length correction, a is the thermal expansion coefficient of stainless steel
(14.10-5 K1 [157]), T:is the temperature at time t and Ty is the initial temperature.

2.4. Mechanical tests

Uniaxial compression tests are often expressed in terms of stress versus strain. The data obtained
from this device contains information on force and displacement, from which the modulus of
elasticity (MOE) of a sample can be calculated.
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Figure 44. (a) Measured displacement as a function of the imposed force (F - in grey) and the regression of the
linear region for the blank test (red) and a native water-saturated poplar sample in the radial (blue) and
tangential directions (green); (b) Displacement as a function of the imposed force after correction of the toe
region. For a poplar sample, D is the total measured displacement, Dp is the part of the displacement due to the
device and measured during the blank test and Ds is the part of the displacement strictly related to the sample. a
represents the slope of the linear regression obtained for the blank test (B) and the poplar sample in the radial
(R) and tangential (T) directions.

It is clear that, since the device itself is also subjected to loading, a correction must be made in
order to subtract this effect. The first step was, thus, to perform a blank test in which the
displacement undergone by the sample holder as a function of the applied force was identified
and whose result is shown in Figure 44a. Figure 44a also shows the results of preliminary tests
made with native water-saturated poplar samples in both radial and tangential directions. In each
case, a linear domain can be identified, within which a linear regression was calculated (colored
lines). As explained in Figure 44b, for a given force, the total displacement measured during the
test with a poplar sample (D) has two components: a component is tied to the deformation
suffered by the device (D5) and the other is the real deformation suffered by the sample (Ds). The
effect of the equipment can then be subtracted using a simple correction of the slope of the curbs,
as shown in Equation 6:

LT} (6)
ap

In which a; is the slope of the curb in the direction i (either R or T) and a’; is the corrected slope of
the curb in the direction i.

An example of the obtained results can be observed in Figure 45:
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Figure 45. Measured displacement as a function of the imposed force and the respective corrected values.

The corrected slope of the curb is later used for calculating the MOE of the biomass according to
the following relation:

L
E=a-21073 (7)
So

Where E is the MOE of the material (in MPa), Lo is the original length of the sample (in mm) and Sy
its cross-sectional area (in mm?).

In Figure 44a, under low stress and strain, poplar presents a region where the relation between
stress and strain is nonlinear and the slope increases with increasing loading. In a smaller scale,
the same behavior result is obtained in the blank test. This is a very common behavior during
mechanical testing, known as the toe region. International norms for the determination of
mechanical properties of materials preconize the correction of this artifact, either by applying a
preload (or prestress) before the beginning of the test (ISO 527 for tensile tests [158] and ISO 604
for compression tests [159]) or by mathematically removing the toe region by extrapolating the
measured MOE to zero stress and setting strain equal to zero at that point (ASTM D638 [160]).
Commercially available mechanical testing machines provide and recommend the use of a
preloading feature, which can also help to ensure that the sample is correctly aligned and that its
surface is uniformly in contact with the compression platen. Failure to do so may result in
incorrect determination of a material’s properties [45,97,161-163]. An aggravating factor in this
study is that samples are submitted to a wide range of temperature levels, under which the
mechanical behavior of wood can drastically change, as exemplified in Figure 46.
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Figure 46. Measured displacement (points) as a function of the imposed force (1 N) and the calculated linear

regression (red line) for a poplar sample submitted to (a) room temperature and (b) 180 °C.

These results clearly demonstrate the need of a preload phase in the mechanical test protocol.
Under room temperature (Figure 46a), the applied force is not sufficiently high to reach the linear
region, making a post-treatment correction useless. At a higher temperature (Figure 46b), the
linear region is reached under a lower force. Considering the fragility of wood materials after
pretreatment, excessively high preload forces could result in damages to the samples. From these
observations, a preload step in which the applied force decreases with the temperature was
adopted (Figure 47).
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Figure 47. Adopted values of preload as a function of temperature
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C. Chemical analyses

Giving a sense to the mechanical properties measured macroscopically required them to be
accompanied by information on the chemical changes suffered by biomass. Chemical analyses
were performed according to the National Renewable Energy Laboratory’s (NREL) analytical
procedures [164-166], as depicted in Figure 48.
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Figure 48. Flow chart of analysis. Fractions in blue were analyzed for monosaccharides, oligosaccharides,
organic acids and degradation products; fractions in green were analyzed for monosaccharides and acid soluble
lignin; and fractions in red were analyzed for isotherm sorption

It is important to note that, in the experimental set-up used in this study, biomass is not directly
in contact with the hydrothermal process liquid. As a result, the hydrolyzed fraction present in the
solid pretreated biomass - attached to its surface or in the liquid phase of internal pores - may
have a higher concentration than the liquid fraction and, thus, must not be neglected. This is why,
instead of just washing the treated biomass, as proposed by NREL method, a supplementary
extraction step was performed and taken into account in the final result. To prevent any additional
thermal degradation of chemical compounds, a three-step cold extraction was chosen. An aliquot
of the solid sample was put in contact with distilled water in a 20:1 (m/m) water/biomass ratio.
The mixture was submitted to an ultrasound bath for five minutes and then separated with a
centrifuge. The supernatant was collected, and the pellet was submitted to two additional
extractions according to the same protocol. The pellet was then oven dried at 40 °C, as
recommended by NREL'’s analytical procedure.

D. Imaging techniques

Imaging techniques played an important role during this study, providing the connection between
chemical and macroscopic scale. A total of four techniques were chosen: confocal Raman
microscopy, X-ray nano-tomography, scanning electron microscopy (SEM) and field emission gun
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scanning electron microscopy (FEG-SEM). This choice was made in order to cover different
structural levels, but also to obtain information on both anatomical and topochemical aspects. In
this chapter, only confocal Raman microscopy and X-ray nano-tomography are highlighted, as
they required special methodology development. For their part, SEM and FEG-SEM were
performed according to standard protocols and will be mentioned later on this manuscript.

1. Confocal Raman microscopy

As stated in Chapter I, Raman spectroscopy is a powerful technique for the study of wood,
providing a chemical fingerprint of the material. When combined to confocal microscopy, it allows
the obtention of topochemical information on the sub-parietal level, which is particularly
interesting for highly organized materials such as wood. In this study, confocal Raman microscopy
was used to assess, at the cell wall scale, the modifications suffered by lignocellulosic biomass
after hydrothermal treatment.

Raman imaging involves three main steps, all of them equally important for obtaining good quality
results [167]:

e Sample preparation;
e Spectra acquisition;
e Data treatment.

Each of these steps must be adapted to address the needs of a specific sample and according to
the equipment available. The following sub-sections describe the methodology developed for our
samples, with special attention to hydrothermally treated samples [167].

1.1. Sample preparation

In this study, confocal Raman microscopy is used to obtain a chemical map of wood cells before
and after hydrothermal treatment. During sample preparation for confocal Raman microscopy, it
implies finding a balance between keeping the material as close as possible to its original state
and improving the quality of the signal.

Ideally, massive samples (whose thickness are greater than 1 mm) allow the observation of cells
at their most unaltered state. In practice, however, it proves to be very complicated. Air-dried
massive samples are likely to burn due to the overheating caused by the concentration of the laser
at a single point [64,167,168]. To prevent samples from burning, a solution would be to immerse
them in water. Nevertheless, the excess of fluorescence emanating from wet thick samples
compromises the quality of the signal. For these reasons, the use of massive plant samples has
quickly been discarded by confocal Raman microscopy users. Instead, they turned into typical
transmission light microscopy sample preparation, very well described in previous works
[82,167]. This configuration involves placing a thin section of the sample between a glass slide
and a coverslip, with a few drops of distilled water. The coverslip is sealed with nail polish to keep
water from evaporating during the tests (Figure 49d).
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Figure 49. Sample preparation steps for confocal Raman microscopy. Adapted from [82].

The first step consists of sectioning the sample (Figure 49b) out of a wooden block (Figure 49a).
The cross-sectional plane was chosen in this work for a better assessment of the different cell wall
layers. Sectioning was performed with a sliding microtome (HM 450, ThermoFisher Scientific).
Needless to say, new microtome blades are essential for obtaining good quality cuts. A sample
thickness between 8 and 25 pm is recommended in the literature [82,167], which can easily be
achieved in the case of native samples. For treated samples, the fragility of the vegetal tissue and
the lack of cohesion between the cells made this step much more challenging and imposed a rather
high thickness bracket (the precise parameters are given in Chapter 1V). Another difference
between native and treated samples lies in the technique used for sectioning. For native samples,
it is customary to humidify the wooden block with distilled water prior to the sectioning, which
eases the cut and increases the quality of the sections. In the case of treated samples, this
intensified the fragility of the tissue and hindered the obtention of a slice. Thus, sectioning had to
be performed in air-dried samples. The conditions found optimal for treated samples (in terms of
thickness and cutting method) were also applied for native samples.

Sample sections were then sequentially rinsed with distilled water, a diluted sodium hypochlorite
solution (0.02 % m/v) and distilled water. Rinsing has two objectives. Firstly, to remove low
molecular weight components that do not participate on the structure of the cell wall. Secondly,
to reduce laser-induced fluorescence. This is achieved by the oxidation of the chromophoric
groups of lignins and wood extractives, which tend to fluoresce in their natural state reducing
signal quality. Sodium hypochlorite solutions at concentrations lower than 5 % (m/v) seem to
provide the above mentioned benefits without prejudice to the wood structure nor to the ratios
between different peaks of the spectra [82].

After rinsing, samples were thoroughly placed on a glass slide, to which a few drops of water were
added. A clean coverslip was placed on top, whose borders were then dried and sealed with nail
polish.

1.2. Spectra acquisition

The measures taken during sample preparation to avoid laser-induced fluorescence were
effective and allowed good results to be obtained for native samples under the usually applied
conditions (most importantly for this part, a laser wavelength of 532 nm). However, preliminary
tests of treated samples presented a high baseline, which was increasingly important with the
augmentation of treatment severity (Figure 50a,b). Cell corners (Figure 50a,c,d) were particularly
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affected by fluorescence. This led to a poor signal-to-noise ratio and, in some cases, even spectra
saturation (Figure 50c,d). Two approaches can be found in literature to deal with highly
fluorescent samples: the use of different laser wavelengths (especially those located either in the
UV or the infrared (IR) / near-IR regions) [169-171] or the application of photobleaching [171-
177]. These approaches will be discussed hereafter.
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Figure 50 . Spectra of native and treated samples from points located at (a) the cell corner and (b) the S2 layer.
Example of a saturated Raman spectrum (c) obtained from the cell corner of a treated sample (180 °C / 40
minutes) - point highlighted in (d). Image obtained by integrating the 1600 cm-! band (d). Different regions of
spectra saturation can be distinguished.

1.2.1. Laser wavelength

Given the very encouraging results obtained in previous papers, the first approach was to evaluate
the effect of the laser wavelength. Increasing the laser wavelength (A) implies a reduction in the
energy supplied to the sample, which can prevent fluorescence. On the other hand, the intensity
of the Raman scattering is proportional to 1/A* [64], therefore longer wavelengths result in less
Raman scattering. The quality of a Raman spectrum depends, thus, on finding a good compromise
between signal intensity and minimum fluorescence. Typical laser wavelengths used in Raman
spectroscopy are: 364 nm (ultra-violet), 532 nm, 633 nm (visible), 785 nm and 1064 nm (near
infra-red). The Alpha 300R+ confocal Raman microscope (Witec), available in the laboratory is
equipped with a 532 nm (green) and a 785 nm laser (near-IR). To test other wavelengths, we
benefitted from the help and the devices of the LMOPS (Laboratoire Matériaux Optiques,
Photonique et Systemes - CentraleSupélec/Université de Lorraine) and the LASIRE (Laboratoire
de Spectroscopie pour les Interactions, la Réactivité et I'Environnement — Université de Lille). A
summary of the tested conditions is given on Table 6. It is important to notice that operating under
UV or near-IR lasers required the use of quartz coverslips [167].
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Table 6. Summary of the different laser tested, and the respective device used

Wavelength (nm)  Region Device Objective
266 uv LabRam HR Evolution UV (Horiba) x80

473 Visible LabRam HR Evolution visible (Horiba) x100

532 Visible Alpha 300R+ (Witec) x60

532 Visible LabRam HR Evolution visible (Horiba) x100 Fluo
532 Visible LabRam HR Evolution visible (Horiba) x100

633 Visible LabRam HR Evolution visible (Horiba) x100

785 Near-IR Alpha 300R+ (Witec) x60

Compared with the previously mentioned results (532 nm), 266 nm (UV) seemed to be the most
promising laser wavelength. It provided low baseline spectra (Figure 51a), which is a sign of low
fluorescing.
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Figure 51 . Mean Raman spectra (a) obtained for different zones (b) of a sample treated at 180 °C for 10 minutes
using a 266 nm (UV) laser.

However, the use of UV Raman only allowed good results for a limited range of the spectra, around
1600 cm-L. The peaks relative to carbohydrates could not be identified, which, allied with the low
image resolution obtained with this equipment (Figure 51b), made us chose to continue with our
device, despite the higher fluorescence.

1.2.2. Photobleaching
The second approach considered was photobleaching. Even though no reports of the application
of photobleaching in treated wood samples has been found, it has been largely used for biological
applications, such as in vivo measurements of carotenoid concentration in human skin [174] or
the study of bone tissues [177]. Photobleaching - as far as the Raman technique is concerned -
consists in irradiating the sample with the laser during a certain time before acquiring a spectrum
[176], which converts the fluorophore into a non-fluorescent species [178]. The interest of
applying photobleaching to hydrothermally treated samples was quickly confirmed by
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preliminary tests. By performing two successive measurements, spectra had their baselines
greatly reduced (Figure 52a,b), which made the Raman peaks stand out (Figure 52c,d).
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Figure 52 . Effect of photobleaching (2" measurement) on the Raman spectra of hydrothermally treated (180 °C
/ 10 minutes) samples compared with the same samples before photobleaching (15t measurement). Spectra were
obtained from a cell corner (a, c) and the S2 layer (b, d). For a better visualization of the results, a zoom is
presented (c-d).

The ideal conditions (laser power and bleaching duration) that promote a successful removal of
photoluminescence background without altering or degrading the sample can only be found
empirically [178]. With this goal in mind, three different values of laser power (10, 20 and 30 mW)
and four different exposure times (0.05, 0.1, 0.2 and 0.5s) were evaluated by applying 60
successive measurements (with a 1-second gap between each measurement) on a severely
treated sample (160 °C / 40 minutes). Spectra obtained from these measurements were then used
to calculate noise-to-signal ratios, whose results are depicted in Figure 53. “Noise” was defined as
the maximum peak height within the 2000-2500 cm-! region, where no peak from the sample is
expected. The height of the peak of interest (1600 or 2984 cm-1) was considered as the “signal”.

From Figure 53, it is possible to see that noise-to-signal ratio decreased exponentially with the
number of acquisitions whichever the condition applied. In the case of the 2894 cm-! band (Figure
53b), increasing the laser power resulted in a faster decrease of the noise-to-signal ratio. However,
higher laser powers also resulted in a higher initial noise-to-signal ratio. Therefore, regardless the
laser power used, the same ratios were obtained after 60 measurements.
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Figure 53 . Effect of successive measurements on the noise-to-signal ratio of Raman spectra of a hydrothermally
treated (160 °C / 40 minutes) sample regarding the 1600 cm-! band (a) and the 2894 cm-1 band (b, c).
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Regarding the band at 1600 cm-! (Figure 53a), a slightly better signal was obtained using 30 mW
of laser power rather than 10 or 20 mW. However, previous studies [179] have reported that a
laser power superior to 10 mW could cause significant chemical changes to the cell wall
components. This is the reason why we chose to continue with 10 mW of laser power. Using this
laser power, an exposure time of 0.1 s seemed to provide the better noise-to-signal ratio (Figure
53c). Moreover, according to works on native wood [179] no molecular change is observed with
an exposure time inferior to 0.13 s.

Finally, the choice of the number of preliminary exposures prior to the image acquisition was
based on the total acquisition time. Indeed, with each repetition taking approximately two hours
for the scan of one cell and considering the time for sample preparation and calibration of the
device, no more than four measurements could be made per day, which limited our protocol to
three preliminary exposures, followed by one final measurement.

Despite all the actions taken to limit samples fluorescence, it remained a major drawback for the
most severely treated samples (180 °C), affecting the quality of the results. Consequently, only the
Raman images from samples treated at 160 °C are presented in Chapter III.

1.3. Data treatment

All the data treatment performed during this work was based on built-in functions of the Witec
PROJECT FOUR software. Spectra were treated for cosmic ray removal and background
subtraction. They were then used for image generation. The data generated by confocal Raman
microscopy is composed of multiple dimensions. Each pixel contains (at least) information on its
coordinates (x and y), wavenumber and intensity of the signal. To display this information using
a Raman image two approaches can be used: univariate or multivariate analysis. In univariate
analysis, each spectrum provides information to its corresponding pixel in the image, whose
values are generally determined using filters. In the present work, integrated intensity (sum)
filters were used. The resulting images present different colors depending on the signal intensity
of the selected peak. Contrarily, multivariate analysis uses the entire data set for defining the value
(color) of each pixel. In this work, the cluster analysis method was used. It automatically sorts the
acquired spectra by similarity and provides an image showing the location of each cluster and its
mean spectrum [180].

2. X-ray nano-tomography
X-ray nano-tomography was another important imaging technique during this study. The

objective was to develop a non-destructive method, so that the same sample can be analyzed
before and after treatment, constituting a powerful tool for the assessment of anatomical changes.

For this purpose, 3D scans of samples are obtained using a nano-tomograph EasyTomXL Ultra
150-160, RX Solutions. In X-ray nano-tomography, 2D projections are generated by measuring the
X-ray attenuation caused by the sample. Because the sample is positioned on a rotating support
between a nano-focus vacuum tube for X-ray emission and a CCD detector of 2,016 x 1,344 pixels,
projections can be obtained under different angles and are posteriorly used for generating cross-
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sectional slices - treated with Image] software, version v1.52i - and reconstructing 3D volumes -
using Avizo 2019.2 software (Thermo Scientific™).

X-ray
source

¥

6

Sample

6=0° ©6=90° 6=180°

2D Projections of the sample Cross-sectional slices 3D volume rendering

Figure 54 . Principle of X-ray nano-tomography.

2.1. Sample preparation

Sample strain during scanning would generate noise and, even, make the 3D reconstruction
impossible. Thus, samples are usually analyzed in the dry state (in equilibrium with the relative
humidity of air) to prevent shrinkage. Treated samples must also be dried. Due to the fragility of
the cell wall, however, air drying is likely to alter the morphology of the treated sample and even
causing the collapse of the cells. For this reason, a method to dry the treated samples without
altering their morphology had to be developed. Two drying methods were tested: i) natural air
drying under room conditions for 48 h; and ii) freeze-drying (or lyophilization) - at -55 °C using
an Alpha 1-2 LD (Martin Christ) laboratory freeze-dryer - commonly used prior to imaging as a
preparation method for highly shrinkable samples [135].

For image acquisition, a scan was made in a native wood sample, which was posteriorly water-
saturated for 12 h and hydrothermally treated. After treatment, the two drying methods were
applied to different samples and a new scan was performed. The obtained results are shown in
Figure 55.

When compared to its native state, the air-dried treated sample (Figure 55a) revealed a great
extent of deformation throughout the sample and of shrinkage in the tangential direction, as
expected. Freeze-drying (Figure 55b) clearly prevented the deformation and shrinkage promoted
by air drying (Figure 55a). Nevertheless, some extent of anatomical modification can be observed
in the freeze-dried treated sample, which is most likely due to the treatment.

