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Introduction

Introduction

Dans les derni¢res décennies, I’épuisement des ressources pétrolieres s’est
accéléré, entrainant I’augmentation du prix du pétrole et de ses dérivés. Le pétrole, le gaz
et le charbon constituent les principales ressources primaires exploitées pour les besoins
énergétiques mondiaux. Le secteur énergétique est le plus consommateur de ressources
fossiles, juste devant celui des transports. Ainsi, afin de limiter les consommations
d’¢énergie, les matériaux d’isolation se doivent d’€tre, de nos jours, de plus en plus
performants pour éviter, ou au moins limiter, les pertes d’énergies inutiles. Les matériaux
isolants sont un exemple de produits issus de 1’industrie pétrochimique présents dans

notre environnement quotidien.

Actuellement, il y a une plus grande prise de conscience de la société dans la
nécessité de préserver de l'environnement, et de l'impact fort des secteurs industriels, de
leurs processus technologiques et leurs produits sur 1’écosystéme. Ces circonstances ont
amené la communauté scientifique a concentrer ses efforts sur 'utilisation des ressources
naturelles pour développer de nouveaux produits qui ont traditionnellement été obtenus a
partir de produits pétroliers ou d'autres matieéres premicres non renouvelables. Parmi les
industries concernées sont les industries de matériaux isolantes, les lubrifiants, les
adhésifs, les revétements, des peintures ou des produits d'étanchéité, qui incorporent dans
leurs formulations des huiles et/ou solvants organiques, des tensioactifs et des matériaux
polymeres de natures différentes provenant directement de 1’industrie pétrochimique. Les
huiles minérales, par exemple, peuvent contaminer les eaux souterraines pendant plus de
100 ans, méme de petites quantités peuvent inhiber la croissance des arbres et peuvent
étre toxiques pour la vie aquatique. Pour minimiser les dommages causés par la pollution
des produits pétroliers, & nombre croissant de produits respectueux de I'environnement

est actuellement développé.

Dans les années 90, une innovation technologique a été réalisée par le Laboratoire
d’Etude et de Recherche sur le Matériau Bois (LERMAB) dans le contexte des produits
naturels pour remplacer les produits pétrochimiques existants. A partir de produits
biosourcés a plus de 90%, un nouveau procédé a permis de synthétiser de nouveaux
isolants tres performants : des mousses solides, constituées a plus de 60% en masse de

tanins condensés, obtenues par polymérisation des extractibles issus d’écorce de bois.



Introduction

Les travaux de cette thése sont réalisés dans le cadre du projet « BRIIO »
(BiosouRced InsulatIOn). Ce projet est une collaboration regroupant deux laboratoires de
I’Université de Lorraine et deux entreprises. L’objectif du projet est la valorisation des
extraits naturels tels que les tanins ou la lignine, pour la fabrication de mousse solides
projetables pour I’isolation des batiments, ainsi que 1’étude de la fiabilité¢ technique,
économique et I’impact environnemental du produit résultant. Cela a conduit a la fois a
I’étude du processus d’extraction du tanin, comme des réactions possibles de celui-ci ou

de lignine pour application ultérieure a des mousses solides ou a d’autres fins.
Cette thése s’organise en trois parties :

e Une premicre partie d’étude bibliographique en présentant les composants
de la mousse solide, ainsi comme les généralités sur la lignine et sur les
panneaux de particules.

e Une seconde partie présentant les résultats obtenus au cours de cette these,
sous forme de publications parues et /ou acceptées dans différent journaux
scientifiques.

e Une derniére partie en présentant les conclusions générales et les

perspectives qui en découlent.



Premiere partie :

4

Etude bibliograEhigue






Etude bibliographique
Etude Bibliographique

1 Les tanins

1.1 Role naturel

Les tanins sont des composants polyphénoliques présents naturellement dans les
végétaux. Apres la cellulose, les hémicelluloses et la lignine, les tanins sont le quatriéme
composant de la biomasse (Hernes and Hedges, 2000). Ils jouent un role de défense contre
les insectes et les champignons, car leur forte caractéristique d’astringence rend la plante
difficilement assimilable par ces organismes (Robbins et al., 1987). Les tanins se trouvent
dans toutes les plantes en différents proportions. Les écorces des arbres en général en
contiennent la quantité¢ la plus significative, mais le tanin est présent dans tout le

cytoplasme de toutes les cellules végétales (Haslam, 1989).
Les différents bois stockent les tanins dans différentes zones de la plante :

e Le pin (Pinus radiata), le chéne (Quercus robur) et le mimosa (Acacia
mearnsii ou mollissima) contiennent la majorit¢ de leurs tanins dans
I’écorce.

e Le gambier (Uncaria gambir) dans les feuilles.

e Le pecan (Carya illinoensis) dans les noix de moelle.

e Le chataignier (Castanea sativa) et le quebracho (Schinopsis balansae)

stockent leurs tanins dans toute la structure.
1.2 Propriétés

Les tanins végétaux peuvent se combiner aux protéines pour donner des
complexes solubles ou insolubles. Ils possédent malgré les différences de leurs

constitutions un ensemble de caractéres communs :

- Ils précipitent les protéines de leur solution, en particulier la gélatine.

- Ils donnent avec les sels des métaux lourds des laques de couleurs variées ;
en particulier avec les sels de fer, on obtient des laques de couleur bleue-
noire.

- Ils précipitent avec les mati¢res colorantes cationiques.
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- IIs sont plus ou moins solubles dans I’eau, leurs solutions sont toujours
acides. En raison de la taille de leurs molécules et de leur tendance a se
polymériser par oxydation, les solutions aqueuses de tanins se comportent
comme des dispersions colloidales.

- Ils sont amorphes et sans point de fusion précis.

- 1Ils sont capables de se fixer sur la substance dermique de la peau en tripe

et de la transformer en cuir.
1.3 Procédé d’extraction

L’extrait tannant est le résultat de la concentration par évaporation de 1’eau de la

solution obtenue par lessivage méthodique de la maticre tannante naturelle.

L’extrait obtenu peut étre liquide, c’est alors une solution concentrée contenant
50 % de maticres seches. Il est aujourd’hui le plus souvent solide, en poudre et renferme
90 4 96 % de maticres seches. Les opérations nécessaires pour préparer un extrait tannant
sont sensiblement les mémes quelle que soit la matiére tannante concernée. Pour décrire
ces opérations, on prendra comme exemple la fabrication de I’extrait de bois de

chataignier.
1.3.1 Fabrication de I’extrait de bois de chataignier

La fabrication comprend cinq opérations principales :

o Découpe du bois.

o Extraction du tannin.

o Préconcentration et décantation des bouillons.
o Concentration des bouillons.

o Obtention de I’extrait solide

1.3.1.1 Découpage du bois

Tableau 1: Extrait de tanin en fonction de la taille des copeaux.

Epaisseur des copeaux en mm 18 15 10 5

Tanin extrait en 4 heures
47 50 60 62

(en % de la teneur totale en tannin)
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Le bois est découpé en copeaux taillés perpendiculairement a 1’axe longitudinal
de la biche. Comme le montre le tableau suivant, I’épaisseur des copeaux a une grande
influence sur la vitesse de diffusion de 1’eau et par conséquent sur la vitesse d’extraction

des produits solubles. En général, 1’épaisseur des copeaux est comprise entre 5 et 10 mm.

Pour cette opération, on utilise une découpeuse a tambour représentée sur la figure
1. Elle comprend un tambour (A) constitué par deux cones tronqués en acier assemblés
par leur petite base. Il porte des lames (B) en acier, inclinées par rapport au rayon du

tambour et dépassant celui-ci de 1’épaisseur désirée pour les copeaux.

DECOUPAGE DU BOIS

1 |
7777777 N7 77 79V 777
\\D

Figure 1

Figure 1: Découpe du bois pour l’'extraction du tanin.
Devant le tambour, on trouve un couloir (D) dans lequel sont placées les bliches a
découper (C). Ces bliches sont poussées contre le tambour jusqu’a découpage complet
par le poussoir (E). Les copeaux tombent dans une fosse (F) de laquelle ils sont

transportés au-dessus de la batterie d’extraction par un €lévateur (G).
1.3.1.2 Extraction

L’extraction est conduite méthodiquement selon le principe du contre-courant, de
facon a extraire le maximum de tannin et a obtenir des solutions les plus concentrées
possibles. Pour cela, les conditions de 1’extraction sont telles que le bois le plus épuisé
soit en contact avec la solution la moins concentrée et que le bois le plus riche soit en

contact avec la solution la plus concentrée. L’opération est réalisée dans une série
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d’autoclaves reliés par une tuyauterie permettant de faire circuler les solutions de ’une a

I’autre. L’ensemble constitue la batterie d’extraction.

S
—

solution vers
préconcentration

4’

charge en bois neuf (s')

3’

a8 A

Sl

SI

B

5’ s

2’

1’

Sl

l

évacuer le bois épuisé (s)

|

charge d'eau chaudz (s’)

Figure 2: Schéma d’une série d’extracteurs en contre-courant.

La température varie au cours de I’opération de 110 a 90°C et elle est maintenue

par réchauffage par injection de vapeur. Considérons une batterie de 5 autoclaves

représentée schématiquement sur la figure 2.

Tableau 2: Des cellules ombre bleu indiquent les mouvements de la solution
dans les autoclaves et les mouvements du bois sont indiquées pour les

cellules brun.

Phase 1 Renumérotation
De... a... De... a...
Bois le plus Opération
01 ‘ plu 5 . 1 5’
riche suivant
4 5 2 1’
3 4 3 2’
2 3 4 3’
1 2 5 4’
Evacuer le bois
1 . Phase 2
épuisé
Che.lrge de ! Bois. le De. . 4
bois neuf plus riche
Charger o L’eau le plus diluée
20ul’ et le bois le plus
I’eau chaude L,
épuisé
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Au cours du procédé, 1’autoclave n° 5 renferme le bois le plus riche et la solution
la plus concentrée. En 4-3-2 se trouve du bois de plus en plus appauvri en tanins au contact
de solutions de plus en plus diluées. En 1 se trouve le bois en contenant le moins avec la

solution la plus diluée.

La circulation des solutions, le déchargement et chargement du bois se font en

deux phases comme indiqué dans le tableau 2.

Aprés 1 a 2 heures de contact, on recommence les mémes circulations des
solutions, déchargement et chargement du bois. En 24 heures, 18 cycles peuvent étre

effectués.
1.3.1.3 Pré-concentration et décantation

A la sortie de la batterie d’extraction, la solution récoltée, appelée bouillon, a une
densité de 3° Baumé (B¢) environ ce qui correspond sensiblement a une concentration de
5 a 6 % de matiéres séches. La température du bouillon est de 90°C. Cette solution est a
peu pres limpide. Par refroidissement, cette solution se trouble et laisse décanter les

molécules insolubles.

Si on poursuit les opérations, c’est a dire la concentration, on obtiendra un extrait
qui, mis en solution par le tanneur, donnera des solutions riches en insolubles. Ces
insolubles occasionneront quelques difficultés au moment du tannage. Il est donc
nécessaire d’éliminer ces insolubles. La quantité d’insolubles décantables varie avec la
concentration et la température. Ainsi, pour obtenir 1’élimination convenable des
insolubles 1l faut amener la concentration des bouillons de 5-6 % a 10-12 %, refroidir les

bouillons ainsi pré-concentrés a 15-18°C, et décanter et éliminer les insolubles formés.

A fin d’atteindre cet objectif, la solution provenant de I’extraction traverse un
échangeur dans lequel elle est refroidie par la solution décantée circulant en sens inverse.
Ainsi, la solution pré-concentrée se refroidit de 80 a 40°C, inversement la solution
décantée se réchauffe de 15 a 40°C. La solution décantée passe ensuite dans un
réchauffeur d’ou elle sort a 80-85°C pour étre envoyée a la concentration. Tandis que la
solution pré-concentrée traverse ensuite un réfrigérant d’ou elle sort vers 15-18°C. Elle
est alors envoyée dans des cuves ou elle reste au repos 24 heures. Les insolubles tombent
au fond sous forme de boue. Lorsque la solution limpide est renvoyée dans le circuit, la

boue est pompée pour €tre introduite dans la batterie d’extraction au niveau de ’autoclave
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renfermant le bois le moins concentré en tanins. Ainsi les insolubles sont retenus par les
copeaux, les produits solubles passent dans les bouillons de la batterie d’extraction. La

figure 3 montre un schéma de ce processus.

La solution sortant de la pré-concentration a une teneur de 10-12 % de maticres

séches et une température de 80-85°C.

Vers la concentration (802C)

B

Solution préconcenttrée (802C)

Réchauffeur

\ 4

—

40eC
Echangeur
— Réfrigérant
|
i
| 40°C
i
I
l 150¢ i . 15eC
—— - Décantation <

Figure 3: Schéma de décantation de la solution pré-concentrée.

1.3.1.4 Concentration :

La concentration des solutions consiste a faire évaporer I’eau pour augmenter la
teneur en matieres séches de la solution. Généralement en deux phases. Dans une
premiere phase, on atteint une concentration de 1’ordre de 50% de matiéres seches (25°
B¢). Dans cette phase, on obtient un extrait liquide, qui pendant longtemps fit livrés
directement a la tannerie. Apres, dans une deuxiéme phase, on passe de 1’extrait liquide

a extrait sec, généralement en poudre, renfermant moins de 10 % d’eau.

L’évaporation de 1’eau est conduite sous pression réduite et par conséquent a une

température relativement basse (inférieure a 100°C) afin d’éviter I’hydrolyse et
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I’oxydation du tannin. Deux types d’appareils peuvent étre utilis€s pour cette opération :

les évaporateurs a caisse verticale et les évaporateurs Kestner.

L’évaporateur a caisse verticale est composé essentiellement d’une cuve
cylindrique surmonté d’un dome également cylindrique. Dans la moiti¢ inférieure de la
cuve se trouve un faisceau tubulaire dans lequel est envoyée de la vapeur pour chauffer
le liquide contenu dans I’appareil. Dans le dome sont disposées des chicanes (brise
mousse) pour empécher les mousses formées par 1’¢ébullition du liquide d’étre entrainées

dans le circuit vapeur.

Les appareils sont groupés par séries de 3 ou 4. L’ensemble prend le nom de triple
effet ou quadruple effet. Pour décrire le principe de fonctionnement de ces appareils, on

¢étudiera le cas triple effet représenté sur la figure 4.

EVAPORATEUR A CAISSE VERTICALE

C1

p ﬂ I
=0000L 000 L]JHUUU

T i gy

] m
arrivée de 3
la solution &
concentrer

Condenseur

(LT

extrait liquide
a50%MS.

Figure 4: Schéma d’un évaporateur a caisse verticale.
Lors du fonctionnement, les caisses renferment des solutions de plus en plus
concentrées de C1 a C3. Dans cette derniére on obtiendra I’extrait liquide a environ 50 %

de matiéres séches, soit environ 25° Bé.

Suivant le parcours suivi par la vapeur, le faisceau tubulaire de C1 est alimenté
par de la vapeur basse pression provenant de la source de vapeur de I’usine. En chauffant
la solution contenue dans C1, la vapeur se condense et I’eau condensée est évacuée en P

dans le circuit général de purge. La solution entre en ¢ébullition, la vapeur formée passe

11
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dans le faisceau tubulaire de C2. En chauffant la solution contenue dans C2, qui entre en
¢bullition, et en condensant la vapeur, qui provoque une dépression en Cl. L’eau
condensée dans le faisceau tubulaire de C2 est extraite par la pompe P1 et la vapeur
formée dans C2 passe dans le faisceau tubulaire de C3. En chauffant la solution contenue
dans C3, qui entre en ébullition. La vapeur se condense provoquant une dépression en C2
et ’eau condensée dans le faisceau tubulaire de C3 est extraite aussi par la pompe P1. La
vapeur formée dans C3 arrive dans le condenseur barométrique ou elle se condense
provoquant ainsi une dépression en C3. La pompe P2 est une pompe a vide qui maintient
la dépression en €éliminant les incondensables. Ainsi s’établit un équilibre des conditions

d’ébullition dans chaque appareil qui sont approximativement les suivantes :

e Cl1 : température d’ébullition 84°C, pression 0.56 bar.
e (2 :température d’ébullition 70°C, pression 0.30 bar.

e (3 : température d’ébullition 54°C, pression 0.15 bar.

Suivant le chemin de la solution a concentrer, elle arrive dans C1 par la vanne 1.
Apres, elle passe en C2 par la vanne II, en C3 par la vanne Il et en IV on extrait la solution
concentrée (extrait liquide a 50 % de maticres séches) au moyen d’une pompe P3, car il
faut vaincre la dépression qui régne en C3. Cette circulation se fait en continu, pour cela
on regle I’ouverture des vannes I, 11, III et IV afin de maintenir le niveau de liquide a peu

pres constant dans les trois appareils.

L’évaporateur Kestner est tres différent de la caisse verticale et son
fonctionnement est basé sur le phénomene d’ascension des liquides. Prenons un tube
fermé a la partie inférieure, de faible diamétre et trés long, enfermé dans une housse
chauffante. On remplit ce tube jusqu’au tiers de sa hauteur environ avec la solution a
concentrer. En chauffant, le liquide entre en ébullition et la vapeur d’eau formée s’éleve
a treés grande vitesse. Elle entraine le liquide dans un mouvement ascendant, le plaquant
en une mince pellicule contre la paroi du tube. Au fur et a mesure de 1’ascension contre
la paroi chaude, I’eau s’évapore et la solution qui arrive au sommet du tube est beaucoup
plus concentrée que la solution de départ. Toute cette action se passe a grande vitesse et

le rendement de 1’évaporation est tres élevé.

Un évaporateur Kestner est constitué d’un faisceau tubulaire de 7 metres de
hauteur enfermé dans une enceinte chauffée. La solution a concentrer est introduite a la

base du faisceau. La vapeur arrive dans la partie supérieure du faisceau a grande vitesse,

12
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entrainant la solution concentrée. Pour séparer liquide et vapeur, le mélange passe dans
un séparateur tangentiel pourvu a I’intérieur d’une chicane centrifuge. Le liquide est
projeté sur la paroi et se rassemble au fond du séparateur, la vapeur s’échappe au centre
par la partie supérieure. Ces appareils peuvent étre groupés en multiples effets (voir figure
5). L’ensemble fonctionne alors dans les mémes conditions de température et de pression
que les multiples effets a caisses verticales décrits précédemment.

EVAPORATEUR KESTNER

eau

séparateur vapeur m :O Pz

vapeur vapeur

VApeuUr -

Lsolution L(soluuon
condenseu!

1 3
T° 840 T° 70° T° 54°
P 056 P 0,30 P 0,15

330 ° ¥540 ° ¢ 650 P

9m

4

J

L=y : >

=
concentrer 6 By P3?

extrait liquide
50% de M.S.

T )

Figure 5: Evaporateur de type Kestner.

1.3.1.5 Obtention de I’extrait solide (poudre) :

Les extraits tannants ne sont que rarement livrés a I’état liquide mais le plus
généralement a 1’état d’extraits solides en poudre. Il s’agit donc de déshydrater 1’extrait
liquide obtenu précédemment. Le moyen le plus répandu aujourd’hui est I’atomiseur.
L’opération consiste a pulvériser 1’extrait liquide par un dispositif mécanique sous forme
de tres fines gouttelettes (d’un brouillard) dans une enceinte traversée par un courant d’air
chaud a 120°C. L’eau s’évapore presque instantanément et les gouttelettes se transforment
en poussiere. Une petite partie de ces particules se rassemblent au fond de I’atomiseur,
mais la plus grande partie est entrainée par 1’air et la vapeur d’eau. Il suffit ensuite de
séparer ces particules solides de I’air et de la vapeur. Pour cela, le mélange passe dans les
séparateurs tangentiels, généralement deux ou trois a la suite. Les particules solides

projetées contre la paroi tombent au fond des appareils, I’air et la vapeur d’eau

13
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s’échappent par la partie centrale vers le séparateur suivant, puis dans 1’atmosphere. La
poudre est alors évacuée vers I’ensachage. La figure 6 montre un schéma de 1’équipement

de pulvérisation.

ATOMISEUR
T l séparateurs ucyclonen air et
—>
vapeur
pllvéri- d'eau
sateur
sir &
120%—
L
atomiseur :

NI NN {
By re i o o m r  a

| \—/ séparateurs «cyclone»

Figure 6: Atomiseur.

1.3.2 Fabrication de I’extrait de bois de quebracho :

L’extrait de quebracho est préparé a partir du bois du méme arbre. La technique
de séparation de I’extrait est sensiblement la méme que celle décrite pour I’extrait de
chataignier. Cependant, pour le quebracho, il n’y a pas la phase de décantation. L’extrait
obtenu apres €vaporation a sec présente une propriété particuliere : il n’est pas soluble
dans I’eau froide (température ambiante). Il se dissout dans 1’eau chaude a 80-100°C et
par refroidissement la solution se trouble et apres filtration on peut constater que le filtrat
ne renferme qu’une faible quantité de tannin. Cet extrait s’appelle extrait de quebracho
brut soluble a chaud. Sous cette forme, ce produit est difficilement utilisable dans les
méthodes de tannage classiques ou I’on opere a température ambiante ou au maximum a
30°C. Il est donc nécessaire de solubiliser I’extrait brut. C’est en 1897 que Lepetit, Dolfus

et Gansser ont breveté un procédé dit de sulfitation permettant d’atteindre ce but. On traite
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une solution concentrée (50 % de matieres seches) d’extrait de quebracho brut par de
I’hydrogénosulfite de sodium (bisulfite de sodium NaHSO3) & chaud sous pression en
autoclave. Aprés ce traitement on obtient un produit parfaitement soluble dans 1’eau
froide. Aprés évaporation a sec, on se trouve en présence de I’extrait de quebracho sulfité

soluble a froid.

L’extrait de quebracho sulfité est un tannin doux. Il pénétre rapidement dans la
peau en tripe, le cuir obtenu n’a pas un indice de tannage ¢élevé, il est souple, de couleur
claire. En modérant le traitement de sulfitation, généralement en diminuant la proportion
d’hydrogénosulfite de sodium, on n’obtient qu’une solubilisation partielle. On prépare
ainsi I’extrait de quebracho mi-soluble dont les solutions, troubles a froid, renferment un
fort pourcentage de tannin soluble. Ce genre de produit est utilisé en particulier pour le
retannage de certains cuirs au chrome pour lesquels on recherche un effet de remplissage

important.
1.4 Classification des tanins

Du point de vue de la composition chimique, on distingue deux grandes familles
de tanins : les tanins hydrolysables et les tanins condensés. Le type de tanins ne dépend

que du végétal duquel ils sont extraits.
1.4.1 Les tanins hydrolysables

Les tanins hydrolysables sont constitué¢s de produits phénoliques simples comme
I’acide gallique, I’acide digallique, ’acide ellagique et de monosaccharides, surtout le
glucose. Ils tirent leur nom de leur facilité a s’hydrolyser en présence d’un acide ou d’une

base (Carretero, 2000). Ils sont divisés en gallotanin et en ellagotanins (Jurd, 1962).

Les tanins hydrolysables sont disponibles en grande quantit¢ mais peu valorisés.
Néanmoins, leur faible réactivité avec le formaldéhyde limite leur utilisation dans le
domaine des colles. Industriellement, on utilise principalement les tanins de chataignier

et de tara pour le tannage du cuir (Pizzi, 1994).
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Figure 7: Types de tanins hydrolysables.

Ces dernieres années, certaines études ont permis de les utiliser comme
copolymeéres avec du phénol et du formaldéhyde pour la préparation de résines dans la
fabrication de colles a bois phénoliques (Spina et al., 2013a, 2013b). D’autres études ont
montré qu’ils peuvent se substituer aux isocyanates dans la fabrication de mousses
polyuréthanes (Thébault et al., 2014) ou comme précurseur dans les résines époxy (Aouf

et al., 2014).
1.4.2 Tanin condensés

Les tannins condensés sont constitués d’unités flavonoides. Présentant différents
degrés de polymérisation, ils sont associés a leurs précurseurs : catéchines (flavanes-3-
ols), leucoanthocyanes (flavanes-3,4-diols) (Drewes and Roux, 1963; Roux and Paulus,
1961) et a des carbohydrates dont la plus ou moins grande proportion influence la

viscosité et la réactivité du tannin.

Comme le montre le schéma en figure 8, il est possible d’obtenir deux types

d’anneau A et deux types d’anneau B :

- Anneau A porte un seul groupe hydroxyle en C7 : anneau résorcinol.

- Anneau A porte deux groupes hydroxyles en C5 et C7 : anneau
phloroglucinol.

- Anneau B porte deux groupes hydroxyles en C3” et C4’ : anneau catéchol.

- Anneau B porte trois groupes hydroxyles en C3’, C4’ et C5’ : anneau
pyrogallol.
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Fi1 = H : Resorcinol A-ring

R, = OH : Phloroglucinol A-ring
R, = H : Catechol B-ring

R, = OH : Pyrogallol B-ring

Figure 8: Schéma d’un flavonoide et sa numérotation.
Une nomenclature des polyflavonoides a été définie a partir de ces différents types

d’anneaux (Porter, 1988) (Tableau 3) :

Tableau 3: Nomenclature des flavonoides.

Type de I’anneau A Type de I’anneau B Flavonoide Polyflavonoide
Phloroglucinol Pyrogallol Gallocatéchine Prodelphinidine
Phloroglucinol Catéchol Catéchine Procyanidine

Résorcinol Pyrogallol Robinetinidol Prorobinetinidine
Résorcinol Catéchol Fisetinidol Profisetinidine

Les tannins condensés sont toujours constitués d’un mélange aux proportions
diverses des quatre types de polyflavonoides définis ci-dessus. Ainsi pour le type
d’anneau A, la proportion de phloroglucinol par rapport au résorcinol permet de
déterminer la réactivité du tannin vis a vis des aldéhydes et de présager de la qualité du
réseau d’enchevétrement. Pour ’anneau B, la proportion de noyaux de type pyrogallol
par rapport aux noyaux de type catéchol influe sur I’ouverture de I’hétérocycle pyranique
et détermine le type de réarrangement a envisager pour la structure suivant les conditions

de pH (Pizzi and Stephanou, 1994a, 1994b).