To validate freeze-drying as a drying method, it was also necessary to verify if it could alter the
anatomy of native wood samples. A native sample was therefore scanned, water-saturated, freeze-
dried and then re-scanned. The comparison between the cross-sectional images obtained before
and after freeze-drying (Figure 55c) revealed no influence of this technique on the morphology,
which validates the method.
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Figure 55 . Comparison between air drying and freeze drying as methods to prepare samples for X-ray nano-
tomography (voxel size = 1x1x1 um3). Segmented X-ray cross-sectional images of native (left column) and
treated (right column) samples using different preparation methods: (a) hydrothermal treatment followed by
air drying; (b) saturation and freeze drying; (c) hydrothermal treatment and freeze drying.

2.2. Image analysis

One of the main anatomical changes qualitatively observed on hydrothermally treated samples
was the reduction of cell wall thickness. To quantitatively assess this shrinkage, an image analysis
method was developed using the Local Thickness plugin of Image] software. It is mainly based on
the Saito-Toriwaki euclidean distance transformation algorithm [181,182]. Since this plugin
requires segmented images, a segmentation method had to be implemented. It involved three

93



CHAPTER II. Material and methods

steps, all based in ready-to-use functions from Image]. The raw image (Figure 56a) was firstly
segmented using the “Auto Threshold” function with the “Moments” method (for dark
background). Auto thresholding is important to remove all bias related to the user. More
particularly, the “Moments” method was chosen for its good suitability to the cross-sectional slices
from different samples and because it preserved the dimensions of the cell wall. The resulting
image (Figure 56b) was then submitted to the “Particle analysis” (minimum particle size was set
to 5000 pixel?) and the resulting mask (Figure 56¢) was finally input into the “Local thickness”
function.

(a) Raw image

(c) After removal of small particles (d) Local thickness

Figure 56 . Chain of image treatments from raw image (a) to local thickness (d) using Image] software.

E. Sampling

Like other biological materials, wood presents a high variability. For example, the mechanical
properties of wood can vary by a factor 10 between the longitudinal direction and the other two
directions [98]. The sampling protocol is therefore crucial to prevent measurement errors by
ensuring the obtention of twin samples. Sufficiently small wood specimens - in comparison to the
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radial distance to the pith - can be considered as orthotropic materials and this orthogonality
must be respected during sample preparation.

The final size of the specimens was chosen to fulfil the constraints from different protocols
(sample size for mechanical and shrinkage tests and amount of biomass required for chemical
tests). These constraints impose sample sizes of 83 mm3 (radial - R, tangential - T, longitudinal - L)
for mechanical and shrinkage tests, and 40 x 8 x 8 mm3 (R x T x L) for chemical tests. The greatest
challenge of the sampling step was, therefore, to obtain small samples from large wood boards,
always respecting the orthogonality of the material.

A defect-free core board (Figure 57a) was chosen for this work due to its correct orientation with
respect to the three reference planes (LT, LR and TR). The longest dimension of the board
corresponded to the L direction. The first step was to cut the board into five pieces (Figure 57a),
with cross-sections corresponding to the TR plane (Figure 57b), using a miter saw. The small
boards were then cut into bars along the longitudinal direction (Figure 57c).To orientate the
subsequent cuttings, a line was drawn in each bar to guarantee than all samples were aligned
according to the longitudinal direction following the same annual rings. Indeed, among the three
orientations, wood presents less variability in the longitudinal direction. Each bar was then
divided into 7 blocks of ca. 5cm (L) x 3 cm (T) x 1.5 cm (R) (Figure 57d). These blocks were
sufficiently small to be cut by a precision cutting machine (Secotom-60, Struers). Always following
the drawn line, a smaller bar was extracted, from which 8 x 8 x 8 mm cubes were cut. For a better
visualization of the successive cuts made, the LR plane is highlighted in green in Figure 57. It does
not mean, however, that the highlighted pieces are exactly the ones used in the following steps.

Figure 57. Sampling protocol from wood board (a) to small cubic samples (d). The green color highlights the LR
plane.
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In most cases, due to the large amount of data, the results obtained are presented for one sample.
However, each test has been performed at least in duplicate. It is important to highlight that care
has been taken so that all measurements were made on twin samples and that the repeatability of
these measurements has been ensured.

When a concomitant evaluation of the chemical composition had to be performed (Chapter V), the
sampling protocol was slightly changed. In this case, the L direction was purposely chosen as the
smallest dimension (8 mm) to ease mass transfer and, thus, ensure a good homogeneity of the
hydrothermal treatment. From the small boards (Figure 57a), the first cut was made according to
TR plane (Figure 58). Small bars (40 x 8 x 8 mm3 - Rx T x L) were then cut, all aligned along the
longitudinal direction.

Figure 58. Schematic representation of the sampling process

When applied to imaging, samples needed a special geometry as a function of the constraints of
each specific technique. The 8 x 8 x 8 mm wooden cubes previously mentioned were then used to
produce adapted samples, as summarized in Figure 60.

For confocal Raman microscopy, 3 x 3 x 8 mm (R x T x L) blocks were split from the original cubes
along the grain and 16 um thick cross-sectional slices were cut from these blocks using a sliding
microtome (Microm HM 450 - Thermo Fisher Scientific).

Samples for nano-tomography analysis should be very small to ensure good resolution. However,
after pretreatment, samples are fragile, making sample manipulation challenging. Small samples
are also difficult to attach to the sample holder. For these reasons, untreated samples were carved
out of wood blocks in a conical shape. The smaller portion (with a diameter of about 1 mm) was
scanned while the larger one was used to hold the sample.

After submitted to nano-tomography, samples were cross-sectioned using a microtome blade and
then observed using an environmental scanning electron microscope (ESEM, FEI Quanta 200).

To examine the structure of cell walls to a greater depth, a field emission gun scanning electron
microscope (FEG-SEM) Model LEO 1530 (Leo Electron Microscopy Ltd, Zeiss, Oberkochem,
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Germany) was used. In this case, the 8 x 8 x 8 mm wooden cubes were split along the longitudinal-

radial plane.
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Figure 59. Summary of the sampling methods used for different imaging techniques.
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A. Preamble

As stated in the literature review, structural and anatomical aspects of biomass can be as
important for its valorization as its chemical composition. Despite the major influence of these
properties on the steps that follow pretreatment, there is still a lack of knowledge regarding the
effects of pretreatment on the morphology of biomass, especially at the cell and cell wall scales.
Imaging techniques constitute a powerful tool to explore this subject. The large range of available
techniques can cover most of the relevant scales. Furthermore, some of them allow the obtention
of both anatomical and chemical information. It is therefore interesting to combine different
techniques in order to obtain a global vision of the changes on the cell wall structure through
qualitative and semi-quantitative data.

The purpose of this chapter is to investigate the concomitant anatomical and chemical changes of
lignocellulosic biomass submitted to hydrothermal treatment. Within this aim, four imaging
techniques were deployed - confocal Raman micro-spectroscopy, X-ray nano-tomography,
scanning electron microscopy (SEM) and field emission gun SEM - achieving spatial dimensions
from a few tenths of micrometers to a few nanometers. This rather unique combination also has
the advantage of combining the strengths of each of the used techniques: chemical information
(through Raman spectroscopy), non-destructive analysis, 3D anatomy (X-ray tomography) and
good spatial resolution (SEM). The methods developed during this thesis to ensure the quality and
reliability of the results have been described in Chapter Il and are briefly covered in Chapter III.

From a chemical point of view, the main observed changes were hemicellulose hydrolysis and
lignin migration. These changes could later be linked to ultrastructural changes. The shrinkage
coupled with thinner cell walls of treated samples clearly reflected a mass loss which is, probably,
related to the hydrolysis reactions. As a consequence, cell walls were likely weakened, resulting
in the observed reduction of cell circularity. In the case of more severe treatments, rupture and
detachment of adjacent cells were also observed.

From a broader perspective, these results can help understand the effects of hydrothermal
treatment on the subsequent stages of the bioethanol production chain. The observed detachment
of adjacent cells and the thinning of the cell wall are likely to increase biomass susceptibility to
the explosion step. It represents valuable information towards better modelling, simulation and
optimization of steam explosions. Finally, regarding the enzymatic hydrolysis, the changes in
biomass structure are likely to improve the accessibility of cellulose to enzymes. The disruption
of certain cells and the detachment between neighbor cells increases the exposed area, whereas,
depolymerization of hemicelluloses and lignin delocalization change cellulose exposition.
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Abstract

The changes sustained by lignocellulosic biomass during hydrothermal treatment have a chemical
origin and are reflected at multiple scales. This study proposes the use of multiple imaging
techniques—confocal Raman microscopy and X-ray nano-tomography—to obtain a multiscale
understanding of biomass alterations during hydrothermal treatment. This unique combination
of analyses provided valuable information on topochemical and morphological changes of poplar
samples. Holocellulose hydrolysis and lignin modifications were observed and the chemical
changes detected at the cell wall level corresponded to microscopic modifications. Overall, after
treatment, samples shrank and had thinner cell walls. Subject to more severe pretreatments, cells
were disrupted and detached from adjacent cells. Our results demonstrate that these specific
techniques have proven utility in providing a multiscale assessment of the cell wall degradation
after hydrothermal treatment.

Keywords: Imaging techniques; Poplar; Pretreatment; Confocal Raman microscopy; X-ray nano-
tomography

1. Introduction

Most biological materials have hierarchically organized structures whose properties are affected
by their chemical composition, the interactions between components, and by their spatial
distribution and organization. These relationships between properties are observed for
lignocellulosic biomass and, particularly, wood.

Wood cell walls are composed of layers that differ in their structure, thickness and composition.
The main layers are the primary cell wall and the secondary cell wall, which is composed of three
layers (S1, S2 and S3). The structure between two adjacent cells is called the middle lamella, but
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due to the difficulty in distinguishing the primary cell wall from the middle lamella, they are often
analyzed together as the compound middle lamella [43]. In this study, we focus on two of these
layers: the secondary cell wall, easier to observe because of its large thickness; and the compound
middle lamella, because it ensures bonding between neighbor cells. Even though each layer has
distinct characteristics, they are all composed primarily of three polymers: cellulose,
hemicellulose and lignin.

Cellulose is the main component of wood, accounting for 45-47% and 40-45% of hardwood and
softwood weight, respectively [37]. It is a polymer of (-D-glucopyranose [43] linked by 1,4-
glycosidic bonds [122]. Its linear nature and the presence of multiple hydroxyl groups [122] make
it likely to form intra- and intermolecular hydrogen bonds. This chemical feature has structural
consequences: cellulose is highly organized into microfibrils [22], forming a crystalline core with
a semi-crystalline shell. This structure gives wood its strength. Moreover, the crystalline nature of
cellulose also makes it resistant to chemical attack [43].

Unlike cellulose, hemicellulose is a type of polymer composed of different pentose and hexose
monosaccharides [119]. In hardwoods, hemicelluloses constitute 25-40% of wood by weight [37]
and are mainly composed of glucuronoxylans, which consist of a xylose unit backbone with 4-0-
methylglucoronic acid and O-acetyl side groups. In softwoods, they can constitute 25-29% of
wood by weight [37] and have glucomannan as their main constituent [47]. Their lower degree of
polymerization and branched structure make them more sensitive to temperature and chemical
attacks than cellulose [43].

Lignins are heterogeneous, high molecular weight phenolic compounds that constitute 20-25%
and 30-60% of hardwoods and softwoods, respectively [37]. They are composed of three basic
units: syringyl (S), guaiacyl (G) and p-hydroxyphenol (H) phenylpropanoid moieties. Lignins
frequently form covalent bonds with surrounding carbohydrates, especially hemicelluloses [122].
Softwood lignins are almost entirely composed of G units, while hardwoods have both S and G
units [183].

These three components form an extremely recalcitrant matrix, requiring pretreatment when
lignocellulosic biomass is utilized in the production of second-generation biofuels. Among the vast
range of pretreatments available, steam explosion is notable as it requires no additional solvent
and can be applied to a variety of raw materials. It consists of two steps, the first of which is
hydrothermal treatment, during which biomass is subjected to temperatures up to 230 °C under
steam-saturated pressure for several minutes [44]. The pressure is then rapidly released in the
explosion step. The changes experienced by biomass during hydrothermal treatment greatly
influence the explosion and the subsequent bioethanol production steps and impact the efficiency
of the entire production chain.

A full understanding of the effects of pretreatment on lignocellulosic biomass, including both
chemical and structural aspects, can only be achieved through a multiscale approach. From a
molecular point of view, partial hydrolysis releases mono- and oligosaccharides, which has been
extensively demonstrated in literature [22,115]. At larger scales, cell wall breakdown can alter
mechanical and anatomical biomass properties. Despite the effect of structural changes on the
subsequent enzyme accessibility, very little attention has been paid to the cell wall and cell scales.
Combining several imaging techniques can be a powerful tool in addressing this issue. Raman
spectroscopy is of particular interest because it provides a chemical fingerprint of the material
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and combined with microscopy, allows the assessment of sub-parietal composition. It has proven
useful mainly in the study of lignocellulosics [69,184]. One disadvantage of using confocal Raman
microscopy is that sample preparation requires cutting the sample into thin layers, which can alter
its morphology. In contrast, X-ray nano-tomography is non-destructive, allowing morphological
assessment of the same sample before and after treatment without the artifacts of sample
preparation. The results obtained from this technique provide morphological information on the
tissue scale with a sub-micrometric resolution. For the first time in this field, we combine these
two imaging techniques to characterize hydrothermal treatment by providing a global, multiscale
view of biomass changes during the process.

2. Material and methods

2.1. Biomass

A 25-year-old poplar tree (Populus euroamericana ‘Koster’) from a forest in Auménancourt-le-
Petit (France) was used as a source of biomass. It was chopped and cut into boards that were
subsequently air-dried. All samples were obtained from a single defect-free board with a straight
grain angle and carefully cut along the longitudinal direction, in which the natural variability of
wood is the lowest. The sample size and preparation method depended on the constraints of each
imaging technique, as presented in the next sections and summarized in Figure 60.
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Figure 60. Summary of the different sampling methods
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2.2. Hydrothermal treatment

Hydrothermal treatment was conducted in an in-house developed device, described in previous
works [34,185]. This device allows temperature to be perfectly controlled by two electric heating
collars (370 W) placed at the outer surface of the chamber and a PID device (Eurotherm 3216)
equipped with a K-thermocouple.

The hydrothermal treatment requires samples to be saturated in water to allow a good heat
transfer and reproduce the industrial process, where water vaporization is essential for the
explosion step. Samples were saturated in distilled water for 12 h using vacuum-pressure cycles.
To avoid any deformation from sudden contact with liquid water, all samples were previously
submitted to a pre-saturation step, during which they were kept at 75 % relative humidity (RH)
conditions overnight.

Treatments were performed at 160 and 180 °C under saturated water vapor conditions for 0, 10,
20 and 40 minutes (plateau duration). The reaction chamber was heated from room temperature
to the treatment temperature (around 8 °C/min). Chamber was kept at a constant temperature
for the desired time and then cooled down (approximately 9 °C/min) to room temperature by two
external fans. After treatment, samples were subjected to different protocols described in the
following sections.

Paired samples were used for chemical analysis of untreated and hydrothermally treated samples
and for the calculation of mass loss during the treatment, as described by [186].

2.3. Confocal Raman microscopy

2.3.1. Sample preparation

Poplar cubes (83 mm3) were hydrothermally treated according to the previously described
protocol. Treated water-saturated samples were stored in a closed chamber at 75% relative
humidity for two days to allow slow drying and to minimize deformation and cell wall collapse.
Samples were then dried in ambient air for two more days. Control and hydrothermally treated
3 x 3 x8 mm poplar blocks were then split from original cubes along the grain (respectively in
radial, tangential and longitudinal directions) and 16 um thick cross-sectional slices were cut from
these blocks using a sliding microtome (Microm HM 450 - Thermo Fisher Scientific). Slices were
sequentially washed with distilled water, a diluted NaClO solution (0.02% m/v) and distilled
water. Washed samples were placed between a microscope slide and a coverslip with a drop of
water, to prevent the sample from burning. The set was sealed with nail polish to avoid water
evaporation [167].

2.3.2. Image acquisition
Chemical maps of wood fibers were obtained using an Alpha 300R+ confocal Raman microscope
(Witec), equipped with an objective from Nikon (Plan Apo VC 60x NA=1.40 Qil), a piezoelectric x-
y stage and a CCD detector. Scans were run at least in triplicate for each combination of treatment
temperature and residence time. For each analyzed point of the sample (every 0.2 um), a spectrum
was acquired with a 532 nm laser at 10 mW and an integration time of 0.1 seconds per pixel.
Laser-induced fluorescence (LIF) is a known challenge when dealing with Raman spectroscopy of
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lignocellulosic materials, especially in highly lignified or treated samples [78]. Even though there
are no studies showing the application of photobleaching to treated wood, it has been largely used
to reduce fluorescence of biological samples, e. g. carotenoids in human skin [174]. At the same
time, studies of untreated wood show that Raman bands were not significantly affected by a
10 mW green laser exposure (532 nm), even after repeated measurements, when integration time
was less than 0.13 s [179]. In the present study, the application of a photobleaching before spectra
acquisition allowed for an increase in the signal-to-noise ratio, as a consequence of fluorescence
reduction.

Spectra were treated for cosmic ray removal and baseline correction using WITec’s software
PROJECT FOUR. The same software was used for generating chemical maps with a univariate
approach, by integration over selected wavenumber bands; and with a multivariate approach, by
cluster analysis.

2.4. X-ray nano-tomography

2.4.1. Sample preparation
Samples for nano-tomography analysis should be very small to ensure good resolution. However,
after pretreatment, samples are fragile, making sample manipulation challenging. Small samples
are also difficult to attach to the sample holder. For these reasons, untreated samples were carved
out of wood blocks in a conical shape. The smaller portion (with a diameter of about 1 mm) was
scanned while the larger one was used to hold the sample.

To study the effect of hydrothermal treatment on the anatomical structure of biomass, the same
samples were scanned before and after treatment. Thus, untreated samples were scanned, then
submitted to hydrothermal treatment according to the protocol previously described, and finally
re-scanned. To prevent the collapse of treated water-saturated samples, after treatment, these
samples were immediately frozen at -80 °C and later freeze-dried (Alpha 1-2 LD, Martin Christ).
Preliminary tests were made on untreated samples to evaluate the effect of freeze-drying on
anatomical structure. It proved that this methodology does not affect samples morphology.

2.4.2. Image acquisition and treatment

Samples were scanned (EasyTomXL Ultra 150-160, RX Solutions) with a voxel size of 500 nm3
using a nano-focus vacuum tube for X-ray emission at a working voltage of 100 kV and working
current of 170 pA. A total of 1,440 radiographs were obtained, each with an exposure time of 2 s
and an average of 5 frames, using a CCD detector of 2,016 x 1,344 pixels. Avizo 2019.2 software
(Thermo Scientific™) was used to generate 3D volumes. 2D cross-sectional slices were treated
with Image] software (version v1.52i) to remove the background and were later analyzed for cell
wall thickness using the Local Thickness plugin and for circularity using the particle analysis
plugin, according to the following equation:

4A

Circularity = 7 (8)

In which A is the area and P is the perimeter of the identified cell lumens.
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2.5. Scanning electron microscopy

After submitted to nano-tomography, the nanostructure of treated samples was observed using
scanning electron microscopes. To observe the effect of hydrothermal treatment on the
anatomical structure, untreated control samples were also observed. In both cases, the samples
were preliminarily freeze-dried.

To study the middle lamella of cells, samples were cross-sectioned using a microtome blade.
Because wood is non-conductive, samples were first coated with gold. Observation was made
using an environmental scanning electron microscope (ESEM, FEI Quanta 200) using the following
conditions: secondary electron detector, high vacuum mode, an accelerating voltage of 10 kV
(control sample) and 12 kV (treated sample), a spot size of 3 and a work distance of approximately
9 mm.