La technique d’analyse C'> RMN des tannins condensés a permis de mettre en
évidence les types de polyflavonoides rencontrés pour un tannin déterminé. Néanmoins
cette méthode ne permet pas de différencier les prodelphinidines des procyanidines, ni les

prorobinetinidines des profisetinidines (Thompson and Pizzi, 1995).

D’aprées Roux et al. (1975), seuls les flavonoides de type flavan-3-ol et flavan-3,4-
diol participent a la formation des tannins condensés. En effet, le groupe carboxyle en
position 4 des autres types de flavonoide réduit le caractére nucléophile et occupe une des
positions de condensation. La substitution méta de ’anneau A de type résorcinol des
flavan-3,4-diols par les groupes hydroxyles et I’oxygéne de 1’hétérocycle crée une trés
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forte nucléophilie pour les positions C6 et C8. Ainsi, les unités des tannins condensés
sont principalement liées par des liaisons C4-C6 et C4-C8. La premicre étape de réaction
de condensation est la formation de proanthocyanidines dimeéres appelés aussi
biflavonoides. On parle réellement de tannins condensés pour une répétition de 3 a 8

unités de flavonoides (Pizzi, 1980; Roux, 1972; Roux et al., 1975, 1976).

Il est possible de faire une classification des principaux extraits de tanins
condensés en fonction de la nature du polyflavonoide majoritaire, du type d’enchainement

et du degré de polymérisation (Tableau 4).

Tableau 4: Classification des différents types de tanins condensés.

Aspect
Mimosa Quebracho _
Pine
Extraits (Acacia mearnsii (Schinopsis
(Pinus radiata)
ou mollissima) balansae)
Types des T o
Prorobinetinidine Profisetinidine Procyanidine
flavonoides

Enchainement 4-6 4-6 4-8

Degré de

Elevé Elevé Tres elevé
polymérisation
Aspect
Pecan Gambier
Extraits
(Carya illinoensis) (Uncaria gambir)

Types des flavonoides Procyanidine Procyanidine

Enchainement 4-8 4-8

Degré de polymérisation Tres elevé Bas
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1.4.2.1 Techniques d’analyses

Différentes techniques peuvent étre utilisées pour la caractérisation de tanins.

Certaines d’entre elles sont décrites ci-dessous.
1.4.2.1.1 Spectroscopie de résonance magnétique nucléaire (RMN '3C)

Méthode utile pour déterminer la structure de tanins. La spectroscopie de
résonance magnétique nucléaire permet de préciser la formule développée, la
stéréochimie et la conformation du composé étudi¢ (Breitmaier and Voelter, 1990;

Mansouri et al., 2007; Mansouri and Pizzi, 2006).

Les essais, qui peuvent étre effectués en phase liquide ou solide, donnent lieu a
des spectres RMN correspondant a I’absorption par certains atomes présents dans
I’échantillon, de certaines fréquences électromagnétiques. L’ interprétation de ces signaux
(position, aspect et intensité) conduit a un ensemble d’information d’ou I’on déduit des

détails de structure concernant 1’échantillon.
1.4.2.1.2 Spectrométrie de masse MALDI-ToF

La spectrométrie de masse « Matrix Assisted-Laser Desorption/lonization-Time
of Flight » (MALDI-ToF) permet d’évaluer le poids moléculaire des fragments
polymeres. Cette technique douce d’ionisation est combinée avec les analyseurs de masse
a temps de vol (ToF). Elle présente I’avantage de fournir un spectre de masses complet,

pour une gamme de masses pratiquement illimitée, a partir de peu d’échantillon.

L’introduction de cette technique dans I’investigation des tanins (Pasch et al.,
2001) a permis une meilleure connaissance des enchainements des flavonoides dans les

polymeres tanniques.
1.4.2.1.3 Analyse thermomécanique (TMA)

Un analyseur thermomécanique permet de déterminer les variations
dimensionnelles d’un échantillon placé dans un environnement thermiquement controlé.
Selon la méthode adoptée (compression, flexion, traction pu pénétration) et la charge
appliquée (statique ou dynamique), il est possible de suivre et de déduire les
comportements relatifs a la variation dimensionnelle. Celle-ci peut traduire le coefficient
d’expansion thermique, la température de transition vitreuse ou le ramollissement et

indirectement le module de Young.
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L’analyse thermomécanique en flexion trois points a permis de quantifier
I’enchevétrement du réseau par détermination du nombre moyen de degré de liberté des
segments de polyméres au cours de I’autocondensation des tannins (Garcia and Pizzi,
1998a). Dans I’analyse des thermogrammes obtenus, 1’augmentation du module d’Young
est liée a deux phénomeénes : la progression de la réaction d’autocondensation du tannin
par paliers successifs correspondant aux différences de réactivités des sites disponibles
sur ’anneau A et ’anneau B mais aussi I’autocondensation a basse température initiale
qui conduit a la formation de polymeéres lin€aires dont la longueur augmente jusqu’a une
valeur limite qui dépend de la température et de la concentration, longueur critique a partir
de laquelle se forme un réseau d’enchevétrement de ces polyméres linéaires qui

correspond a un autre palier sur la courbe du Module d’Young (Garcia and Pizzi, 1998b).
1.4.2.1.4 Autres techniques de caractérisation

D’autres techniques d’analyse ont également permis d’isoler et d’identifier les
molécules que constituant les tanins ainsi que leur degré de polymérisation. Comme la
chromatographie liquide haute performance (Cheynier et al., 1999), la chromatographie
a perméation de gel (Cadahia et al., 1996). La spectroscopie d’absorption de I’ultraviolet
(Muralidharan, 1997) permet d’identifier globalement la famille d’un tannin alors que la
spectroscopie infrarouge a transformée de Fourier permet de définir un tannin donné
(Nakagawa and Sugita, 1999). La spectroscopie du proche infrarouge a également aidé a
analyser un extrait de tannin, en déterminant la part d’extractibles, de tannins et de non

tannins pour une espece de tannin donnée (Donkin and Pearce, 1995).
1.4.2.2 Réactivité des tanins condensés

La relative accessibilité et/ou réactivité des flavonoides a été étudiée grace a la
bromation sélective dans la pyridine de modeles des familles du phloroglucinol et du
résorcinol. On peut alors observer la bromation préférentielle de la (+)-tétra-O-
méthylcatéchine en C8 (Roux et al., 1975), et ¢’est uniquement lorsque ce site est occupé
que la substitution commence en C6. Le noyau B n’est pas réactif & moins qu’il n’y ait
un exces de réactif de bromation : on observe alors un faible degré de substitution en C6’.
La séquence de bromation de la (+)-tétra-O-méthylcatéchine (8>6>>6") est présentée sur
la figure 9A. Cependant, pour le résorcinol équivalent, la (-)-tri-O-méthylfustine, la

séquence de substitution devient 6>8>>6" comme montre la figure 9B.
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Figure 9: Représentation des sites réactifs des flavonoides par bromation.

La substitution préférentielle des flavonoides de type phloroglucinol en C8 et de
type résorcinol en C6 doit vraisemblablement étre liée a la plus grande accessibilité¢ de
ces sites. En utilisant le résorcinol comme modéle simplifié, il apparait que les di-,tri- et
tétraméres formés lors de la réaction (en milieu acide ou alcalin) de celui-ci avec le
formaldéhyde, ne privilégient pas la position en ortho des deux groupements hydroxydes.
Cette substitution préférentielle qui semble étre respectée dans la structure des
biflavonoides, et confirmée par les réactions de modeles phénoliques, n’est cependant pas

respectée a un degré de réticulation supérieur.
1.4.2.2.1 Autocondensation des tanins

Les flavonoides sont capables de réagir entre eux via des réactions radicalaires
d’autocondensation conduisant a la formation et au durcissement d’un réseau
d’enchevétrement en présence de bases ou d’acides faibles de Lewis (Masson et al.,
1996a, 1996b, 1997; Meikleham et al., 1994; Merlin and Pizzi, 1996; Pizzi et al., 1995b;
Pizzi and Meikleham, 1995). L’analyse thermomécanique en flexion trois points a permis
de quantifier I’enchevétrement du réseau par détermination du nombre moyen de degré
de liberté des segments de polymeres au cours de 1’autocondensation des tannins [Garcia
et Pizzi, 1998, (1)] et a permis de conclure qu’il se forme, au début, un polymere linéaire
jusqu’a un seuil critique a partir duquel un réseau enchevétré se forme. En présence
d’acides minéraux forts et avec un apport de chaleur, les tanins sont susceptibles de réagir
de deux manieres différentes. La premiere étant la dégradation des polymeres et la
formation de catéchine et d’anthocyanidines comme I’illustre le biflavanoide typique de

la Figure 10.
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Figure 10: Dégradation des tanins en catéchine et anthocyanidine (Pizzi,
1983).

La deuxieme réaction est une condensation résultant de I’hydolyse des
hétérocycles (liaisons p-hydroxybenzyléther). Les ions p-hydroxybenzy carbonium
(Figure 11) créés se condensent alors avec les sites nucléophiles, C6 et C8, d’autres unités
de tanin pour former les phlobaphénes (Meikleham et al., 1994; Pizzi and Meikleham,
1995; Roux et al., 1975).

En milieu basique, les tanins peuvent également réagir de deux fagons différentes.
La premiére réaction est la rupture de la liaison interflavonoide C4-C8. Cette réaction est
particulierement présente dans les tanins de pin et de noix, mais beaucoup plus rarement
dans les tanins de mimosa (Pizzi et al., 1993). Ainsi, cette rupture de liaison mene a la
formation d’un carbocation en C4 qui peut ensuite entrainer une recondensation basique

en C6 ou C8 (Figure 12).
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Figure 12: Autocondensation basique, rupture des liasons interflavonoides
puis aotuocondensation. Examples pour les tanins de pin et de noix de
pecan (Pizzi, 1983).
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La seconde réaction (Figure 13) est une autocondensation partielle. Cette
autocondensation est due a I’augmentation de réactivité liée a I’ouverture de I’hétérocycle
(Navarrete, 2011). Ceci étant trés nettement visible lors des études menées sur la

catéchine monomere.

Ces réactions d’autocondensation des tanins condensés ont été utilisées pour la
fabrication de panneaux de particules et ceci sans emploi d’aldéhydes comme durcisseurs
(Meikleham et al., 1994; Pizzi et al., 1995a). L’ajout de certains durcisseurs peut perturber

les réactions d’autocondensation (Garcia et al., 1997).

o A
O NN T o 25oe HOWOH 7 Non
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Figure 13: Réarrangement catéchinique (Navarrete, 2011).
Les différences dans les cinétiques de réaction dépendent des types de tanins
(Masson et al., 1997). L’autocondensation des tanins induit une augmentation de a
viscosité de la résine mais il n’y a pas de gélification (Pizzi and Stephanou, 1993) sauf en

présence d’un catalyseur comme la silice ou présence de matériaux lignocellulosiques

(Pizzi, 1994).
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Quelques coréactifs, tel que le paraformaldéhyde, semblent renforcer
I’autocondensation des tanins en contribuant a la réticulation finale (Garcia and Pizzi,
1998a). Ainsi, d’autres coréactifs, comme I’héxamine semblent amplifier la formation du
réseau final par synergie entre les deux mécanismes de condensation pour les tanins qui
réagissent lentement. Au contraire, pour les tanins qui réagissent plus rapidement comme
les tanins de type procyanidine, 1’héxamine ne montre pas d’interférence avec le

mécanisme d’autocondensation.
1.4.2.2.2 Réaction avec les aldéhydes

Les polyflavonoides étant de nature polyphénolique, ils réagissent de la méme
maniere que les phénols, aussi bien en milieu acide qu’en milieu basique. L’augmentation
de I’alcalinité du milieu augmente la nucléophilie du phénol, tout particulierement vers
pH 8 ou des ions phénates sont formés. Concernant les réactivités des noyaux A et B, les
sites nucléophiles de I’anneau A sont plus réactifs que ceux de I’anneau B, pour n’importe
quel type de tanins. L’explication réside dans la présence de groupements hydroxyles
vicinaux qui provoquent I’activation de la globalité du noyau B sans localisation de la

réactivité comme cela se produit sur le noyau A.

Pour les tanins condensés, il subsiste seulement un site hautement réactif, 1’autre
étant engagé dans une liaison interflavonoide. Les flavonoides qui ont un noyaux A de
type résorcinol montrent une réactivité vis-a-vis du formaldéhyde comparable, quoique
légerement inférieure, a celle du résorcinol (Pizzi, 1978; Rossouw et al., 1980). Les
noyaux B de type pyrogallol ou catéchol ne sont donc pas réactifs, sauf lorsqu’il y a
formation d’anions a des pH relativement ¢€levés (environ pH 10) (Roux et al., 1975).
Parfois, les noyaux B de type catéchol sont réactifs a température plus élevée (Osman and

Pizzi, 2002).

En pratique, seuls les noyaux A interviennent dans la formation du réseau
tridimensionnel. Cependant, certaines recherches suggerent que dans des milieux
légérement acides ou basiques et avec un exces de résorcinol, les noyaux B de type
pyrogallol sont capables de réagir avec le formaldéhyde (Pizzi, 1977). Des molécules
modeles ont été étudiées a température ambiante, qu’ils ont permis observer la formation
de dimeres pyrogallol-formaldéhyde, ainsi que de dimeres et de trimeres résorcinol-

formaldéhyde. Ceci indique qu’en dépit d’une participation limitée des noyaux B dans la
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formation d’un réseau tridimensionnel tanin-formaldéhyde, un tel réseau reste toujours

faible.

Afin de résoudre ce probleme, des agents de réticulation comme des résines
phénoliques ou aminoplastiques peuvent étre utilisées. Elles permettent 1’établissement
de liaisons entre des sites trop distants pour étre reliés par un pont de type méthyléne

(Pizzi and Roux, 1978; Pizzi and Scharfetter, 1978).
1.4.2.2.3 Réaction avec le formaldéhyde

Le formaldéhyde réagit avec des tanins pour amorcer la polymérisation a travers
des ponts méthyléne dans les sites actifs des molécules de flavonoides, principalement les

noyaux A (Pizzi and Mittal, 2003).

OH
HO 0 @ H

o e R
OH i

OH
catéchine formaldéhyde

Figure 14: Réaction entre les flavonoides et le formaldéhyde.

Il existe une dépendance entre la réaction tanins-formaldéhyde et le pH de la
réaction. Il a été observé que la réaction des tanins de mimosa avec le formaldéhyde est
plus lente entre 4.0 et 4.5. Ainsi, la quantit¢ de formaldéhyde réagissant avec des tanins
dans ces domaines de pH, est la plus faible (Plomley, 1966). A pH neutre, le formaldéhyde
réagit rapidement avec les flavonoides en C6 et C8. Cependant, le catéchol et les noyaux
B de type catéchol ne réagissent pas avec le formaldéhyde a des pH inférieurs a 10, mais

I’addition d’acétate de zinc permet aux noyaux B de type catéchol de réagir avec le
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formaldéhyde a ces pH. La gamme optimale de pH étant de pH 4.5 2 5.5, comme le montre
la plus grande quantité¢ de formaldéhyde consommée (Hillis and Urbach, 1959). Ainsi,
I’utilisation d’une petite quantité d’acétate de zinc (5 a 10% par rapport a la résine solide)
permet un haut degré de réticulation ne conférant cependant pas au réseau une force
comparable a celle obtenue grace a 1’addition de résines synthétiques (Osman and Pizzi,

2002).

Le formaldéhyde est 1’aldéhyde généralement utilisé lors de la préparation et du
durcissement d’adhésifs a base de tanins. Il est normalement additionné aux tanins en
solution, au pH désiré, sous la forme de formaline liquide ou sous la forme du para-
formaldéhyde polymeére, capable de se dépolymériser rapidement en milieu alcalin. Il
suffit d’un faible degré de condensation avec le formaldéhyde pour que la taille et la
configuration des molécules de tanins leur imposent I’immobilité. Ceci a un point tel que
les sites réactifs sont alors trop ¢€loignés pour que puisse s’établir un pont de type
méthyléne (Roux et al., 1975). Le résultat en est une polymérisation incompléte, d’ou

faiblesses et fragilisations souvent caractéristiques des adhésifs tanins-formaldéhyde.

Pendant la réaction des tanins avec le formaldéhyde, deux réactions compétitives
peuvent se produire : la réaction de I’aldéhyde avec les tanins condensés a proprement
parler et la formation d’un nombre important de ponts de type méthyléne-éther instables
a partir du formaldéhyde non réagi. Ces ponts sont aisément réarrangés pour former des

ponts méthyléne avec libération de formaldéhyde (Pizzi and Mittal, 2003).

Malheureusement la réactivité des noyaux A vis-a-vis du formaldéhyde est alors
tellement ¢levée que la trop faible durée de conservation des résols tanins-formaldéhyde
les rend industriellement inutilisables (Pizzi, 1978). Cependant, la réaction du
formaldéhyde avec les tanins peut étre controlée par addition d’alcool, une partie du
formaldéhyde est alors stabilisée par formation d’hémiacétals (Pizzi and Scharfetter,
1978). Lorsque 1’adhésif est durci (en augmentant la température), 1’alcool est libéré a
vitesse constante et le formaldéhyde, progressivement reformé a partir des hémiacétals,
s’évapore moins qu’en absence d’alcool. La présence de celui-ci permet donc de rendre
le formaldéhyde non réactif, ce qui a pour conséquence d’augmenter la durée de vie en

pot de tels adhésifs, mais uniquement a température ambiante.

La forte toxicité du formaldéhyde pousse les recherches scientifiques a trouver de

nouvelles formulations pour diminuer ou éliminer ses émissions. Deux axes principaux a
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¢été développé en la fabrication de adhésives : I’emploi de durcisseurs qui n’émettent pas
de formaldéhyde, comme autres aldéhydes, et I’autocondensation des tanins.
0—R

HaC . + HO
0—R

HC=0 <4 2 R—0OH

Figure 15: Réction entre le formaldéhyde et un alcool. Formation d’un

hémiacétal.

1.4.2.2.4 Réactivité avec d’autres aldéhydes

Les cinétiques de réaction de divers aldéhydes avec les tanins condensés de type
résorcinol et phloroglucinol ont été étudiées (Rossouw, 1979). Des différences notables
ont été observées dans les vitesses de réaction des tanins de type résorcinol et
phloroglucinol avec certains aldéhydes. Dans le cas des tanins de type phloroglucinol, les

vitesses de réaction se classent ainsi :

“\ 7 CHy CHO
HCHO »> CH,CHO, CH,CH:CH;CHO > CHyCH:CHO > e ¢4 >
/Y

8] CH;

Figure 16: Vitesses de réaction pour les tanins de type phloroglucinol.
La figure 17 ci-dessous, représente 1’échelle de réactivité pour les tanins de type

résorcinol.

CHO H CHs
. e oy ~ /
HCHO>> > CHsCHO > CH;CH:CHO > P
7

s CH;

Figure 17: Vitesses de réaction pour les tanins de type résorcinol.

La plus grande différence, entre ces deux échelles de réactivité, est la position du
furaldéhyde. Si sa réactivité vis-a-vis des réactifs phénoliques et des flavonoides
possédant un noyau A de type résorcinol est importante, elle est fortement limitée par des
problémes d’encombrement stérique dans le cas des flavonoides ayant un noyau A de
type phloroglucinol (Rossouw, 1979). Dans le cas des flavonoides de type résorcinol,
I’attaque de I’aldéhyde a lieu en C8, site considérablement moins encombré stériquement

que le site C6 des flavonoides de type phloroglucinol.
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Les sites réactifs sont parfois trop €loignés les uns des autres pour permettre

I’établissement de ponts de type méthyléne, et ainsi la création d’un réseau optimum.

D’autres aldéhydes a caractére bifonctionnel peuvent étre utilisés comme substituts du

formaldéhyde. Certains de ces aldéhydes sont :

Glutaraldéhyde, qui est généralement utilis¢ comme désinfectant. Il est un
composé toxique et irritant. Bien qu’il réagit dans une moindre mesure que
le formaldéhyde avec les tanins, il a été utilisé pour la fabrication de colles
tanins-résorcine-glutaraldéhyde (Sauget et al., 2014).

Le glyoxal est un intermédiaire de réaction couramment utilisé en chimie
et il est disponible en grande quantité. Il posséde plusieurs avantages : il
est trés peu nocif, il ne présente que peu de risques pour I’homme et est
classé parmi les composés non-toxiques par les organismes de santé. II est
aussi biodégradable et n’est pas volatil. Son principal défaut est sa
réactivité moindre par rapport au formaldéhyde avec les flavonoides. Mais
les travaux de Ballerini et al. (2005) ont montré que des résines a base de
tanins de pin radiata pour colle a bois peuvent étre réalisées en utilisant le
glyoxal comme durcisseur.

Le furfural est un efficace agent de réticulation et un excellent plastifiant,
lors de son utilisation dans les adhésifs a base de tanins (Pizzi, 1978),
méme s’il réagit lentement avec les composés phénoliques (Plomley,
1966). Cependant, il est toxique et irritant. Mais, sa réactivité est
quasiment identique a celle du formaldéhyde avec les flavonoides qui

possedent un anneau A de type résorcinol (Rossouw et al., 1980).

2 L’alcool furfurylique

2.1 Caractéristiques physico-chimiques

L’alcool furfurylique est un produit liquide a température ambiante, transparent et

incolore ou jaune clair selon I’état de conservation du produit. Ce produit est considéré

nocif par inhalation, ingestion et contact avec la peau selon la directive européenne

2001/60/CEE.
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Figure 18: Molécule d‘alcool furfurilyque.
Ce composé organique présente des caractéristiques aromatiques et alcooliques.
Les caractéristiques physico-chimiques les plus importantes de 1’alcool furfurylique sont
sa forte solubilité dans I’eau et dans les alcools de bas poids moléculaire et sa grande
réactivité chimique dans le cadre d’oxydations et de polymérisations. Il est utilisé
principalement dans la chimie des résines, des peintures, des matériaux synthétiques et

surtout dans les fonderies.
2.2 Production de I’alcool furfurylique

Ce produit chimique est considéré comme un produit naturel, parce qu’il est
obtenu a partir des hémicelluloses de différents types de produits agricoles comme la

sciure, le blé ou le mais. Il est obtenu principalement a partir de deux réactions:

1) Hydrolyse des pentosanes des hémicelluloses.

OH

2) Hydrogénation catalytique a haute pression du furfural.

I:} .-':t‘x H v ':-a‘l I:"I e
T e e & e 0
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Les catalyseurs sont constitués généralement par des métaux. Des études récentes
ont montré I’efficacit¢ des mélanges Co-Mo et B (Chen et al., 2002) et Cu-MgO
(Nagaraja et al., 2003).
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2.3 Réactivité de ’alcool furfurylique.

L’alcool furfurylique peut étre transformé en 2,5-bis(hydroxymethyl)furan par

réaction avec le formaldéhyde (Gandini, 1997) :

O HCHO @)
0 TN) e R
H+

Figure 19: Réaction de l'alcool furfurylique avec le formaldéhyde.
Cette réaction avec le formaldéhyde permet de générer un composé qui peut étre

un intermédiaire tres efficace dans la polymérisation mixte avec les tanins condensés.

L’alcool furfurylique est aussi bien connu pour subir une réaction d’auto-

condensation trés exothermique en milieu acide selon le chemin suivant.

0 H' 0 o e
( 1'II H 'l.ll W 7,/.;\1."/ ] b -y
: - (3*n-1) H,0 4 - W
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Figure 20: Autocondensation de I'alcool furfurylique en milieu acide.
Une fois que I’énergie d’activation de cette réaction est atteinte, le processus
s’auto-entretient et tout 1’alcool furfurylique est rapidement transformé en poly-alcool
furfurylique. La réaction de polycondensation conduit a des polymeres linéaires, ramifiés

et méme a des structures tridimensionnelles selon les conditions de catalyse appliquées.

Beaucoup d’études ont été menées sur ces matériaux afin d’évaluer leur résistance
a la chaleur et a la corrosion, et leur fort caractére ininflammable. En raison de ces
caractéristiques, ces produits sont largement utilisés dans 1’industrie des fonderies et des

vernis anti-corrosifs.
2.3.1 Réactivité de I’alcool furfurylique avec les tanins

Des études de base sur la réactivité de I’alcool furfurylique ont été conduites avec
des molécules modeles de tanins (Foo and Hemingway, 1985). Ainsi la catéchine a été
amenée a réagir sur I’alcool furfurylique en milieu acide. Deux flavonoides distincts
substitués en positions C8 et C6 par des groupements furanyles ont été¢ obtenus avec un

rendement de 4% et 1,5% respectivement. La plus grande réactivité de la position C8 par
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rapport a la position C6 ¢était prévisible et cela sera d’autant plus vérifiable avec des

substituants de fort encombrement stérique.

4 oH

0 OH

OH
OH

HO Q OH a

o L) on

o
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Figure 21: Produits de réaction de l'alcool furfurylique sur la catéchine:A-
4% et B-1,5% rendement.
D’autres études ont été menées pour avoir des informations plus précises sur la

réactivité de I’alcool furfurylique avec le tannin de mimosa.

3 Les tensioactifs

Les molécules tensioactives sont aussi appelées agents de surface ou encore
surfactants. Ils peuvent étre originaires de substances naturelles ou synthétiques. Ces
molécules sont amphiphiles car elles sont constituées d’une partie hydrophile qui présente
une affinité pour les solvants polaires, et une partie hydrophobe qui aura une meilleure
affinité pour les solvants apolaires (Larpent, 1995). La partie hydrophile est aussi appelée
téte polaire. Tandis que la zone apolaire, le plus souvent hydrocarbonée, est désignée par

le terme de queue hydrophobe.

Micelle

hydrophillic

} (water-loving)

choad. o

} hydrophobic
(water-hating)
tail

Figure 22: Tensioactifs. Micelle.

Du fait de cette double affinité, ces molécules vont s’adsorber aux interfaces

liquide-gaz, liquide-solide ou liquide-liquide, pour former un film interfacial (liquide-
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liquide) ou superficiel (liquide/gaz). Ceci va entrainer 1’abaissement de la tension

superficielle.

Ils sont largement utilisés dans I’industrie pour leurs multiples propriétés. Ils
peuvent étre mis a profit dans la teinture des filtres ou la polymérisation en émulsion avec
leur pouvoir solubilisant (Sobisch, 1994). Ils sont utilisés pour leur pouvoir moussant
(Jakobs et al., 2005) a cause de la capacité de certains tensioactifs pour former rapidement
des couches interfaciales et superficielles résistantes. Mais ils peuvent aussi €tre anti-
moussants (Wang et al., 2006). Leur pouvoir émulsionnat qui leur permet de disperser et
de maintenir en suspension un liquide dans un autre liquide non miscible (Lorinc, 1974).
Mais ils ont aussi beaucoup d’autres propriétés, ce qui explique son utilisation dans une

grande variété de secteurs de I’industrie chimique (Koumbi Mounanga, 2008).
3.1 Classification des tensioactifs

Les tensioactifs peuvent étre classés suivant la nature de leur téte polaire. Ils sont

ainsi distingués :

e Les tensioactifs anioniques qui s’ionisent dans 1’eau pour donner un anion
organique. Ce sont les plus utilisés. Ils correspondent la plupart du temps
a des carboxylates, a des sulfonates ou a des sulfates. Leur activité est
limitée aux milieux basiques (Wu and Schork, 2001).

e Les tensioactifs cationiques qui s’ionisent dans I’eau pour donner un cation
organique. IIs peuvent présenter des propriétés anti-microbiennes. IIs sont
généralement des sels d’ammoniums quaternaires, trés souvent associés a
un chlorure (Le Perchec, 1994).

e Les tensioactifs zwittérioniques qui possedent a la fois une charge négative
et une charge positive. Ils sont compatibles avec tous les autre tensioactifs
et s’utilisent a tous les pH (Larpent, 1995).

e Les tensioactfs non ioniques qui ne présentent aucune charge lorsqu’ils
sont dans un solvant polaire, et ce, quelque pH. Ils sont compatibles avec
les autres types de tensioactifs et sont donc souvent utilisés en association

(Hellsten, 1986; Host and Rocher, 2001).

Les tensioactifs peuvent également étre classés par rapport a leur partie

hydrophobe. Ils sont ainsi distingués : les tensioactifs hydrogénés, les surfactants
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lipidiques, les composés mésogenes, les tensioactifs perfluorés et les tensioactifs

siliconés.

4 Les mousses

Une mousse se définit comme la dispersion d’un gaz dans une phase condensée
liquide ou solidifiée. La formation des mousses est un processus que 1’on observe
réguliérement dans la nature quand un gaz est mélangé mécaniquement dans un liquide,
comme la formation d’écume a la surface des vagues, un exemple de mousse liquide.
Puis, les mousses solides sont plus difficiles a trouver dans la nature. En général, elles
sont produites a partir du dégagement d’un gaz dans un milieu liquide a haute viscosité
qui durcit pendant que le gaz s’échappe. On trouve d’exemples dans la vie quotidienne

comme le pain ou la majorité des gateaux.

Figure 23: Des exemples de mousses que sont dans la vie quotidienne.

4.1 Définition

Au sens strict, le terme de mousse désigne la dispersion d’un gaz dans un liquide.
Si elle est dispersée dans un solide, on parle de mousse solide. La mousse solide est un
cas particulier de solide cellulaire. Ce qui distingue une mousse solide d’un solide
cellulaire, réside dans la formation du matériau. Pour avoir une mousse solide, il faut

d’abord obtenir une mousse liquide, qui donnera une morphologie imposé par la
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minimisation de I’énergie de surface. Par contre, les solides cellulaires ne sont pas
nécessairement fait a partir d’un état liquide, et peuvent donc avoir tout type de
morphologie. Il est possible fabriquer un mousse métallique par frittage d’une poudre
(Banhart, 2001). Egalement, selon Gibson and Ashby (1997), une mousse doit avoir une

masse volumique inférieure a 0.3 g cm™ pour étre qualifiée de mousse.
4.2 Etapes de formation des mousses rigides

Afin d’obtenir une mousse solide, il doit y avoir un optimum entre I’expansion et
le durcissement. La majeure difficulté réside dans le réglage des cinétiques du dégazage
et de la polymérisation pour obtenir cet optimum (Figure 24). Si le gaz s’évapore trop
vite, la structure collapse avant de durcir. Dans le cas contraire, si le durcissement est trop
rapide, il n’y a pas de formation de cellules et on obtient une résine solide. Pour obtenir
une mousse rigide quatre étapes se distinguent : D’induction, 1’expansion, la

polymérisation et le miirissement.
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Figure 24: Représentation schématique des étapes successives
d’évaporation et de polymérisation lors de la formation d’'une mousse
cellulaire.

Apres le temps d’induction, le seuil d’activation est passé et le dégagement d’une
proportion significative de gaz forme de nombreuses bulles. Cela implique 1’expansion
verticale de la mousse. La résine est encore liquide. Puis, les chaines macromoléculaires
réticulent pour former un réseau tridimensionnel autour des bulles. Cette étape est critique
pour la stabilité de la mousse rigide future. Cette étape est déterminée par la vitesse de

réticulation et le dégazage. Un optimum pour ces mécanismes est souhaitable qu’ils soient
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concomitants (Figure 24). Une fois la mousse formée et stabilisée mécaniquement, le
point de gélification de la résine est passé mais la polymérisation n’est pas totalement
finie. Le gaz va continuer de s’échapper a travers la mousse et celle-ci va sécher. Il est
possible que certains bulles plus fines s’assemblent pour former de plus grandes bulles,

plus stables. Ce phénomene se nomme le marissement d’Oswald.

Lors de la fabrication des mousses solides, plusieurs parameétres sont a prende en
compte. Comme la gravité, la température, la pression, la viscosité, la rhéologie
interfaciale, etc. Les temps de réactions dépendent de la pression, de la température, et
des énergies d’activation des constituants (Bikard, 2009). Mais les moules utilisés sont
¢galement importants. Le type de moule peut affecter certaines caractéristiques de la

mousse. Comme I’expansion et I’épaisseur de la peau de la mousse.

4.3 Organisation structurelle des cellules

Figure 25: A. Dodécaedre pentagonale. B. Tétrakaidécaedre.

L’intérét de modéliser ce type de systeme cellulaire est né au XIXeéme siecle. Un
mathématicien belge, Joseph Plateau en 1873, fut I'un des pionniers dans I’impulsion de
nombreuses études sur les mousses liquides. Il a identifié la forme des cellules comme
rhombic dodecahedron et a permis décrire quatre principes fondamentaux. Mais études
sur la distribution et la forme des différentes cellules dans une structure mousseuse
statique ont ét¢ menées dans les années 90 (Weaire and Phelan, 1996). Ces études ont
permis de comprendre que les cellules s’organisent selon une structure constituée par
deux types de polyedres : 2 dodecahedron pentagonal et 6 tétrakaidécacdre (polyedre

formé par 12 pentagones et 2 hexagones).

36



Etude bibliographique

Les conditions de Plateau s’énoncent :

1. Les bulles sont formés de surfaces lisses continues.

2. La courbure moyenne de chaque portion de paroi est constante

3. Les bulles s’intersectent en un point triple et forment un angle de 120°C,
cette intersection s’appelle « bord de Plateau ».

4. Quatre bords de Plateau se coupent sous un angle de 109.47°.

Figure 26: A gauche, premier et deuxiéme énoncé de Plateau. Au centre,

troisiéme énoncé de Plateau. A droite, quatriéme énoncé de Plateau.
Les configurations qui ne respectent pas les conditions de Plateau ne sont pas

stables et tendent rapidement a se réarranger selon une configuration de Plateau.
4.4 Les mousses de tanins

Dans les années 90, Meikleham and Pizzi (1994) ont développé la mousse de tanin
a travers de ’utilisation d’une résine tannin-formaldéhyde. Le moussage physique est
assuré par la chaleur provenant de 1’autocondensation de 1’alcool furfurylique. Cette
chaleur permet 1’évaporation de 1’éther diéthylique, un solvant a faible température
d’ébullition. Suite a ces premieres recherches, les mousses a base de tanins ont été et
encore sont un sujet de recherche intéressant d’un point de vue écologique (Lacoste et al.,

2014a, 2014b; Tondi and Pizzi, 2009).

Les mousses de tanins sont généralement développées suivant un processus de
moussage physique. Différentes réactions simultanées rentrent en jeu.
L’autocondensation exothermique de 1’alcool furfurylique permet 1’augmentation de la
température, qui permet 1’évaporation de I’agent moussant. L’autocondensation des
tanins intervient également avec la réaction entre le tanin et 1’alcool furfurylique. L’ajout
du formaldéhyde permet le durcissement du polymere en formation lors du moussage,

augmentant la résistance mécanique de la mousse.
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Depuis la formulation initiale, d’autres formulations de mousses de tanins ont été
développées. Différent types de tanins condensés ont été utilisé, comme le mimosa
(Acacia mearnsii) (Tondi et al., 2009b), le quebracho (Schinopsis lorentzii et balansae)
(Basso et al., 2015; Martinez de Yuso et al., 2014), et le pin (Pinus radiata (Lacoste et
al., 2013a) et Pinus pinaster (Lacoste et al., 2014b)). Aussi, les mousses a base de tanins
ont été préparés en utilisant différents types de moussage comme le moussage chimique
(Basso et al., 2014b), le moussage physique (Basso et al., 2015; Li et al., 2013), les deux
ensembles (Li et al., 2012b, 2012a) ou méme des formulations sans agent de moussage
(Basso et al., 2013a). De plus, des matériaux cellulaires ont également été obtenus par
une méthode mécanique (Szczurek et al., 2014). Ensuite, pour améliorer les propriétés
des mousses, différents agents de réticulation ont été étudiés dans des conditions acides,
telles que le formaldéhyde (Tondi et al., 2009b), d’autres aldéhydes (Lacoste et al.,
2013b) ou sans aucun d’entre eux (Basso et al., 2011). Des mousses dans des conditions
alcalines ont également été développées (Basso et al., 2014a; Meikleham and Pizzi,

1994),

Figure 27: Mousses rigides a base de tanin.
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4.4.1 Propriétés et applications

L’avantage majeur des mousses de tanins, en dehors du fait qu’elles soient
d’origine biosourcée, est leur résistance exceptionnelle au feu (Meikleham and Pizzi,
1994). Les mousses de tanins ont des performances supérieures aux phénoliques, et cela
sans ajout des retardateurs de flamme (Celzard et al., 2011). Le temps d’ignition est
extrémement long dans les mousses de tanins. Tondi et al. (2009b) ont mesuré que par un
flux da chaleur de 50 kW-m™, correspondant au flux dégagé lors d’un violent incendie,
le temps d’ignition est supérieur a 100s pour les mousses de tanins. A titre comparatif, le
temps d’extinction de mousses phénoliques commerciales a été estimé a 6s (Auad et al.,

2007).

Les mousses de tanins sont considérés comme d’excellents isolants. Elles peuvent
étre employées directement a 1’intérieur de panneaux en bois pour la construction sans
que leur caractére acide affecte le bois (Tondi et al., 2008). Elles possedent de tres faibles
conductivités thermiques, qui dépendent bien évidement des formulations mais qui
peuvent descendre de 0.035 4 0.040 W-m™'-K! (Lacoste et al., 2013a; Li et al., 2013) et
qui sont comparables aux mousses d’origine synthétique, et de possedent de bonnes
propriétés mécaniques. De plus, leurs bonnes performances acoustiques les placent
comme des potentiels absorbants biosourcés, comparables a ceux disponibles

actuellement sur le marché (Lacoste et al., 2015a).

En outre, les mousses a base de tanins peuvent étre utilisées afin de dépolluer les
eaux us€es car ce sont de matériaux poreux qui sont capables d’absorber des ions
métalliques (Cu ou Pb). Le type de tanin semble peut influencer la capacité d’absorption
mais la structure cellulaire semble en revanche tres significative (Tondi et al., 2009a). Ces
mousses ont une grande capacité d’absorption des polluants anioniques et cationiques,
comme le bleu de méthyleéne ou les produits pharmaceutiques. Ceci tout en ayant des
propriétés comparables aux absorbants commerciaux (Sanchez-Martin et al., 2009,

2011b, 2011a, 2013).

Aussi, les mousses de tanins et phénoliques en général, possedent une trés bonne
affinité avec 1’eau et les solvants polaires (Tondi et al., 2009b). Ainsi, une application
s’est révélée pour les mousses a base de tanins, remplacer les mousses florales
synthétiques, généralement phénoliques. Avec cet objectif, il est possible de réaliser des

mousses sans solvant, sans formaldéhyde, a porosit¢é completement ouverte (afin
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d’augmenter leur absorption de liquide) et en utilisant des catalyseurs alcalins (Basso et

al., 2013a).

5 Lalignine

Apres la cellulose, la lignine est la substance organique polymeére la plus
abondance dans le monde (Fengel and Wegener, 1989). La lignine est un groupe de
polyméres phénoliques qui conférent force et rigidité a la paroi cellulaire des plantes. La
proportion de lignine varie entre 20-40% selon les especes de plantes (Fengel and
Wegener, 1989). La lignine peut étre classée dans trois groupes principaux selon leur
origine : les lignines de feuillus, les lignines de résineux et les lignines en provenance

d’herbes (récoltes non-arborées ou herbacées) (Buranov and Mazza, 2008).
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Figure 28: Structure de la lignine.
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La composition de la lignine dépend de surcroit de facteurs, tels son age et sa
localisation dans la paroi cellulaire (Alonso, 2004). La formation de la lignine, sa
structure et ses liaisons avec le reste de la paroi cellulaire demeurent difficilement
explicables du fait de la grande hétérogénéité de polymeres au niveau subcellulaire et le
manque de méthode pour 1’isolement non destructif de ce polymeére (Radotic and Jeremic,

1998).

C|H30H CIH30H (|3H30H
HC HC HC
OMe MeO OMe
OH OH OH
alcool alcool alcool
trans-synapylique trans-coniférylique trans-p-coumarylique

Figure 29: Les unités de base de la lignine.

La lignine est un polymeére de type phénolique avec la présence de phénylpropane
et des associations moléculaires bien définies (Jolivet et al., 2001) come 1’alcool
coniférylique, D’alcool sinapylique et 1’alcool p-coumarylique (Figure 29). Ces
associations font de la lignine un polymere naturel tridimensionnel comportant de
nombreuses ramifications avec une quantité trés importante de groupes fonctionnels qui

renferment des centres actifs chimiques et biologiques (El Mansouri, 2006).
5.1 Formation de la lignine

La lignification est un processus qui débute au niveau de la lamelle moyenne au
moment ou la paroi secondaire s’épaissit, puis s’étend progressivement a I’ensemble des
parois primaire et secondaires. La teneur en lignine est plus élevée dans la zone de la
lamelle moyenne-paroi primaire dont 1’épaisseur ne dépasse pas 1 um (Brett and
Waldron, 1990). Toutefois, la paroi secondaire, généralement tres épaisse (1-5 pum),
constitue 1’essentiel de la masse des parois lignocellulosiques et contient la plupart des
lignines de la plante. La lignification de la paroi cellulaire provoque la diffusion d’unités
de phénylpropane, précurseurs de la lignine. Leur polymérisation commence par une

déshydrogénation enzymatique (Figure 30) conduisant a la formation de radicaux
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phénoxy. A cause de la nature aléatoire de la réaction de polymérisation, il n’existe pas

une structure définie pour la lignine.
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Figure 30: Déshydrogénation des monolignols par des peroxydases et des
oxydases laccases a l'origine de la polymérisation de la lignine.

La polymérisation de la lignine s’effectue par radicalisation oxydative des
phénols, suivie d’un couplage radicalaire combinatoire (Lapierre et al., 1995). La
déshydrogénation des monolignols fait intervenir des peroxydases et/ou des laccases pour
fournir la capacité oxydante dans la paroi cellulaire. Tous les composés phénoliques qui
entrent dans la paroi cellulaire peuvent devenir des radicaux et ainsi s’incorporer dans le
polymére de lignine en fonction de leur oxydation chimique et de leur propension au

couplage (Wertz, 2010).

La lignine n’a pas de point de fusion, elle se ramollit entre 100 et 200°C. Elle se
décompose a partir de 270°C. C’est un polymeére thermoplastique qui peut €tre mis en
ceuvre avec la plupart des thermoplastiques pour faire des composites (Liu and Wang,

2010). Les propriétés physiques et chimiques de la lignine sont étroitement liées aux

42



Etude bibliographique

méthodes d’obtention, car elle est facilement modifiée par des composés chimiques d’ou

une variation trés rapide de ses propriétés (El Hadji, 2008).
Dans les lignines se trouvent les groupes fonctionnels suivants :

e Hydroxyles phénoliques
e Hydroxyles aliphatiques
e Metoxiles

e Carbonyles

e Carboxyliques

e Sulfonates
5.2 Types de lignine

Selon le procédé d’obtention, les lignines peuvent étre divisées en deux catégories

(Gosselink et al., 2004) :

e Les lignosulfonates et les lignines Kraft, ou le soufre a été utilisé pour leur
obtention. Les lignines conventionnelles qui sont employées en industrie
sont principalement obtenues a partir de bois de résineux.

e La deuxieme catégorie correspond aux lignines sans soufre, comme
traitement a la soude, procédé organosolv, par explosion a la vapeur ou de

procédés de délignification par ’oxygene.
5.2.1 Lignine Kraft

La délignification se produit a travers ’action de NaOH et de NaxS sur les liaisons
éther de la molécule de lignine. La rupture de ces liaisons libére des groupes hydroxyles
phénoliques en favorisant la dissolution de la lignine en milieu alcalin. Généralement, le
processus de cuisson a lieu a une pression et temps entre 7-10 bar et 0.5-2h,
respectivement, et a une température autour de 180°C. La liqueur noire obtenue est
concentrée dans des évaporateurs et le résidu est brulé pour produire énergie. Puis pour
isoler la lignine Kraft, une méthode de précipitation acide en deux étapes est utilisée
(Northey, 1992). La lignine Kraft est soluble en milieu aqueux basique (pH>10.5) et dans

certains solvants organiques (Lin and Lin, 2000).
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Figure 31: Lignine Kraft.

5.2.2 Lignosulfonate

Les lignosulfates sont produit par le procédé de sulfite pour la production de pate
a papier et il était historiquement le type le plus abondant de 1’industrie de la lignine dans
le marché. Dans la production de pate au sulfite, de bois est chauffé a 140-170°C avec
une solution aqueuse de sulfite de sodium ou de le bisulfite, I’ammonium, le magnésium
et le calcium. Le pH de la solution dépend du type, solubilité et caractéristiques de
solubilité de dissociation du sel utilisé. Lors de processus de digestion en se produisant
divers procédés chimiques, y compris la rupture des liaisons entre la lignine et les
carbohydrates, la rupture de liaisons C-O d’interconnexion des unités lignine et la
sulfonation des chaines aliphatiques de lignine. Au cours de ce processus entre 4-8% de
soufre est incorporée dans les molécules de lignine, la plupart sous forme de groupes
sulfonate. Ce processus n’est pas sélectif pour I’élimination de la lignine, pour rendre plus
pureté a la lignine doivent subir des processus de séparation ultérieurs (Chavez-Sifontes

and Domine, 2013).
5.2.3 Lignine organosolv

Ces lignines sont obtenues a partir de la liqueur dans le processus de fabrication
de la pate de bois en utilisant des solvants organiques comme milieu de réaction. Dans ce
cas, la lignine est précipitée dans un milieu aqueux aprés évaporation des solvants
organiques (habituellement des alcools de bas poids moléculaire : méthanol ou éthanol).
Le procédé de délignification avec des solvants organiques peut étre catalysé en milieu
acide ou basique, mais peut €¢galement Etre réalisée en I’absence de catalyseurs, mais elle
nécessite des températures plus élevées. Le mécanisme de délignification en milieu
basique se déroule par I'intermédiaire d’éther de rupture de liaison de type f—O-4, alors

que le procédé en milieu acide provoque la rupture des liaisons de type o—O-4. Quelques
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procédés organosolvs développés sont organocell, acetosolv ou acetocell (Berg et al.,

1995; Gottlieb et al., 1992), formacell (Nimz and Schone, 2000), milox et alcell.
5.3 Réactivité

Certaines caractéristiques de la lignine, telles que son hétérogénéité en lien avec
sa distribution de poids moléculaire, la présence ou non de groupes fonctionnels et le type
de liaison entre ses unités structurelles peuvent restreindre son utilisation (Gongalves and
Benar, 2001). La réactivité de la lignine est déterminée par sa structure particuliére avec
des groupes fonctionnels spécifiques et par ses modifications structurelles induites par les
méthodes de séparation utilisées pour les différents matériaux. Cependant, il existe des
traitements abondamment étudiés qui augmentent les sites actifs des lignines
traditionnelles. Ces traitements sont : I’hydroxyméthylation (Benar et al., 1999), la
phénolation (Ysbrandy et al., 1992), Ioxydation (Gongalves and Benar, 2001), la
diméthylation (Alonso et al., 2001, 2005; Chen, 1995), et la technique de fractionnement.

5.4 Applications

L’application principale de la lignine est son utilisation comme combustible pour
la production d’énergie. Mais des colles a bois a base de lignine, sans formaldéhyde, ont
satisfait aux conditions des normes internationales pour la fabrication de panneaux
destinés a des utilisations intérieures et extérieures. Toutefois, pour [’utilisation
commerciale de ces formulations, I’addition d’une colle synthétique comme une phénol-
formaldéhyde ou un polymére isocyanate, comme PMDI, dans des quantités qui varient

entre 20 et 40%, est nécessaire.

La lignine peut également étre utilisée dans la production de biomatériaux,
d’engrais, de charges pour peintures, vernis, colorants, émulsifiants, d’agents s€questrant,
d’additifs dans ’asphalte ou sous forme de dispersants dans les ciments (Buranov and
Mazza, 2008). Elle peut aussi étre utilisée, comme liant dans les additifs alimentaires ou

précurseur de la fabrication de la vanilline mais aussi dans les aliments pour animaux.

6 Les colles a bois/Les adhésif

L’industrie du bois emploie a I’heure actuelle quatre principales familles de colles
thermodurcissables : les résines urée-formaldéhyde (UF), phénol-formaldéhyde (PF),

mélanine-urée-formaldéhyde (MUF) et isocyanates. Chacune de ces résines correspond a
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un usage différent, principalement en fonction du besoin ou non de résister a I’humidité
et/ou de répondre a plusieurs critéres de résistance mécanique. Tous sont considérés

comme des adhésifs synthétiques obtenus a partir du gaz naturel et du pétrole.

La plupart de ces colles synthétiques contiennent du formaldéhyde. Cependant, le
formaldéhyde a été considérée jusqu’a maintenant comme cancérogéne de catégorie 2 :
« substance suspectées d’€tre cancérogenes pour 1’étre humain ». Il est désormais classé
dans la catégorie 1B : « substance dont le potentiel cancérogéne pour 1’étre humain est
suppos¢ par des données animales ». Ce changement a eu lieu le 1" avril 2015. Les acteurs
de la recherche d’aujourd’hui se doivent de développer de nouveaux adhésifs plus

respectueux de I’environnement et de la santé humaine.

L’utilisation industrielle des adhésifs organiques dérivés des produits de
I’agriculture a débutée des les années 1920. En plus d’une origine végétale, des adhésifs
organiques peuvent ¢galement avoir une origine animale ou minérale. De nos jours, seuls
les tanins et la lignine sont utilisés par I’industrie du bois et cela, en tres faibles quantités.
Pratiquement tous les tanins sont utilis€és dans 1’industrie du panneau. Et la lignine
(organosolve et liqueur noire dérivée du procédé au sulfite en provenance des usines de
papier) est employée comme co-réactif avec la colle PF commerciale pour ajouter une

propriété spécifique a la résine.
6.1 Les panneaux de particules

Les panneaux de particules sont composés d’une ou plusieurs couches de
particules de bois. Généralement, il y a trois couches : les couches extérieures sont
composées de particules fines et la couche du milieu est composée quant a elle de
particules plus grosses. Les taux d’encollage y sont ¢galement différents. Le taux
d’encollage correspond a la quantité de résine utilisée par rapport a la quantité de
particules. C’est donc le pourcentage de résine solide sur la masse particules anhydres.
Les trois caractéristiques qui les définissent sont : une isotropie dans le plan, des
caractéristiques mécaniques inférieures a celles du bois massif et un gonflement en

épaisseur sous 1’action de I’eau ou de I’humidité.

Les panneaux de particules sont définis par la norme NF EN 309. En France, deux
labels de qualité existent : le panneau de particules CTB-S pour usage en milieu sec en

construction répondant au moins au type P4 (selon la norme précédent), et le panneau de
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particules CTB-H répondant au moins au type P5. Leurs exigences sont données dans la

norme NF EN 312.

Figure 32: Panneau de particules.

6.1.1 Les exigences de cohésion interne

La cohésion interne d’un panneau est sa résistance lorsqu’on applique une traction
perpendiculaire a son plan. Cette valeur obtenue selon la norme (NF EN 319),
généralement exprimée en N/mm?, définit si le panneau satisfait aux exigences requises

pour une application en tant que panneau travaillant en milieu sec ou humide.