To examine the structure of cell walls to a greater depth, a field emission gun scanning electron
microscope (FEG-SEM) Model LEO 1530 (Leo Electron Microscopy Ltd, Zeiss, Oberkochem,
Germany) was used. Samples were first split along the longitudinal-radial plane. Then, the non-
conductive samples were coated with tungsten (Q150TS, Quorum Technologies). The operating
conditions of FEG-SEM were an accelerating voltage of 2 kV, a diaphragm of 30 um and a work
distance of 2 mm.

3. Results and discussion
3.1. Chemical modifications

Figure 61 presents the results obtained by confocal Raman microscopy after univariate analysis
for samples treated at 160 °C for 0, 10, 20 and 40 minutes as well as a native sample. The same
samples had their data submitted to a cluster analysis. Only the most severely treated samples (20
and 40 minutes) were chosen to be represented in Figure 62, due to their higher contrast with the
native sample. Figure 62 also provides the respective average spectra of the clusters, normalized
with the maximum value.

In Raman spectroscopy, lignins are expected to exhibit an intense peak at a 1,600 cm,
attributable to phenyl groups of lignins [79] and a second peak at approximately 1,650 cm-, that
corresponds to the ring conjugated C=C stretching of the coniferaldehyde and coniferyl alcohol
units. [t is less intense and usually observed as a shoulder of the first one [69,81].

Analyzing hemicelluloses and cellulose through this technique is more challenging than lignins.
Due to their similar structure, several bands appear at the same wavenumber [79], making it
impossible to distinguish hemicelluloses from cellulose. They are thus analyzed together, as
holocellulose. The band at approximately 2,894 cm-! corresponds to the aliphatic C-H and C-H;
stretch from carbohydrates [79,81] and is commonly used for the study of wood carbohydrates
due to a good signal-to-noise ratio [69].

3.1.1. Lignins
To obtain chemical maps for lignins, peaks at 1,600 cm! and 1,650 cm! were integrated together
as it resulted in a better signal-to-noise ratio and did not alter the determination of lignins
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distribution [69]. Figure 61a shows the intensity of this broad band in an untreated wood cell. It
can be seen that, even though lignins are present in all regions of the cell wall, signal intensity is
higher (seen in yellow and orange) in regions corresponding to the cell corner and the middle
lamella. These results are consistent with those of previous studies [69,81].
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Figure 61. Raman images obtained by integration at different wavenumbers of untreated and hydrothermally
treated poplar samples (160 °C).
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Figure 62. Raman images of untreated (a) and pre-treated samples (b-c) based on hierarchical cluster analysis

and the average spectra of respective clusters (normalized) (d-f). Samples were treated at 160 °C for 20 (b,e)
and 40 (c,f) minutes.

After treatment (Figure 61 b-e), it was possible to observe a reduction of signal intensity in zones
corresponding to the secondary cell wall. At the same time, the signal seemed to intensify in the
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intercellular regions, such as the triple points and middle lamella. This effect intensified with
increasing treatment time and became particularly evident in the spectra obtained by cluster
analysis (Figure 62). In the untreated sample, regions corresponding to cell corners (red)
presented a clear predominance of the lignins band (1,600 cm-1). After 20 and 40 minutes at the
temperature plateau, holocellulose signal intensity (2,894 cm!) decreased in comparison with
lignins in the cell corners. On the other hand, the contribution of lignins to the spectra of the
secondary cell wall (purple) became weaker as the treatment time increased.

Based on these results, it is possible to assume that different cell wall regions responded
differently to hydrothermal treatment. An increase in lignin signal intensity in high lignified cell
wall regions has also been observed during dilute acid pretreatment of Pinus bungeana Zucc.
[187]. A few hypotheses may explain mechanisms behind the observed changes, likely the result
of a combination of different factors.

Some authors consider solubilization one of the modifications experienced by lignins in
hydrothermal treatments [115]. The acidic condition leads to the breaking of lignin -
carbohydrate bonds and later, to depolymerization of lignins [139]. Solid biomass would then
suffer a loss of lignins to the treatment liquid, which could explain the reduction of signal intensity
observed on the secondary cell wall. Additionally, the monomeric composition of lignins
influences its susceptibility to hydrothermal degradation. Syringil (S) units present fewer cross-
links, which makes it more susceptible to hydrothermal treatment [115,132]. The predominance
of S units in the secondary cell wall [132] is one possible cause of the differential attack observed
in Raman images. However, it only explains the decrease in the signal intensity in the secondary
cell wall, but not its increase in other regions.

Another possible explanation is the migration of the lignins. The treatment temperatures largely
exceeded lignin’s glass transition temperature (T), of 50 and 100 °C for water-saturated wood
[33]. These temperatures allow lignins to melt and coalesce. They are then forced out of the cell
wall matrix and form droplets during the cooling phase [135]. To verify if this hypothesis applies
to the samples analyzed here, further observations were made by electron microscopy, the results
of which are presented in Figure 63 (obtained by SEM and FEG-SEM). It is possible to observe the
formation of round droplets in the inner surface of the cell (Figure 63e-f) and in the intercellular
region (Figure 63b-c), which is consistent with previous results [135]. The observed droplets had
a maximum diameter of 0.35 pm (measured with the help of the Image] software), which is large
enough for their chemical composition to influence the Raman spectra of the region in which they
are deposited. However, they might not be seen as single droplets since their size is close to the
lateral diffraction limit of the confocal Raman microscope. It is then conceivable to assume that
the intense lignin signal observed at triple points of pre-treated samples originate from these
lignin droplets. This effect is, however, only observed at the intercellular region and not at the
inner surface of the cell, where lignin droplets are also found in large quantities. This suggests that
droplets found in different anatomic regions of the cell wall have different compositions and thus
different contributions to the Raman spectra.

A previous study [188] used fluorescence lifetime imaging microscopy and stimulated Raman
scattering microscopy to evaluate the effect of low concentration maleic acid pretreatment on
poplar. Based on the fluorescence lifetime, they were able to distinguish two types of lignin: dense
lignins and loosely packed lignins. In the untreated sample, loosely packed lignins were mainly
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present in the secondary wall. Dense lignins, on the other hand, were present all over the cell wall.
After pretreatment, lignins present in the cell corner formed dense lignin droplets, while lignins
present in the secondary cell wall were released with hemicelluloses and end up forming loosely
packed lignin droplets [188,189]. These loosely packed lignin droplets are composed of lignin-
carbohydrate complexes and contain a low lignin concentration, undetectable when analyzed
through stimulated Raman scattering microscopy at the lignin resonance frequency (1,600 cm-1).
Therefore, our results are consistent with previous findings, showing that droplet composition
depends on the anatomic region in which they are formed. This fact reinforces the importance of
imaging techniques in providing a better understanding of cell wall degradation during
hydrothermal treatment.

The effect of droplet formation on subsequent steps, such as enzymatic hydrolysis, remains
uncertain. Lignin migration could result in higher accessibility of cellulose inside the cell wall to
enzymes, but on the other hand, the presence of droplets attached to the cell wall surface could
physically limit the access of enzymes or result in non-productive binding with lignins or lignin-
carbohydrate complexes [116].
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Figure 63. SEM (a-c) and FEG-SEM (d-f) images of poplar cell wall before (a, d) and after (b, e) 40 minutes of
hydrothermal treatment at 180 °C. The regions within the white rectangles are shown in (c, f) at increased
magnification. It is possible to observe cell wall layer detachment and the formation of round droplets.

Laser-induced fluorescence considerably increased with pretreatment severity. Despite the
application of photobleaching prior to the Raman analysis, a maximum was reached after 40
minutes of treatment (Figure 61e). For this sample, the quality of Raman spectra (observed by the
signal-to-noise ratio) was reduced (Figure 62f). These results thus need to be interpreted with
caution, as the high signal intensity in cell corners could be overshadowing less concentrated
areas. For the same reason, results obtained for more severely treated samples (such as those
treated to 180 °C) through confocal Raman microscopy could not be explored and, therefore, were
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not presented in this study. Despite the limitations of this method, an increase in laser-induced
fluorescence is also an indicator of biomass chemical modifications, as shown previously [190].
When studying lignins and lignin-derived model compounds using Raman spectroscopy, they
demonstrated that freely-rotating 5-5° linkages were a precondition for laser-induced
fluorescence in wood. During treatment, more sensitive linkages (such as a- and [-aryl ether)
were broken, allowing 5-5’ linkages to rotate without restrictions. These results are consistent
with those of the current study and suggest a modification of lignin mobility and degree of
condensation. Future studies could provide a greater understanding of the mechanisms leading
to laser-induced fluorescence in treated wood and utilize it for analytical purposes.

3.1.2. Holocelluloses

Figure 61f shows the image obtained by integration over the 2,894 cm! band of the Raman
spectrum (corresponding to holocellulose) of an untreated poplar sample. As expected, the
highest holocellulose concentration is observed in the secondary layer of the cell wall. Regions of
weaker signal in this band correspond to the middle lamella and cell wall corners, which are
known to have lower holocellulose concentrations [69,81]. Small intensity variations throughout
the S2 region can be observed and, in addition to differences in concentration, can also be
attributed to the microfibril angle of cellulose [69]. Because the chemical bonds represented by
this band (C-H and C-H3) are perpendicular to the axis of microfibrils, the intensity of the Raman
signal is maximized when microfibrils are aligned with the laser axis, orthogonal to the electric
field vector.

Treated samples (Figure 61g-j) showed a decrease in the signal intensity with an increase in
treatment time. From the beginning of the temperature plateau (0 minutes of treatment - Figure
61g), no influence of this band is observed in the spectra of cell corners and compound middle
lamella, which appear in black. At the same time, the secondary cell wall signal intensity decreased
from yellow to dark orange or red. Considering the treatment conditions, the loss of signal
intensity can be explained by the hydrolysis of hemicelluloses to oligosaccharides and monomeric
sugars such as xylose, glucose and arabinose [186]. Previous studies have shown that
hemicelluloses constitute the major source of biomass loss during pretreatment [117,186]. In
poplar samples hydrothermally treated for 20 minutes at 180 °C [186], these components
released 33.1% of their initial content in the treatment water, and experience up to 85% loss
depending on pretreatment conditions [119]. Due to a lower degree of polymerization [118] and
to a branched, non-crystalline structure, hemicelluloses are much easier to degrade than cellulose
[43]. Thus, they constitute the main target of lignocellulosics pretreatment prior to the production
of second-generation biofuels. The most susceptible bonds of hemicelluloses are those of
heterocyclic ether bonds [115]. Their breakage generates hemicellulose oligosaccharides and
acetic acid that acts as a catalyst [115]. Hardwood hemicelluloses contain more acetyl groups than
softwood, which contributes to greater hydrolysis [117]. Therefore, the signal that can still be
observed even during the most severe treatment (Figure 61j) would mainly be cellulose.
Approximately one-third of the hemicelluloses, however, associate with the crystalline
microfibrils of cellulose [43] and are harder to hydrolyze, another possible contributor to the
signal intensity.
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Depending on the severity of the pretreatment, monomeric sugars released from hemicelluloses
and (to a lesser degree) cellulose can undergo further dehydration, producing furfural and 5-
hydroxymethylfurfural, respectively. These degradation products can later be converted into
aromatic intermediates and then form pseudo-lignin [139] through polymerization and
polycondensation reactions. During the cooling process, these compounds are susceptible to
production of spherical structures similar to lignin droplets, which also tend to adhere to cell wall
surfaces [139]. The decrease in holocellulose concentration beginning in the early stages of the
hydrothermal treatment meets the necessary conditions for the production of pseudo-lignin,
reinforcing the previous hypothesis that the droplets observed in Figure 63 may not all have the
same composition.

3.1.3. Cellulose

As previously stated, cellulose can roughly be distinguished from hemicelluloses in the Raman
spectra of lignocellulosics. The 2,894 cm is used for the analysis of both cellulose and
hemicelluloses [79,81]. However, given the crystallinity of cellulose and the temperature levels
applied in this study, it is unlikely that the loss of intensity previously observed in this band was
due to aloss of cellulose. Previous works have shown that cellulose remains essentially unaffected
during hydrothermal treatment, even at higher temperature levels [22,186], which confirms the
initial hypothesis that a reduction of the signal of 2,894 cm-! band mainly represents a loss of
hemicelluloses or, on a much smaller scale, loss of amorphous cellulose [43,117].

Another band located near 1,096 cm-1, can be used to analyze cellulose. It corresponds to the
asymmetric C-O-C linkages, generally aligned with the microfibril axis [81,191]. This band is thus
sensitive to cellulose orientation and can provide an idea of its supramolecular structure [191]. In
the untreated sample (Figure 61Kk), the intensity is evenly distributed throughout the secondary
layer, with a slightly higher intensity in the S1 layer due to microfibril orientation. As expected, no
signal is observed for this band in the cell corners and compound middle lamella, since these
regions are essentially composed of lignin. As the treatment time increases (Figure 611-0), the
intensity of this band increases, especially in the S1 layer. The same observation was made in a
previous study [191], in which two possible reasons to explain this signal increase were provided.
Firstly, molecules may be more parallel to the beam polarization. Indeed, even though it is not
completely hydrolyzed during pretreatment, cellulose undergoes a significant reduction in the
degree of polymerization [123,192]. The presence of shorter polymer chains provides enhanced
mobility to the cell wall, perhaps allowing more molecules to align with the laser beam. The second
explanation was an increase in cellulose crystallinity, which would result either from the loss of
amorphous components (hemicelluloses and amorphous cellulose)—i.e. increasing the relative
amount of crystalline cellulose—or come from a genuine rearrangement of cellulose organization.

3.2. Consequences on macroscopic properties of biomass

The previous results showed the effect of hydrothermal treatment on the chemical structure of
biomass cell walls. It is reasonable to presume that the changes observed at the cell wall level have
an impact on the macroscopic structure of biomass. To examine this further, the anatomical
structure of the samples was observed using X-ray nano-tomography. After data processing, each
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analysis resulted in a set of cross-sectional slices. Five cross-sectional slices of each sample
(100 pm apart from each other) were used to assess the cell wall thickness and no significant
difference was found between different slices of the same sample. Figure 64 and Figure 65 show
untreated and hydrothermally treated samples at 160 °C/40 minutes and 180 °C/40 minutes,
respectively. Because X-ray nano-tomography analyses are time-consuming, only the most
severely treated samples (40 minutes) for each temperature—and, therefore, those with the most
significant morphological changes—were analyzed.

There was obvious shrinkage on both radial and tangential directions of wood, especially for the
sample treated at 180 °C (Figure 65a-b). Shrinkage has been observed in a previous work [186],
that used it as a macroscopic indicator of biomass degradation during hydrothermal treatment.
For both treatment temperatures, a reduction of cell wall thickness when the treatment duration
increased can also be observed. In Figure 64c-d and Figure 65c-d the cell wall thickness was
calculated by image processing and is represented according to the color scale. The results also
show that in untreated samples (Figure 64c and Figure 65c), cell wall thickness can reach up to
7 um depending on the anatomical structure (orange-yellow color). For pre-treated samples, it
barely exceeds 5 pm in the mildest pretreatment (red-orange color) and 3 um for the most severe
one (pink-purple color). The mean calculated cell wall thickness shrank from 3.8+1.0 pm to
2.740.7 pm and from 3.5+0.9 um to 2.2+0.6 pm for 160 and 180 °C pretreatments, respectively. It
corresponded to a reduction of 29 and 36 % on the cell wall thickness (for temperatures of 160
and 180 °C, respectively). A similar observation was made by electron tomography in the case of
mild pyrolysis of wood [143].

Shrinkage and decrease in cell wall thickness are connected phenomena and can both be linked to
mass loss. Our previous study [186], using the same poplar samples, reported up to 27.3% mass
loss after 40 minutes of hydrothermal treatment at 180 °C. This significant loss is logically
reflected in sample dimensions. As previously stated, hemicelluloses are the most sensitive
components of wood to this kind of treatment, representing the most significant source of mass
loss [117,186].

For the most severe pretreatment (180 °C / 40 min), shrinkage may also be a result of drastic
changes in the biomass anatomy. As shown in Figure 65a-b, vessels and rays are likely the most
fragile to this kind of treatment of all anatomical elements of biomass structure. Cell walls of
vessels and rays parenchyma are thinner than those of fibers, which explains their fragility.
Vessels have been completely disrupted, as shown by the blue narrows (Figure 65e-f) and
collapsed. It is also possible to see (Figure 65e-f) that at this intensity level many fibers start to
detach from adjacent cells (a few examples are highlighted by the red arrows), seldom seen in the
treatment at 160 °C (Figure 64e-f). The same process can be observed in the SEM images
previously shown (Figure 63c, highlighted by the red arrow). Figure 62b reinforces these
observations. Even for milder treatment conditions (160 °C / 20 min), it is possible to observe a
void between two cells, a region whose spectrum has been found similar to that of the lumen by
cluster analysis (in blue) - i.e. it is filled with water. These observations are consistent with those
of previous studies [123,130].

The hydrolysis of hemicelluloses and the modifications experienced by lignins are likely the main
cause of all these structural changes. In untreated wood, hemicelluloses and lignins are
responsible for bonding the structure together within the layers of one cell or between neighbor
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cells [118]. Previous works have found that the hydrolysis of hemicelluloses and the loss or
migration of lignins can induce substantial ultra-structural changes on the biomass network
[119,132,144], owing to a loss of mechanical properties and a fragilization of middle lamella. The
loss of cohesion between cells and cell wall layers weakens biomass structure and is likely to make
it more susceptible to the shearing forces arising during the explosion step. This effect is realized
when neighbor cells detach from each other. In this case, the double cell wall of adjacent cells is
split in half, meaning that the explosion faces less resistance than from that of the original cell
wall.

To further explore the obtained results, X-ray nano-tomography slices were also used to calculate
the circularity of the cells (Figure 66). As expected, no significant difference (p-value = 0.21) was
found between the two samples before treatment. For the sample treated at 160 °C for 40 minutes,
the mean cell circularity decreased from 0.71+0.18 before treatment to 0.67+0.16 after treatment
(p-value < 0.001). This effect was even more evident for the sample treated at 180 °C (40 minutes),
in which case the mean cell circularity decreased from 0.69+0.19 before treatment to 0.57+0.21
after treatment (p-value < 0.001). These results support our previous observations. The mass loss
suffered by biomass during treatment and the re-organization of cell wall components are likely
to induce a fragilization of the cell wall. This loss of mechanical resistance would therefore allow
the cells to acquire more elongated forms. Consistently, Zoghlami et al. [193] demonstrated a
reduction in the sphericity of poplar cells with the increase of treatment severity. In the same
study, cell sphericity was also found to negatively correlate with the yields obtained after
enzymatic hydrolysis. It suggests that, after treatment, samples are more susceptible to the
enzymatic attack, probably due the increased accessibility of the cellulosic fraction.

Finally, 3D reconstruction of samples (Figure 64e-h and Figure 65e-f) allowed for exploration of
the structure before and after treatment and provided an overall picture of the modifications
taking place inside the sample, without any particular sample preparation. Therefore, different
directions of the same wood sample can be visualized with a single analysis.
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g h

Figure 64. X-ray nano-tomography images of the same sample in its untreated state (a, c, e and g) and after 40
minutes (b, d, fand h) at 160 °C. The images show (a-b) the calculated thickness of cell walls throughout the
slices (in um); (c-d) highlights of cell wall collapse (blue) and cell detachment (red). The white rectangle (d)

highlights the changes in sample dimensions due to shrinkage; (e-h) 3-D reconstructions of the sample.
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e f

Figure 65. X-ray nano-tomography images of the same sample in its untreated state (a, c, e) and after 40
minutes (b, d, f) at 180 °C. The images show (a-b) the calculated thickness of cell walls throughout the slices (in
um); (c-d) highlighted vessel disruption (blue) and cell detachment (red); (e-f) 3-D reconstructions of the
sample.
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Figure 66. Effect of hydrothermal treatment on the circularity of poplar cells. (a-d) Automatically identified cell
lumens for untreated (a-b) and pre-treated (c-d) samples. (e) Distribution of cell circularity (vessels excluded) of
the different samples. The boxes represent the interquartile ranges. Medians and means are represented by the
lines inside the boxes and by the markers, respectively. The number of analyzed cells was 548 (a), 473 (b), 408
(c) and 254 (d).
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4. Conclusions

This study investigated the multiscale effect of hydrothermal treatment of poplar on its chemical
composition and structure. It was made possible by a unique combination of several imaging
techniques. Hemicellulose hydrolysis and lignin migration were observed by confocal Raman
microscopy. The chemical changes observed at the cell wall level have later been connected to
ultrastructural modifications. Overall, after treatment, samples presented thinner cell walls and
shrinkage. In more severe treatments, cell disruption and detachment from adjacent cells were
also observed. Imaging techniques provided an overall (3D) vision of the degradation of cell walls
after hydrothermal treatment.