La résistance a la traction perpendiculaire au plan de panneau de chaque

éprouvette f; est calculée selon la formule suivante :

Fmax
ft—axb

Fmax est la contrainte de rupture, en newton.
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a, b sont la longueur et la largeur de I’éprouvette, en millimetre.

Pour un panneau travaillant en milieu sec (type P4), la valeur de cohésion interne

doit étre comprise entre 0.20 et 0.45 N/mm? et entre 0.25 et 0.5 N/mm? en milieu humide

(type P5).
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Résultats

Les résultats des travaux effectués au cours de cette thése sont présentés ci-apres
sous la forme de publications scientifique. Chacune comprend une introduction avec le
contexte de la recherche effectuée, une description des techniques et méthodes utilisées

pour mener 1’enquéte et des résultats proprement obtenus et leurs propres conclusions.
Cette partie organise les travaux de recherche réalisés en quatre sections:

o Différentiation des tanins en fonction des traitements subis lors de
I’extraction.
®  Understanding and distinguishing condensed tannins with the same
origin but influenced by sulfitation.
o Les réactions avec des tanins et la lignine.
= Polycondensation resins by flavonoid tannins reaction with
amines.
= Polycondensation resins by lignin reaction with (poly)amines.
= [socyanate-free polyurethanes by coreaction of condensed tannins
with aminated tannins.
= Polyurethanes from kraft lignin without using isocyanates.
o Adhésifs de tanins pour panneaux de particules.
® Lignin-derived non-toxic aldehydes for ecofriendly tannin
adhesives for wood panels.
o Mousses projetables de tanin.

® Mechanically blown wall-projected tannin-based foams.
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1 « Understanding and distinguishing condensed
tannins with the same origin but influenced by

sulfitation ».

Auteurs: F.J. Santiago-Medina', C. Delgado-Sanchez?, A. Pizzi'?, A. Celzard?, V.

Fierro?, L. Delmotte*, C. Vaulot®.
' LERMAB, ENSTIB, University of Lorraine, Epinal, France.
21JL, ENSTIB, University of Lorraine, Epinal, France.
3 Department of Physics, King Abdulaziz Iniversity, Jeddah, Saudi Arabia.

4 Material Science Institute of Mulhouse, UMR CNRS 7361, University of Haute

Alsace, Mulhouse, France.
Résumé:

La sulfitation est 1’un des traitements les plus anciens utilisés pour I’extraction des
tanins Quebracho pour augmenter leur solubilité¢ dans 1’eau froide. Le sulfite de sodium
est bien connu pour réagir avec le tanin sur les sites C2 et C4 des oligomeres de tanin,
conduisant a 1’ouverture du cycle C du pyranhe hétérocycle ou a la fission des liaisons
interflavanyl. On s’attend a ce que deux tanins sulfatés extraits selon le méme procédé a
partir de la méme source aient la méme structure et qu’ils présentent le méme
comportement. Cependant, on a observé que ces deux tanins de Quebracho extraits a part
entiere peuvent présenter des comportements différents, comme leurs réactivités, qui
influent sur leur aptitude a certaines applications. Des techniques telles que le temps de
gel, la microréologie et la réactivité moussante peuvent quantifier la différence de
comportement, mais sans déterminer ses causes. Une autre technique, comme la
chromatographie de perméation gel, détermine que la diminution de la distribution de

masse moléculaire joue un réle important dans les propriétés du tanin.
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ABSTRACT

Sulfitation is one of the oldest treatments used for the extraction of quebracho tannins to increase
their solubility in cold water. Sodium sulfite is well-known to react with the tannin at the C2 and
C4 sites of tannin oligomers, leading to the opening of the heterocycle pyran C-ring or to
interflavanyl bond fission. Two sulphited tannins extracted according to the same process from
the same source should be expected to have the same structure and thus, to present the same
behavior. However, it has been observed that these two quebracho tannins extracted equally can
exhibit different behaviors, as their reactivities, impinging on their suitability for certain
applications. Techniques such as gel time, microrheology and foaming reactivity can quantified
the difference in behavior, but without determining its causes. Other technique, such as Gel
Permeation Chromathography determines that the decrease in molecular mass distribution plays
an important role in the tannin properties.

KEYWORDS
GPC; Microrheology; Quebracho tannin; Reactivity; Sulfitation;
INTRODUCTION

Condensed tannins are natural polyphenolic compounds, which are attracting increasing interest
for diverse industrial applications (Pizzi, 1994), such as wood adhesive (Abdullah and Pizzi, 2013;
Navarrete et al., 2010; Pizzi, 1983, 1994). They are polyflavonoid oligomers mostly composed of
flavan-3-ols repeating units linked by carbon-carbon bonds, and smaller amounts of
polysaccharides and simple sugars (Schofield et al., 2001). They are extracted mainly from tree
barks or wood.

Quebracho is commercial tannin extracted from the heartwood of either Schinopsis lorentzii (red
“santiaguefio” quebracho) from the western Chaco region of Argentina, Bolivia and Paraguay and
Schinopsis balansae (red “chaqueno” quebracho) from the eastern Chaco region of Argentina.
Usually, hot-water soluble quebracho is extracted under pressure with boiling water (around
130°C) (Fengel, 1991; Venter et al., 2012). However, due to the relative solubility in water of the
tannins extracted by this process and their high viscosity, the use of this tannin in certain
applications can be difficult. Thus, to enhance its solubility and reduce its viscosity (Pizzi, 1982),
a cold-water soluble quebracho is prepared by treating the hot-water soluble extract with bisulfite
or by direct extraction of wood with a hot aqueous bisulfite solution. The treatment with bisulfite
further increases the extraction yields when it is compared with just a hot water extraction.(Hoong
et al., 2009; Vieira et al., 2011).

Sulfitation changes the physical properties of condensed tannins (Carneiro et al., 2010; Fechtal
and Riedl, 1993; Hoong et al., 2009; Pizzi, 1979). It is for this reason that is of interest to study
the molecular weight of quebracho tannin because several of its properties, which are important
to the processability and application, are directly related to its molar mass. Gel permeation
chromatography (GPC) is a method that provides information on molecular weight and molecular
weight distribution of polymers, including tannins.

There activity of tannins is likely affected by sulfitation. Thus, this is a determinant parameter in
tannins characterization due to its influence in their applicability. A direct indication of tannin
reactivity is obtained by the gel time test. The gel time is defined as the point at which the
polycondensates formed by the reaction of an aqueous tannins solution with formaldehyde
become an elastic, rubbery solid. It is a rather simple test, easy and rapid to carry out. The gel
time is strongly dependent on the pH of the solution (Pizzi, 1994). Conversely, passive
microrheology is a technique that is increasingly used to investigate non-invasively the
viscoelastic microstructure properties and the gel point transition for polymers and hydrogels.
Passive microrheology consists of using micron size particles to measure the local deformation
of a sample resulting from its thermal energy, that is to say the Brownian motion. There are several
advantages in using this technique: it is rapid, highly sensitive, requires small sample volumes
and minimizes the risk of altering the material microstructure since external forces are not applied.
The present work is aimed at attempting to discern between two commercial condensed tannins
from the same source but presenting different reactivities and properties. Gel time test,
microrheology test and gel permeation chromatography were used to identify what causes the
difference in behavior of the two tannins, which their source and structure appeared to be
identical.
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MATERIALS AND METHODS

Materials

Two sulphited quebracho tannin powders with a polyphenolic content between 82% and 84%,
hereinafter QL and QC respectively, were kindly supplied by the company SilvaChimica (St
Michele Mondovi, Italy). They were used for their characterization using a number of different
techniques. Sodium hydroxide pearls were supplied by Carlo Erba Reagents S.A.S. (France) and
paraformaldehyde at 95% by EMD Millipore Corporation (USA). Phenol sulfonic acid was supplied
by Capital Resin Corporation (USA). Furfuryl alcohol at 98%, ethylene glycol and Kolliphor ELP,
namely ethoxylatedcastor oil were provided by Sigma-Aldrich.

Elemental analysis

The samples of elemental analyses were done with a CHONS elemental instrument (Vario El
cube, Elementar, Germany) to determine their carbon (C), hydrogen (H), nitrogen (N), sulfur (S)
and oxygen (O) contents. Based on the data obtained, the sulfonic acid content was also
quantified according to Eq. (1).

%
F:S = [1[25%1]5 [mol/mol] @)
32

where: F:S is the molar ratio of flavon-3-ol unit and sulfonic acid group, in mol/mol;
C% is the weight percentage of carbon;
S% is the weight percentage of sulfur;
12 is the molar mass of carbon;
32 is the molar mass of sulfur;
15 is the number of carbon atoms in a flavon-3-ol unit.

Viscosity

A solution of 40% (w/w) tannin/water was prepared and its pH adjusted to 7 with a NaOH 33%
water solution. The viscosity was measured at 25°C using a Brookfield viscometer RV with a
spindle Nr. 21. The measure of viscosity was repeated 3 times for each tannin and the results
averaged.

Gel permeation chromatography (GPC)

Relative molecular weights were determined by GPC in dimethylformamide (DMF) containing LiBr
at a concentration of 0,01 mol/L at 50°C. Solutions of samples with concentrations of 5.00 mg/mL
were prepared and filtered (PTFE membrane; 0.20 um) before injection. The flow rate was 1.0
mL/min. The following Agilent 1100 Infinity series setup was used: a G1310A isocratic pump; a
G1322A degasser; a G1329A auto-sampler; a G1316A thermostated column compartment
equipped with set of Polymer Laboratories PL gel MIXED D columns (nominal particle size: 5 um)
composed of a guard column (50x7.5 mm) and two columns (300x7.5 mm); a G1314A variable
wavelength detector; a G7800A multidetector suite equipped with a MDS refractive index
detector. Conventional calibration was performed using a set of EasiVial poly(methyl
methacrylate) standards. Agilent GPC/SEC software and multi-detector upgrade were used to
determine molar masses values and distributions.

Gel time

10 g of a 45% (w/w) tannin water solution to which was added 5% of paraformaldehyde fine
powder on tannin solid content were mixed in a test tube and placed in a water bath, which was
maintained at boiling temperature (just below 100°C) at normal atmospheric pressure. A wire
spring was inserted in the test tube and rapidly moved up and down and the time to gelling is
measured by stopwatch. The test was duplicated and the average value was reported. The pH of
the tannin solutions was adjusted to 7 using a sodium hydroxide 33% water solution (NaOH). This
is a standard FESYP (European Federation of Panels Manufacturers) test and is used extensively
in Europe for wood adhesives (Pizzi and Tekely, 1995).
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Foamat Test

The reactivity of both samples of quebracho tannin was tested by using them to prepare tannin
rigid foams. The same formulation was used in both cases. This is: a solution containing 30 g of
tannin, 24 g of furfuryl alcohol, 6 g of water, 2.2 g of ethylene glycol and 2 g of Kolliphor ELP were
strongly stirred for some minutes until homogeneity. 7 g of phenol sulfonic acid was then added
and mixed with the resin for 15 s. Finally, the catalyzed resin was poured into the chamber of a
FOAMAT 281 foaming measuring equipment (FormatMesstechnik GmbH, Karlsruhe, Germany).
This equipment measures and records simultaneously the expansion, hardening, and
temperature and pressure variation during the foaming process. The chamber is composed by a
carton cylinder set on the manometer sensor. The pressure generated by the expansion is
measured by the force applied onto this metal plate sensor. A K-type thermocouple is immersed
into the mixture and measures the temperature variation. The CMD-sensor measures the foam
electrochemical properties during the transition from liquid to solid state. It is a dielectric
polarization sensor composed of two comb-shaped electrodes disposed on a printed circuit in
such a manner as to form a type of flat condenser at the bottom of the foaming chamber. Then,
the contact is ensured by both (i) the blowing pressure right from the beginning and (ii) the direct
correlation between the dielectric polarization negative slope and the rate of the molecular
movements decrease in the resin due to the progress of cross-linking. The foam height is
constantly monitored by an ultrasound sensor according to the pulse-echo method. The software
“Mousse”, version 3.80, was used to collect and process the datas.

Microrheology studies.

The polycondensation of the two quebracho tannins was investigated by a non-contact (laser)
microrheometer (Rheolaser™ model Rheolab 6, Formulaction), which follows the fluctuations of
scattered light intensity on a limited volume of sample as a function of time. It provides information
on the dynamics of the light-scattering particles, directly related to the viscoelastic properties
(elastic modulus G’ and viscous G” shear modulus) of the material. The passive microrheology
analysis is based on the Multi-Speckle Diffusing Wave Spectroscopy (MSDWS) (Pine et al., 1994;
Weitz et al., 1993). This technique relates the Brownian motion, which is reported as the Mean
Square Displacement (MSD) like a function of decorrelation time, thus like a function of frequency.
A single measurement with Rheolaser™ Master is sufficient to scan all frequencies.

Microrheology. Sample preparation

A tannin 45% water solution was prepared, and its pH adjusted to 7 using very low proportions of
solid sodium hydroxide (NaOH). 2 mL of 0.02 g TiO2 nanoparticles (typical diameter 50 nm)
suspended in water were added to each sample solution in order to record scattering in the tannin
solution. The solution was then mixed with paraformaldehyde powder (5% by weight on solid
tannin content). The final mixture was poured into a cylindrical glass tube (diameter 25 mm) and
immediately placed in the sample holder of the Rheolaser™ preheated at 80°C. The samples
were maintained at this temperature during 3 days whereas the MSD data were continuously
recorded. The test was duplicated for each tannin solution and their average values reported.

RESULTS AND DISCUSSION
Gel time

The extractions of tannin can be done following different methods, as employing sulfite during the
extraction to obtain cold water soluble quebracho tannin. When the extractions of tannin from the
same type of source have been done using the same process, it is expected that the extracted
tannins would show a very similar or practically identical behavior. However, it was found that
between the two quebracho tannins studied, there was a considerable difference in reactivity. The
gel time test is a very simple but useful test to evaluate the reactivity of tannin with an aldehyde
under the same conditions. This test has been widely used as a standard test to evaluate wood
adhesives reactivity because of its simplicity. The gel time results are gathered in the Table 1.
These results showed that the solution of tannin with QC quebracho forms a gel around one
minute faster than the solution with QL quebracho tannin. Indicating the low-reactivity of QL.
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Table 1 — Results of gel time test for QC and QL

Sample Gel time (pH=7) [s] Gel time (by Foamat) [s]

QL 202 +3 146 +5
QC 144 +4 56 £3

Foaming process

The reactivity of both samples of tannin was also evaluated by using them in the formulation of
standard foams. Fig. 1 shows the variation of the temperature and the height of the foam during
foaming. The curves of temperatures and height present similar shapes with a temperature
increase up to 104°C. However, the induction, time from addition of the acid to start of foaming,
happened latter when QL tannin was used. Almost 100s of difference were measured between
the induction times of both quebracho tannins. Thus, the difference in reactivity between both
tannins delays the onset of the foaming for QL tannin. This result along with the values obtained
by gel time raises the question of why should this difference of reactivity between the two tannins
exists.
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Fig. 1. a— Temperature and; b — height of tannin based foams from QL and QC as a
function of time.

To explain the difference in reactivity, the two tannin extracts have been characterized by
elemental analysis, GPC, FTIR, solid '*C NMR, and MALDI-TOF. The result of the last three
techniques are not shown in this work because they showed no difference between both tannins.
Furthermore, a microrheology study allowed to confirm the difference in reactivity and to reveal
some viscoelastic properties of the gel obtained.
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Confirmation by microrheology. Gel time and properties of the gel formed.
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Fig. 2. Determination of critical gel point of a — QL and; b — Qc tannin.

The difference of reactivity can be confirmed by calculating the gel time using rheological
parameters. For non-ideal gels wherein network defects or physical entanglements are present,
the cross-over point depends on the applied frequency (Grillet et al., 2012). This is the case of
the gels from the QL and QC tannins. Fig. 2 and Table 2 show both tannins gel points, as well as
the viscoelastic parameters of the gels formed. At the critical gel point, the ratio of the shear
moduli, G’/G’= tan(d), is independent of the frequency. The critical gel point is the time when the
curves of tan(®) at various frequencies coincide (Winter, 2002) (Fig. 2). This clearly confirms the
higher reactivity of QC, as previously found by the gel time test and foaming assays, showing
around a 2 minutes shorter gel time than QL in its reaction with formaldehyde.

Table 2 — Critical gel point, viscosity and viscoelastic parameters of the gel formed (at 1
Hz) at pH=7.

Sample Critical Gelling Viscosity (cP) G’ G” GG’ 6

Time (Pa) (Pa)
10rpm 20 rpm

(s)
QL 1038 1360+11 1230+8 70.7 12.6 0.178 10.11
QC 925 300£10  276+9 114 118 0.104 5.94

It is also interesting to study some of the viscoelastic properties of the gels. To obtain the
viscoelastic parameters of the gels (Table 2), both gels have been compared at low frequencies
(1Hz). As both gel and sol polymers are rearranging due to Brownian motion so the measured
properties are dominated by the elastic deformation equilibrium of the gelled network. The
viscoelastic parameters, and thus, the phase angle & show the relative contribution of the liquid
viscous part and the solid elastic part in the material in question. The viscoelastic results in Table
2 show that the QC gel is stiffer than the QL one because it has a higher elastic modulus and a
smaller phase angle.

, k
¢'= 5 )

A low frequency, the storage modulus G’ (w) is related to the mesh size ¢ that describes the
average spacing between chains or the size of voids between filaments. The mesh size ¢
decreases with the increasing concentration of chains. For a densely crosslinked gel, ¢ is also the
typical distance between crosslinks, and therefore entanglement points. The relation between
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these parameters is given by Eq. (2). Where kg is the Boltzmann constant and T is the temperature
of the sample (MacKintosh et al., 1995).
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Fig. 3. Mesh size in function of the gelation time at 1 Hz.

This relation allows calculating the mesh size as a function of time (Fig. 3) and, especially, to get
the value of the mesh size at the end of the process when the gel is stable. Fig. 3 shows that QC
gel has a smaller mesh size than QL one. Thus, QC gel is more crosslinked than QL and therefore,
the mechanical properties of the gel should be better (measures not taken) (Hwang et al., 2015;
Ikeda-Fukazawa et al., 2013; Watanabe et al., 2013). This confirms what previously found about
the viscoelastic parameters and that the QC gel is the toughest one.

GPC analysis

The determination of the relative distribution of the molecular weights of the flavonoid oligomer
species was performed by GPC with a refractive index detector and a variable wavelength
detector (results not shown). The GPC chromatograms (Fig. 4) show the refractive index detector
response as a function of elution times of both tannins, and the different molecular mass averages
are shown in Table 3. The GPC results show a narrow molecular weight distribution in the QC
tannin, as it can be observed from its lower polydispersity, while the GPC chromatogram of the
QL tannin displays a proportion of material at lower elution time. This means that in the QL
quebracho tannin there is a range of oligomers of higher molecular weight than in the QC one,
doing its average molecular weight higher (Mw=4158 g mol') than for QC (Mw=3119 g mol"). In
addition, the QC tannin shows two well-defined peaks in its chromatogram, the first one at 18.98
min, which coincide with the maximum of QL. Whereas the second one, at 20.01 min, should be
attributed to monomers and structures of lower molecular weight generated by sulphitation,
leading to a decrease in the average molecular weight of QC (Foo, 1983; Soo Bae et al., 1994).
The absence of these heavier oligomers and the presence of a higher amount of lower molecules
in QC decreases the degree of chain entanglement in this tannin. This allows an easier
rearrangement of the molecules in solution, thus showing a lower viscosity (Table 2). But the
decrease in the molecular weight due to sulfitation is not the only cause of the decrease in
viscosity in QC tannin. As there are two further reasons which explain the decrease of viscosity.
The sulfitation introduces a sulphonic acid group at the C2 or C4 position (Fig. 5) of the flavonoid
causing increase solubility of the tannin in cold water due to the presence of a linked sulphonic
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acid group, which produces an increment in the polarity of the molecules. In addition, the inclusion
of a sulphonic acid group at the C2 position opens the heterocyclic ring rendering the flavonoid
unit much more flexible hence much more mobile and more accessible the most reactive parts of
the tannin molecule, consequently increasing its reactivity (Foo, 1983; Pizzi, 1979).The sulfonic
group is preferentially linked at the tannin C2 site because the terminal units in quebracho tannin,
which present at least 82% of resorcinol unit as A-ring (Abe et al., 1987), are catechin or
robitenidin units (Pasch et al., 2001; Pizzi, 1994).
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Fig. 4. GPC chromatograms of both quebracho tannins.
C2 Suffitation  HO
_—
Chpen pyran ring
Fig. 5. Structure obtained by opening of the pyran ring.
Table 3 — Gel permeation chromatography results.
Sample Mn Mw Mp Mz Mz+1 Mv Mw/Mn=PD
QL 3039 4158 3462 5610 7228 5381 1,36
QC 2639 3119 1915 3646 4153 3569 1,18

Elemental analysis

The proportions of C, H, N and S as well as the F:S ratio obtained by elemental analysis are
shown in Table 4. The F:S value is 7,16 for QC, while for QL the value is 40,37, indicating the
higher sulfonic acid group content in polyflavonoids of QC. It means that QC tannins has five time
more amount of sulfur than QL. The results obtained by elemental analysis indicate that the two
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quebracho tannins had different concentrations of sulfite during their extraction process.
Moreover, this confirms previous research work where it was shown that the greater the degree
of sulfitation, the lower the molecular weight of the tannin, and thus its polydispersity (Carneiro et
al., 2010; Fechtal and RiedI, 1993; Mori, 2000).

Table 4 — Elemental component of condensed tannins in QC and QL.

F:S
(1) 0, 0, L)) 0,
Sample N (wt%) C (wt%) H (wt%) S (Wt%) O (wt%) (mol:mol)
QC 0.17 56.80 4.86 1.41 36.76 7.16
QL 0.20 56.77 5.04 0.25 37.74 40.37

CONCLUSIONS

Sulfitation is one of the most well-known processes used during the extraction of quebracho
tannin. The variation of its concentration during this stage has demonstrated that produce
changes in the chemical properties of condensed tannin through the modification of theirs physical
properties. The introduction of a sulfonic acid group at the C2 site of tannin units causes the
modification of the polarity and the structure of the tannin molecules, rendering molecules more
soluble in polar solvents, increasing the flexibility of their structure and reducing the molecular
weight of the tannin. Finally, these changes contribute to increase the reactivity of the tannin when
it undergoes a greater degree of sulfitation during its extraction. This reactivity is easily
measurable using a simple gel time test while the GPC analysis is confirmed as an excellent
technique to determine differences between the molecular weights of condensed tannins. These
two tannins can be used to prepare wood adhesives for particle boards and/or in the formulation
of tannin rigid foams, where theirs different reactivity will affect directly to some parameters of the
foam, as the induction time.
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Résumé :

La réaction d'un tanin flavonoide condensé, a savoir l'extrait de tanin de mimosa
avec une hexaméthyléne diamine, a été étudiée. A cette fin, la catéchine a également été
utilisée comme composé modele flavonoide et traitée dans les mémes conditions. Les
études de résonance magnétique nucléaire ('*C NMR) et les études de spectroscopie de
masse de l’ionisation de désorption par laser assistée par matrice (MALDI-ToF) ont
révelé que des composés de polycondensation conduisant a des résines ont été obtenus
par réaction des amines avec les goupes hydroxy phénoliques du tanin. Simultanément,
une deuxieme réaction conduisant a la formation de liaisons ioniques entre les deux
groupes s'est produite. Ces nouvelles réactions ont montré qu'ils conduisent clairement a
la réaction de plusieurs groupes hydroxyle phénoliques et a 1'oligomérisation des unités

de flavonoides, pour former des résines durcies.
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Abstract: Reaction of a condensed flavonoid tannin, namely mimosa tannin extract with a
hexamethylene diamine, has been investigated. For that purpose, catechin was also used as
a flavonoid model compound and treated in similar conditions. Solid-state cross-polarisation/
magic-angle spinning (CP-MAS) carbon 13 nuclear magnetic resonance ('*C NMR) and matrix
assisted laser desorption ionisation time of flight (MALDI-ToF) mass spectroscopy studies revealed
that polycondensation compounds leading to resins were obtained by the reaction of the amines
with the phenolic hydroxy groups of the tannin. Simultaneously, a second reaction leading to the
formation of ionic bonds between the two groups occurred. These new reactions have been shown to
clearly lead to the reaction of several phenolic hydroxyl groups, and flavonoid unit oligomerisation,
to form hardened resins.

Keywords: flavonoid tannin amines reactions; oligomers distribution; resins; MALDI-ToF;
CP-MAS 3C NMR

1. Introduction

Condensed polyflavonoid tannin extracts are mostly composed of flavan-3-ols repeating units
and smaller fractions of polysaccharides and simple sugars [1]. The repeating units are linked to each
other by C4-C6 or C4-C8, the former predominating in tannins in which fisetinidin (resorcinol A-ring;
catechol B-ring) and robinetinidin (resorcinol A-ring; pyrogallol B-ring) are the predominant repeating
units. While the reactions of these natural oligomeric materials have been used extensively to give
polycondensates with aldehydes [2], even reactions of self-condensation have been studied and shown
to lead to useful physically and chemically crosslinked networks [3-7].

Reactions of amination of phenols are well known, with the original approach to this reaction
being by metal catalysis [8,9]. More recently, direct amination of phenols without the use of a metal
catalyst has come to the fore and gained interest and importance [10,11].