Finally, regarding later steps in the bioethanol production chain, the detachment of neighbor cells
and the reduction of cell wall thickness increased susceptibility to the subsequent explosion
phase. It provides knowledge for improved steam explosion modelling, simulation and
optimization. The hydrolysis of hemicelluloses and the delocalization of lignins may contribute to
the accessibility of cellulose by exposing it to enzymes, as reflected by a reduction of the cell
circularity. The access of enzymes is also facilitated by disruption of some cells, exposing inner
portions of biomass.
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Chapter III confirmed the relevance of a multiscale approach on the study of lignocellulosic
biomass pretreatment. Even though rich in information, especially concerning the following
enzymatic hydrolysis step, the results obtained from imaging techniques remain rather
qualitative and discontinuous. In our search for a macroscopic indicator of biomass
deconstruction, it was important to find quantitative parameters. Furthermore, the continuous
aspect of this indicator was an important feature, as it provides a lacking information of classical
chemical analysis: the reaction kinetics.

As stated in literature review, previous works have demonstrated the ability of rheological
properties to reflect structural rearrangements of the cell wall components as well as changes in
their molecular and supramolecular structure. However, most of these studies were performed at
lower temperatures than those industrially applied for hydrothermal treatment. More recently, a
study was dedicated to the development of a device capable of performing this type of test under
the severe conditions required by hydrothermal treatments [34]. The present study used this
device to further explore its potential.

Two viscoelastic properties were continuously measured perpendicular to the grain and under
uniaxial compression: the apparent modulus of elasticity and the stress relaxation. The pertinence
of these properties as indicators of biomass deconstruction was assessed. The testing protocol is
described throughout the present chapter, but complementary information on preliminary tests
and on the implementation of this protocol was given in Chapter II. In addition to the evaluation
of the two viscoelastic properties, this study also aimed at assessing the effects of operating
conditions — including the temperature (150, 160, and 180 °C) and the soaking liquid (distilled
water, acidic solution, or alkaline solution) — on such properties.

Three main phenomena could be distinguished through the concomitant evolution of stiffness and
relaxation: thermal activation of the viscoelastic behavior, cleavage of molecular linkages, and re-
condensation. At the beginning of the heating period, while the temperature remains quite low,
thermal activation occurs solely. Our results show that at relatively low temperature (60 °C)
concomitant chemical degradation begins to be noticed. This effect, probably due to the hydrolysis
of hemicelluloses, was observed thanks to the stress relaxation tests. However, the monotonous
behavior of rigidity tests during the heating phase prevents the distinction between both
phenomena.

Once the temperature plateau is reached, the two main phenomena become cleavage and re-
condensation reactions. The dominance of either one or the other depended on the treatment
severity. Cleavage reactions were predominant at the beginning of the treatment plateau, which
was attributed to hemicellulose hydrolysis and cleavage of lignin [3-O-4 linkages. Moderate
severity favored lignin condensation reactions, whether it was long treatment durations for
temperatures of 150 and 160 °C or shorter times for a higher temperature (180 °C). The most
severe condition tested (long residence time at 180 °C) promoted new cleavage reactions, which
must probably be related to the reduction of the DP of cellulose. The use of an acidic pre-soaking
medium also seemed to promote the hydrolysis of lignocellulosic biomass, whereas, the use of
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alkaline pre-soaking medium seemed to provoke lignin and hemicellulose extraction at low

temperatures but limited further alterations during the temperature plateau. Contrary to the

heating up phase, the different phenomena taking place during the temperature plateau could

only be highlighted thanks to the MOE and its non-monotonous behavior at this stage.

The two mechanical properties studied in Chapter IV, therefore, proved to be complementary and

provided meaningful insights regarding the chemical mechanisms involved in hydrothermal

treatment. The conclusion extracted from this data can be resumed by the image below.
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Abstract

This work aimed to use continuous measurements of viscoelastic properties to evaluate the effect
of hydrothermal treatment on poplar samples. Different conditions (temperature and pre-soaking
liquid) were tested on wood in both tangential and radial directions. Two viscoelastic properties
were determined: the modulus of elasticity and the stress relaxation. The applicability of these
properties as indicators of the kinetics of biomass deconstruction was also evaluated. The
ultimate goal is to build a macroscopic indicator capable of establishing rules to optimize the
hydrothermal treatment before the explosion stage. The joint use of the two parameters
succeeded in revealing the effects of chemical degradation, including the coexistence of cleavage
and re-condensation and the impact of process conditions (temperature, residence time, and pre-
soaking liquid). The monotonous behavior of stress relaxation is a major asset as a possible
macroscopic indicator of biomass deconstruction.

Keywords: Lignocellulosic biomass, Steam explosion; Modulus of elasticity; Viscoelasticity;
Poplar

1. Introduction

Lignocellulosic biomass constitutes one of the most abundant renewable sources of carbon [194].
It has received increased attention in recent years as an alternative feedstock for industries such
as biofuel and bio-based chemical production. However, as a result of evolution, lignocellulosic
components—and especially wood—play the role of mechanical support in plants and help them
withstand biological degradation. This natural recalcitrance, therefore, presents a significant
challenge for industrialization. Regardless of the application, a pretreatment step is necessary to
promote subsequent enzymatic hydrolysis by increasing the accessibility of polysaccharides [24].
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Several pretreatment methods have been proposed. Among them, steam explosion seems to be
best suited to meet industrial needs, for example, the efficient treatment of a wide variety of
biomass sources [37,44]. It involves a hydrothermal step—during which biomass is subjected to
high temperature under saturated steam conditions—followed by explosive decompression.
Ideally, hydrothermal treatment should promote the separation of the three main components of
lignocellulosic biomass (cellulose, hemicellulose, and lignin) with limited changes to their
molecular structures. An increase in the porosity, as well as the reduction of cellulose crystallinity,
are also expected for enhanced accessibility. At the same time, an ideal pretreatment should limit
the formation of sugar degradation products (such as furfural and 5-hydroxymethylfurfural) and
other inhibitory compounds [22].

The chemical degradation mechanisms occurring during hydrothermal treatment, especially
those involving the hydrolysis of polysaccharides, are well documented in the literature. Under
high temperatures, water autoionizes and forms hydronium ions that act as catalyzers for a series
of hydrolysis reactions [115]. Hemicelluloses are the most susceptible components of the cell wall
to this kind of reaction, probably due to their amorphous structure [117,186,195]. The first
hydrolysis reaction is a split of the acetyl side groups, resulting in the production of acetic acid.
The formation of this organic acid has a catalyzing effect and promotes the hydrolysis of
hemicelluloses into oligo- and monosaccharides [115,117]. To a lesser extent, lignin is also
affected by hydrolysis. Cleavage of 3-0-4’ aryl ether linkages has been observed to a significant
extent even at 150 °C, due to their low thermal stability [127,128]. Poplar can be particularly
affected by this mechanism, as its lignins are predominantly composed of 3-0-4’ bonds [56,196-
198]. Lignin depolymerization is, however, often accompanied by condensation reactions. The
cleavage of the most thermolabile linkages ([3-0-4") gives rise to a rearranged lignin structure, rich
in resistant bonds, such as -f’, B-5’, and 5-5’ [33,126,131,199]. Additionally, polysaccharide
degradation products are also susceptible to polymerization and condensation reactions, forming
aromatic lignin-like structures [139].

The pretreatment conditions greatly affect the outcomes of the entire production chain and, thus,
must be optimized. Depending on the planned application and the desired physico-chemical
characteristics, acidic or alkaline pre-soaking media can also be deployed [28,126]. Diluted
sulfuric acid has been widely used in biomass pretreatment to increase sugar yields [122,200].
Alkaline pretreatments, on the other hand, enhance lignin solubilization and require milder
treatment conditions, limiting the formation of inhibitory products [201,202].

Mechanical tests can be used to assess the properties of a material. Young’s modulus, for example,
has long been used as a measure of polymer degradation [150,203]. More specifically, previous
works have proven that viscoelastic properties are good indicators of biomass degradation during
hydrothermal treatment [33,34], reflecting structural rearrangements of the cell wall components
as well as changes in their molecular and supramolecular structure. In this case, the evolution of
creep in time is likely to be due to the additive effects of treatment duration that alters the
macromolecular structure and the effect of time on the viscoelastic behavior [204]. To address
this confusion, cyclic protocols, such as harmonic tests, are needed to decouple the effects of
treatment duration with the effect of time on the viscoelastic creep [145,155].

The present work aims to use in-line measurements during hydrothermal treatment to assess the
effects of operating conditions (temperature, pre-soaking liquid) on viscoelastic properties. For
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this purpose, poplar (Populus euro-americana ‘Koster’) tested across the grain was used as a
biomass model. Two viscoelastic properties, tested under uniaxial compression, were measured:
the apparent modulus of elasticity and the stress relaxation. Performing rheological tests under
the severe conditions imposed by hydrothermal treatments (high temperature and saturated
steam) was possible because of an original device conceived and built by our team [34]. The
pertinence of these properties as indicators of biomass deconstruction was assessed, with the
ultimate goal of finding a macroscopic indicator likely to provide guidelines to optimize the
hydrothermal treatment prior to the explosion step.

2. Material and methods
2.1. Poplar samples

The samples were collected from a 25-year-old poplar tree (Populus euro-americana ‘Koster’)
cultivated in Auménancourt-le-Petit (Marne, northeastern France). Green logs were cut in boards
that were subsequently dried and stored before sample preparation. A defect-free board was
selected, from which 8 x 8 x 8 mm3 (radial - R, tangential - T, longitudinal - L) cubes were cut. To
minimize the natural variability of wood, all samples were taken from the same straight line
parallel to the longitudinal direction.

Approximately 12 hours before hydrothermal treatment, the samples were pre-soaked in the
desired medium by subjecting them to vacuum cycles until saturation. Different pre-soaking
liquids were chosen to assess the effects of acid concentration (distilled water, H,S04 0.3 % m/m,
and H,S04 0.6 % m/m). As an alternative to standard acidic conditions, an alkaline medium (NaOH
0.6 % m/m) was also tested. The conditions of each test are summarized in Table 7. The saturated
dimensions of the samples before the test were measured using a laser sensor (Bullier Automation
M5L/4). There were three main reasons for using saturated samples: assurance of good heat
transfer throughout the samples and prevention of changes in the viscoelastic properties and,
more importantly, any mechanosorptive effects of wood due to changes in moisture content
during the test.

2.2. Rheological measurements

The viscoelastic properties were measured using an in-house developed device, whose features
and working principles have been presented in previous papers [34,186]. It has a dual-chamber
reactor which allows mechanical tests to be accurately performed under high temperature and
water-saturated conditions. The upper chamber is kept at room temperature to house the
instrumentation system: i) a Newport LTA-HL actuator (travel range of 25 mm, a minimum
incremental motion of 0.05 um and accuracy of 3 um) equipped with a displacement sensor; and
ii) a load cell (MEASUREMENT SPECIALTIES XFTC 310). The sample is treated in the bottom
chamber, which is, therefore, subjected to high temperatures and saturated steam conditions. The
chambers are connected by a patented system [156], enabling a mechanical link between the two
chambers without friction, a prerequisite for reliable force measurements. The transmission of
the load from the actuator (located in the cold chamber) to the sample (located in the hot
chamber) is ensured by a vertical moving rod. A plate, lying at the end of this rod, subjects the
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sample to compressive stress. Prior to each test, 100 mL of liquid water were added to the bottom
of the chamber. During the heating-up phase, water vaporization ensured a water saturated
atmosphere and condensation at the surface of the sample ensured its full saturation during the
test.

Different continuous mechanical tests on biomass under compression can be performed with this
device. This study focuses on the evolution of two parameters during the hydrothermal treatment:
i) apparent modulus of elasticity (MOE) and ii) stress relaxation measured under compression.

At the beginning of the experiment, the sample is placed on the sample holder, and the reaction
chamber is closed. The software is then launched for the experimental assay. Each test is
composed of the following phases:

1. Heating (8 °C/min) from room temperature to the desired temperature using two electric
heating collars (total of 370 W) placed at the outer surface of the chamber. The
temperature was measured by a K-thermocouple near the sample and controlled by a PID
system (Eurotherm 3216).

2. Maintaining the treatment temperature for 150 minutes

3. Cooling to room temperature by two external fans at approximately 9 °C/min

The mechanical properties of the samples were measured throughout the test according to the
following cyclic protocol, repeated every 75 seconds:

1. Offset of the load cell in the absence of contact, allowing the sensor drift to be corrected,
which is important as the applied force decreases at high temperature;

2. Slow (0.005 mm/s) displacement of the rod towards the sample;

3. Contact detection when the measured force reaches 0.05 N;

4. Preload of the sample, using compression until the preload force is reached (the targeted
force depends on the temperature, and was determined during preliminary tests);

5. MOE stage, consisting of compression up to 0.5 % of deformation of the sample based on
its initial water-saturated length;

6. Viscoelastic stage, relaxation for 30 seconds under constant deformation; and

7. Backward translation to release the contact and wait until the next cycle.

The stress levels applied in this protocol are intended to load the samples within the linear
elasticity and viscoelastic ranges. The raw data obtained included the temperature of the chamber
and the force and position of the actuator. The latter includes the additional deformations of the
sample and the testing bench. To extract the sample deformation only, a series of blank tests were
performed to quantify the deformation of the bench (without sample) as a function of the applied
force. For a given force, it is then possible to calculate the portion of the deformation strictly
related to the sample.

After blank correction and knowing the original sample dimensions, the stress and strain values
are calculated:

128



Material and methods

(9)

Gl

in which o is the stress level (in Pa), F is the force measured by the load cell (in N), and S is the
initial cross-sectional area of the sample (in m?).

AL

€=L—0

(10)
In which the strain (€) is the dimensionless ratio between the sample deformation (4L) and the
initial sample length (Lo).

The MOE is then determined by linear regression between the values of calculated stress and
blank-corrected strain during the linear phase:

Ao AF L,
MOE = — =

= — — 11
Ae AL S (11)

Concerning the stress relaxation phase, results are expressed in terms of normalized stress levels
(Eg. 12) as a function of relaxation time, in which oy is the stress level at the beginning of
relaxation. To express the temporal evolution of normalized stress, the following expression is
proposed, from which two parameters can be obtained: the recoverable part of the asymptotic
value (@) and the characteristic time of relaxation (1) [34].

g, -t
ﬁ=1_a(1_e7) (12)
0o

For each repetition, a« and T were fit to the data using the Nelder-Mead method. Equation 13 was
then used to calculate the dimensionless stress at the end of the relaxation interval (t = 30 s), R3o.

Ao _ 00 — O(t=305) calculated _

o
Ry = 29 _ PLED)
) 0o 0o

(13)

This data analysis allows the signal noise to be averaged at best over the 30-second interval.

2.3. Treatment conditions

Treatments were performed at 150, 160, and 180 °C, and the mechanical properties of wood were
measured in the radial (R) and tangential (T) directions. All treatment conditions are summarized
in Table 7. Sodium hydroxide and sulfuric acid concentrations were chosen based on previous
studies [202,205].
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Table 7. Summary of the treatment conditions of all tests performed on poplar samples

) ) Concentration (% pH
Temperature (°C) Direction Reagent
m/m)
150 T Water - -
160 T Water - -
180 T Water - -
150 R Water - -
160 R Water - -
180 R Water - -
160 R NaOH 0.6 12.57
160 R H.S04 0.3 1.51
160 R H.S04 0.6 1.29
180 R NaOH 0.6 12.57
180 R H2S04 0.3 1.51
180 R H.S04 0.6 1.29
3. Results
3.1. MOE
3.1.1. Effect of temperature and wood direction

Figure 68 reports typical apparent MOE results obtained with distilled water in the radial (left
column) and tangential (right column) directions for the three plateau temperatures (150, 160,
and 180 °C). At the beginning of each test, the MOE was measured at room temperature. The mean
MOE value was 843 * 13 MPa in the radial direction and 335 = 97 MPa in the tangential direction.
All results are presented as the dimensionless ratio between the MOE measured at a given time
and the mean MOE value at room temperature. The evolution of the dimensionless MOE is plotted
as a function of time (Figure 68a-d) and as a function of temperature (Figure 68 e-f).

During the heating phase, a strong MOE decrease was observed until the treatment temperature
was reached (Figure 68a-b). Consistently during this phase, the tests conducted at different
temperatures superpose, as the heating rate is the same for all tests. The same trend is observed
for either radial or tangential directions: regardless of the direction, approximately 97 % of the
MOE initial value is lost at 150 °C. These observations take place during ca. the first 20 minutes of
treatment (heating-up phase), highlighted by vertical solid lines in Figure 68a-b. This phase is,
therefore, better observed when the apparent MOE is plotted against temperature (Figure 68e-f).
In these plots, a difference between directions is observed in the shape of the curves. The MOE of
samples loaded in the tangential direction decreased somewhat linearly with temperature,
whereas radial tests demonstrated linear behavior only over a limited range of temperatures.

130



Normalized MOE

Normalized MOE

Normalized MOE

Results

Radial Tangential
1.000 - & - 200 1.000 - ; - 200
0.500 ) 0.500
n‘v\x s W -
Y, Jr -160 - 150
0.100 - o S 0.100
© =
0.050 e 5 0.050
100 & N - 100
[ ©
g E
0.010 | K3 S 0.010 |
0.005 - - 50 0.005 - - 50
a
0.001 -0 0.001 -0
T T T T T T T
0 50 100 150 0 50 100 150
Time (min) Time (min)
0.030 - 200 0.030 - 200
0.025 - 0.025 -
0.020 - [1%0 W 0.020 - 150
o o)
PR
0015 = 100 'E E 0015 = 100
8 £
5 5
- P4
0.010 - 50 0.010 - - 50
-0 -0
T T T T T T T T
0 50 100 150 0 50 100 150
Time (min) Time (min)
1.000 1w = Ox 1000 5
0.500 & ° e 0.500 o f
el
X
[m] w XO a
0.100 o 6 0.100 A
=
0.050 - 5 0.050 A X o
“0pogy I % DE';
G ™ [e]
05“9%/ g Qﬁ‘%
0.010 - i S 0010 - ?
0.005 0.005 -
0.001 0.001
T T T T T T T T T T
0 50 100 150 200 0 50 100 150 200
Temperature (°C) Temperature (°C)
© 150 °C 0 160 °C = 180 °C

Figure 68. Modulus of elasticity of poplar as a function of time (a-d) and temperature (e-f) for different plateau
temperatures. The left column (a, c, e) depicts radial tests and the right (b, d, f), tangential tests. Figures (c) and
(d) are enlargements of the low values of MOE in figures (a) and (b). MOE measurements are represented by
markers, while temperatures in the plot (a-d) are represented by dashed lines. Vertical solid lines highlight the

beginning of the temperature plateau.
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Once the plateau is reached—after 9, 21, and 23 minutes of treatment for a plateau temperature
of 150, 160, and 180 °C, respectively—a second phase starts, during which changes occur at a
constant temperature. In the radial direction (Figure 68c), whatever the duration of the plateau,
a higher treatment temperature resulted in a lower MOE. At the beginning of the plateau, for
example, the measured MOE represented only 0.028, 0.022, and 0.011 of its initial value for
treatments at 150, 160, and 180 °C, respectively. At a given temperature, however, the evolution
of the dimensionless MOE was not always monotonic. At 150 °C, the MOE decreased to a minimum
of 0.018 after 97 minutes of treatment (88 minutes from the beginning of the plateau) and then
slowly increased up to a maximum of 0.020 at the end of the treatment. The same behavior
occurred faster for the treatment at 160 °C. The minimum value (0.016) was reached at
approximately 50 minutes (29 minutes from the beginning of the plateau), after which values
increased up to 0.018 at the end of the treatment. Finally, the treatment at 180 °C demonstrated
even more complex behavior: the apparent MOE decreased quite rapidly down to 0.009 at minute
29, only 6 minutes after the beginning of the plateau. Then, it regained the same value as at the
beginning of the plateau (0.011) at minute 50 (17 minutes from the beginning of the plateau). The
remaining portion of the test depicts a slow and regular decrease until the end (minimum of
0.008). In the tangential direction (Figure 68d), dimensionless MOE values at the beginning of the
plateau were 0.023, 0.022, and 0.012 at 150, 160, and 180 °C, respectively. Minimum values were
reached earlier than in the radial direction. At 150 °C, the minimum dimensionless MOE (0.016)
was reached after 48 minutes (39 minutes from the beginning of the plateau), whereas, at 160 °C,
it required 45 minutes (24 minutes from the beginning of the plateau) to reach the same
minimum. For the treatment at 180 °C, after the beginning of the temperature plateau, the MOE
value increased to a stable value of approximately 0.012 between 50 and 100 minutes (between
27 and 77 minutes from the beginning of the plateau, respectively) and then decreased to a
minimum of ca. 0.010 at the end of the treatment.

3.1.2. Effect of pre-soaking media

Figure 69 shows typical MOE results obtained from poplar samples in the radial direction during
hydrothermal treatment at 160 °C (a, c, ) and 180 °C (b, d, f), in which the effects of four different
pre-soaking liquids were compared: distilled water, NaOH (0.6 % m/m), and H,SO4 (0.3 and 0.6 %
m/m). As in section 3.1.1, results are represented as dimensionless MOE, using the mean radial
MOE values measured at room temperature in water-saturated conditions as the reference value.
As in Figure 68, Figure 69 depicts the evolution of dimensionless MOE versus time (a-d) and
temperature (e-f).
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Figure 69. Modulus of elasticity as a function of time (a-d) and temperature (e,g) for two plateau temperatures:
160 °C (left column, a, c, e, g) and 180 °C (right column, b, d, f). In figures (c) and (d), the zoom scale of the y-
axis is different as it was chosen to represent, at best, the notable trends.

Samples saturated with sodium hydroxide and sulfuric acid solutions presented lower MOE at
room temperature than those saturated with distilled water (Figure 69e,f).
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Sodium hydroxide yielded the lowest dimensionless MOE (approximately 0.1) at room
temperature. These values further decreased to 0.015 and 0.011, respectively, at 160 and 180 °C
when the plateau was attained. The behavior observed for NaOH-treated samples was then very
different for treatments at 160 °C and 180 °C. Although at 180 °C MOE values seem to stagnate at
0.011, the behavior at 160 °C is similar to that of water-treated samples. MOE decreased to 0.012
and then increased again to almost the same value observed at the beginning of the plateau
(0.015). The MOE of samples treated with NaOH remained the lowest until ca. 150 °C when they
were reached in the 0.6 % H,SO4 treatments. Compared to samples treated with water, NaOH
resulted in lower MOE values during the entire plateau for the 160 °C treatment. In contrast, at
180 °C, the MOE values were higher than those of the water treatment.

At 160 °C, the presence of H,SO4 caused a continuous reduction of MOE during the temperature
plateau (Figure 69c-f), which was even more pronounced at higher H2SO4 concentration. At
180 °C, however, increasing the acid concentration caused almost no difference in the MOE.
Indeed, both acid concentrations caused a loss of MOE with the same asymptotic value at 0.5 %
for the dimensionless MOE, which represents a 200-fold division of the MOE at room temperature.
Regardless of the temperature and the concentration, sulfuric acid resulted in lower MOE than
water at the end of the treatment.

Finally, as expected, in all tested conditions, the use of a higher treatment temperature resulted in
lower MOE. For samples treated with NaOH, however, only a slight difference was observed
between the temperatures (160 and 180 °C).

3.2. Stress relaxation

After each linear loading, the stress relaxation of samples was monitored for 30 seconds. Figure
70 shows typical stress relaxation results of poplar samples during two different phases of the
treatment: the heating-up phase (Figure 70a), for which results are expressed in terms of
temperature, and the temperature plateau (Figure 70b), for which results are expressed in terms
of treatment duration from the beginning of the plateau. The results shown in Figure 70 were
obtained from a water-saturated sample treated at 160 °C and loaded in a radial direction.
Experimental points are plotted as markers, and the best fit using Equation 12 is represented by
dashed lines.

During the heating-up phase (Figure 70a), as the temperature increased from 17 °C to 54 °C, a
significant increase in relaxation was observed. This trend is then inverted as the temperature
continues to rise (curves at 77 °C and beyond). During this second period, the curves shifted
upwards, revealing a reduction in viscoelasticity (results in green and yellow in Figure 70a). This
trend continued once the temperature reached the plateau (curves evolving from yellow to pink
in Figure 70b).

The parameters of Equation 12 were then used to calculate the normalized stress relaxation after
30 seconds (R30), as described by Equation 13, to be explored in the following sections.
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Figure 70. Typical stress relaxation results of water-saturated poplar in a radial direction (a) as a function of
different temperatures during the heating-up phase and (b) as a function of time during the plateau at 160 °C.
For the sake of clarity, only one result out of two and six are represented in (a) and (b), respectively.

3.2.1. Effect of temperature and wood direction
Figure 71 displays the evolution of Rz as a function of time (Figure 71a,b) and temperature
(Figure 71c,d) for different temperatures (150, 160, and 180 °C) in radial (left column) and
tangential (right column) directions. The dashed lines represent the temperature, and the vertical

135



CHAPTER 1V. In situ measurements of viscoelastic properties of biomass during hydrothermal treatment to assess

the Kinetics of chemical alterations

lines indicate the beginning of the temperature plateau. For improved visualization of the results,

results in Figure 71a,b were filtered using a 3-point sliding median.
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Figure 71. Relaxation ratio after 30 s of compression as a function of time (a, b) and temperature (c, d) for
different plateau temperatures in the radial (left column) and tangential (right column) directions.

During the heating-up phase (Figure 71c,d), the evolution of R3¢ confirms the trend observed on
the raw relaxation curves. When heated from room temperature to approximately 60 °C, Rz
increases up to a maximum of 0.020 in the radial direction and 0.018 in the tangential direction.
From this point, a continuous decrease is observed. The superposition of the results of different
tests validates the repeatability, despite the extreme difficulty of such measurements. Once the
temperature plateau was reached, Rz values were almost twice as high in a radial direction than
those in a tangential direction. During this period, in a radial direction, the effect of temperature
was noticeable, as the highest value was obtained at 180 °C, followed by 160 °C, and finally, 150 °C.
At 150 °C, the relaxation was approximately 0.024, and almost no change was observed
throughout the temperature plateau (Figure 71c). At 160 °C, the plateau started at 0.038 and was
the same as the results of the 150 °C test (R3o = 0.024) after 75 minutes of treatment (54 minutes
from the beginning of the plateau). During the 180 °C test, the R3o plateau started at 0.056 and
regularly decreased to reach 0.015 at the end of the treatment. Similar trends were obtained in
the tangential direction (Figure 71d), except for substantially smaller values of R3o.
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3.2.2. Effect of pre-soaking liquid

The effect of different pre-soaking liquids on the viscoelastic properties of poplar during
hydrothermal treatment was also assessed. Using the same protocol as in the previous section,
tests were performed in a radial direction at 160 °C (Figure 72a,c) and 180 °C (Figure 72b,d). The
identified R3o values are shown in Figure 72 as a function of time (a-b) and temperature (c-d). In
Figure 72a-b, the beginning of the temperature plateau is highlighted by the vertical black line,
while the temperature is plotted as dashed lines. As in Figure 71a-b, Figure 72a-b presents filtered
results (3-point sliding median).
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Figure 72. Dimensionless stress after 30 s of compression as a function of time (a, b) and temperature (c, d) for
the tests at 160 °C (left column) and 180 °C (right column).

During the heating-up phase (observed in Figure 72c,d), different pre-soaking media appeared to
have a similar effect on the R3y parameter, as previously observed for water-only treatment, i.e.,
an initial increase of R3p up to a maximum value at around 60 °C and followed by a decrease.
Notably, during this phase, the test with acid allowed the highest R3o values to be obtained until
the plateau temperature. Sodium hydroxide and water, in contrast, resulted in lower R3o values

during the same period.
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For H,S04-soaked samples, regardless of the concentration and the temperature, Rz seemed to
behave monotonously during the temperature plateau (Figure 72c-d), regularly decreasing with
time. In both 160 and 180 °C treatments, water produced the highest Rz values throughout this
phase. A slight reduction of R3g can be observed at the highest temperature (180 °C vs. 160 °C),
regardless of the reaction liquid. An exception to this trend was found when using NaOH: samples
treated with this soaking liquid caused almost no reduction in MOE during the temperature
plateau, and little behavior difference can be observed between samples treated at 160 °C and
180 °C.

3.3. Qualitative results
e
‘; Water 0.3 % NaOH 0.3 % H,SO, 0.6 % H,SO,
Native

sample

Figure 73. Poplar samples after 2.5 h of treatment under different temperatures and pre-soaking liquids.

Consistent with published studies, the sample color shifts from light to dark brown with
increasing treatment severity, a cumulative effect of temperature level and acid concentration
[24,206,207]. Furthermore, samples pre-soaked with sodium hydroxide maintained a light brown
color, which may be seen as the opposite effect caused by acidity. Qualitative and morphological
features can provide valuable information on biomass chemical modifications, as shown in
previous studies [193,208].

4. Discussion

During hydrothermal treatment, two phenomena contribute to the changes observed on the
mechanical properties of biomass: thermal activation and chemical degradation [34]. Thermal
activation of the viscoelastic behavior occurs during the heating-up phase, when the temperature
increase leads to greater mobility of macromolecules. The switch from a glassy state to a rubbery
state is known for its great impact on the mechanical properties of polymers [147]. The transition
is not as immediate for wood due to its complex mixture of multiple macromolecules. In the case
of water-saturated wood, it is generally accepted that the temperature of glass transition ranges
between 60 and 90 °C, which is mainly attributed to the glass transition of lignins [32,147,148].
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This results in a substantial loss of rigidity, characterized by a decrease in the apparent MOE and
higher relaxation [33,34,99,145,155,209].

Previous works have linked some of the chemical modifications that occur during hydrothermal
treatment to the mechanical properties of biomass [33,34,107]. Lignin and, more precisely its
glass transition, is usually singled out as the major factor responsible for the viscoelastic behavior
of wood, especially with regard to thermal activation [32]. Nevertheless, some studies have found
evidence of the importance of hemicelluloses on the mechanical behavior of wood [105,210].
Consistent with the present results, hemicellulose-free samples presented less viscoelasticity than
native wood [107,210]. Furthermore, Mokdad et al. (2018) observed a reduction of stress
relaxation during hydrothermal treatment and attributed it to the re-condensation of lignins.
Hence, both hydrolysis and repolymerization should result in a decrease in stress relaxation with
increased residence time.

An inverse relationship has been observed for rigidity. While hydrolysis reactions tend to reduce
wood rigidity, the formation of condensed lignin linkages increases rigidity [33]. This observation
is related to the degree of polymerization of molecules. Cleaved chains have a reduced mechanical
role, which lowers the apparent rigidity [150].

The combination of our mechanical measurements (apparent MOE and relaxation) is consistent
with the mechanisms described above. The water-soaked samples analyzed in a tangential
direction, for example, showed a linear decrease of MOE with temperature during the heating-up
phase (Figure 68b). In the radial direction (Figure 68a), a regular decrease was also observed,
even though the trend is not linear. This is probably due to the presence of different morphological
structures (fibers and rays) acting in radial direction and which are not activated in the same way.
Regardless of the direction (Figure 68a-b), the results from all three treatments (150, 160, and
180 °C) merged into a single master curve. Similar observations made in previous studies were
attributed to the thermal activation of the viscoelastic behavior of wood [34]. While thermal
activation is undoubtedly one of the mechanisms involved in the reduction of rigidity during this
phase, the evolution of relaxation (Figure 71a-b) implies that another phenomenon is occurring
simultaneously. The first part of the heating-up period, with a concomitant decrease of MOE and
an increase of relaxation, can be readily explained by thermal activation. This is not consistent
once the maximum value of relaxation, at ca. 60 °C, has been reached. After this point, the apparent
modulus continues to decrease while relaxation decreases instead of increasing. These facts
indicate that, even at such low temperatures, there could be some chemical degradation, a
phenomenon that would have been hidden if only stiffness had been measured. Evidence of
chemical degradation at 80-90 °C has been previously revealed, and the importance of water as
an activating agent of degradation reactions has been highlighted [145]. Considering the
temperature level, the hydrolysis of hemicelluloses is the most probable mechanism [145,186].

During treatment at constant temperature (Figure 68a,b, and Figure 71a,b), the evolution of the
mechanical behavior is solely related to chemical degradation, as mechanical and treatment times
have been distinguished through cyclic loading. The monotonous decrease of relaxation (Figure
71c-d) can be attributed to both hydrolysis and condensation reactions, as their effects are
additive [34]. On the contrary, hydrolysis reactions are likely to reduce MOE during the first
minutes of the plateau, while condensation would be responsible for its subsequent increase [33].
The opposite effects of these two phenomena are likely to explain the trends observed in Figure
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68c-d. For severe treatment (180 °C), however, a somewhat continuous decrease in the MOE was
observed with residence time. A higher treatment temperature is likely to introduce a new
phenomenon into the balance: cellulose depolymerization [34,115,120,211]. The results of Vila et
al. [211], revisited by Mokdad et al. [34], showed a clear effect of treatment temperature on the
reduction of the degree of polymerization (DP) of cellulose. While at 180 °C, the DP decreased by
75 % after 150 minutes of treatment (equivalent to the end of the plateau in our study), the loss
was only by 25 % at 160 °C. The length of cellulose chains is, thus, a major factor influencing the
MOE of samples treated at high temperature. To a lesser extent, increasing the severity of the
treatment could favor depolymerization to the detriment of re-condensation. Indeed, the high
water availability and the severe conditions to which biomass was subjected during this study are
prone to promote the hydrolytic pathway of lignin degradation, leading to the formation of
Hibbert ketones and limiting re-condensation of lignin [126,128].

Pre-soaking in specific liquids also affected the data trends. Soaking in sodium hydroxide at room
temperature for 12 hours reduced the initial MOE by approximately a factor of ten (Figure 69a-
b). Despite this considerable initial decrease, the module stagnates during the temperature
plateau (Figure 69c-f). A similar observation can be made for relaxation. With sodium hydroxide,
the relaxation reduced very rapidly as the temperature approached the plateau, as shown by an
acceleration of the decrease of R3o (Figure 72c,d), but remained almost constant afterward, during
the plateau (Figure 72a,b). The mechanisms involved in alkali pretreatments are different from
those previously described for acid pretreatments. Sodium hydroxide has been proven to
effectively promote the cleavage of ether and ester bonds of lignin-carbohydrate complexes (LCC)
and of lignin C-C bonds [202], even at room temperature [212]. The pretreatment protocol used
in this study, which includes an overnight pre-soaking step, could, therefore, promote early lignin
and hemicellulose solubilization [202]. Furthermore, rather than producing acetic acid—such is
the case for acid-catalyzed mechanisms—an alkali medium promotes saponification of acetyl and
uronic ester groups of hemicelluloses, which limits autohydrolysis processes usually observed
under acidic conditions or water [213]. Similar observations have been made by Chadni et al. [28]
when evaluating the effect of the pH of the pre-soaking liquid on the steam explosion of spruce
sawdust. The use of sodium hydroxide resulted in hemicelluloses with significantly higher
molecular weights than those treated only with water. This fact is consistent with our results, in
which almost no changes on the mechanical properties were observed during the temperature
plateau for samples treated with sodium hydroxide. The light brown color of the samples after the
treatment also supports this mechanism (Figure 73). Neutralization of sulfuric acid was also
observed when using sodium carbonate as a tracer for residence-time distribution experiments
in a pretreatment reactor [205]. Hydrothermally treated samples are usually expected to be
darker, due to several mechanisms, such as the breakdown of lignin and wood extractives, tannin
and flavonoid condensation induced by lignin condensation, and reactions with furfural and 5-
hydroxymethylfurfural [24,206,207]. The lignin and hemicellulose extraction promoted by
sodium hydroxide during sample saturation resulted in fewer degradation products and,
consequently, a lighter color (Figure 73).

According to our measurements, the use of dilute acid as pre-soaking medium results in a
monotonous decrease of both MOE and Rso. Following the above reasoning and given the fact that
no module re-increase was observed during the plateau, it can be assumed that sulfuric acid
favored cleavage rather than condensation of lignins. Furthermore, two different mechanisms
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have been observed for the cleavage of -0-4’ aryl ether linkages: the homolytic and the
heterolytic pathways. In acidic conditions, the acid-catalyzed hydrolytic route prevails, leading to
the formation of Hibbert ketones [126]. For the same pretreatment conditions, dilute acid was
found to enhance the depolymerization and solubilization of lignin into the liquid phase when
compared to water-only pretreatments [214].

5. Conclusion

This study proposes a set of continuous rheologic measurements carried out during the
hydrothermal treatment of poplar. Various treatment conditions were tested, including the
temperature (150, 160, and 180 °C) and the soaking liquid (distilled water, acid solution, or
alkaline solution). The two complementary mechanical properties measured in our protocol
(stiffness and relaxation) allowed us to draw meaningful conclusions regarding the chemical
mechanisms involved in hydrothermal treatment.

The concomitant evolution of stiffness and relaxation were analyzed in terms of thermal
activation of viscoelasticity, cleavage of molecular linkages, and re-condensation.

According to our results, thermal activation solely occurs at the beginning of the heating period,
when the temperature remains quite low. Concomitant thermal activation and chemical
degradation were observed in relaxation tests at a relatively low temperature (60 °C). This effect,
attributed to the hydrolysis of hemicelluloses, cannot be observed from rigidity tests because of
its monotonous behavior during the heating phase.

Cleavage reactions (possibly affecting both hemicelluloses and lignins) were predominant at the
beginning of the treatment plateau. The subsequent increase of the MOE highlighted the presence
of the re-condensation of lignins.

Depending on the treatment severity, the dominance of either condensation or cleavage could be
observed over long residence times, including the reduction of the DP of cellulose. Both higher
temperature and the use of an acidic pre-soaking medium seemed to promote the hydrolysis of
lignocellulosic biomass, whereas, the use of sodium hydroxide seemed to provoke lignin and
hemicellulose extraction at low temperatures but limited further alterations during the
temperature plateau.
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Preamble

A. Preamble

Chapter IV has confirmed the ability of rheological properties to reflect the dynamics of chemical
modifications during hydrothermal treatment. Stiffness and stress relaxation measurements have
proven to provide complimentary information and, together, successfully highlighted the thermal
activation of the viscoelastic behavior of biomass, cleavage reactions and lignin re-condensation.
However, both of these properties presented a non-monotonous behavior at some point of the
treatment: stress relaxation during the heating phase and stiffness during the temperature
plateau.