Reactions of amination of flavonoid tannins to convert part of the phenolic hydroxyl groups
of the B-ring to -NH, have been studied before [12-14]; they have been exclusively with ammonia,
although the literature on this is limited to just three articles [12-14]. There appear to be no references
on the reaction of amines, diamines, or polyamines with condensed tannins in the relevant literature.
The oldest of the articles on the ammonia reaction with flavonoid tannins was aimed to even more
efficiently bind formaldehyde gas emitted from tannin adhesive resins for wood panels [12]. In this

Polymers 2017, 9, 37; d0i:10.3390/ polym9020037 www.mdpi.com/journal/polymers
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study, amination of pyrogallol B-rings of condensed tannins to form 4’-amino-3',5'-dyhydroxybenzene
type B-rings by NHj treatment was described. The amination of the pyrogallol B-ring by NHj3 /water
is a regioselective amino-substitution of phenolic hydroxyl groups and proceeds under relatively
mild conditions without a catalyst [12-14]. While early reports indicated that only one hydroxy
group of the flavonoid B-ring is aminated [12], later work showed that multiamination also proceeds
with relative ease [14], mainly to prepare carbonized materials richer in nitrogen. These amination
reactions, however, did not appear to lead to long oligomers and finally to crosslinked resins. To obtain
then polycondensation resins without the use of any aldehyde, the reaction of condensed tannins
with a diamine were investigated in the work presented here. The aim of this work was to obtain
thermoset resins having a very rapid initial gelling either (i) by using only amines and polyamines as
the only hardener; or (ii) to use two hardeners, of which the amine was the one giving just the initial
immobilization of the resin—for example, for spray-projected coatings to avoid initial running down
on vertical walls.

The reactions of diamines with condensed tannin to form resins were investigated here, using
first catechin as a flavonoid model compound, followed by the same reactions on a condensed
tannin analysed by extensive MALDI-ToF spectroscopy and solid-state cross-polarisation /magic-angle
spinning (CP-MAS) *C NMR studies. The findings are presented in this article.

2. Materials and Methods

2.1. Materials and Reactions

Catechin crystals (purity > 98%, high pressure liquid chromatography (HPLC) quality) was
supplied by Sigma Aldrich (St. Louis, MO, USA) as (+)-catechin hydrate. Tannin extract was a
commercial product, namely mimosa tannin extracted from barks of Acacia mearnsii (De Wild), supplied
by SilvaChimica (St Michele Mondovi, Italy). It contained 80%-82% of actual phenolic flavonoid
materials, 4%-6% of water, 1% of amino and imino acids, with the remainder being monomeric and
oligomeric carbohydrates, generally broken pieces of hemicelluloses (see Figure 1).

Acacia mearnsii (De Wild)

Catechin predominantly prorobinetinidine

Figure 1. Structure of catechin and structure of the predominant flavonoid unit of mimosa tannin,
robinetinidin, with its predominant C4 and C6 sites linked C4-C6 to other flavonoid units.

From these two compounds, the following experiments have been carried out.
The samples were prepared as follow:

(1) Catechin (0.5 g) was mixed with 0.5 g of hexamethylenediamine (HMDA) (70% solution in water).
Three samples were prepared with the proportions above. Then, each sample was reacted in an
oven at 65, 100, and 185 °C overnight, respectively.

(2) Catechin (0.5 g) was mixed with 0.5 g of HMDA (70% solution in water) and 0.15 g of a 65 wt %
aqueous solution of p-toluenesulfonic acid (pTSA). Again, three samples were prepared with the
proportions above, and they were reacted in an oven at 65, 100, and 185 °C overnight, respectively.
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(3) Catechin (0.5 g) was mixed with 0.5 g of HMDA (70% solution in water) and 0.15 g of a 33 wt %
aqueous solution of NaOH. Three samples were prepared with the proportions above. After that,
they were reacted in an oven at 65, 100, and 185 °C overnight, respectively.

(4) Mimosa tannin (2 g) was mixed with 2 g of hexamethylenediamine (HMDA) (70% solution in
water). Three samples were prepared with the proportions above, and they were reacted in an
oven at 65, 100, and 185 “C overnight, respectively.

(5) Mimosa tannin (2 g) was mixed with 2 g of HMDA (70% solution in water) and 0.6 g of
a 65 wt % aqueous solution p-toluenesulfonic acid (pTSA). Three samples were prepared
with the proportions above. Then, they were reacted in an oven at 65, 100, and 185 °C
overnight, respectively.

(6) Mimosa tannin (2 g) was mixed with 2 g of HMDA (70% solution in water) and 0.6 g of a 33 wt %
aqueous solution NaOH. Again, three samples were prepared with the proportions above, and
they were reacted in an oven at 65, 100, and 185 °C overnight, respectively.

The samples were mixed with a spatula because they become a paste after the addition of catechin
or mimosa tannin. After the reaction in the oven, the samples prepared at 100 and 185 °C become a
dry solid, while the samples prepared at 65 °C remained like a paste.

In the case of the mimosa tannin samples at 185 °C, they have not been analysed by MALDI
because the spectra were not good enough due to the difficulty of their solubility in the acetone-water
solution for their MALDI-ToF analysis.

2.2. Matrix-Assisted Laser Desorption Ionisation Time-of-Flight (MALDI-ToF) Mass Spectrometry Analysis

The spectra were recorded on a KRATOS Kompact MALDI AXIMA TOF 2 instrument (KRATOS
Ana lytical, Shimadzu Europe Ltd., Manchester, UK). The irradiation source was a pulsed nitrogen
laser with a wavelength of 337 nm. The time period of a laser pulse was 3 ns. The measurements were
carried out using the following conditions: polarity = positive, flight path = linear, mass = high (20 kV
acceleration voltage), 100-150 pulses per spectrum. The delayed extraction technique was used by
applying delay times of 200-800 ns.

2.3. CP-MAS 3C NMR

Solid-state CP-MAS (cross-polarisation/magic-angle spinning) *C NMR spectra of the
aforementioned oven-dried solids were recorded on a Britker MSL 300 spectrometer (Briiker France,
Wissembourg, France) at a frequency of 75.47 MHz. Chemical shifts were calculated relative to
tetramethyl silane (TMS). The rotor was spun at 4 kHz on a double-bearing 7 mm Bruker probe.
The spectra were acquired with 5 s recycle delays, a 90° pulse of 5 s and a contact time of 1 ms.
The number of transients was 3000.

The C NMR spectra were simulated with ACD/I-Lab version 12.0 (Advanced Chemistry
Development Inc., Strasbourg, France) and with a free program online nmrdb.org [15]
(https:/ /www.nmrdb.org/).

3. Results and Discussion
3.1. Reactions of Catechin with Hexamethylene Diamine

3.1.1. MALDI-ToF

While some of the peaks obtained by MALDI-ToF in the products obtained by reactions at 185 °C
are the same as those in the cases at 100 °C, a greater number of different types of compounds are
observed in the reactions at 100 °C. For the MALDI-ToF analysis of the reactions of catechin as a
model compound, the spectra of the NaOH-catalysed reaction will be discussed, as the peaks are
practically the same for the acid-catalysed and uncatalysed cases, the main differences being their
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relevant proportions. Two types of reactions appear to occur from the calculation of the MALDI masses
found, namely (i) the formation of secondary amines by reaction of the hexamethylene diamine on the
-OH groups of the flavonoid units; and (ii) the formation of -O~ *NHj3-salts between the amino group
and some of the phenolic -OH groups of the tannin flavonoids.

Thus, in the spectra obtained, the main peaks observed are reported in Table 1, and Figures 2
and 3. There appears to be a clear period of 40 Da. This is a diamine with 2Na* (not an unusual
occurrence), thus 116 + 23 + 23 — 2 = 160 Da, giving the 160/4 = 40 Da period. The series of peaks
that appears is then 798-758-718-678-634-594-553(small)-513 Da. From this series, for example, the
repetition of peaks follows a 160 Da period such as 513 + 160 = 673 Da (678 Da), 594 + 160 = 754 Da
(758 Da) (this is salt 4 x 117 = 755 Da), and 638 + 160 = 798 Da = 755 + 2Na* = 801 — 2H"* = 799 Da.

Table 1. MALDI-ToF peaks interpretation. = NaOH-catalysed reaction of catechin and
hexamethylenediamine at 100 °C *.

289.9 Da = Catechin alone
509-512 Da = catechin-(hexamethylenediamine), (509 Da calculated)
524.6 Da = catechin-(hexamethylenediamine), ionic salt
526 Da = 524 diprotonated
552.8 Da = catechin-(hexamethylenediamine), + 3 x Na* (calculated 553 Da)
579.7 Da = catechin-(hexamethylenediamine), + 4 x Na* (calculated 582 Da)
602.7 Da = catechin dimer + Na™ (calculated 601 Da)
605 Da = catechin-(hexamethylenediamine); + Na*
631.6-633.7 Da = catechin-(hexamethylenediamine); + 2 x Na* (calculated 630 Da)
664 Da = catechin-hexamethylenediamine-catechin (660 Da calculated)
However, also:
638 + 1 x Na* = catechin-(hexamethylenediamine); ionic salt (calculated 661 Da)
678 Da = catechin-(hexamethylenediamine); + 4 x Na* (calculated 675 Da)
758 Da = catechin-hexamethylenediamine-catechin-hexamethylenediamine
798 Da = catechin-(hexamethylenediamine) + 2 x Na*, ionic salt.
1169 Da = hexamethylenediamine-catechindimer-hexamethylenediamine-catechin-hexamethylenediamine + 1 x Na*
1459 Da = hexamethylenediamine-catechindimer-hexamethylenediamine-catechindimer-hexamethylenediamine,
diprotonated

* In the spectra, there is a clear period of 40 Da. This is a diamine with 2Na*, thus 116 + 23+ 23 — 2 = 160 Da, thus with
2 x Na*, notan unusual occurrence. Also, 160/4 = 40 Da period, thus a series 798-758-718-678-634-594-553(small)-513
Da Thus, 513 + 160 = 673 Da (678 Da); thus 594 + 160 = 754 Da (758 Da). This is a salt 4 x 117 = 755 Da;
thus 638 + 160 =798 Da = 755 Da + 2Na* =801 Da — 2H* = 799 Da.

Data: B100iongateoff0001. M24[c] 13 Apr 2016 23:12 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Pover: 105, P.Ext. @ 2300 (bin 78)

Ybint. 45 m\{sum= 45220 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6

5246

4408 4847

Figure 2. MALDI-ToF spectrum of the reaction of catechin with hexamethylene diamine at 185 °C,
NaOH-catalysed. Range 350-800 Da.
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Data: B100iongateoff0001.M24[c] 13 Apr 2016 23:12 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 105, P.Ext. @ 2300 (bin 78)
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Figure 3. MALDI-ToF spectrum of the reaction of catechin with hexamethylene diamine at 185 °C,
NaOH-catalysed. Range 600-1500 Da.

The structures of the type of compounds more characteristic that formed (see Table 1) are thus as
follows. At509-512 Da (Figure 4), where the bonds formed are covalent.

NH _~_ "~~~
NH,

AN N,
NH

Figure 4. Example of covalent bonds structure at 509-512 Da.

At 524.6 Da (Figure 5), where the bonds formed are strongly ionic, thus forming a salt.

Figure 5. Example of ionic bonds salt structure at 524.6 Da.

Additionally, mixed-bond species, such as the oligomer at 548 Da (Figure 6):

(o]
Nato

Figure 6. Example of mixed ionic and covalent bonds structure at 548 Da.
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It must be pointed out that the structure shown above is the most likely, rather than the Na* being
attached to the N of the amine. This is so because, in general, a strong base is needed to abstract a
proton from an amine. The NaOH used in the catalysis of the reaction is not strong enough for this.
Furthermore, such sodium amides are strong bases themselves, which are not likely to coexist in the
presence of protic compounds such as phenols. It is then most likely that the 548 Da peak belongs to a
molecule that is the sodium salt of the phenolate ion. This is equally valid for structures such as the
564 Da peak observed for the mimosa tannin and other structures where Na* is present. (Table 2).

Dimers of two catechin monomers linked covalently through an hexamethylenediamine occurs,
such as the peak occurring at 664 Da (Figure 7):

Figure 7. Example of covalent bonds dimer structure at 664 Da.

This can, however, also be interpreted as 638 + 1 x Na* = 661 Da, thus an ionic salt such as
(Figure 8):

HN A~~~
NH;
®o

OH

Figure 8. Example of ionic bonds salt structure at 661 Da.

Equally, at 758 Da (Figure 9):
oH
HO, © 0 @ NET S SN

OH HO
OH

Figure 9. Example of covalent bonds dimer at 758 Da.

At 798 Da (Figure 10):

HZN\/\/\/\NH
® o

HZN\/\/\/\
NH; O
@ o

Figure 10. Example of ionic bonds salt structure at 798 Da.
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At 880 Da (Figure 11):

Hw\/\/\/\gﬁx:\/\/\/\n
. Ol o B
HO NH;
e

Figure 11. Example of covalent bonds dimer mixed with ionic salt bonds at 880 Da.

At 1070 Da (Figure 12):

Figure 12. Example of a flavonoid trimer structure with amine reacted with mixed covalent bonds and
ionic salt bonds at 1070 Da.

Higher oligemers in which catechin has dimerised also occurs, this being a fairly common
another catechin dimer, such as those shown by the peaks for the oligomers at 1169 Da = 1145 + 1 x Na*
(Figure 2) and-at 1404 and 1459 Da, deprotonated.

At 1169 Da (Figure 13):

Figure 13. Example of flavonoid dimer and monomer covalently bridged by a diamine with other
covalently linked diamines at 1169 Da.

At 1404 Da (Figure 14):

LS o TR

Figure 14. Example of two flavonoid dimers covalently bridged by a diamine with other ionic salt
bonds linked diamines at 1404 Da.
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At 1459 Da, deprotonated (Figure 15):

Figure 15. Example of two flavonoid dimers covalently bridged by a diamine with other covalently
linked diamines at 1459 Da.

It must be made clear that the structures above are not the only possible isomers deduced from
the peaks of the MALDI-ToF spectra, but that other isomer possibilities do exist for them. The existence
of different isomers becomes clearer and is also confirmed later by the CP-MAS >C NMR analysis.

3.1.2. CP-MAS 3C NMR

In regard to the NMR spectra: the reactions occurring appear to be more advanced when the
temperature is higher, while the reaction appears almost not to occur at the lower temperature of 65 °C.
For this reason, the case of the reaction of catechin as a model compound with hexamethylene diamine
catalysed by pTSA at 185 °C will be discussed first. The corresponding CP-MAS *C NMR spectrum is
shown in Figure 4.

In Figure 16, first of all, the aliphatic carbon in position alpha to an -NH of the diamine reacted
covalently with the tannin must have a shift of 43-44 ppm, while the same for an aliphatic amine not
reacted should have a calculated shift of 41-42 ppm. Looking at the spectra of the 185 °C reactions,
either pTSA- and NaOH-catalysed or uncatalysed (one reported in Figure 4, the others reported in
the Supplementary Material), it can be noticed that the shift is at 42.9 ppm (uncatalysed), 43.2 ppm
(NaOH-catalysed), and 43.5 ppm (pTSA-catalysed) indicating that at 185 °C, the amine has reacted
covalently. This is confirmed by other indications. The shift for the C in  of the covalently reacted
diamine should be at 30 ppm, while the unreacted one should be at 33-34 ppm. This peak is not visible
at all in uncatalysed and pTSA-catalysed, as it is covered totally by the huge peak at 27-28 ppm, but
appears as a slight shoulder at 33 ppm for the NaOH-catalysed case. It must be clearly pointed out
that the shift of the top of the 43-44 ppm wide peak clearly changes when comparing the CP-MAS
13C NMR spectra of the three cases when the reaction is carried out at 100 °C (all spectra reported in
the Supplementary Material). Thus, they are respectively at 41.9 ppm (pTSA-catalysed), 42.6 ppm
(NaOH-catalysed), and 42.3 ppm. This indicates that, just based on NMR evidence, the type of bonds
obtained in the reaction at 100 °C appears to be more uncertain, or at least that ionic bonds and covalent
bonds are in different proportions according to the presence of different catalysts, or their absence.
This implies that at the higher temperature of 185 °C, the reaction shift more towards the formation of
covalently bound amines, the most found in pTSA catalysis, followed by NaOH catalysis, and least in
the uncatalysed case.
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Figure 16. Cross-polarisation /magic-angle spinning (CP-MAS) 3C NMR spectrum of the reaction of
catechin with hexamethylene diamine at 185 °C, p-toluenesulfonic acid (pTSA)-catalysed.

The other clear indication of the existence of the formation of covalent bonds between the amine
and the catechin -OH groups is the considerable decrease of the peak at 155-157 ppm, indicating
that the carbons C5 and C7 carrying the -OH groups on the A-ring have markedly decreased as they
have reacted. This species formed by this reaction is defined by the appearance of a new peak at
139.5 ppm. This peak belongs to a flavonoid C5 and a C7 that have reacted covalently with an amine,
indicating that the interpretation given to the MALDI spectra has been incomplete because there has
been considerable reaction on the A-ring to form the following types of linkages (Figure 17).

Figure 17. Covalently linked catechin A-ring-diamine structures observed by *C NMR.

This is not all. The total disappearance in the 180 °C spectra of the catechin C3 peak at 68-72 ppm
indicates that even the alcoholic “OH on the C3 site has reacted covalently with the amine to form
linkages of the type (Figure 18):

Figure 18. Covalently linked diamine onto C3 site of catechin.
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This being a rather unexpected occurrence.

The first question to be asked is then: are covalent bonds with the amine formed also with the
carbons of the B-ring, as interpreted from the oligomers representation shown in the interpretation of
the MALDI spectra?

The answer to this question is clearly yes, as the covalent bonds are also formed at 185 °C on
the B-ring as the 145-146 ppm peak belonging to the aromatic B-ring carbons carrying the phenolic
-OH groups is also markedly smaller in all the catalysed and uncatalysed spectra at 185 °C. Moreover,
the covalent bond formed transmit at 134-135 ppm, indicating that the 138-139 ppm peak belongs to
both the covalently reacted A- and B-rings of catechin. Thus, linkages such as Figure 19 also occur.

Figure 19. Covalently linked diamine onto catechin B-ring sites.

The simulation of the spectra with ACD/I-Lab yields a value of 41.8 ppm for the reacted amine,
and 38.7 ppm for the unreacted amine. The online software at nmrdb.org [15] yields 44.0 ppm for the
covalently reacted amine formed and 41.9 ppm for the nonreacted amine. The superposition of the
pTSA-catalysed spectra at 185 and 100 °C shown in Figure 20 indicates that the formation of the amine
is indeed occurring.
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Figure 20. Superposition for comparison of the CP-MAS 3C NMR spectra of the reactions of catechin
with hexamethylene diamine at 185 °C (blue curve) and at 100 °C (red curve), both pTSA-catalysed.

Furthermore, on the pTSA-catalysed 185 °C spectrum, a rotation band at 13 ppm occurs. If the
rate of rotation that has caused it is subtracted, a well-defined peak at 133.8 ppm is obtained. This peak



Résultats

Polymers 2017, 9, 37 11 of 16

is hidden by other species. This chemical shift can also be simulated with an amination of the -OH
group on the C3 of catechin and corresponds to the to the shift of the carbon in C1’. Moreover, the
disappearing of the peak at 68 ppm observed on the pTSA-catalysed 100 °C spectrum and absent
on the pTSA-catalysed 185 °C spectrum shows that the C3 carbon of the catechin has lost its ~-OH
group, substituted with an -NH group (calculated at 67.6 ppm for catechin and 68 ppm for the 100 °C
case, and at 55.8 ppm for the amination on C3 corresponding to the large peak at 55-59 ppm for the
180 °C case).

The second question is: do the ionic-type salt bonds, apparent in the MALDI spectra, really occur?

The response is also clearly positive. The huge peak at 27-29 ppm belongs to either diamine not
reacted or to diamine linked as a totally ionised salt to structures of the type which follows. Thus,
in both strongly acid- and strongly alkaline-catalysed reactions at 185 °C, it is certain that the rest of the
amine is coordinated to catechin with linkages such as Figure 21, where the salts are formed with the
—-OHs of both the B- and A-rings of the catechin. It must be considered that unreacted diamine might
be mixed with this, although the MALDI clearly indicates that the ionic bonds do exist. The presence
of the 33 ppm shoulder in the spectrum of the alkali-catalysed 185 °C reaction product indicates that,
for the amine, 3 carbons confirm that ionic bonds in quantity do occur.

Figure 21. Example of structure of diamines linked to catechin B-ring sites by ionic salt bonds.

In the case of the uncatalysed reaction, the amine should also be present in the same manner, thus
partly ionically linked to the catechin or unreacted.

The last question to be answered by the NMR analysis is: what happens at lower temperature,
namely at 100 °C?

The spectra are not reported here (they are available in the Supplementary Material), but the
reaction is clearly less advanced, as should be expected. First of all, the C3 of the catechin has not
reacted at all as the alcoholic C3-OH site shift exists and is big. Second, there is a clear covalent
reaction of the amine on the catechin A-ring and some (lesser) reaction on the B-ring in the case of
the pTSA-catalysed 100 °C spectrum. The reaction on the A-ring is also clear for the NaOH-catalysed
100 °C spectrum and also, but to a lesser extent, for the uncatalysed 100 °C spectrum. For these latter
two, it does not appear that reaction on the B-ring does occur, or at least its proportion is minimal.
Furthermore, no reactions on C3 appear to have occurred.

3.2. Reaction of Mimosa Tannin Extract with Hexamethylene Diamine

The same reactions were repeated by using mimosa tannin extract instead of the catechin
model compound. The MALDI-ToF spectra of the reaction alkaline catalysis are shown in Figures 6
and 7. The oligomer species obtained under alkaline catalysis are listed in Table 2. The MALDI
spectra for the acid-catalysed and uncatalysed reactions at 100 °C and 65 °C are reported in the
Supplementary Material.

From Figures 22 and 23, the same period of 40 Da is observed as in the case of catechin
due to a diamine with 2 x Na*, thus 116 + 23 + 23 - 2 = 160 Da, thus 160/4 = 40 Da period:
801-761-719-677-638-596-554-514-474-430-390-350, is observed. The same type of reactions observed for
the case of the catechin model compound appears to occur. Thus, both (1) substitution of the flavonoid
units” hydroxyl groups with the amino group of the amine and (2) the formation of O~ Na* salts
appear to occur. Compounds in which one, two, and even three diamines are linked covalently to
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a flavonoid monomer unit are observed as, for example, the peaks at 374, 524, and 621 Da (Table 2).
Equally, species in which one or more HMDA molecules are linked covalently to a flavonoid dimer
occur as, for example, the ones represented by the peaks at 743 and 758 Da (Table 2), as well as
species in which HMDA constitutes a bridge between two species such as two flavonoid dimers as,
for example, the compounds at peaks 1260 and 1330 Da (Table 2). Conversely, species in which the
amine is not covalently linked to a flavonoid unit, but rather a salt has been formed, are also present,
such as, for example, the species at 390, 428-430, 661 Da, and many others as indicated in Table 2.
Moreover, mixed species in which some HMDA molecules are linked covalently and some are linked
by a salt bond to the same flavonoid are also present, as, for example, the species at peaks 638, 677,
761, and 1404 Da. Unreacted flavonoid oligomers—such as those represented by the peaks at 612, 881,
1178 Da, and others—are also present (Table 2).
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Figure 22. MALDI-ToF spectrum of the reaction of mimosa tannin extract with hexamethylene diamine
at 100 °C, pTSA-catalysed. Range 350-700 Da.
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Figure 23. MALDI-ToF spectrum of the reaction of mimosa tannin extract with hexamethylene diamine
at 100 °C, pTSA-catalysed. Range 700-1500 Da.
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Table 2. Oligomer species formed during the reaction at 100 °C between mimosa tannin extract and
hexamethylene diamine in the NaOH-catalysed reaction.