To follow the additive effects of treatment on biomass deconstruction over time, an appropriate
macroscopic indicator should have a monotonous behavior throughout the entire treatment,
whatever the treatment severity. The same device used in Chapter IV to measure rheological
properties is used in Chapter V to follow the evolution of sample size during treatment, which
implies strain measurements at almost zero stress levels. These alterations are later related to the
chemical alterations of biomass, evaluated either in the residual solid biomass — through mass
loss and hygroscopicity — or in the treatment liquid — in terms of dissolved sugars and organic
acids, production of inhibitors, and pH. Chemical analyses were performed at selected treatment
times.

During preliminary tests, two (hydro)mechanical phenomena were showed to have an impact on
samples dimensions and had to be considered during methodology development and data
treatment: the hygrothermal recovery of cell wall’s internal stress and changes of fiber saturation
point.

Shrinkage monotonously increased with the increase of temperature and residence time. The
obtained results were used to feed a Distributed Activation Energy Model (DAEM), whose
parameters were identified using the data from all tests simultaneously.

Chemical results reflected the mechanisms typically described in literature. Water autoionization
forms hydronium ions that act as catalysts for a series of hydrolysis reactions, to which
hemicelluloses are the most susceptible components of the cell wall. The hydrolysis of the acetyl
side groups resulted in the production of acetic acid — also observable by a decrease in the pH of
the treatment liquid. The increasing extension of biomass degradation can be followed primarily
by an increase in the quantity of dissolved oligosaccharides and, further, by their conversion into
monosaccharides. The hydrolysis of biomass and, thus, the solubilization of its components in the
liquid phase resulted in a mass loss of the solid fraction. The residual solid biomass was also
altered. Sorption measurements revealed that the hygroscopicity of biomass decreased with the
increase of treatment severity, which was attributed to the loss of the functional hydroxyl group
itself, of acetyl groups or of entire osidic monomers.

Finally, the capacity of the identified DEAM model to predict the chemical properties of biomass
as a function of treatment temperature and residence time was evaluated. The degree of
conversion, as calculated by the DEAM model and fitted from the in situ shrinkage measurement,
has proven to be a synthetic indicator of chemical alterations. This excellent result then served to
the adjustment simple expressions to relate the physical and chemical measurements to the
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identified model. Shrinkage therefore emerged as a good indicator of the chemical degradation of
biomass during the pretreatment.

The conclusions of this chapter can be summarized by the figure below.
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Figure 74. Graphical abstract of Chapter V
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Abstract

This study proposes the use of shrinkage as continuous indicator of biomass alterations during
hydrothermal pretreatment. An original rheological monitoring tool developed recently [1] was
used to perform shrinkage measurements during hydrothermal treatment. The originality of this
device is its ability to perform continuously and accurately mechanical tests of biomass (various
combinations of strain and stress) under water-saturated conditions up to 190 °C. By relating the
alterations of chemical composition with continuous measurements of shrinkage, the ultimate
goal of the work is to provide a macroscopic indicator likely to give rules to optimize the residence
time and treatment temperature prior to the explosion step. To achieve this goal, chemical
analyses were performed at selected treatment durations and the parameters of a DAEM model
(Distributed Activation Energy Model) were identified on these measurements. This model allows
the treatment severity and the chemical degradation of biomass to be predicted for various
temperature-time pathways.

Keywords: Lignocellulosic biomass; Poplar; Steam explosion; Hydrothermal pretreatment;
Shrinkage; DAEM model.

1. Introduction

The imperative to reduce greenhouse gas emissions and dependence on oil has led to an increased
interest in the use of biomass for the production of biofuels and chemicals. Compared to the first
generation, second-generation biofuels (2G) are likely to diversify the source of raw material by
using lignocellulosic biomass, a largely available and relatively low-cost feedstock.
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However, the production of 2G biofuels is more challenging than the first generation. Indeed, as
lignocellulosic components play the role of support in plants, they are designed to last, for many
decades in the case of trees, and withstand degradation. Their recalcitrant macromolecular
structure is mainly composed of cellulose, hemicelluloses and lignins, interlinked in a complex
matrix. Consequently, to produce bioethanol, a pretreatment is required to make carbohydrates
sufficiently accessible for enzymatic hydrolysis before fermentation. There is a large range of
pretreatments available: physical, chemical, mechanical, biological and combined [26]. Among
them, steam explosion appears to be effective for a large variety of lignocellulosic biomasses,
including softwood, hardwood and agricultural residues. It consists of two phases: (i) a
hydrothermal treatment in which the biomass particles are heated under saturated steam
conditions; (ii) and a rapid release of the pressure to atmospheric conditions [37,44]. Its
performance has a double effect on the economic profitability of biofuels production, due to its
own significant cost and its impact on the yield of subsequent processes - especially enzymatic
hydrolysis and fermentation. The mechanical properties of biomass at the end of the
hydrothermal treatment are also of interest because they highly influence the efficiency of the
steam explosion stage. In order to optimize and monitor this pretreatment, the ultimate objective
would be a model capable of predicting the kinetics of biomass alterations as a function of
treatment conditions.

This study proposes the use of shrinkage as continuous indicator of biomass alterations during
hydrothermal pretreatment. Previous studies have shown that chemical degradation can cause
shrinkage in the case of heat treatment of wood [141], but, to the best of our knowledge, no study
of shrinkage during hydrothermal pretreatment has been performed, probably due to the
challenge to continuously measure shrinkage with accuracy in spite of these severe conditions. As
a matter of fact, in industry, the acid pretreatment phase is carried out between 160 and 270 °C
[44], which implies a saturated steam pressure of up to 55 bar.

To perform shrinkage measurements under conditions closer to those used during the steam
explosion, a new rheological monitoring tool has recently been developed [34]. The originality of
this device is its ability to perform continuous mechanical tests of biomass (various combinations
of strain and stress) under water-saturated conditions up to 190 °C. In the present work, it was
used to continuously assess the evolution of sample size during treatment (strain measurement
at almost zero stress level).

By relating the alterations of chemical composition with continuous measurements of shrinkage,
the objective of the present work is to provide a macroscopic indicator likely to give rules to
optimize the residence time and treatment temperature prior to the explosion step. This
optimization includes a good compromise between chemical degradation and the aptitude of the
cell wall to break off, while limiting the amount of inhibition compounds. To achieve this goal,
chemical analyses were performed at selected treatment durations and the parameters of a DAEM
model (Distributed Activation Energy Model) were identified on the measurements. This model
allows the treatment severity to be predicted for various temperature-time pathways.
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2. Material and methods
2.1. Hydrothermal pretreatment

2.1.1. Experimental device

The hydrothermal pretreatments were performed in a device conceived in the laboratory [34]. It
consists of two chambers: the bottom one, where the treatment takes place; and the top one,
housing the instrumentation (Figure 75). In this device, the bottom chamber can reach up to
190 °C at the saturated water vapor pressure (more than 13 bars), while the top chamber should
stay at ambient conditions, typically 30 °C and 50 % of relative humidity (RH), to preserve the
accurate instrumentation. Maintaining such contrasted conditions in a single device is possible
thanks to a patented system [156] that includes a controlled leakage. In the upper chamber, a
counter pressure is applied (1.5 bar higher than saturated water vapor pressure) with a flow of
cold dry air (T < 30 °Cand RH < 50 %). Due to the huge water vapor gradient, water vapor diffuses
from the lower chamber towards the top chamber. The controlled leakage, together with the
successive fins, ensures a downwards convective flux that progressively limits the upwards
convective-diffusion vapor flux in each volume between two successive fins, and eventually stops
any flow to the upper chamber.

The mechanical system for deformation measurements consists of three main parts: an actuator
(NEWPORT LTA-HL, 25 mm travel range, 120 N load capacity, 50 nm minimal increment), a
charge rod and a load cell (MEASUREMENT SPECIALTIES XFTC 310, full range of 100 N). The
actuator ensures both the rod displacement and the position measurement, while the load cell
determines the force exerted on the rod. A relative humidity/temperature sensor is installed in
the upper chamber to check if the air leakage is enough to ensure moderate conditions despite the
severe conditions imposed in the lower chamber.

In the present work, this mechanical system was only used to assess the sample shrinkage during
the hydrothermal test. In order to reduce the mechanical loading of the sample, likely to induce a
deformation due to viscoelastic behavior, the contact of the rod with the sample was detected
when the measured force reached a very low value (0.05 N) according to the following protocol:

1. Calibration of the load cell out in the absence of contact. This allows the sensor drift to be
corrected during the test;

2. Slow displacement of the rod towards the sample (0.005 mm/min);

3. Contact detection when the measured force reaches 0.05 N. In order to reach this very low
detection threshold (0.05 % of the full range of the load cell), a median filter was applied
on-line on a sliding window of 200 measurements grabbed at a frequency of 300
measurements per second;

4. Backward translation to release the contact with the sample.

This protocol was repeated each 90 seconds. The size of the sample was obtained by the position
of the actuator when the contact criterion was satisfied and corrected with a blank test to account
for the thermal dilatation of the device. The sample dimensions were also verified before and after
treatment, outside the chamber, using a laser sensor (BULLIER AUTOMATION M5L/4).

When performing mechanical tests, the device allows the study of one sample at a time, with
maximum dimensions of 8 x 8 x 8 mm3. For chemical analysis purposes, up to 3 samples of
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8 x 8 x40 mm3 can fit into the sample holder. In this case, mechanical measurements are not
possible.
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Figure 75. Up to scale CAD (Computer Aided Design) model of the device. Left: (a) instrumentation zone; (b)
reaction chamber; (c) actuator (3 pm precision); (d) load cell (10-° N precision); (e) frame for zoom; (f)
compression rod; (g) sample; (h) sample holder; (i) electric heater; (j) liquid water. Zoom in the device (right): 1
- fin set (4 on each zone - cold/hot); 2 - fins and sample holder support rods; 3 - controlled leakage (3 symmetric
outlets); 4 - compression rod.

An experimental test consists the following protocol:

1. Positioning the sample in the sample holder, closing the bottom chamber, opening the air
leakage and launching the software for shrinkage determination;

2. Heating from room temperature at a rate of about 8 °C/min by two electric heating collars
(370 W) placed at the outer surface of the chamber;

3. Maintaining the treatment temperature for the desired time;

4. Cooling to room temperature by two external fans at around 9 °C/min;

5. Plateau at room temperature for 90 minutes (optional).

150



Material and methods

This sequence can be repeated, allowing several plateaus to be performed one after the other. The
temperature was measured by a K-thermocouple near the sample and controlled by a PID system
(EUROTHERM 3216). At the bottom of the reactor, nearby the sample holder, 100 mL of distilled
water ensured a vapor saturated atmosphere and, thus, a good heat transfer inside the chamber
while avoiding drying. Treatments were performed at 160 and 180 °C. For this study, no acid was
added to the water used to soak the samples before the test.

2.2, Chemical analysis

2.2.1. Sampling used for the whole chain of chemical analyses
Offline chemical analyses were performed to assess the biomass alteration due to the
hydrothermal pretreatment. The flow chart of analysis is depicted in Figure 76. Unless otherwise
specified, chemical analysis followed National Renewable Energy Laboratory’s (NREL) analytical
procedures [164,165,215]. The total process requires 5 g of biomass.
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extractives

Figure 76. Flow chart of analysis. Fractions in blue were analyzed for monosaccharides, oligosaccharides,
organic acids and degradation products; and fractions in red were analyzed for isotherm sorption

As shown in Figure 76, two fractions originate from hydrothermal pretreatment: the pretreated
biomass (solid fraction) and the treatment solution (liquid fraction). Native and pretreated
biomasses (fractions n°l and 4) were ground prior to chemical analysis. This grinding was
performed with a cryogenic ball mill (RETSCH CryoMill filled with liquid nitrogen) to avoid any
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heat releases and thus any additional chemical degradation due to the heat released during
grinding. Then, an aliquot of native and pretreated biomass (fractions in red in Figure 76) was
analyzed for isotherm sorption. The remaining part went through extraction processes. The
extractives as well as the hydrothermal process liquid (fractions in blue in Figure 76) were
quantified for monosaccharides, oligosaccharides, organic acids, degradation products and pH.
Extract-free native biomass (fraction n°10) had its content of structural carbohydrates and lignin
determined according to the standard NREL protocol [215].

Four treatment durations were soundly chosen to determine the chemical modifications for each
treatment temperature: 0, 10, 20 and 40 minutes. The treatment efficiency was evaluated by
dosing the liquid fraction, which might contain hydrolyzed and partially degraded components of
biomass.

2.2.2. Water and ethanol extractions
Native biomass was submitted to Soxhlet water and ethanol extractions according to NREL'’s
protocol. For the pretreated biomass, however, an adaptation of the NREL method was made.
Indeed, in this experimental set-up, biomass is not directly in contact with the hydrothermal
process liquid. As a result, the liquid fraction present in the sample (n°4 in Figure 76) - attached
to its surface or in the liquid phase of internal pores - may have significative quantities of
hydrolyzed components (n°3 in Figure 76) and, thus, must not be neglected. Therefore, instead of
just washing the treated biomass, as proposed by NREL method, a supplementary extraction step
was performed and taken into account in the final result. To prevent any additional thermal
degradation of chemical compounds, a three-step cold extraction was chosen. Distilled water was
putin contact with an aliquot of the solid sample ina 20:1 (m/m) ratio. The mixture was submitted
to an ultrasound bath for five minutes and then separated with a centrifuge. The supernatant was
collected and the pellet was submitted to two additional extractions following the same protocol.

2.2.3. Chemical quantification

Monosaccharides and organic acids

Fractions presented in blue in Figure 76 were analyzed for monosaccharides and organic acids.
Quantification was carried out on an Ultima 3000 HPLC (THERMO FISHER SCIENTIFIC) coupled
with a Refractive Index Detector RI-101 (SHODEX). Separation was achieved on an Aminex HPX-
87H column (300 x 7.8 mm) from Biorad at a temperature of 30 °C. A mobile phase of 2 mM of
sulfuric acid (VWR) at a flow rate of 0.5 mL/min was used in isocratic mode and the injection
volume was 10 pL. Total run analysis was 30 minutes. Components were identified by comparison
of their retention time with standard solutions of glucose (ACROS ORGANICS), xylose (SIGMA-
ALDRICH), arabinose (ACROS ORGANICS) and acetic acid (FISHER CHEMICAL). Quantification
was achieved using the area of the peak in external calibration, the range of concentration was
from 0.2 to 10 g/L.
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Degradation products

In the same fractions, quantification of furfural and 5-(hydroxymethyl)furfural (HMF) were
carried out on an Ultima 3000 HPLC (THERMO FISHER SCIENTIFIC) coupled with an UV Detector.
Separation was achieved on an Acclaim Polar Advantage II Cig column (4.6 x 150 mm, 3 pm,
120 A) from THERMO FISHER SCIENTIFIC. Column temperature was maintained at 30 °C. The
mobile phase was a mixture of two solvents. Solvent A: Milli-Q water; and solvent B: Acetonitrile
(SIGMA-ALDRICH) at a flow rate of 0.3 mL/min. Elution was achieved in gradient mode with an
initial composition of 80 % of A and 20 % of B, held for 5 minutes. Proportion of B was then
gradually increased to 99 % in 10 minutes and held at 99 % for 5 minutes, followed by going back
to initial composition and stabilization of the column for 10 more minutes, summing a total run
analysis of 30 minutes. Injection volume was 5 pL. Degradation products were identified by
comparison of their retention time and of their UV spectra with standard solutions of HMF
(SIGMA-ALDRICH) and furfural (SIGMA-ALDRICH). UV spectra were recorded from 200 to
380 nm, absorbance was recorded at 277.8, 285.5, quantification of HMF and furfural was done at
277.8 and 285.5nm respectively, which corresponds to their maximum of absorption.
Quantification was achieved using the area of the peaks in external calibration, the range of
concentrations was from 0.1 to 30 mg/L.

Oligosaccharides

Oligosaccharides concentrations were determined in the liquid fractions represented in blue in
the flow chart (Figure 76) from the difference of monomeric sugars concentrations measured
before and after an analytical hydrolysis step [164]. To do so, we added 72 % H,SO4to obtain an
acid concentration of 4 %. The solution is then autoclaved at 121 °C for 1 hour.

2.2.4. Sorption measurements

Ground native and treated biomass (fractions represented in red in Figure 76) were analyzed.
Sorption measurements were performed in a DVS device (SURFACE MEASUREMENT SYSTEMS,
Intrinsic), equipped with an ultra-sensitive micro-balance (precision of 0.1 ug). Approximately
20 mg of ground biomass were put in the sample pan. A constant flow of nitrogen is mixed to
water vapor to ensure the desired RH (accuracy of 0.5 %) at a constant temperature of 25 °C
(accuracy of 0.1 °C). Sorption cycles started with a 0 % RH plateau, at the end of which dry mass
was determined. Adsorption/desorption cycles of RH ranged from 0-90-0 % (with steps of 10 %).
Samples were kept at a constant RH level until the mass change per minute (dm/dt) reached
0.002 %, as recommended in literature [216].

2.3. Material and sampling

The biomass used in this study comes from a 25-year poplar tree (Populus euro-americana
‘Koster’) that grew in a forest located in Auménancourt-le-Petit (Marne, North-East of France). It
was chopped and cut in boards that were subsequently dried and stored before sample
preparation.
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The sample size was chosen to fulfil the protocols constraints (amount of biomass required for
chemical tests, sample size for shrinkage determination). These constraints impose sample sizes
of 83 mm3 (radial - R, tangential - T, longitudinal - L) for deformation tests and 40 x 8 x 8 mm3
(Rx Tx L) for chemical tests. The longitudinal direction was purposely chosen as the smallest
dimension (8 mm) to ease mass transfer and thus ensure a good homogeneity of the hydrothermal
treatment throughout the sample. Samples were obtained from a single defect-free board with a
straight grain angle. Moreover, they were carefully cut along the longitudinal direction, along
which the natural variability of wood is the lowest (Figure 77).

Figure 77. Schematic representation of the sampling process

2.3.1. Sample preparation before tests
The initial moisture content of the samples is required for calculating the anhydrous mass of
wood, absolutely required to determine the mass loss due to the chemical degradation. The
chemical analysis being incompatible with oven drying, the moisture content was determined
from the mass of paired samples, before and after drying at 105 °C until reaching a stable mass.
The initial moisture content was assumed similar in all samples as they had been stored together
for a long period and as their mass was measured on the same day, one after the other.

Before hydrothermal pretreatment, the samples were saturated with water for three main
reasons: (i) to reproduce the industrial process, where water vaporization during the explosion
step is a crucial phenomenon; (ii) to ensure a good heat transfer; (iii) to avoid hydric swelling at
the beginning of the test, that would disturb the shrinkage measurements. To do that, samples
were immersed in distilled water and subjected to vacuum cycles until saturation. They remained
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fully saturated throughout the pretreatment due to water condensation at their surface during the
heating-up phase at the beginning of the test.

3. Results and discussion

3.1. Preliminary tests: hygrothermal recovery of cell wall’s internal stress
and change of fiber saturation point

Figure 78 depicts preliminary results obtained for deformation tests performed at 100 °C with
poplar in radial and tangential directions. In both cases, two consecutive temperature plateaus
were performed according to the protocol previously described (with plateaus of 90 minutes at
room temperature between each one). Results in the radial direction of wood (Figure 78a) exhibit
arapid shrinkage increase during the heating-up phase. Then, the shrinkage remains stable during
the 100 °C plateau (0.86 % of shrinkage) and decreases as the chamber cools down. However, it
does not go back to its original value, with a residual value of ca. 0.21 % of shrinkage once a
constant room temperature is reached. When this cycle is repeated, almost the same plateaus are
obtained (0.85 % at 100 °C and 0.27 % at room temperature). For the tangential test, a lower
shrinkage is observed at 100 °C (0.27 %), followed by a swelling of the sample at room
temperature (in comparison with its initial value).

Chemical degradation of wood at this temperature level and for this duration might be considered
as negligible [217,218]. Hence, it is likely that two well documented mechanical/hydromechanical
phenomena concomitantly take place during these tests: (i) the hygrothermal recovery of the
delayed strain field due to growth stress [219-222] and (ii) the changes in fiber saturation point
(FSP) with temperature [87,223]. Indeed, due to the increase of thermal agitation with
temperature, a smaller amount of water molecules are tied to the cell wall for a certain level of
attraction forces [89,90]. This has the effect of reducing the fiber saturation point [85]. A part of
the bound water then becomes free water, resulting in a partial shrinkage [141].

The two consecutive 100 °C plateaus allow us to distinguish the two phenomena, as the reduction
fiber saturation point with temperature is supposed to be reversible. In the first plateau, shrinkage
is possibly a result of both hygrothermal recovery and reduction of fiber saturation point. During
this plateau, the last phenomenon increases the measured shrinkage in radial direction and
partially masks the swelling phenomena due to growth stress release in tangential direction. At
the end of the first plateau, fiber saturation point returns to its initial value (room temperature),
but the growth stress release is irreversible. Thus, the sample does not return to its initial size.

These preliminary tests pointed out the importance of subjecting samples to a first plateau at
100 °C for 1 hour, followed by a plateau at room temperature, before the hydrothermal treatment.
It is likely to cause a complete hygrothermal recovery. It allows the change of sample size during
hydrothermal pretreatment to be strictly related to the cell wall alterations.
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Figure 78. Preliminary shrinkage tests in radial (a) and tangential (b) directions

3.2. Shrinkage Kinetics

Typical raw data of shrinkage tests at 160 and 180 °C for radial and tangential directions are
presented in Figure 79 and shrinkage results at certain periods of the test are summarized in Table
8. At least two repetitions were performed for each condition and similar results were obtained.
The shrinkage (S) is calculated using the formula:
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S (%) = @.100 (14)
0

Where Ly is the averaged sample dimension during the first plateau and L; its dimension at time t.
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Figure 79. Typical shrinkage evolution for tests performed in radial (a, b) and tangential (c, d) directions (raw,
uncorrected data) at 160 °C (a, c) and 180 °C (b, d). Plateaus 1, 3 and 5: room temperature; plateau 2: 100 °C,
plateau 4: treatment temperature.

As previously stated, the first plateau at 100 °C (2) causes an initial shrinkage for all tested
conditions, which reaches a stable value rapidly once the temperature is stabilized. For the radial
tests, around 0.9 % of shrinkage is observed at this point, while no more than 0.3 % is observed
for the tangential tests. At the end of the plateau 2 (1 hour at 100 °C), growth stresses are
considered to be completely released [221,222,224]. The subsequent cooling phase (3) causes a
shrinkage decrease of around 0.5 % in the radial direction but a swelling (-0.06 % and -0.19 %) in
the tangential direction. However, whichever the direction, the sample swells when it is cooled
down to the ambient temperature in comparison with the previous plateau. This is explained by
the effect of temperature on FSP, hence on the sample dimension. Our protocol allows the two
previously mentioned phenomena, relaxation of growth stresses and change of FSP, to be
distinguished and quantified. The reversible and temperature dependent contribution of FSP can
be estimated from the change of sample dimensions between the plateau at 100 °C (plateau n°2)
and the plateau after cooling (plateau n°3). This represents 0.5 % in the radial direction and

157



CHAPTER V. A DAEM model based on in-situ shrinkage measurement of poplar wood during hydrothermal
treatment as predictive indicator of chemical degradation

around 0.3 % in the tangential direction. The irreversible deformation caused by hygrothermal
recovery is the difference between plateaus 1 and 3 (the two plateaus at room temperature), a
shrinkage in the radial direction and a swelling in the tangential direction. These contrasted
behaviors are due to the anisotropic growth stress field in trees, which is in agreement with
previous works [219,225].

Table 8. Shrinkage (%) measured in radial and tangential directions at various steps of tests performed at 160
and 180 °C : (1) mean value during plateau n°1 (room temperature); (2) mean value during plateau n°2
(100 °C); (3) mean value during plateau n°3 (room temperature); (4) maximum total shrinkage obtained during
hydrothermal pretreatment; (4) mean value during the last plateau (room temperature).

Direction Condition 1 2 3 4 5
0.00 * 0.90 + 0.51 * 1.56 *
160 °C 191
. 0.06 0.07 0.01 0.03
Radial
180 °C 0.00 * 0.93 + 0.53 + 251 2.45 *
0.07 0.07 0.03 ' 0.02
. * . -0. * 1.24 *
160 °C 0.00 0.30 0.06 117
. 0.05 +0.06 0.06 0.02
Tangential
0.00 + 0.12 + -0.19 1.56 +
180 °C 1.31
0.07 0.02 0.01 0.02

During the plateau at the test temperature (n°4) the shrinkage increased with time, both for the
tangential and radial tests. As a consequence of the higher thermal activation, the shrinkage curve
is higher for the test at 180 °C. Considering the treatment conditions applied, the observed
shrinkage is likely a combined effect of the change of fiber saturation point and degradation of
wood cell wall. This is particularly evident in the radial test at 160 °C. At the end of hydrothermal
pretreatment (4), the reversible component of shrinkage is cancelled, so the difference between
plateau 3 and plateau 5 represents the shrinkage due to degradation. In the case of radial direction
at 180 °C, the swelling observed during the last cooling is smaller. As a result, reversible shrinkage
has a smaller contribution to the total shrinkage. Note also that during the last plateau at room
temperature, the shrinkage continues to increase: we explain this phenomenon by a slight drying
of the sample due to the temperature gradient inside the chamber: the cooling occurs through the
chamber walls, cooler than the sample in this transient phase, likely to induce a condensation from
the sample to the chamber walls.

The trends observed for tangential samples are quite different. In particular, a swelling is
observed during the first cooling (phase 3) and shrinkage increased during the last cooling phase,
namely after the plateau at 180 °C. This is probably a combination of growth stress relaxation
(larger in tangential direction) for the first observation and due to a slight drying at the end of the
test, together with the loss of cell wall rigidity, an effect of collapse for the second observation.
The tangential direction of wood is indeed known to be prone to collapse [226,227].

As our purpose is to use shrinkage as continuous indicator of the effect of hydrothermal treatment,
the raw data must be corrected to obtain the irreversible part only. The following procedure was
applied:
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e A blank test was performed with the same protocol, but without sample. This test allows
therefore to correct the measurement for the non-uniform temperature level of the device
(sample holder and rod to test the contact) during transient states,

e The differential of thermal dilatation of the stainless steel due to the sample length was
computed using the actual temperature,

o The shrinkage due to the effect of temperature on FSP was corrected using the swelling
measured during the first cooling (from phase 2 to phase 3) and assuming this effect to be
linear with the temperature.

In this procedure, the sample dimension during phase 3 (after the first cooling) was considered
as the initial length appearing in Equation (14). Figure 80 depicts the irreversible part of the
shrinkage obtained according to this correction procedure for radial tests. After the correction
procedure, the radial tests depicted a nice evolution during the treatment plateau (Figure 80),
while the tests in the tangential direction present a strange behavior. This result is not consistent
with the trends obtained for the dimensional changes of biomass during pyrolysis [143]. The
combination of collapse, together with a growth stress strain which is maybe not completely
relaxed at 100 °C could explain this strange behavior. The accuracy of the results in tangential
direction is thus questionable. Therefore, for the analysis of the shrinkage evolution, we will only
focus on the radial tests.
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Figure 80. Radial shrinkage (%) of biomass samples subjected to hydrothermal pretreatment: experimental
points and the corresponding DAEM model. These results reflect exclusively the irreversible component due to
chemical degradation.
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It is well known that hemicellulose is the first lignocellulosic component to be degraded during
hydrothermal treatment [115]. Some lignin degradation could also occur and partly explain the
dimensional changes of poplar since hardwood lignins are rich in syringyl units, the most
susceptible to hydrothermal degradation [115]. In addition to hydrolysis, a rearrangement in the
lignocellulosic matrix organization can also be at the origin of shrinkage. Previous works [135]
have indeed showed that, once the lignin reaches its glass transition temperature, it becomes fluid
and coalesces, being later forced out of the matrix by the collapse of microfibrils. Chemical changes
leading to shrinkage are more deeply discussed in the next sections.

Due to this complex inherent structure and chemical nature, lignocellulosic biomass decomposes
at different rates, through different mechanisms and pathways. It is thus impossible to describe
the entire process with a single reaction. In order to face such complex situation, the DAEM model
has been largely used to model the thermal degradation of materials, especially for the pyrolysis
of lignocellulosic biomass [228,229]. We will then use such an approach to model the shrinkage
kinetics. To the best of our knowledge, such a model has never been used for the hydrothermal
pretreatment of biomass.

The model assumes that the decomposition mechanisms follow multiple parallel first-order
reactions with different activation energies, represented by a continuous distribution function
[230]. Each independent and irreversible reaction i contributes to the hydrolyzed mass fraction
according to Equation (15).

d(Vl‘."’)
vi©) (VT ( Ei ) Vi" -V (15)
dt ki( Ve > = dexp RT(t) Vv~

Where V; is the hydrolyzed mass fraction of the reaction i, V;  the total mass fraction that can be

hydrolyzed, A the pre-exponential factor (assumed constant for all reactions), E; the activation
energy, R the universal gas constant, T the temperature and t the time.

Considering the complexity of the reactions involved in the degradation of lignocellulosic biomass,
a continuous distribution of activation energies is assumed, representing the fraction released by
reactions with an activation energy inferior to E. The derivative of this function with respect to
the activation energy (f(F)) gives a distribution function of the product fraction concerned by
each activation energy:

dV = =V=f(E)dE (16)
From Equations (15) and (16):
%4 @ t
a=V—OO=1—f0 exp [—J;Aexp —— dt]f(E)dE (17)

Where o is the degree of conversion, ranging between 0 and 1.
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Without additional information, a Gaussian, hence symmetrical, distribution is often chosen as
distribution function [230]. It involves two parameters, the mean activation energy Ey and the
standard deviation of the energy distribution o:

fE) =

exp[— (18)

1 (E — EO)Z]
o'm 20'2

For modelling purposes, this distribution was discretized into a finite set of N parallel reactions.

Finally, the shrinkage (S) is assumed to linearly depend on the extent of conversion a by a
coefficient .

S%)=p-a (19)

The parameters of the DAEM model were identified using the two tests simultaneously (160 °C
and 180 °C) for the radial test. The identified parameters are summarized in Table 9 and the model
is plotted in Figure 80.

Table 9. Set of identified parameters for radial direction.

A (min-1) Eo (J/mol) ¢ (J/mol) B
Radial 1.20x 1018 2.66 x 105 6.15x 103 1.392

Values of activation energy of the same order of magnitude were found for eucalyptus during
hydrothermal pretreatment [211]. Previous works have applied DAEM to the pyrolysis of each
main component of lignocellulosic biomass separately [230]. They found that standard deviation
(o) increases with the increasing of the heterogeneity of the component, being higher for lignin,
followed by hemicellulose and finally cellulose (divided by a factor of 10 each time). The standard
deviation found in this study is between the ones attributed to lignin and hemicellulose in other
studies. Given the high heterogeneity of these components, they should be responsible for the
wide activation energy distribution found.

A deeper analysis on chemical degradation of biomass during hydrothermal pretreatment is
important to understand the mechanisms leading to shrinkage and is presented in the next
sections. We just have to keep in mind that in the following sections, a continuous measurement
is not possible anymore. All analyses are therefore performed at certain treatment durations.

3.3. Mass loss

Mass loss (ML) is widely used as a macroscopic indicator of biomass degradation and of the
treatment intensity [231,232]. Figure 81 presents the average ML for the two treatment
temperatures (160 °C and 180 °C).

161



CHAPTER V. A DAEM model based on in-situ shrinkage measurement of poplar wood during hydrothermal
treatment as predictive indicator of chemical degradation

35
@160 °C
30 m180°C [
25 ‘
g 20
()]
wn
o
? 15
(1)
= |
T
10 | i
T I
5 1 |
1
0 I
0 min 10 min 20 min 40 min

Time at plateau temperature

Figure 81. Mass loss (3 repetitions) for different durations of hydrothermal treatment at 160 °C and 180 °C.

As expected, ML increases with the treatment temperatures and treatment duration. At 40
minutes of treatment at 180 °C, ML is twice as high as at 20 minutes, reaching 27.3 %. Whereas
after the same time (40 minutes) at 160 °C, only 11.5 % of ML is observed. It is important to notice
that, as the heating-up phase takes a few minutes, the equivalent cooking time at the beginning of
the plateau is around 10 minutes. That is the reason why a biomass degradation is already
observed at 0 minutes (1.02 % and 7.49 % respectively for the tests at 160 °C and 180 °C).

These results are consistent with deformation measurements and suggest that more severe
treatments cause a higher biomass degradation. They also agree with previous studies. For
example, a mass loss of 30.2 % was found for Eucalyptus globulus biomass subjected to a
hydrothermal treatment at 180 °C for 45 minutes [211]. Assor et al. [33] reported infradensity
losses in oak and spruce subjected to hydrothermal treatment equivalent to the mass loss
experienced by the samples and attributed those losses to the hydrolysis and the dissolution of
cell wall polymers.

3.4. Sorption isotherms

The alteration of the cell wall was also assessed by the change of sorption isotherms compared to
the native biomass (Figure 82).
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Figure 82. Experimental sorption and desorption curves (2 repetitions) at 25 °C for native and pretreated poplar
biomass

A clear impact of the hydrothermal pretreatment on biomass hygroscopicity can be observed by
the decrease of the equilibrium moisture content (EMC) - whatever the RH, during adsorption or
desorption - with the increasing of treatment severity. At 50 % of RH during adsorption, the
difference between native biomass and the treatment at 180 °C for 40 minutes is of 1.76 %. This
value represents a relative decrease of the EMC by 24.3 %. These facts have already been reported
in literature for both hydrothermally treated wood [142] and torrefied wood [141,233], and were
attributed to the reduction of accessible hydroxyl groups [85,233]. In the case of hydrothermal
pretreatment, this reduction can be explained by a loss of the functional hydroxyl group itself, of
acetyl groups or of entire osidic monomers. It is consistent with shrinkage results presented in
Figure 79. In the case of radial direction at 180 °C, the swelling observed during the last cooling
(between plateaus 4 and 5) is smaller than the previous cooling (between plateaus 2 and 3). This
fact could also be attributed to a higher degradation of OH groups, reducing the ability of biomass
to bind water and, thus, reducing fiber saturation point [141] and its temperature dependency.
Moreover, it is well illustrated by the increasing concentration of acetic acid in the liquid fraction
(Figure 83b) and the loss of C5 units (Figure 84a-b), presented in the next sections. In either way,
this gives an additional correlation between mass loss and alteration of cell wall properties. Thus,
the decrease in bound water between microfibrils - that forces them apart, hence increases the
cell wall volume [85] - may cause the shrinkage observed during the hydrothermal treatment.

Biomass submitted to 100 °C for 1 hour, however, has a very similar behavior to native biomass.
This confirms that, for these conditions, biomass only suffered minor or no changes, since
hydroxyl groups would be the first ones affected by the treatment. This observation validates the
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method used for the hygrothermal recovery of growth stress, which assumed this absence of
irreversible chemical effects after the plateau at 100 °C.

3.5. Chemical degradation

Mass loss only does not show how selective is the hydrothermal degradation, neither if the
temperature level allows different kinds of reactions to be activated. The chemical
characterization of the hydrolysates is therefore of great interest. Figure 83 presents the pH and
the mass of acetic acid of the liquid fraction (sum of fractions n°3 and 7 in Figure 76) released
during treatment.
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Figure 83. Effect of time at 160 °C and 180 °C on the pH (a) and acetic acid content (b) of the liquid fraction (3
repetitions)
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In this work, only distilled water was used as hydrothermal process liquid. Nevertheless, it is
possible to observe a decrease in pH during the treatment, from 4.96 and 4.08 at the beginning of
treatment plateau (0 minute) to 3.74 and 3.33 after 40 minutes, for temperatures of 160 and
180 °C respectively. This decrease is mostly explained by the formation of acetic acid, up to 0.31
and 1.32 grams of acetic acid per gram of native biomass (for 160 °C and 180 °C, respectively) are
formed and released in the liquid fraction. This is due to the hydrolysis of hemicellulose O-acetyl
branching groups in the presence of hydronium ions from water autoionization. Acetic acid acts
then as an autocatalysis agent itself, promoting hydrolysis [115]. Thus, the deacetylation
represents an important fraction of the mass loss. For mild treatment conditions this phenomenon
is mainly visualized by a decrease in pH rather than an increase in the acetic acid concentration,
because its values probably range under the detection limit of the HPLC-RI method applied

(0.2 g/L).

Figure 84 presents the effect of time and temperature on the composition of the liquid fraction.
Fractions n°3 and 7 (Figure 76) are merged in terms of C5 and Cé6 sugars and their respective
degradation products - furfural and HMF.

Results from chemical quantification as well as the degree of conversion («) calculated with DAEM
model for each temperature and plateau duration tested are summarized in Table 10.

These results allow an overview of the hydrolysis reactions taking place during hydrothermal
pretreatment. Oligosaccharide quantity is the result of a balance involving their production by
polysaccharides degradation and their consumption by hydrolysis into monosaccharides. For
milder treatments, their production is greater than their consumption, which results in an
increasing content of C5 and C6 oligosaccharides. For a treatment temperature of 160 °C,
oligosaccharides represent from 2.5 % (0 minutes) to 30.9 % (40 minutes) of the C5
polysaccharides initially present (m/m) in native biomass and from 0.2 % (0 minutes) to 0.5 %
(40 minutes) in the case of C6 sugars. At 180 °C these values range from 8.1 %, at the beginning of
treatment plateau, up to a maximum of 51.5 % after 20 minutes for C5 sugars and from 0.3 % to
around 0.9 % for C6 sugars. Between 20 and 40 minutes at 180 °C, however, the oligosaccharide
content decreases. In this case, it is probably the consumption reaction that prevails, which is a
consequence of the reduction in the solid matrix available for hydrolysis (illustrated by mass loss).
Likewise, the monosaccharide content is a compromise between its production by hydrolysis and
its degradation into smaller products such as furfural (for C5 sugars) and HMF (for C6 sugars).
Unlike oligosaccharides, however, monosaccharides content increases steadily. It shows that, for
the studied conditions, monosaccharide production is still higher than its degradation.
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Table 10. Experimental results of chemical quantification and calculated conversion degree for several

Results and discussion

hydrothermal pretreatment conditions (time and temperature)

160 °C 180 °C
Plateau duration
_ 0 10 20 40 0 10 20 40
(min)
a 0.237 0411 0524 0663 | 0514 0.722 0.820 0.906
ML 1.0 4.6 7.5 11.5 7.5 11.2 12.2 27.2
(%) +0.1 +1.4 +1.7 +1.2 +2.3 +53 2.5 +52
5.0 47 3.9 3.7 41 3.6 3.5 3.3

pH

+0.12  #0.33  +0.07 #0.01 | #0.23 +0.08 +0.08  +0.01
Acetic acid 0.00 0.00 0.00 0.31 0.00 0.22 0.59 1.32
(9/100g of native biomass) | +0.00  +0.00  +0.00  +0.04 | #0.00 +0.01  #0.07  +0.22
Xylose 0.00 0.06 0.09 0.23 0.00 0.30 1.56 2.34
(9/100g of native biomass) | +0.00  +0.00  +0.01  #0.00 | #0.00 +0.01 +#0.13  +0.05
Arabinose 0.00 0.00 0.07 0.13 0.00 0.14 0.08 0.04
(9/100g of native biomass) |+ 09  +0.00  +0.01  +0.02 | #0.00 +0.03  #0.00  +#0.00
Glucose 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.06
(9/100g of native biomass) |+ 090 +0.00  +0.00  #0.00 | #0.00 #0.00 #0.00  +0.00
Furfural 0.00 0.00 0.00 0.04 0.01 0.04 0.15 0.42
(9/100g of native biomass) | +0 090 +0.00  +0.00  #0.01 | #0.00 #0.00 +#0.03  +0.04
HMF 0.0 0.4 1.5 5.2 2.1 7.3 24.0 56.4
(mg/100g of native
biomass) +0.0 +0.0 +0.2 +1.1 +1.1 +3.1 +1.4 +0.6
Total dissolved sugars | 05 0.8 2.3 5.8 1.5 7.8 10.9 9.5
(9/100g of native biomass) | +0 171  +0.02  +0.07 +0.31 | #0.05 +0.31 +#0.53  +0.50
C5 oligosaccharides 0.42 0.63 1.97 5.22 1.36 7.01 8.69 7.48
(9/100g of native biomass) | +0 04  +0.00  +0.00 +0.19 | #0.00 +0.13  #0.19  +0.05
C6 oligosaccharides 0.09 0.11 0.14 0.20 0.12 0.29 0.36 0.35
(9/100g of native biomass) | +0 07  +0.01  +0.06 +0.07 | #0.05 +0.16 +0.10 +0.14

A total hydrolysis up to 62.1 % of C5 polysaccharides is observed after 20 minutes at 180 °C.