3 Number
Experimental Cal;:lgla ;“ed Description of Calculation (Da) Description N“né::dl:mc Covalent
Bonds

372-374 372 274+ 116 — 18 F-HMDA - 1
390 3% 274+ 116 F(—)(+)HMDA 1 -
410 410 290 - 17 +114+23 F-HMDA(—)(+)Na - 1
426 426 306+ 114 -17+23 G-HMDA(—)(+)Na -

428-430 428 290+ 115+23 C(—=}+)HMDA(—)(+)Na 1 -
£33 444 306 + 115 +23 G(—)}+)HMDA(-)(+)Na 1 -
488 488 274 - 17+ 115+ 116 HMDA(+)(—)FFHMDA 1 1
468 468 274+ 114 x2-17x 2 (HMDA-F-HMDA) less 2H™ - 2
484 484 290+114 x2-17x 2 (HMDA-C-HMDA) less 2H™ - 2
500 500 304+2+114%x2-17-17 (HMDA-G-HMDA) less 2H+ 2
524 524 306+ 114 +115-17 —17+23 (GIHMDA]2)}(—)}(+)Na - 2
525 525 290+ 114 +115 - 17 + 23 HMDA-C(—)(+)HMDA(—)(+)Na 1 1
528 528 274+ 116 + 114+ 23 HMDA(+)(— )F(— }(+)HMDA(—)}+)Na 2 -
540 542 306+115x2—-17+23 [HMDA(+)(— )G-HMDA|(—)(+)Na 1 1
562 562 272+288 +2 Dimer - -
564 564 306+114+115-17 +23 x 2 Na(+)}( —)JHMDA(+}(—)G-HMDA(—)(+)Na 1 1
578 578 288+288 +2 Dimer - -
612 610 304 +304 +2 Dimer - -
617 618 306+115 x2—-17 x 2+ 116 HMDA(+)(— )JG(HMDA), 1 2
621 622 306+115 x2+114 -17 x3+23 [G(HMDA)3](—)(+)Na - 3
638 640 306+115x3-17-17+23 [HMDA(+)}(—)G(HMDAR|(—)}(+)Na 1 2
643 644 272+272 +2+114 - 17 F-F-HMDA - 1
642 642 272+ 288 +2+114 -17x 2 F-HMDA-C - 2
653 654 306+ 116 x 3 Gl(=)}+HMDA]; 3 -
661 660 272 +288 +2+115-17 F-C-HMDA - 1
661 662 272+272 +2+ 116 F-F(—)}(+)HMDA 1 -
677 676 306+ 116 x 2+115+23 [HMDA(+)(—)], G (—}+)HMDA(—)(+)Na 3
677 678 272+288 +2+116 F-C(—)(+)HMDA 1 -
682 682 272+288+2+114 -17+23 [F-C-HMDA] - 1
687 688 272+2+115x3+114 -17x 4+23 [F(HMDA )4 ](— }(+)Na - 4
695 694 288 + 288 +2 + 116 C-C(— )+ HMDA 1 -
701 701 272+288 +2+116 +23 [F-C(—)}(+)HMDA|(— }(+)Na 1 -
716 717 288 +288 +2+116 +23 [C-C(—}+)HMDA](—}(+)Na 1 -
723 723 272+272 +2+114 +115 - 17 x 3 F-HMDA-F-HMDA - 3
745 744 74+274 + 114+ 116 — 17 x 2 F-HMDA-F(— }(+)HMDA - -

740-743 742 274+274 +2+115x2 -17x 2 HMDA-F-F-HMDA 2
757 758 272+ 288 +2+115x2-17x 2 HMDA-F-C-HMDA - 2
761 760 274+290 +114 — 17 x 2 + 116 F-HMDA-C(— }(+)HMDA 2
857 857 272+272 +288+2 +23 Trimer - -
865 866 272+288 +304 +2 Trimer - -
881 880 272x2+2+115x3-17 x2+23 [(HMDA(+)}(—)); (FHMDA-F)](—)(+)Na 2 2
881 882 288 x 2+304 +2 Trimer - -
898 898 72x2+2+114x3-17+23 [(HMDA(+)}(—))2 F-F-HMDA](—)(+)Na 2 1
898 898 288+304 x2+2 Trimer - -
906 905 288x2+304+2+23 Trimer -

21 21 288+304 x2+2+23 Trimer - -

1052 1052 857 +114 +115 - 17 x 2 [(F-C-F)(HMDA),](—)}(+)Na - 2

1069 1070 857 +115 x2 - 17 [HMDA-(F-C-F)(— }(+)HMDA](—)(+)Na 1 1

1178 1178 288x4+2+23 Tetramer - -
288x2+2+116—18x 2

1260 1258 $288%242+23 —1 [C-C-HMDA-C-CJ(—)(+)Na - 2
288x2+2+116x 2

1330 1334 18 x3+288x242 C-C-HMDA-C-C-HMDA - 3

1404 iy, Ao laiadlexs HMDA (+)(—)F-F-HMDA-F-F(~)(+)HMDA 2 2

—18x2+272x2+2

F = fisetinidin; C = catechin or robinetinidin; G = gallocatechin; HMDA = hexamethylenediamine; “-” = covalent
bond; “(+)(—)" = ionic bond; “(+)(—)Na = Na* linked to flavonoid units phenolic -OHs as O~ Na*.

The MALDI analysis of the catechin-HMDA reaction was done at 185 °C (and 100 and 65 °C in
the Supplementary Material attached to this article), but was done at 100 °C for the mimosa tannin
HMDA reaction for reasons of solubility. The catechin-HMDA sample at 185 °C, while solid, shows
still more than sufficient solubility in acetone for analysis by MALDI. This is, however, not the case for
the mimosa tannin-HMDA reaction that, at 185 °C, has hardened and is practically insoluble. This is
why the MALDI was done on the 100 °C tannin/HMDA reaction: it was much less polymerised and
the majority of it was still soluble in acetone. Equally, it was the reason why the NMR of the solids of
the catechin-hardened material was done. It must be pointed out that the number average degree of
polymerisation (DPn) of mimosa tannin is around 4.5, thus 4-5 flavonoid units linked together. This is
why a hardened tridimensional network is reached more rapidly in the reaction of HMDA with the
tannin than with a catechin monomer.
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4. Conclusions

A novel reaction of amines with flavonoid tannin is described. The reaction of hexamethylenediamine
with catechin, a flavonoid monomer used as a model compound of condensed tannins, and with
mimosa tannin were studied. The reactions were carried out at three different temperatures: 65, 100,
and 185 °C. The reaction products obtained were analysed by MALDI-TOF and CP-MAS >C NMR,
and the structures of the chemical species formed were indicated. Two reactions occurred under both
alkaline and acid conditions, namely (i) the reaction of the amine with the phenolic hydroxy groups
of the tannin, leading to polycondensation resins; and (ii) a reaction leading to the formation of ionic
bonds between the protonated amino groups of the amine and the hydroxyl groups of the flavonoid
structure for both the catechin and the tannin. Hardened, insoluble resins were formed for the tannin
at the higher temperature, and resins insoluble in water but soluble in acetone were formed at 100 °C.

- At 185 °C, there are covalent bonds between the amine and the A- and B-rings of the catechin and
also with the aliphatic C3 site of the catechin. The A-ring appears to react first, before the B-rings.

- At 185 °C, there is a high proportion of ionic bonds between the amine and the A- and B-rings of
the catechin, while presence of some unreacted amine cannot be excluded.

- At 100 °C, the proportion of ionic bonds appears to predominate.

- At 100 °C, there are covalent bonds between the amine and the A- and B-rings of the catechin for
the pTSA-catalysed reaction (reaction A), with the A-rings having reacted more.

& At 100 °C, there are covalent bonds between the amine and the A-rings of the catechin for the
NaOH-catalysed reaction, but less or even no reaction on the B-ring. There are even fewer
covalent bonds in the uncatalysed reaction.

- At 180 °C, and to a lesser extent also at 100 °C, mimosa tannin reacting with hexamethylene
diamine forms hard, condensed solids, be it uncatalysed or alkali- or acid-catalysed.

- At 180 °C, the condensation solid formed is hardly soluble in acetone water.

= The reaction of mimosa tannin or similar condensed tannins with a diamine is fast.

- In regard to the influence of different catalysts, their influence is minimal other than to accelerate
the reaction. To this purpose, reactions at three different temperatures (but without any catalysts)
were done with similar results, and the analysis results are shown in the Supplementary Material.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/9/2/37/s1, Table Sl:
Structures determined by MALDI ToF of the reaction of mimosa + hexamethylenediamine + NaOH at
100 °C, Table S2: Structures determined by MALDI ToF of the reaction of mimosa +hexamethylenediamine
+ pTSA at 100 °C, Table S3: Structures determined by MALDI ToF of the uncatalysed reaction of mimosa +
hexamethylenediamine at 100 °C, Table S4: Structures determined by MALDI ToF of the reaction of mimosa +
hexamethylenediamine + NaOH at 65 °C, Table S5: Structures determined by MALDI ToF of the reaction of mimosa
+ hexamethylenediamine + pTSA at 65 °C, Table S6: Structures determined by MALDI ToF of the uncatalysed
reaction of mimosa + hexamethylenediamine at 65 °C, Table S7: Structures determined by MALDI ToF of the
uncatalysed reaction of catechin monomer + hexamethylenediamine at 185 °C, Table S8: Structures determined
by MALDI ToF of the uncatalysed reaction of catechin monomer + hexamethylenediamine at 100 °C, Table S9:
Structures determined by MALDI ToF of the uncatalysed reaction of catechin monomer + hexamethylenediamine
at 65 °C, Figure S1: MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + NaOH at 100 °C.
350-700 Da range, Figure S2: MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + NaOH
at 100 °C. 700-1500 Da range, Figure S3: MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine
+ pTSA at 100 °C. 700-2200 Da range, Figure S4: MALDI ToF spectrum of the uncatalysed reaction of mimosa +
hexamethylenediamine at 100 °C. 350-700 Da range, Figure S5: MALDI ToF spectrum of the uncatalysed reaction
of mimosa + hexamethylenediamine at 100 “C. 700-1500 Da range. Figure S6: MALDI ToF spectrum of the reaction
of mimosa + hexamethylenediamine + NaOH at 65 °C. 350-700 Da range, Figure S7: MALDI ToF spectrum of
the reaction of mimosa + hexamethylenediamine + NaOH at 65 °C. 700-1500 Da range, Figure S8: MALDI ToF
spectrum of the reaction of mimosa + hexamethylenediamine + pTSA at 65 °C 350-700 Da range, Figure S9: MALDI
ToF spectrum of the reaction of mimosa + hexamethylenediamine + pTSA at 65 °C 700-1500 Da range, Figure S10:
MALDI ToF spectrum of the uncatalysed reaction of mimosa + hexamethylenediamine at 65 °C. 350-700 Da
range, Figure S11: MALDI ToF spectrum of the uncatalysed reaction of mimosa + hexamethylenediamine
at 65 °C. 700-1500 Da range, Figure S12: MALDI ToF of the uncatalysed reaction of catechin monomer +
hexamethylenediamine at 185 °C. 330-600 Da range, Figure S13: MALDI ToF of the uncatalysed reaction of
catechin monomer + hexamethylenediamine at 185 “C. 350-2000 Da range, Figure S14: MALDI ToF spectrum of
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the uncatalysed reaction of catechin monomer + hexamethylenediamine at 100 °C. 350-800 Da range, Figure S15:
MALDI ToF spectrum of the uncatalysed reaction of catechin monomer + hexamethylenediamine at 100 °C.
600-2000 Da range, Figure S16: MALDI ToF spectrum of the uncatalysed reaction of catechin monomer +
hexamethylenediamine at 65 °C. 330-600 Da range, Figure S17: MALDI ToF spectrum of the uncatalysed reaction of
catechin monomer + hexamethylenediamine at 65 “C. 600-1500 Da range, Figure S18: MALDI ToF spectrum of the
reaction of catechin monomer + hexamethylenediamine + NaOH at 185 °C. 350-800 Da range, Figure S19: MALDI
ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH at 185 °C. 600-1500 Da range,
Figure S20: MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH at 100 °C.
350-800 Da range, Figure S21: MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine
+ NaOH at 100 °C. 600-1500 Da range, Figure 522: MALDI ToF spectrum of the reaction of catechin monomer +
hexamethylenediamine + NaOH at 65 °C. 350-800 Da range, Figure S23: MALDI ToF spectrum of the reaction
of catechin monomer + hexamethylenediamine + NaOH at 65 “C. 600-1500 Da range, Figure S24: MALDI ToF
spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at 185 °C. 350-800 Da range,
Figure S25: MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at 100 °C.
350-800 Da range, Figure S26: MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine
+ pTSA at 100 °C. 600-1500 Da range, Figure S27: MALDI ToF spectrum of the reaction of catechin monomer +
hexamethylenediamine + pTSA at 65 °C. 350-800 Da range, Figure S28: MALDI ToF spectrum of the reaction
of catechin monomer + hexamethylenediamine + pTSA at 65 °C. 400-900 Da range, Figure S29: CP MAS 13C
NMR spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at 185 °C, Figure S30:
CP MAS 13C NMR spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at 100 °C,
Figure S31: CP MAS 13C NMR spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH
at 185 °C, Figure $32: CP MAS *C NMR spectrum of the reaction of catechin monomer + hexamethylenediamine
+ NaOH at 100 °C, Figure $33: CP MAS '3C NMR spectrum of the uncatalysed reaction of catechin monomer +
hexamethylenediamin at 185 °C, Figure $34: CP MAS '3C NMR spectrum of the uncatalysed reaction of catechin
monomer + hexamethylenediamin at 100 °C. Thus, (1) MALDI-ToF spectra and tables of reaction products of
the uncatalysed, NaOH-catalysed, and pTSA-catalysed reactions of mimosa tannin extract with hexamethylene
diamine at 100 and 65 °C. (2) MALDI-ToF spectra and tables of reaction products of the uncatalysed reactions of
catechin with hexamethylene diamine at 185, 100, and 65 °C.
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Supplementary Materials: Polycondensation Resins
by Flavonoid Tannins Reaction with Amines

Francisco-Jose Santiago-Medina, Antonio Pizzi, Maria Cecilia Basso, Luc Delmotte
and Alain Celzard

1. Mimosa Tannin Reactions

For each sample the number refers to the temperature (65, 100 and 185 °C) and the letter sAB =
mimosa + hexamethylenediamine A = mimosa + hexamethylenediamine + pTSA and B = mimosa +
hexamethylenediamine + NaOH.

In the case of the samples at 180 °C, they have not been analysed because the spectra are not very
good due to these samples unable to be well-dissolved in the acetone-water solution before theirs
measurements in the MALDL

AB is mimosa + hexamethylenediamine without no acid or base catalyst

Legend

F = fisitinidin

C = catechin

G = gallocatechin

HMDA= Hexamethylenediamine

“-" = covalent bond
“(+)(-)” = ionic bond
“(+)(-)Na = Na* linked to flavonoid units phenolic -OHs as -O"Na*

B100

Table S1. Structures determined by MALDI ToF of the reaction of mimosa + hexamethylenediamine + NaOH

at 100 °C.
Experimental Catealaled Descrip. Cal (Da) Description Nemher Nuaher
(Da) Ionic Bonds Covalent Bonds

372 372 274+116 - 18 F-HMDA - 1
390 390 274+116 F(-)(+)HMDA 1

410 410 290-17+114+23 F-HMDA(-)(+)Na - 1
426 426 306+114-17+23 G-HMDA(-)(+)Na - 1
428 428 290 +115+23 C(-)(+)HMDA(-)(+)Na 1

444 444 306 + 115+ 23 G(-)(+)HMDA(-)(+)Na 1

488 488 274-17 +115 + 116 HMDA(+)(-)FFHMDA 1 1
468 468 274+114x2-17 %2 (HMDA-F-HMDA) less 2H+ 2
484 484 290+114x2-17 x2 (HMDA-C-HMDA) less 2H+ 2
500 500 304+2+114x2-17-17 (HMDA-G-HMDA) less 2H+ 2
52 52 306+ 114+ 11517 - 17+ 23 (GIHMDAR)(-)(+)Na 2
525 525 290+ 114+ 115 17 + 23 HMDA-C(-)(+)HMDA(-)(+)Na 1 1
528 528 2744116 +114+23 HMDA(*)(-)F(-)(+)HMDA(-)(+)Na 2

540 502 306+115x2-17+23 [HMDA(+)(-)G-HMDAJ(-)(+)Na 1 1
562 562 272+288+2 Dimer

564 564 306+114+115-17+23 2 Na(+)(-)HMDAE))G-HMDA(-)*)Na 1 1
578 578 288 +288+2 Dimer

612 610 304+304+2 Dimer

617 618 306+ 115 2 -17 2+ 116 HMDA(+)(-)GHMDA): 1 2

306 +115 =2+

621 622 TR [G(HMDA):](-)(+)Na - 3
638 640 306+115 x3-17-17+23 [HMDA()(-)G(HMDA):](-)(+)Na 1 2
643 644 272+272+2+114-17 F-F-HMDA - 1
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642 642 272+288+2+114-17 x 2 F-HMDA-C - 2
653 654 306 +116 =3 G[(-)(*)HMDAJ 3
661 660 272+288+2+115-17 F-C-HMDA - 1
661 662 272+272+2+ 116 F-F(-)(+)HMDA 1
677 676 306 +116 x2+115+23 [HMDA(+)(-)]2 G (-)(*)HMDA(-)(+)Na 3
677 678 272+ 288+ 2+ 116 F-C(-)(+)HMDA 1 -
682 682 272+288+2+114-17+23 [F-C-HMDA] - 1
687 688 i [F(HMDA):](-)(+)N 4

-)(+)Na =
114 <17 4+ 23 ¢ 466
695 694 288+ 288+ 2+ 116 C-C(-)(+)HMDA 1 -
701 701 272+288+2+116+23 [F-C(-)(*)HMDAJ(-)(+)Na 1
716 717 288 +288 +2+116 +23 [C-C(-)(+)HMDA](-)(+)Na 1
272+272+2+114+
723 723 F-HMDA-F-HMDA - 3
115-17 %3
274+274+ 114+ 116
745 744 s F-HMDA-F(-)(+)HMDA -
~17x
274+274+2+115 %2
740-743 742 - HMDA-F-F-HMDA - 2
- 17 %
272+288+2+
757 758 HMDA-F-C-HMDA - 2
1152217 x2
274+290 + 114 -
761 760 F-HMDA-C(-)(+)HMDA 1 2
17 =2+ 116
857 857 272+272+288+2+23 Trimer -
865 866 272+288 +304+2 Trimer -
272x2+2+115x3 -
881 880 [(HMDA(+)(-)): (F-HMDA-F)](-)(+)Na 2 2
17x2+23
881 882 288 <2+304+2 Trimer -
898 898 272x2+2+114x3-17+23 [(HMDA(+)(-))2 F-F-HMDA](-)(+)Na 2 1
898 898 288 +304 x2+2 Trimer -
906 905 288 x2+304+2+23 Trimer - -
921 921 288 +304%2+2+23 Trimer -
1052 1052 857+ 114+ 115-17x 2 [(F-C-FYHMDA):](-)(+)Na - 2
1069 1070 857 +115x2-17 [HMDA-(F-C-F)(-)(+)HMDA](-)(+)Na 1 1
1178 1178 288 x 4+2+23 Tetramer -
288 x2+2+116 -18 =
1260 1258 [C-C-HMDA-C-C)(-)(+)Na - 2
2+288  2+2+23-1
288x2+2+116 = 2-18 =3 +
1330 1334 C-C-HMDA-C-C-HMDA - 3
288 x2+2
272x2+2+116 x3-18 x2 HMDA(+)(-)F-F-HMDA-F-
1404 1404 2 2

+272x2+2

F(-)(+)HMDA

Period of 40 Da due to a diamine with 2Na’, thus 116 + 23 + 23 - 2 =160 Da, thus 160/4 = 40 Da period:
801-61-719-677-638-596-554-514-474-430-390-350.
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Figure S1. MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + NaOH at 100 °C;
350-700 Da range.
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Figure S2. MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + NaOH at 100°C;
700-1500 Da range.

A100

Table S2. Structures determined by MALDI ToF of the reaction of mimosa + hexamethylenediamine + pTSA
at 100 °C.

Number
Experimental Cal(:l;la :kd Descrip. Cal (Da) Description lolzi‘:l;t:rds Covalent
Bonds
371 372 274+ 116- 18 F-HMDA - 1
390 390 274+ 116 F(-)(+)HMDA 1 -
410 410 290-17+114+23 F-HMDAC(-)(+)Na 1
412 412 274+ 115+ 23 F(-)¢#)HMDA()(+)Na 1
428 428 290+ 115+ 23 C(-)(+HMDA(-)(+)Na 1
444 444 306+ 115+ 23 G(-)(+)HMDA(-)(+)Na 1
486 or 490 488 274 -17 +115 + 116 HMDA(+)(-)F-HMDA 1 1
486 484 290+ 114x2-17x2 (HMDA-C-HMDA) +2H+ - 2
524 524 306+114+115-17 -17+23 (GIHMDAL)(-)(+)Na - 2
526 525 290 + 114+ 115 ~17 + 23 HMDA-C(-)(+)HMDA(-)(+)Na 1 1
528 528 274+116+114+23 HMDA(#)(-)F(-)(+)HMDA(-)(+)Na 2
540 542 306 +115 217+ 23 [HMDA(+)(-) G-HMDAJ(-)(+)Na 1 1
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564 564 306+ 114+ 115- 17+ 23 - 2 Na(+)(-)HMDA(+)(-)G HMDA(-)(-)Na 1 1
568 568 274+ 115x3-17x 3 FHMDAJ: : 3
578 578 288 +288 + 2 Dimer (small) 5 s
612 610 304430442 Dimer .

621 622 131(;6_* 11713 s 3;3 [GEHMDA):)(-)(+)Na : 3
626 626 274+114%3-17+23 [HMDA-F((-) (*)HMDA):](-)(+)Na 2 1
640 640 306+115 x3 ~17 17 +23 [HMDA(+)(-) GHMDA):](-)(+)Na 1 2
643 644 272+ 272+ 2+ 114- 17 F-F-HMDA : 1
643 642 272+288+2+114-17 2 F-HMDA-C - 2
661 660 272+ 288+ 2+ 115- 17 F-C-HMDA s 1
661 662 272+ 272+ 2+ 116 F-F(-)(*)HMDA 1

677 676 306+ 116 % 2+ 115+ 23 [HMDA(#)()}: G (-)(+)HMDA(-)(+)Na 3 ;
679 678 272+ 288+ 2+ 116 F-C(-)(*)HMDA 1 :
683 682 272+ 288+ 2+ 114- 17+ 23 [F-C-HMDA] - 1
695 694 288+ 288+ 2+ 116 C-C(-)(+)HMDA 1

700 701 272+ 288+ 2+ 116+ 23 [F-C(-)(+)HMDA](-)(+)Na 1 :
706 706 274+115%4-17x3+23 [(HMDA):F(-)()HMDAJ(-)(+)Na 1 3
717 717 288+ 288+ 2+ 116+ 23 [C-C(~)(+)HMDA](-)(+)Na 1

723 ™ T2 T RITIUY F-HMDA-F-HMDA 3

115-17x3

745 744 274+274+114+116 - 17 x2 F-HMDA-F(-)(+)HMDA :

758 758 L2y BHE 2;“" 2oz HMDA-F-C-HMDA 2
761 760 2744290 + 114 -17 < 2+ 116 F-HMDA-C(-)(+)HMDA 1 2
761 760 272+272+2+115 -17 + 116 HMDA F-F(-)(+)HMDA 1 1
777 77 272+288+2+114 %217 HMDA-F-C(-)(+)HMDA 1 1
857 857 272+272+ 288+ 2+ 23 Trimer 5 s
880 880 Hdm 22 A0S [(HMDA(+)(-)): (F-HMDA-F)|(-)(+)Na 2 2

17x2+23

882 882 288 < 2+ 304+ 2 Teimer : :
897 898 272x2+2+114x3-17+23 [(HMDA(#)(-)): F-F-HMDA](-)(+)Na 2 1
897 898 288+ 304 < 2+ 2 Trimer 5 .
906 905 288 x 2+ 304+2+23 Trimer -

921 921 288+ 304 % 2+ 2+ 23 Trimer ; ;

Two period of around 44 and 43 Da, respectively, are clear. The first from 1260 Da until 1876 Da and the second
one from 1849 Da until 2067 Da. Something similar is found in the spectrum of the samples prepared at 180 °C,

which they could barely be dissolved. Thus, it can be quite likely to be a measurement error. A third period of 40

Da, due to a diamine with 2 Na* + 116 + 23 + 23 - 2 = 160/4, is observed from 801 Da until 350 Da.
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Figure S3. MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + pTSA at 100°C;

700-2200 Da range.
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Table S3. Structures determined by MALDI ToF of the uncatalysed reaction of mimosa +
hexamethylenediamine at 100°C.
Number
Experimental Cal(zil’a)led Descrip. Cal (Da) Description h:li:l;:::ls Covalent
Bonds
371 372 274+116 - 18 F-HMDA - 1
390 390 274 +116 F(-)(+)HMDA 1 -
410 410 29017+ 114+ 23 F-HMDA(-)(+)Na 1
444 444 306 + 115 + 23 G(-)(+)HMDA(-)(+)Na 1
488 488 274-17 +115+ 116 HMDA(+)(-)F-HMDA 1 1
468 468 274+114x2-17x2 (HMDA-F-HMDA) less 2H+ - 2
486 484 290+114x2-17x2 (HMDA-C-HMDA) +2H+ - 2
508 507 290+115+114-17x2+ 23 [C(HMDA)](+)(-)Na - 2
_ 306 +114+115-17
524 524 17423 (G[HMDA]z2)(-)(+)Na - 2
526 525 290 +114+115-17 +23 HMDA-C(-)(+)HMDA(-)(+)Na 1 1
528 528 274+116+114+23 HMDA()(-)F(-) () HMDA(-)(+)Na 2
560 560 306+114 <2+ 3+ 23 [G((-)(+*)HMDA):](-)(+)Na 2 -
564 564 306+114+115-17+23 x2 Na(+)(-)JHMDA(+)(-)G-HMDA(-)(+)Na 1 1
567 568 274+115x3-17x 3 F[HMDAJ: 2 3
579 578 288+ 288+ 2 Dimer -
612 610 304+ 304+2 Dimer - -
619 618 306 +115 217 x 2+ 116 HMDA(+)(-)G(HMDA): 1 2
2 [ i e [GEMDA)|(-)(-)Na y 3
640 640 306+115x3-17-17+23 [HMDA)(-) GEHMDA)](-)(*)Na 1 2
643 644 272+ 272+2+114-17 F-FFHMDA - 1
643 642 272+ 288+2+114-17x2 F-HMDA-C - 2
661 660 272+ 288+ 2+115-17 F-C-HMDA - 1
661 662 272+272+2+116 F-F(-)(+)HMDA 1
677 676 306+ 116 2+ 115+ 23 [HMDA)(-)]2 G (-)(+-HMDA(-)(+)Na 3
679 678 272 +288 +2+116 F-C(-)(+)HMDA 3 | -
683 682 272+ 288+2+114-17+23 [F-C-HMDA] - 1
695 694 288 +288 +2+116 C-C(-)(+)HMDA 1 -
700 701 272+ 288+ 2+ 116+ 23 [F-C(-)(*)HMDA](-)(+)Na 1
719 717 288+ 288+ 2+ 116+ 23 [C-C(-)(+)HMDA](-)(+)Na 1
723 723 gzx;zn HeEas F-HMDA-F-HMDA - 3
- . 272+288+2+
759 758 15217 %2 HMDA-F-C-HMDA - 2
2 o 274+290 + 114 -
761 760 17 «2+116 F-HMDA-C(-)(+)HMDA 1 2
761 760 ZArHareddlae HMDA-F-F(-)(+)HMDA 1 1
17 +116
776 776 272+288+2+114x2-17 HMDA-F-C(-)(+)HMDA 1 1
857 857 272+ 272+ 288+2+23 Trimer - -
1069 1070 857 +115x2-17 [HMDA-(F-C-F)(-)()HMDAJ(-)()Na 1 1

The same period of 40 Da from 801 until 350 is observed.
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Figure S4. MALDI ToF spectrum of the uncatalysed reaction of mimosa + hexamethylenediamine at 100 °C;
350-700Da range.
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Figure S5. MALDI ToF spectrum of the uncatalysed reaction of mimosa + hexamethylenediamine at 100 °C;
700-1500 Da range.

In the three next samples, which were prepared at 65 °C, have also been found the same period
of 40 Da, from 801 Da until 350 Da.
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Table S4. Structures determined by MALDI ToF of the reaction of mimosa + hexamethylenediamine + NaOH

at 65 °C.
Number
. Calculated . - Number
Experimental ©a) Descrip. Cal (Da) Description Ionic Bonds Covalent
Bonds
372 372 274+ 116 18 F-HMDA : 1
390 390 274+ 116 F(-)(*)HMDA 1
445 444 306+ 115+ 23 G(-)(*)HMDA(-)(*)Na 1
188 488 274-17+ 115+ 116 HMDA(#)(-)F-HMDA 1 1
466 468 274+ 114x 2-17x 2 (HMDA-F-HMDA) less 2H+ - 2
485 184 290+ 114 % 217 2 (HMDA-C-HMDA) +2H+ - 2
502 502 274+ 114+ 114 F[(-)()HMDAF. less 2H+ 2
o - 290+ 115+ 114 -
507 507 R [C(HMDA)](+)(-)Na : 2
N 306+ 114+ 115~
523 524 singtopgh? (GHMDAJ)(-)(+)Na - 2
526 525 290+ 114+ 115~ 17+ 23 HMDA-C(-)(+)HMDA(-)(+)Na 1 1
542 542 306+ 115 2-17+23 [HMDA(+)(-)G-HMDAJ(-)(+)Na 1 1
563 562 272+ 288+ 2 Dimer .
306+ 114+ 115- 17+ 23
563 564 5 PR Na(#)(-JHMDA(+)(-)G-HMDA(-)(+)Na 1 1
578 578 288+ 288+ 2 Dimer :
612 610 3044304+ 2 Dimer : s
619 618 3‘1’2* U5 2-17%2% HMDA()(-)G(HMDA): 1 2
622 622 gof ?;“5 SRR [GEHMDA)K-)()Na - 3
643 644 272+ 114%3+2+ 23 : 3 s
643 644 2724272+ 2+ 114-17 F-F-HMDA - 1
643 642 2724288+ 2+ 114-17 <2 F-HMDA-C - 2
652 654 306+ 116 < 3 G[(-)()HMDAJ: 3 s
661 660 272+ 288+ 2+ 11517 F-C-HMDA - 1
661 662 272+ 272+ 2+ 116 F-F(-)(+)HMDA 1
677 676 306+ 116 2+ 115+ 23 [HMDAG)(-)): G (-)(+)HMDA(-)(*)Na 3 :
678 678 272+ 288+ 2+ 116 F-C(-)(+)HMDA 1 -
683 682 272+288+2+114-17+23 [F-C-HMDA] : 1
693 694 288+ 288+ 2+ 116 C-C(-)(*)HMDA 1
700 701 272+ 288+ 2+ 116+ 23 [F-C(-)(+)HMDA](-)(+)Na 1
719 717 288+ 288+ 2+ 116+ 23 [C-C(-)(+)HMDA](-)(+)Na 1
73 73 37127*,23’% ML F-HMDA F-HMDA - 3
759 758 fzz ‘2288 HErlbmar HMDA-F-C-HMDA 5 2
7
761 760 PO F-HMDA-C(-)(+)HMDA 1 2
2724272+ 2+115-17
761 760 s FHET ST 4% HMDA F-F(-)(+)HMDA 1 1
776 77 2724288+ 2+ 114 %217 HMDA-F-C(-)(+)HMDA 1 1
857 8 2724272+ 288+ 2+ 23 Trimer -
865 866 272+ 288+ 304+ 2 Trimer :
908 905 288 « 2+ 304+ 2+ 23 Trimer :
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Figure S6. MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + NaOH at 65 °C;
350-700 Da range.

%hnt.

100

20

80

70

24 mV[sum= 23911 mV] Profiles 1-1000 Smooth Av 2 -Baseline 60

%84

Figure S7. MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + NaOH at 65 °C;
700-1500 Da range.

A65

Table S5. Structures determined by MALDI ToF of the reaction of mimosa + hexamethylenediamine + pTSA at

65 °C.
A Calculated . L. Number Ionic Number Covalent
Experimental (Da) Descrip. Cal (Da) Description Bonds Boeds

372 372 274+ 116~ 18 F-HMDA - 1
390 390 274+ 116 F(-)(+}HMDA 1 -
410 410 290-17+114+23 F-HMDA(-)(+)Na 1
412 412 274+115+23 F(-)(+)HMDA(-)(+)Na 1 -
428 428 290+ 115+ 23 C(-)(1)HMDA(-)(+)Na 1
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446
488
486

501

526

639
643
643

695

857
865
897
897
906
925

444
488
486

500

640
644
644

905
921

306+ 115+ 23
274 -17 +115 + 116
290+ 115x2-17x 2

304+ 2+ 1142
-17-17
306+ 114+ 11517 -
17+23
290+ 114 +115 -
17+23
306+115x2-17+23
274+ 115 3~
17-17-17
304+304+2
306+ 115« 2+
114-17x3+23
306+ 1153~
17-17+23
274+ 116 3+23-1
272+272+2
+114-17
272+ 288+ 2+
114-17x2

306 +116 <3
306+116 x3-18+23

-1
272+ 288+ 2+
115-17
272+ 272+ 2+ 116
306+ 116 = 2+
115+23
272+ 288+ 2+ 116
272+ 288+ 2+
114-17+23
288+ 288+ 2+ 116
272+ 272+ 2+ 114+
115-17x3
274+ 116 x 4-18x 2
+23-1
274+ 274+ 114+ 116
=172
274+274+2+115%2
-17x2
272+288+2+115x2
-17x2
274+290+ 114 -17 »
2+116
272+ 272+2+115-
17 +116
272+ 288+ 2+ 115~
17 +116
272+ 272+ 288+ 2+
23
272+ 288+ 304+ 2
272x2+2+114x 3~
17+ 23

288+ 304+ 2+2
288 x 2+ 304+ 2+ 23
288+ 304« 2+2+23

G(-)(+)HMDA(-)(+)Na
HMDA(#)(-)F-HMDA
(HMDA-C-HMDA)

(HMDA-G-HMDA) less 2H+
(GIHMDAR)(-)(+)Na

HMDA-C(-)(+)HMDA(-)(+)Na
[HMDA(+)(-)G-HMDA](-)(+)Na
F(HMDA):

Dimer

[G(HMDA)](-)(+)Na

[HMDA(#)(-) GHMDA)2|(-)(+)Na
[F((-)(+)HMDA):](-)(+)Na
F-F-HMDA

F-HMDA-C
GI(-)()HMDA]:
[HMDA-G((-)(+)HMDA):](-)(+)Na

F-C-HMDA

F-F(-)(+)HMDA
[HMDA(+)(-)]: G
()(+)HMDA(-)(+)Na
F-C(-)(+)HMDA

[F-C-HMDA]
C-C(-)(+)HMDA
F-HMDA-F-HMDA

[(HMDA):F((-)(+)HMDA)](-)(+) Na
F-HMDA-F(-)(+)HMDA
HMDA-F-F-HMDA
HMDAF-C-HMDA
F-HMDA-C(-)(+)HMDA
HMDA-F-F(-)(+)HMDA
HMDA-F-C(-)(+)HMDA

Trimer
Trimer
[(HMDA(#)(-)): F-F-HMDAJ(-)(+)Na

Trimer
Trimer
Trimer
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%int. 204 mV[sum= 204435 mV] Profiles 1-1000 Smooth Av 2 -Baseline 60
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Figure S8. MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + pTSA at 65 °C;
350-700 Da range.

%int. 19 mV[sum= 18547 mV] Profiles 1-1000 Smooth Av 2 -Baseline 60

7616

7775

Figure S9. MALDI ToF spectrum of the reaction of mimosa + hexamethylenediamine + pTSA at 65 °C;
700-1500 Da range.
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Table S6. Structures determined by MALDI ToF of the uncatalysed reaction of mimosa +
hexamethylenediamine at 65 °C.
Number
Experimental Calculated Descrip. Cal (Da) Description NA“ b Covalent
(Da) Ionic Bonds
Bonds
390 390 274+ 116 F(-)(+)HMDA 1 -
410 410 290 -17+114+23 F-HMDA(-)(+)Na - 1
444 144 306 +115 + 23 G(-)(+)HMDA(-)(+)Na 1 :
488 488 274 -17 +115 + 116 HMDA(+)(-)FFHMDA 1 1
468 468 274+114x2-17x 2 (HMDA-F-HMDA) less 2H+ - 2
486 486 290 +115x2-17x2 (HMDA-C-HMDA) - 2
508 508 290+115x2-17x2+23 -1 [C(HMDA)](-)(+)Na - 2
524 524 302(_’;_11“ tltastl=1s (GHMDAL)(-)(+)Na ; 2
526 525 290+ 114+ 115 17 + 23 HMDA-C(-)()HMDA(-)(+)Na 1 1
528 528 274+116+114+23 HMDA@)(-)F(-)(+)HMDA(-)(+)Na 2
560 560 306+116 x2+23 -1 [G(()(+)HMDA):](-) (+)Na 2 e
566 568 274+115x3-17-17 -17 FHMDA): - 3
580 578 288 +288 +2 Dimer - -
612 610 304+304+2 Dimer - -
619 618 306+115x2-17 x2+116 HMDA(+)(-)G(HMDA)2 1 2
306 +115 2+ 114 —
621 622 17x3+23 [GHMDA):)(-)(+)Na - 3
639 640 306+115x3-17-17+23 [HMDA(+)(-)G(HMDA)](-)(+)Na 1 2
643 644 2744116 x3+23 -1 [F((-)(+)HMDA)s)(-)(+)Na 3 :
643 644 272+272+2+114-17 F-F-HMDA 1
642 642 272+288+2+114-17 =2 F-HMDA-C - 2
653 654 306 +116 x 3 G(-)(+)HMDAJ: 3 .
661 660 272+288+2+115-17 F-C-HMDA - 1
661 662 272+272+2+116 F-F(-)()HMDA 1 .
- - [HMDA(#)(-)]: G
677 676 306 +116 x 2+ 115+ 23 (- HMDA( Y#)Na 3 2
679 678 272+288+2+116 F-C(-)(+)HMDA 1 -
683 682 272+288+2+114-17+23 [F-C-HMDA] - 1
695 694 288 +288 +2+ 116 C-C(-)(+)HMDA 1 -
719 717 288+288+2+116+23 [C-C(-)(*)HMDA](-)(+)Na 1 .
723 723 Z2TAN TFLE F-HMDA-F-HMDA - 3
115-17 =3
723 724 274+116 <4-18x2+23 -1  [(HMDA):F((-)(+)HMDAY](-)(+)Na 2 2
759 758 272+288+2+115x2-17 =2 HMDA-F-C-HMDA - 2
761 760 274+290+114-17 = 2+116 F-HMDA-C(-)(+)HMDA 1 4
761 760 272+272+2+115-17 + 116 HMDA-F-F(-)(+)HMDA 1 1
777 776 272+288 +2+115 -17 + 116 HMDA-F-C(-)(+)HMDA 1 1
857 857 272+272+288+2+23 Trimer - -
288 x2+2+116 x2-18x3 +
C-G-HMDA-C-G-HMDA or
1366 1368 304x2+2(0r288~4+2+ - 3
11692 185 HMDA-C-C-C-C(-)(+)HMDA
288 x2+304x2+2+
1480 1482 116 x3 18 x 3 (G-C-C-G(HMDA): - 3
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Figure S10. MALDI ToF spectrum of the uncatalysed reaction of mimosa + hexamethylenediamine at 65 °C;
350-700 Da range.

%Int. 42 mV[sum= 41643 mV] Profiles 1-1000 Smooth Av 2 -Baseline 60
; ng7
100
90-
m<

704

1100 1 1300 1400 1500'(°]
mé

Figure S11. MALDI ToF spectrum of the uncatalysed reaction of mimosa + hexamethylenediamine at 65 °C;
700-1500 Da range.
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2. Catechin Model Compound Reactions

[M+Na‘] = Cat (288 Da) + HMDA (114 Da) + 2H (end group) + 23 Na*
Cat = catechin
HMDA = hexamethylenediamine

sAB185

Table S7. Structures determined by MALDI ToF of the uncatalysed reaction of catechin monomer +
hexamethylenediamine at 185 °C.

Experimental [Mn + Na'] Calculated Diescrigiion
(on the Graph) (Da) [Mn + Na*] (Da)
23.1 23 Na*
39.1 355 Cr
117 116 HMDA
137 139 HMDA + Na*
289.9 290 Cat
315.8 313 Cat + Na*
370.7 367 3« HMDA + Na*
401.8 404 Cat+ HMDA
428.8 427 Cat+ HMDA + Na*
5225 518 HMDA + Cat+ HMDA
5445 541 HMDA + Cat+ HMDA + Na*
698.6 692 Cat+ HMDA + Cat
711.4 709 6« HMDA + Na*
888.8 889 Cat + Cat + Cat + Na*
1103.2 1096 Cat + HMDA + Cat + HMDA + Cat
1220.5 1208 Cat + HMDA + Cat + HMDA + Cat + HMDA
1279.4 1268 Cat + Cat + HMDA + Cat + Cat
1397.6 1405 Cat+ HMDA + Cat + Cat + HMDA + Cat + Na*
1454.7 1459 HMDA +Cat + HMDA + Cat + HMDA + Cat + HMDA + HMDA + Na*
1513.9 1519 Cat + HMDA + Cat + HMDA + Cat +HMDA + Cat + Na*

Data: sAB180iongateoff0001.N22[c] 13 Apr 2016 18:47 Cal: cal 13 Apr 2C16 18:00
Shimadzu Biotech Axima Performance 2.9 3.20110624: Mode Linear, Pewer: 103, 2 Ext. @ 2300 (bin 78)

Yint. 9.8 mY[sum= 9804 my] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S12. MALDI ToF of the uncatalysed reaction of catechin monomer + hexamethylenediamine at 185 °C;
330-600 Da range.
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Data: sAB180iongateoff0001.N22[c] 13 Apr 2016 18:47 Cal: cal 13 Apr 2016 18:00
Shimadzu Blotech Axima Performance 2.9.3.20110624: Mods Linear, Pewer: 103, .Ext. @ 2300 (bin 78)
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Figure S13. MALDI ToF of the uncatalysed reaction of catechin monomer + hexamethylenediamine at 185 °C;

350-2000 Da range.

sAB100

Table S8. Structures determined by MALDI ToF of the uncatalysed reaction of catechin monomer +

hexamethylenediamine at 100 °C.

Experimental [Mn + Na'] (on the

Calculated [Mn + Na*]

Graph) (Da) Da) Description
23.0 23 Na*
38.9 35.5 Cl-
117.2 116 HMDA
137.1 139 HMDA + Na*
289.9 290 Cat
3147 313 Cat + Na*
368.6 367 3 « HMDA + Na*
4247 427 Cat+ HMDA + Na*
520.8 518 HMDA + Cat+ HMDA
540.8-546.6 541 HMDA + Cat + HMDA + Na*
719.6 715 Cat + HMDA + Cat + Na*
893 889 Cat + Cat + Cat + Na*
1087 1094 Cat+ HMDA + Cat + HMDA + Cat
1221.7 1208 Cat + HMDA + Cat + HMDA + Cat + HMDA
1338.8 1345 HMDA + Cat + HMDA + Cl\?t + HMDA + Cat + HMDA +
2t
1397.3 1382 Cat + HMDA + Cat + Cat + HMDA + Cat
HMDA + Cat + HMDA + Cat + HMDA + Cat + HMDA +
1455.2 1459 HMDA + Na*
HMDA + Cat + HMDA + Cat + HMDA + Cat + HMDA +
Lte? e Cat + HMDA + Na*
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Data: sAS100iongateoff0001.K24[c] 13 Apr 2015 23:29 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linsar. Power: 110, P.Ext. @ 2300 (bin 78)

%Int. 45 mV[sum= 46054 mV] Profiles 1-1000 Smooth Av 2 -Basslina 6
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Figure S14. MALDI ToF spectrum of the uncatalysed reaction of catechin monomer + hexamethylenediamine
at 100 °C; 350-800 Da range.

Data: SAB100iongateoff0001.K24[c] 13 Apr 2016 23:29 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.2.3.20110624: Mcde Linsar. Powsr: 11C. P.Zxt. @ 2300 (bin 78)

%int. 14 mV[sum= 13988 mV] Profiles 1-1000 Smooth Av 2 -Baseline 30
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Figure S15. MALDI ToF spectrum of the uncatalysed reaction of catechin monomer + hexamethylenediamine
at 100 °C; 600-2000 Da range.
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Table S9. Structures determined by MALDI ToF of the uncatalysed reaction of catechin monomer +

hexamethylenediamine at 65 °C.

Experi tal [Mn + Na‘] (on the Graph) (Da)  Calculated [Mn + Na‘] (Da) Description
23.1 23 Na*
39.1 35.5 CI-
117.2 116 HMDA
137 139 HMDA + Na*
280 290 Cat
317 313 Cat + Na*
3449 344 3« HMDA
368.1 367 3 x HMDA + Na*
399.1 404 Cat + HMDA
428.8 427 Cat + HMDA + Na*
5229 518 HMDA + Cat + HMDA
542.9 541 HMDA + Cat + HMDA + Na*
576.9 572 5« HMDA
702 692 Cat + HMDA + Cat
811.9 806 Cat+ HMDA + Cat + HMDA
895 889 Cat + Cat + Cat + Na*
919 922 HMDA + Cat + HMDA + Cat + HMDA
1033.2 1028 9 - HMDA

Data: sAB65iongateoffd001 K22[c] 13 Apr 20186 22:42 Cal: cal 13 Apr 2016 18.00
Shimadzu Blotech Axima Performance 2.9.3.20110624: Mode Linear, Pcwer: 100, .Ext. @ 2300 (bin 78}

%Int. 63 mV[sum= 52941 mV] Prcflles 1-1000 Smooth Av 2 -Baseline €
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Figure S16. MALDI ToF spectrum of the uncatalysed reaction of catechin monomer + hexamethylenediamine
at 65 °C; 330-600 Da range.
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Data: sABB5iongateoffD001.K22[c] 13 Apr 2018 22:42 Cal: cal 13 Apr 2C16 18.00
Shimadzu Blotech Axima Performance 2.9.3.20110624: Mods Linear, Pewer: 100, .Ext. @ 2300 (bin 78)

%int. 32 mV[sum= 31573 mV/] Prefiles 1-1000 Smooth Av 2 -Basaline 6
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Figure S17. MALDI ToF spectrum of the uncatalysed reaction of catechin monomer + hexamethylenediamine
at 65 °C; 600-1500 Da range.

B180
Data: B180iongateoff0001.022[c] 13 Apr 2016 21:45 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 115, P.Ext. @ 2300 (bin 78)
%Int. 7.7 mM[sum= 7711 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S18. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH at
185 °C; 350-800 Da range.
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B180

518 of 525

Data: B100iongateoff0001.M24[c] 13 Apr 2016 23:12 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 105, P.Ext. @ 2300 (bin 78)

%Int. 32 mV[sum= 32309 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S19. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH at

185 °C; 600-1500 Da range.
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Figure S20. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH at

100 °C; 350-800 Da range.
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B100

Data: B100iongateoff0001.M24[c] 13 Apr 2016 23:12 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 105, P.Ext. @ 2300 (bin 78)

%int. 32 mV[sum= 32309 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S21. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH at
100 °C; 600 — 1500 Da range.
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Data: B65iongateoff0001.L22[c] 13 Apr 2016 22:27 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, P.Ext. @ 2300 (bin 78)

%Int. 76 mV[sum= 75721 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S22. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH at
65 °C; 350-800Da range.
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B65
Data: B65iongate400Da0001.L23[c] 13 Apr 2016 22:36 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, Blanked, P.Ext. @ 2300 (bin 78)
%lnt. 73 mV[sum= 72969 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S23. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + NaOH at
65 °C; 600-1500 Da range.
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Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, P.Ext. @ 2300 (bin 78)
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Figure S24. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at
185 °C; 350-800 Da range.
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A100

Data: A100iongateoff0001.024[c] 13 Apr 2016 22:58 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, P.Ext. @ 2300 (bin 78)

%Int. 94 mV[sum= 93933 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S25. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at
100 °C. 350-800 Da range.

A100

Data: A100iongateoff0001.024[c] 13 Apr 2016 22:58 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, P.Ext. @ 2300 (bin 78)

%Int. 18 mV[sum= 17995 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S26. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at
100 °C; 600-1500 Da range.

113



Résultats

Polymers 2017, 9, 37; doi:10.3390/polym9020037 522 of 525

A65

Data: AB5iongateoff0001.M22[c] 13 Apr 2016 22:07 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 120, P.Ext. @ 2300 (bin 78)

%int. 31 mV[sum= 30695 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S27. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at
65 °C; 350-800 Da range.
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Data: A65iongate400da0001.M23[c] 13 Apr 2016 22:19 Cal: cal 13 Apr 2016 18:00
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 105, Blanked, P.Ext. @ 2300 (bin 78)

%lInt. 161 mV[sum= 160974 mV] Profiles 1-1000 Smooth Av 2 -Baseline 6
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Figure S28. MALDI ToF spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA at
65 °C; 400-900 Da range.
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Figure S29. CP MAS “C NMR spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA

at 185 °C.
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Figure S30. CP MAS “C NMR spectrum of the reaction of catechin monomer + hexamethylenediamine + pTSA

at 100 °C.

115



Résultats

116

Polymers 2017, 9, 37; doi:10.3390/polym9020037 524 of S25
Catechin B180
150 CIMAS B
SEWGL @l BEE O O§: O§ G
13 -5 R
R I | ,\ |
|
o \
I
|
iin
A f“ N ’ ll\l H
| ‘. N o, jo=
t A i §
/ 5 / 4on
7 ey e, 5 RS
W“‘/" e 7 \*\»
e P o P NI, S 10, P o= £ad NN et e
T T T
200 100 0 [ppm]

Figure S31. CP MAS “C NMR spectrum of the reaction of catechin monomer + hexamethylenediamine +
NaOH at 185 °C.
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Figure S32. CP MAS C NMR spectrum of the reaction of catechin monomer + hexamethylenediamine +
NaOH at 100 °C.
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Figure S33. CP MAS “C NMR spectrum of the uncatalysed reaction of catechin monomer +
hexamethylenediamin at 185 °C.
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Figure S34. CP MAS “C NMR spectrum of the uncatalysed reaction of catechin monomer +
hexamethylenediamin at 100 °C.
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Résumé :

La réaction d'une lignine kraft désulfurée avec de I'hexaméthylénediamine comme
modéle d'une polyamine a été étudiée. A cette fin, le guaiacol a également été utilisé
comme compos¢ modele de lignine et traité dans les mémes conditions. Les études de
spectroscopie RMN-13C NMR, FTIR et MALDI-TOF ont révélé que des composés de
polycondensation conduisant a des résines ont été obtenus par réaction des amines avec
les groupes hydroxy phénoliques et aliphatiques de lignine. Simultanément, une
deuxiéme réaction conduisant a la formation de liaisons ioniques entre les mémes groupes
s'est produite. Ces nouvelles réactions ont clairement démontré qu'elles impliquaient
plusieurs groupes hydroxyle phénolique et alcoolique, ainsi que l'oligomérisation des

unités de lignine, pour former des résines durcies.

Published by Journal of Renewable Materials

119






N W N =

=)

o o)

9
10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
57
28
29
30

w

o)
= W N

‘Jl

S S S S G N S S O~ SR GC R SV N SO L B TE
RS RN I SR T SR SRV IR RN (- N

49
50

Résultats

Scrivener First

Polycondensation Resins by Lignin Reaction with (Poly)
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ABSTRACT: The reaction of a desulphurized kraft lignin with hexamethylene diamine as a model of a polyamine has
been investigated. For this purpose, guaiacol was also used as a lignin model compound and treated under
similar conditions. Solid state CP-MAS "“C NMR, FTIR and MALDI-TOF spectroscopy studies revealed that
polycondensation compounds leading to resins were obtained by the reaction of the amines with the phenolic
and aliphatic hydroxy groups of lignin. Simultaneously a second reaction leading to the formation of ionic
bonds between the same groups occurred. These new reactions have been clearly shown to involve several
phenolic and alcohol hydroxyl groups, as well as lignin units oligomerization, to form hardened resins.

KEYWORDS: Lignin-amine reactions, lignin-amine condensation, oligomer distribution, resins, MALDI-TOF,

CP-MAS "C NMR, FTIR

1 INTRODUCTION

The abundance of different types of lignin as a waste
product in wood pulp mills has made these materials
an attractive proposition for the preparation of resins
and adhesives ever since the pulping of wood to pro-
duce paper. There is a very large amount of literature
on the use of lignin in the preparation of adhesives
and resins and some good reviews exist for some of
the relevant fields of application [1]. Contrary to the
abundance of articles in the literature on this subject
the corresponding industrial applications of these
materials are rather scant. There are well-documented
cases of the industrial utilization of lignin in adhe-
sives for wood [1, 2] as well as in other fields, but all
of these were generally discontinued after only short
periods of industrial use for one reason or other. Most
of these serious attempts to utilize lignin as an adhe-
sive or a resin were based on its reaction with formal-
dehyde, other aldehydes, aldehyde-based resins such
as phenol-formaldehyde (PF), urea-formaldehyde
(UF), tannin-aldehyde, and on isocyanate resins [3-9].
Processes based on the self-coagulation of lignin [1,
5, 10], peroxide-induced gelling [1, 11] and others,

*Corresponding author: antonio.pizzi@enstib.uhp-nancy.fr

J. Renew. Mater.

although of definite interest, have always had some
inherent disadvantages regarding their industrial
application. One of the most evident disadvantages
ever has been the low reactivity of lignin with alde-
hydes, aldehyde-yielding compounds and aldehyde-
based resins. This was first partially overcome for
some applications (i) by pre-reacting lignin with an
aldehyde before adding it to a traditional resin such
as a PF or UF resin [12-14], this process having been
used industrially for plywood for a couple of decades
in North America: and then (ii) by supporting this fur-
ther by recurring crosslinking reactions not based on
just the reaction of an aldehyde with phenolic nuclei of
lignin but also with an isocyanate. This latter approach
formed mixed networks based on methylene and ure-
thane bridges [3, 4, 8, 9].