However, the total amount of recovered C5 sugars (and its degradation products) decreases after

40 minutes at the same temperature. It is probably due to the severity of the treatment, which

may cause a further degradation of furfural into other degradation products or the condensation

of C5 and/or furfural with lignin forming insoluble products [115]. From this point of view, the
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quantity of hydrolysis products measured for more severe conditions may be under-estimated.
This trend is not observed for the mildest treatment (160 °C) at the durations studied.

From the data, it can also be seen that C5 sugars are much more hydrolyzed than C6 sugars. While
the total amount of C5 (and its degradation products) present in the liquid fraction reaches 62.1 %
(180 °C/20 minutes) of the amount initially present in the raw biomass, no more than 1.2 % of C6
are fractionated. These results are not surprising and have already been reported in previous
works, who attributed it to the crystallinity of cellulose [115,234] - only composed of C6 - and the
lower degree of polymerization [118] of hemicelluloses - mainly composed of C5. These results
can be correlated to the shrinkage curbs previously presented, since they both follow the same
trend. For the studied treatment durations, shrinkage seems to be mainly tied to a loss of cell wall
volume or thickness due to the degradation of hemicellulose polymers into nonstructural
components, such as soluble oligosaccharides. This is also consistent with the decrease in
hygroscopicity, as the -OH groups available for binding to bound water belong mainly to
hemicellulose.

In general terms, the destruction of the polymeric matrix of the cell wall leads to a mass loss,
increases cell wall porosity [235] and could link the chemical degradation of the cell wall with the
loss of its mechanical properties, resulting in shrinkage.

3.6. The degree of reaction as indicator of chemical changes

The goal of this work was to evaluate the pertinence of using biomass shrinkage as an indicator of
its chemical degradation during hydrothermal pretreatment. Therefore, the measured properties
of biomass subjected to different treatment temperatures and durations were plotted as a
function of the calculated degree of conversion a (Figure 85). The degree of conversion, calculated
using the DAEM model with the fitted parameters, allows the degradation arising during the
heating phase to be considered. Consistently, the degree of conversion is higher than zero at the
beginning of the plateau. By plotting the graphs, it appears that the two temperature levels are
located on the same trajectories. The degree of conversion, as calculated by the DEAM model and
fitted from the in-situ shrinkage measurement, is therefore a synthetic indicator of chemical
alterations. The sole visible deviation is the mass loss, for which values measured after 10 and 20
minutes at 180 °C are smaller than the general trend. However, this result is excellent and
encouraged us to adjust simple expressions to relate the physical and chemical measurements to
the degree of conversion.
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Figure 85. Biomass properties as a function of the degree of conversion ().

The relationships found for both treatment temperatures simultaneously clearly confirm that
shrinkage is a good indicator of the chemical degradation of biomass and of the pretreatment
conditions (temperature duration). Table 11 summarizes the set of expressions allowing biomass

properties to be predicted by the degree of conversion (a).

When biomass is used for the bioethanol production, the quantity of sugars and inhibition
products released are extremely relevant parameters. The pretreatment step must maximize the
sugar yield and the polysaccharides accessibility for enzymatic hydrolysis, while ensuring a low
amount of inhibitors to be produced. The relationships found in this work could greatly assist in
determining the ideal pretreatment conditions. For example, from Figure 84, we can see that after
20 minutes of treatment at 180 °C, oligosaccharides production is counterbalanced by its
consumption. At the same time, furfural and HMF concentrations increase drastically. [t means

that intensifying the pretreatment severity would not be benefic if a further fermentation step is

foreseen.
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Table 11. Expressions proposed to express biomass properties as a function of the degree of conversion («)
caused by hydrothermal pretreatment

Expressions proposed to express properties as a function

P ti
roperties of the degree of conversion (a)
ML
ML = 33.47 a5
(%)
H
P pH = 5.46 — 2.50 a
Aceti id AA
cetic acid —— (AA) AA = 2.58 a6
(9/100g of native biomass)
Xyl XYL
yl0s€ o (L) XYL = 4.69 o553
(9/100g of native biomass)
Furfural FUR
uriura - (FUR) FUR = 1.16 1026
(9/100g of native biomass)
HMF

HMF = 129.91 a®*¢
(mg/100g of native biomass) “

Total dissolved sugars (TDS)
(9/100g of native biomass)
C5 oligosaccharides (C50)
(9/100g of native biomass)
C6 oligosaccharides (C60) 012 a

€60 = ————+ 937 a”**(1 — a)***
(9/100g of native biomass) (0.09+ a) ( )

TDS = 256.12 a%??(1 — a)113

C50 = 232.68 a®%8(1 — a)12°

4. Conclusion

An in-house developed device was used to characterize dimensional changes of poplar subjected
to hydrothermal pretreatment at 160 and 180 °C. This device allowed the kinetics of sample
shrinkage to be measured for the first time during this type of treatment.

Chemical characterization of the hydrolyzed fraction enabled a better understanding of the
mechanisms leading to this deformation.

A DAEM model was identified from the shrinkage evolution. The degree of conversion of the
biomass, as calculated from this model as a function of treatment conditions, is able to predict the
change of physical and chemical characteristics. These excellent findings prove that shrinkage is
an excellent indicator of the chemical degradation of lignocellulosic biomass during the
hydrothermal treatment.
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This work addressed an explicit need of pretreatment optimization in a context of lignocellulosic
biomass valorization for the production of biofuels and bio-based chemicals. Focus was given to
the hydrothermal treatment prior to the explosion step, whose mechanisms leading to biomass
deconstruction have not yet been fully elucidated. In particular, the objective of this research was
to identify a macroscopic indicator of biomass deconstruction, likely to give rules to optimize the
residence time and treatment temperature prior to the explosion step. Poplar was chosen as a
biomass model for this study mainly because of its high growth rate, a highly desirable feedstock

property.

Due to the complex structure of lignocellulosic biomass, such a goal can only be fulfilled through
a multiscale approach.

As a first step, we explored the chemical and anatomical changes taking place at the cell wall and
the tissue scales. This was accomplished by using the qualitative results obtained from different
imaging techniques. In particular, the unique combination of confocal Raman microscopy and X-
ray nano-tomography provided valuable information on topochemical and anatomical changes of
the samples. Holocellulose hydrolysis and lignin migration were observed through confocal
Raman microscopy. This migration was confirmed by scanning electronic microscopy, showing
the formation of droplets. The composition of these droplets, however, is likely different
depending on their location within the cell wall. From an anatomical point of view, samples shrank
and had thinner cell walls. Subject to more severe pre-treatments, cells were disrupted and
detached from adjacent cells. Imaging techniques provided, thus, an overall vision of the
degradation of cell walls after hydrothermal treatment. These results can be a helpful tool when
it comes to assessing the biomass susceptibility to the explosion step and its accessibility to
enzymes.

As a second step, the modifications undergone by lignocellulosic biomass during hydrothermal
treatment have been continuously assessed at a macroscopic scale. It was only possible thanks to
a device developed in the laboratory, which allows reliable rheologic properties to be measured
under high temperatures and relative humidity. A part of this thesis work consisted on developing
a software able to control this equipment and to continuously acquire the data from the tests. A
lot of effort has also been put on understanding the features of this device, which allowed the
establishment of measurement protocols prioritizing the quality and reliability of the results. With
this equipment, different rheological tests could be performed on solid biomass by numerous
combinations of stress and strain. The assessment of biomass macroscopic changes was
conducted in two stages.

Firstly, the evolution of stress relaxation and stiffness were studied under different treatment
temperatures. These two rheological properties have proven to be complementary in highlighting
the dynamics of chemical modifications during hydrothermal treatment. The main mechanisms
revealed are thermal activation of the viscoelastic properties of lignocellulosic biomass, cleavage
reactions and lignin re-condensation. Initially, thermal activation is observed solely (when
treatment temperature remains quite low). Stress relaxation results provided evidence of
concomitant thermal activation and chemical degradation in early stages of the treatment
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(starting at 60°C). This initial degradation was attributed to hydrolysis reactions of
hemicelluloses, known as the most thermolabile component of lignocellulosic biomass. Once the
plateau was reached, the predominance of either cleavage or re-condensation depended on the
severity of the treatment. At the beginning of the temperature plateau, cleavage reactions were
the most important ones regardless of the treatment temperature. For medium severity
treatments (the second half of the plateau for low temperatures or half of the treatment time for
the highest treatment temperature) a clear prevalence of lignin condensation has been identified
through an increase in samples stiffness. For the most severe conditions tested in this study
(180 °C and long residence time), a new loss of stiffness was observed, which was attributed the
reduction of the degree of polymerization of cellulose. The same protocol was applied to samples
pre-soaked in different liquids. As classically applied in biomass pretreatment, the effect of
sulfuric acid concentration was evaluated (0.6 %, 0.3 % and distilled water). As an alternative to
the traditional acidic media, an alkali pre-soaking liquid (NaOH 0.6 %) was also studied. Our
results demonstrated that acidic media favored cleavage reactions. Contrastingly, the alkali pre-
soaking provoked lignin and hemicellulose extraction at low temperatures but limited further
alterations during the temperature plateau.

These results showed that, combined, stress relaxation and stiffness can successfully draw a
profile of the mechanisms involved in biomass deconstruction during hydrothermal treatment.
However, both present a non-monotonous behavior at some point of the treatment. This feature
is undesirable when seeking for an indicator of the additive degradation caused during
pretreatment.

Secondly, we therefore decided to explore another macroscopic measurement: the evolution of
samples dimensions over time. Parallelly, biomass chemical changes were evaluated through
classical chemical analyses for selected treatment durations and supported the results typically
found in literature. Carrying out these analyses has highlighted the interest of a continuous
indicator of biomass degradation. Indeed, scanning different treatment conditions quickly turns
into a heavy task, due to the complexity of the standard chemical protocol.

After data processing, the results have demonstrated that samples continuously shrank during
hydrothermal treatment and that shrinkage increased with the increase of temperature and
residence time. Based on the obtained results, the parameters of a Distributed Activation Energy
Model (DAEM) were identified by fitting the in situ shrinkage measurements. From this model, the
degree of conversion can be calculated as a function of treatment temperature and residence time,
and used as a synthetic indicator of chemical alterations. This excellent result then served to the
adjustment simple expressions to relate the physical and chemical measurements to the identified
model. Shrinkage therefore proved to be a good indicator of the chemical degradation of biomass
during the pretreatment. It can be used as a valuable tool to choose the optimal conditions of
hydrothermal treatment or can be applied in simulations of steam explosion.
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A variety of perspectives and opportunities for further research and applications emerge from

this work. They can be summarized as follows:

A lot has been discussed in this thesis work about lignin chemical changes, especially
regarding lignin re-condensation. A parallel chemical investigation of these changes using
analytical chemistry methods could greatly enrich this work. It would provide both a
better understanding of the modifications to which the lignin remaining in the solid phase
is subjected, such as condensation, and the identification of molecules of interest
solubilized in the liquid phase.

The DAEM model developed during this study should be validated with other types of
lignocellulosic biomass. It would also be interesting to include the acid concentration as a
parameter in the model.

Confocal Raman spectroscopy has proven its interest on the investigation of concomitant
chemical and anatomical changes. However, many challenges were met during this study,
which limited the analyses to mild treatment temperatures. Much work remains to be
done to overcome the limitations imposed by laser induced florescence. Exploring other
topochemistry techniques may be an answer to the encountered problems. One of the
options is to somehow take advantage of this characteristic rather than trying to overcome
it, as some studies have demonstrated that laser induced fluorescence is related to the
type of bonds present in lignin structure.

The explosion phase that follows hydrothermal treatment is an important step in the
steam explosion process. This phase, which benefits from the high saturated steam
pressure, is responsible for the fragmentation of the particles and, thus, the accessibility
of the cell wall for subsequent enzymatic attack. It would be therefore interesting to
improve the prediction of TransPore — a comprehensive computational model simulating
the heat and mass transfer in porous media - for biomass fragmentation during the
explosion, by taking into account the effect of both the average shape of a cell and the cell
wall thickness on the modulus of rupture. The present work provides valuables insights
on how these three characteristics change during the hydrothermal phase. The reduction
of cell wall thickness has successfully been demonstrated by X-ray nano-tomography and
quantified by image analysis. The same technique illustrated changes on the shape of the
cells, resulting in a reduction of the mean cell circularity. Furthermore, the identified
DAEM model was able to predict chemical changes on biomass for different temperatures
and treatment durations. These outcomes could be combined in a new study that also
includes the explosion stage.

From a broader perspective, and in terms of further applications, our results show two
opposed approaches. The pretreated biomass can either be used in fermentation
processes—in which case a minimum modification of the composing polysaccharides is
required—or in the obtention of platform molecules resulting from sugar degradation.
The first approach calls for milder treatments, whilst the second implies an increased
treatment severity.
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If applied to fermentation processes, the studies on biomass pretreatment should be
further analyzed through the perspective of enzymatic hydrolysis. This is, indeed, the only
mean to validate the possible outcomes of pretreatment optimization.

Finally, the economic and environmental aspects of this process should be taken into
account during process optimization to find the right balance between the increase in
efficiency and the pretreatment energy consumption. It would also allow to validate the
interests of this technology as an alternative for fossil fuels and chemicals.
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Résumé : La biomasse lignocellulosique est une matiére premiére
prometteuse pour la production de biocarburants et de produits
chimiques renouvelables. Cependant, en raison de la structure
macromoléculaire récalcitrante des tiges de plantes, un prétraitement est
nécessaire pour rendre les glucides suffisamment accessibles pour
I'nydrolyse enzymatique. Parmi la vaste gamme de prétraitements
disponibles, I'explosion a la vapeur se distingue car elle ne nécessite pas
de solvant et peut étre appliquée a diverses matiéres premiéres. Elle se
déroule en deux étapes : une cuisson acide suivie d'une décompression
brutale.

Les modifications subies par la biomasse lors de la cuisson acide ont un
impact important sur la phase explosive et les étapes ultérieures de la
production de bioéthanol. Elles affectent ainsi largement la rentabilité de
I'ensemble de la chaine de production. Ayant pour origine des altérations
chimiques, ces modifications sont observables a de multiples échelles.
C'est pourquoi une approche multi-échelle est proposée dans ce travail,
avec pour objectif ultime de fournir des indicateurs mécaniques
macroscopiques de la cinétique du traitement, susceptibles de donner
des régles pour optimiser le temps de séjour et la température de la
cuisson acide. Pour comprendre comment le comportement mécanique
a I'échelle macroscopique est affecté par les changements de propriétés
a I'échelle moléculaire et microscopique au cours du traitement, trois
disciplines — mécanique, chimie et imagerie — ont été combinées. En
raison de sa croissance rapide et de son faible besoin en engrais, le
peuplier (Populus euro-americana'Koster') a été utilisé comme biomasse
modeéle pour cette étude.

Au niveau microscopique, la microscopie confocale Raman a révélé que
les altérations chimiques dépendent de l'organisation des différents
composants a l'intérieur de la paroi cellulaire et de leurs interactions
entre eux. La combinaison unique de cette technique avec la nano-
tomographie a rayons X a permis d'obtenir une vision globale de la
dégradation de la paroi cellulaire apres la cuisson acide, avec des
informations précieuses sur les modifications topochimiques et
anatomiques des échantillons. Des analyses chimiques complémentaires
ont permis la quantification de I'hydrolyse concomitante de la biomasse.
Au niveau macroscopique, un dispositif développé préalablement au
sein du laboratoire a été amélioré pour effectuer avec précision des
essais mécaniques continus de la biomasse (diverses combinaisons de
contraintes et de déformations) dans des conditions de saturation en
eau jusqu'a 190 °C. L'effet du temps de séjour est donc suivi en continu.
Grace a des mesures d'élasticité et de relaxation, les propriétés
viscoélastiques ont été utilisées pour comparer différentes conditions de
traitement (température et acidité). Enfin, ce dispositif a permis de
mesurer pour la premiére fois la cinétique du retrait de I'échantillon lors
de ce type de traitement, a partir de laquelle un modéle DAEM a été
identifié. Le degré de conversion de la biomasse, calculé a partir de ce
modeéle, est capable de prédire I'évolution des caractéristiques
physiques et chimiques en fonction des conditions de traitement. Ces
résultats prouvent que le retrait est un excellent indicateur de la
dégradation chimique de la biomasse lignocellulosique lors de la
cuisson acide.
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Abstract: Lignocellulosic biomass is a promising feedstock for the
production of renewable fuels and bio-based chemicals. However, due
to the recalcitrant macromolecular structure of plant stems, a
pretreatment is required to make carbohydrates sufficiently accessible
for enzymatic hydrolysis. Among the large range of available processes,
steam explosion stands out, as it requires no additional solvent and can
be applied to a variety of raw materials. It consists of two steps: a
hydrothermal treatment followed by a sudden decompression.

Biomass alterations during hydrothermal treatment have a great impact
on the explosion and the subsequent steps of bioethanol production.
Caused by chemical alterations, these modifications are reflected at
multiple spatial levels. For this reason, a multiscale approach is proposed
in the present work, with the ultimate goal of providing macroscopic
mechanical indicators of the treatment kinetics likely to give rules to
optimize the residence time and treatment temperature during
hydrothermal treatment. To understand how the mechanical behavior at
the macroscopic scale is affected by the changes in the properties at
molecular and microscopic scales during treatment, three disciplines —
mechanics, chemistry and imaging techniques — were combined. Because
of its fast growth and low need of fertilizers, poplar (Populus euro-
americana 'Koster’) was used as model biomass for this study.

At the microscopic level, the use of Raman confocal microscopy revealed

that chemical alterations depend on the organization of the different
components within the cell wall and their interactions with each other.
The unique combination of this technique with X-ray nano-tomography
provided a global vision of the degradation of the cell wall after
hydrothermal treatment, with valuable information on both
topochemical and anatomical changes of the samples. Complimentary
wet chemistry analysis allowed to quantify the concomitant hydrolysis
and degradation of biomass.

At a macroscopic level, an in-house developed device was improved to
accurately perform continuous mechanical tests on macroscopic solid
samples (various combinations of strain and stress) under water-
saturated conditions up to 190 °C. The effect of residence time is
therefore continuously monitored. Through elasticity and stress
relaxation measurements, viscoelastic properties were used to compare
different treatment conditions (temperature levels and acidity). Finally,
this device allowed the kinetics of sample shrinkage to be measured.
From these results a DAEM model was identified. The degree of
conversion of the biomass, as calculated from this model, is able to
predict the change of physical and chemical characteristics for any time-
temperature pathway. These findings prove that shrinkage is an
excellent indicator of the chemical degradation of lignocellulosic
biomass during the hydrothermal treatment.
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