In the latter approach the main drawback for the
use of lignin in different resins was overcome by using
the alternative reaction of isocyanates with the groups
formed on an aldehyde-pre-reacted lignin [3, 4, 8,
9, 15]. This indicated that to overcome the traditional
low reactivity and poor crosslinking drawbacks of
lignin its application must pass by reactions that are
not based on the classical phenols-aldehyde approach.
Polymeric isocyanates served such a purpose well, but
as they are now also considered partially toxic before
being neutralized in their crosslinked state, they have
also become less accepted for possible use.

; © 2017 Scrivener Publishing LLC 1
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It is on the basis of this background that the recent
development to crosslink other polyphenols, such
as tannins, by alternate polycondensation reactions
[16, 17] has led to check the possibility of applying
these same reactions to obtain new, hardened, cross-
linked polycondensation resins based on lignin. One
of these approaches and the results obtained, namely
the reaction with diamines, and by inference with
polyamines, of a commercial, desulfurized kraft lig-
nin to form a hardened resin is described in this study.
The reaction presented is of particular interest when
applied for the rapidity of initial reaction, rendering it
of interest for the preparation of non-drip coatings and
for quick initial immobilization of pressure projected
insulation foams.

Reactions of lignin with amines are found in the
literature through the intermediate of aldehydes,
particularly in formaldehyde, for example, to form
asphalt emulsifiers [18, 19], or of reaction of lignin
with an amine and epichloridrin [20]. However, there
does not appear to be any record of direct reaction
of diamines or other polyamines with lignin to form
hardened crosslinked resins. Thus, in this study the
reaction with diamines with lignin was investigated,
first by using guaiacol as a simple model compound,
followed by the same reactions on a kraft lignin by
extensive MALDI-TOF spectroscopy, FTIR and solid-
state CP-MAS "C NMR studies. The findings are pre-
sented in this article.

2 MATERIALS AND METHODS

2.1 Materials and Reactions

Guaiacol (purity > 98%, HPLC quality) as a simple
model compound of lignin was supplied by Sigma-
Aldrich. The commercial lignin used was a desulphur-
ized softwood kraft lignin, namely Biochoice kraft
lignin supplied by Domtar Inc. (Montreal, Quebec,
Canada) from their Plymouth, North Carolina mill
(USA).

From these two chemicals, the following experi-
ments have been carried out. The samples were pre-
pared as follows:

1.0.5 g of guaiacol was mixed in equimolar
amount with 0.67 g of hexamethylenediamine
(HDMA) (70% solution in water) catalyzed
by the addition of 1 g NaOH 33% solution
in water. The sample was prepared with the
proportions above, then reacted in an oven at
100 °C during 18 h.

2. 4 g of 50% water solution of Biochoice lignin
at pH > 10 was mixed with 2 g of hexameth-
ylene diamine (HMDA) (70% solution in

2 J. Renew. Mater.
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water) + 0.8 g of NaOH 33% solution in water.
Two samples were prepared with the propor-
tions above and they were reacted in an oven
at 100 °C and 180 °C during 18 h, respectively.

3. 4 g of 50% water solution of Biochoice lignin at
pH > 10 was mixed with 2 g of hexamethylene
diamine (HMDA) (70% solution in water) +2 g
of NaOH 33% solution in water. Two samples
were prepared with the proportions above and
they were reacted in an oven at 100 °C and
180 °C during 18 h, respectively.

All reactions were carried out in an oven not blan-
keted with inert gas using the temperatures indicated
for each case and inside open containers.

Before reaction the samples were liquid solutions.
After the reaction in the oven, the samples prepared
from lignin at 100 °C were a paste and at 180 °C
became a dry, hardened solid, while the samples pre-
pared from guaiacol at 100 °C became a viscous liquid.

2.2 Matrix-Assisted Laser Desorption
Ionization Time-of-Flight (MALDI-
TOF) Mass Spectrometry Analysis

The spectra were recorded on a KRATOS Kompact
MALDI AXIMA TOF 2 instrument. The irradiation
source was a pulsed nitrogen laser with a wavelength
of 337 nm. The time period of a laser pulse was 3 ns.
The measurements were carried out using the follow-
ing conditions: polarity-positive, flight path-linear,
mass-high (20 kV acceleration voltage), 100-150 pulses
per spectrum. The delayed extraction technique was
used by applying delay times of 200-800 ns.

2.3 CP-MAS “C NMR

Solid-state CP-MAS (cross-polarization/magic angle
spinning) “C NMR spectra of the aforementioned
oven-dried solids were recorded on a Bruker MSL 300
spectrometer at a frequency of 75.47 MHz. Chemical
shifts were calculated relative to tetramethyl silane
(TMS). The rotor was spun at 4 kHz on a double-bear-
ing 7 mm Bruker probe. The spectra were acquired
with 5 s recycle delays, a 90° pulse of 5 ms and a con-
tact time of 1 ms. The number of transients was 3000.

2.4 Fourier Transform Infrared (FTIR)
Spectroscopy

A PerkinElmer Frontier ATR (attenuated total reflec-

tion) spectrophotometer equipped with a diamond/

ZnSe crystal was used to analyze the lignin and the
reaction products. About 150 mg of sample was placed

; © 2017 Scrivener Publishing LLC
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on the crystal and the contact was obtained with 32
scans with the resolution of 4 cm™ from 4000 to
600 cm™'.

Additional samples were prepared without HMDA
under the same conditions that the samples prepared
in points 2 and 3 in the samples preparation section to
analyze the influence of thermal degradation on the
samples. The results have been presented in the sup-
plementary material.

3 RESULTS AND DISCUSSION
3.1 MALDI-TOF

The physical state of the sample obtained by reaction
of guaiacol with hexamethylene diamine (HMDA) cat-
alyzed by NaOH was a viscous liquid. The interpreta-
tion of the peaks of the MALDI-TOF spectrum shown
in Figures 1a,b and the assignment of species formed

(@)

(b)

Data: GuaiacollongateOff0001.C1[c] 15 Dec 2016 13:16 Cal: redp 15Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 90, P.Ext. @ 2300 (bin 78)
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Data: GuaiacollongateOff0001.C1[c] 15 Dec 2016 13:16 Cal: redp 15Dec 2016 11:44
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Figure 1 MALDI-TOF spectrum of the products obtained by the reaction of guaiacol with HMDA: (a) 50 Da-300 Da range and
(b) 200 Da-800 Da range.
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Table 1 MALDI-TOF peaks interpretation. NaOH-catalyzed
reaction of guaiacol and hexamethylenediamine at 100 °C.
Legend: “-” = covalent bond, “(+)(-)” = ionic bond, and “(+)(-)
Na” = Na* linked to flavonoid units phenolic-OHs as -ONa*.

Experimental | Calculated | Oligomer

157 Da 2,5-dihydroxybenzoic acid
(DHB) (Matrix with 154 Da
MW))

177 Da 177 Da  |2,5-dihydroxybenzoic+Na*

198 Da 200 2,5-dihydroxybenzoic+2x Na*

219 Da 221 Da |Guaiacol-HMDA

246 Da 241 Da |Guaiacol-HMDA+Na*

251 Da 251 Da |DHB-HMDA, Reaction of the
amine with the matrix

263 Da 263Da |Guaiacol(+)(-)HMDA+Na*
Salt formation

326 Da 326 Da | Guaiacol-HMDA-Guaiacol

347 Da 3499Da |Guaiacol-HMDA-Guaiacol+
Na*

372 Da 371 Da |HMDA-DHB-HMDA+Na*

387 Da 387Da | Guaiacol(+)(-)HMDA(-)(+)
Guaiacol+Na* Double salt

446 Da 445Da | DHB-3xHMDA

477 Da 476 Da |HMDA-DHB-HMDA-
Guaiacol+Na+

495 Da 495Da |HMDA-DHB-HMDA(-)(+)
Guaiacol+Na+

572 Da 573Da |DHB-3xHMDA-
Guaiacol+Na+

653 Da 654 Da | DHB-3xHMDA-2xGuaiacol

are shown Table 1. Two types of reactions appear to
occur from the calculation of the MALDI masses
found, namely 1) the formation of secondary amines
by reaction of the hexamethylene diamine on the free
-OH groups of the guaicol units, and 2) the formation
of -O° NH,'-ionic salt bonds between guaiacol and
diamine. Thus, structures of type 1 at 347 Da such as

OCH; ocH
3

NHog o A
NH

are present alongside structures of type 2 such as the
one at 387 Da

OCH;
® OCH;

o
O HN \/\/\/\fH %
3
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These two types of bonds are the same that have
been found in the reactions of flavonoid monomers
and flavonoid tannins with diamine under the same
reaction conditions [17].

The samples obtained by reaction of lignin with
HMDA at 100 °C were pastes, while those reacted at
180 °C were hardened solids.

Some of the masses found in the lignin-HMDA
MALDI-TOF spectra also belong to unreacted lignin
units or oligomers. The products obtained in the reac-
tions at 100 °C with 0.8 g NaOH catalyst are shown
in Figure 2a—c and in Table 2. Those obtained in the
reaction at 180 °C with 0.8 g and at 100 °C and 180 °C
with 2 g NaOH catalyst are shown in the figures and
spectra in the Supplementary Material.

In Table 2 and Figure 2a are shown the results of the
NaOH-catalyzed reaction at 100 °C. It can be seen that
5 fragments of lignin units occur as follows:

HO HO
HO
o OH OH OH
1 n n w v

at 110 Da, 1382 Da, 13.2 Da, 179.7 Da and 197.8 Da,
respectively, and react and combine with HMDA to
form a number of different oligomers (Table 2). Table 2
shows oligomers in which covalent bonds between the
HMDA and lignin units are formed, such as those of the
peaks at 205 Da, 235 Da, 441 Da, 461 Da, 463 Da, 501 Da,
541 Da, 610 Da, 685 Da, 698 Da, 712 Da and 789 Da, thus
corresponding to structures of the type at 441 Da

A
0

N S
NH

OH o

\

This type of oligomer arrives at trimers of lignin
reacted with HMDA (698 Da and 712 Da, Table 2).

Ionic-type salt bond species are also present as the
species represented by the peaks at 255 Da and 345 Da
corresponding to the structure such as the one at 345
Da shown below.

e ©

9 HiN NS
NGOG N NH;
NH; O
€]

@

Mixed species in which HMDA moieties are linked
to lignin units both by covalent and ionic bonds also

; © 2017 Scrivener Publishing LLC
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Data: L08a100longateOff0001.D1[c] 15 Dec 2016 14:01 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 85, P.Ext. @ 2300 (bin 78)
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Data: L08a100longateOff0001.D1(c] 15 Dec 2016 14:01 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 85, P.Ext. @ 2300 (bin 78)
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Data: L08a100longate300da0001.D1[c] 15 Dec 2016 14:16 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 85, Blanked, P.Ext. @ 500 (bin 46)
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Figure 2 MALDI-TOF spectrum of the products obtained by the reaction of lignin with HMDA catalyzed by 0.8 g NaOH at 100
°C: (a) 100 Da-300 Da range, (b) 250 Da-700 Da range and (c) 400 Da-800 Da range.
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Table 2 MALDI-TOF peaks interpretation. NaOH-catalyzed
reaction of kraft Biochoice lignin and hexamethylenediamine
at 100 °C catalyzed with 0.8 g NaOH solution. Legend: “-” =
covalent bond and “(+)(-)” = ionic bond.

Experimental | Oligomer type

109 Da Lignin fragment |

139 Da HMDA+Na* Or lignin fragments Il and 111

179.7 Da Lignin unit of type (IV)

197.8 Da Lignin unit of type (V)

205 Da Lignin fragment lHMDA, 1 covalent
bond

219.7 Da Lignin unit V + Na*

235 Da Lignin fragment Il or [II-HMDA, 1 cova-
lent bond

255 Da Lignin fragment I or NI(-)(+)HMDA,
formation of salt bond

345 Da HMDA(+)(-)(Lignin fragment ITT)(-)(+)
HMDA, two ionic bonds

389 Da HMDA(+)(-)Lignin unit IV-HMDA, one

ionic bond and one covalent bond

441442 Da Lignin unit IV-(HMDA)-Lignin unit IV

461 Da Lignin unit V-(HMDA)-Lignin unit [V

463 Da Lignin unit IV-(HMDA)-Lignin unit V +
Na*

501 Da Lignin unit V-(HMDA)-Lignin unit V +
Na*

539-541 Da Lignin unit [V-(HMDA)-Lignin unit
IV-(HMDA)

555.8 Da Lignin unit IV-(HMDA)-Lignin unit IV(-)
(+)HMDA, 2 covalent, 1 salt bonds

610-611 Da Lignin unit IV-(HMDA)-Lignin unit
IV-Lignin unit IV

685 Da Lignin unit [V-(HMDA)-(Lignin unit
1V) -HMDA

698-702 Da Lignin unit [IV-(HMDA)-Lignin unit
IV-(HMDA)-Lignin unit IV

712 Da Lignin unit V-(HMDA)-Lignin unit
IV-(HMDA)-Lignin unit IV

789 Da Lignin unit IV-(HMDA)-(Lignin unit IV),

959 Da Lignin unit VIC)(+)HMDA(+)(-)Lignin

unit VI (-)(+)HMDA(+)(-)Lignin unit VI

occur, such as the peaks at 389 Da and 555.8 Da. These
present two possibilities as illustrated by the chemical
species at 389Da

- NN NS T
N NN s
E@\ -
0 ~
HaN o

NH: O N
A s A
0=o HaN
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in which the ionic salt bond can be either on the
phenolic oxygen or on the alcoholic oxygen of the lig-
nin unit. While it would appear logical that the first
possibility be the most likely due to the more definite
negative charge on the oxygen, the second structure is
surprisingly also possible if one considers the struc-
ture of the chemical species at 555.8 Da where both
types of structure definitely exist.

It must be pointed out that even higher oligomers
exist, as attested by the hardened 180 °C reaction
products, these species being of too high a molecu-
lar weight to be easily detected by MALDI. The spe-
cies formed in the other experiments were of the
same nature as described above, all the results being
reported in the Supplementary Material. The higher
molecular weight oligomer found was in the case of
the 2 g NaOH-catalyzed at 180 °C, where an oligomer
at 959 Da was detected, the species being a trimer of
a lignin unit of 244 molecular weight linked through
two HMDAs. Two possible structures (VI) of 244 Da
molecular weight, both present in the original lignin,
can possibly participate to this trimer, namely,

H : OH
7 ©
\O fo)

OH
i OH

HO
HO

forming an ionic salt bonded oligomer of the type
Lignin(-)(+) HMDA(+)(-)Lignin(-) (+ ) HMDA (+)(-)
Lignin (See Supplementary Material).

3.2 Fourier Transform Infrared (FTIR)

Guaiacol + HMDA

In the FTIR spectrum of the reaction product of guai-
acol with HMDA one can notice the absence of the
band corresponding to O-H stretching bond (Figure 4).
This means that reaction has occurred involving the
phenolic hydroxyl group of guaiacol and HMDA.
Furthermore, there are two bands at 3353 and 3290
cm’ belonging to the N-H stretching bond in ali-
phatic primary amines, confirming that reaction has
occurred. As the sample was prepared in equimolar
amount, there are two amine groups for each hydroxyl
group. Thus, at least half of the amine groups (primary
amines) are unreacted. The first band at 3353 cm™ is
most probably due to the overlap of the band belong-
ing to the aromatic secondary amine and the band cor-
responding to the first signal for the aliphatic primary

; © 2017 Scrivener Publishing LLC
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Figure 3 FTIR spectrum of unreacted lignin.
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Figure 4 FTIR spectrum of the products obtained by the reaction of guaiacol with HMDA at 100 °C.
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amine. The band at 1292 cm™ belongs to the aromatic
secondary amine. It means that substitution of the
hydroxyl group on the aromatic ring by the amine
group has occurred (Table 3, Figure 4).

Table 3 FTIR assignments for the NaOH-catalyzed reaction
of guaiacol with HMDA at 100 °C.

Band (cm™) Assigment

335343290 N-H stretching (aromatic secondary and

Lignin + HMDA aliphatic primary NH)
The preparation of the samples under a non-inert 3049 C-H stretching (aromatic CH)
atmosphere leads to thermal degradation of the lignin, 3005 C-Hstretching (aromatic CH)
as can be observed in the samples with and without 2925 C-H stretching (methylene CH asymmetric
HMDA (Figure 5 and Supplementary Material). The stretch)
air oxidation effect on the lignin is especially shown 5315 C-H stretching (methylene CH symmetric
in the range 1300-1000 cm™ of the spectra when com- stretch and O-CH.)
. . . ¥
pared to I:.he non-heated, unr.eacted llgmn [21., 22]. Ttis 1582 C=C-C stretching (aromatic skeleton)
also possible to observe the increase in the size of the . .
peak at 1595 cm! due to the increase in temperature, e C-C-Cetretehing (atomaticske/clon)
higher than that for the non-heated, unreacted lignin. 1448 C=C-C stretching (aromatic skeleton) with
Thisis so because the more elevated is the temperature C-Hbond in methylene
applied, the more significant is the effect when HMDA 1292 C-N stretching (aromatic secondary CN)
is adtcllﬁd . Accordin}% tolg(;’tiiainen et ﬁl. [2.3] al.l;l L.i et alé 1212 C-O-Ar (aromatic ether)
(21l pRCIcEaRe U lortaeat oxidation o 1176 C-H in-plane deformation (aromatic ring)
a major portion of the lignin content. Conversely, the i ) o
shoulders next to the peak at 1595 cm™ in the lignin 1109 C-Hin-plane deformation (aromatic ring)
spectrum suggest that there should be a small propor- 1029 C-O-C stretching (CO in ether)
tion of structures with a ketone group in the lignin. 895 C-H out-of-plane (aromatic ring)
These shoulders decrease in intensity until practically i
; : R . 850 C-H out-of-plane (aromatic ring)
disappearing. This is true especially when the HMDA )
is used and when a temperature increase is used. 730 Methylene ~(CH,),~ rocking (n>3)
1,84 1461,9
\
161 13823108
141 LA REIPH
|
121 1256,7
1145,1
1225,
1,0 4 / / "
< 292
5
0,8 1 \ 1078,2
[l 28536 1033,6
0,6 -~ 81,5,05
877.5) 7749
] 33487 ;
04 32952 962,45
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Figure 5 FTIR spectrum of the products obtained by the reaction of lignin with HMDA catalyzed by 2 g NaOH at 180 °C.
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Table 4 FTIR assignments for the product of the NaOH-catalyzed reaction of lignin with HMDA at 100 °C and 180 °C [21, 24-27].

Band location (em™)
Band (ecm™) Assigments Lignin | Reaction at 100 °C | Reaction at 180 °C
3400 3371 - -
~3380 + ~3325 | N-H stretching (aromatic secondary and aliphatic - 334943287 3345+3282
primary NH)
~3130 C-H stretching (aromatic CH) - 3167 -
2960-2925 C-H stretching (methylene CH asymmetric stretch) 2938 2922 2922
2850-2840 C-H stretching (methylene CH symmetric stretch and - 2850 2855
O-CH,)
~1600 C=C-C stretching (aromatic skeleton) and C=0O streching | 1595 1590 1581
1513 C=C-C stretching (aromatic skeleton) 1515 1496
1460 C-H deformation (asymmetric in -CH, and -CH.) 1461 1460 1460
1445 C=C-C stretching (aromatic skeleton) 1448 = =
1425 C=C-C stretching (aromatic skeleton) with C-H bond in 1426 1421 =
methylene
1370-1365 Aliphatic C-H stretching in CH, and phenol OH 1368 = =
1350-1280 C-N stretching (aromatic secondary CN) s 1304 1318
1265 C-O stretching of guaiacyl unit 1265 1260 1255
~1220 C-OH+C-O-Ar (phenolic OH and ether in syringli and 1212 1224 1224
guaiacyl)
1190-1130 C-N stretching (secondary amine CN) 1140 1144 1144
1115 C-H in-plane deformation (aromatic ring) 1122 1126 1122
1075 C-H in-plane deformation (aromatic ring) and C-O 1078 1077 1077
deformation in secondary alcohols and aliphatic
ethers
1035-1030 C-O-C stretching (CO in ether and aliphatic primary 1029 1037 1033
alcohol) and C-H deformation in-plane
900-860 C-H out-of-plane (aromatic ring) 855 921 881
810-750 C-H out-of-plane (aromatic ring) 810 819 814
750-720 Methylene —(CH,) - rocking (n>3) - 725 725

This could suggest that there is reaction between keto
group and diamine.

Conversely, no major differences appear to occur
between the spectra due to either the difference in
reaction temperature or the differences in the NaOH
catalyst concentration (see Supplementary Material).

In the FTIR spectra of the reaction of lignin with
HMDA the characteristic bands due to the amine reac-
tion are several (Table 4, Figure 5). The double band
at 3348 and 3295 cm! belongs to N-H stretching in ali-
phatic primary amines. Probably, the first band at 3348
cm’ is most likely the overlap of the band belonging
to the aromatic secondary amine and the band corre-
sponding to the first signal for the aliphatic primary
amine. Again, as for guaiacol, the band corresponding
to O-H stretching is absent. The peak at 1515 cm™! in

. Renew. Mater.

unreacted lignin shifts to 1493-7 cm™! after the reaction.
Its size decreases when the temperature and the amount
of catalyst increase, until being practically included in
the band at 1461 cm'. The latter increases masking the
peak at 1493-7 cm! for the opposite trend. Both peaks
refer to the structure of the aromatic rings, thus these
variations could pertain to the reaction of diamine with
the aromatic rings of lignin. There are bands at 1305
cm! for the samples prepared at 100 °C and at 1314 cm'!
for samples prepared at 180 °C. These bands belong to
the C-N bond in aromatic secondary amines. Thus, this
is a further confirmation of the existence of a reaction
between the aromatic ring in lignin and the amine. In
addition, these bands are absent in the unreacted lignin
spectrum. Moreover, the band at 1145 cm™ increases its
intensity with respect to the band at 1122-1126 cm”,

; © 2017 Scrivener Publishing LLC 9
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while the opposite happens in the spectrum of unre-
acted lignin. The band at 1145 cm! belongs to the C-N
stretch in aliphatic secondary amines; thus, it means
that there is also reaction of substitution by the amine
of the alcohol groups in the aliphatic chain of lignin.
This confirms what was already inferred by MALDI-
TOF where structures in which the alcohol hydroxyl
group of the lignin units side chain have also reacted
covalently with HMDA to form a secondary amine, as
illustrated above for the 398 Da structure. Furthermore,
the band at 1145 cm™, as the band between 1126-1122
cm’, has practically disappeared in the spectra of lig-
nin + NaOH (see Supplementary Material), indicating
that these bands show: (i) the thermal degradation
suffered by the lignin, but also (i) that their increase
when HMDA is present occurs due to the interaction
between the amine and the lignin.

3.3 CP MAS “*CNMR
Lignin + HMDA

From the NMR spectra the reactions occurring appear
to be more advanced when the temperature is higher.
The corresponding CP MAS “C NMR spectrum of
lignin + HMDA (case 3, see experimental part) is
shown in Figure 6. The superposition of this spectrum
with the spectrum of the original unaltered lignin is
shown in Figure 7.

In Figure 6, first of all the aliphatic carbon in posi-
tion alpha to an -NH of the diamine reacted covalently
with the lignin must have a shift of 43-44 ppm while
the same for an unreacted aliphatic amine should have
a calculated shift of 41-42 ppm. Looking at the spectra
it can be noticed that the shift is at 43.6 ppm, indicat-
ing that the amine has reacted covalently. This is con-
firmed by other indications. The shift for the C in 8 of
the covalently reacted diamine should be at 30 ppm
while the unreacted one is at 37 ppm and the one of
the ionic salt formed one should be at 33-34 ppm. The
30 ppm peak is not visible at all as it is covered totally
by the strong peak at 27-28 ppm. The 37 ppm peak has
disappeared, indicating that for the lignin + HMDA +
2g NaOH at 180 °C the reactionis completed. However,
a clear peak does appear at 34.8 ppm, indicating that
the formation of the ionic-type salt is also significant in
the reaction of the diamine with lignin.

The other clear indication of the formation of cova-
lent and ionic bonds between the amine and the lig-
nin -OH groups is the disappearance of the peak at
147 ppm, indicating that the lignin C4 aromatic car-
bons carrying the phenolic -OH groups have reacted.
The species formed by this reaction are defined by
the appearance of two new peaks: one at 151 ppm,
characteristic of the covalent bond in which NH has
substituted the phenolic -OH, and one at 43.6 ppm,
characteristic of a positively charged primary amine
as present in the ionic salt. These peaks belong to the

[13CCPMASLA2 1S
%239 88 1 wsg £
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Figure 6 CP MAS “C NMR spectrum of the products obtained by the reaction of lignin with HMDA catalyzed by 2 g NaOH at

180 °C.
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Figure 7 Superposition of the CP MAS "C NMR spectra of the unreacted lignin and of the products obtained by the reaction of

lignin with HMDA catalyzed by 2 g NaOH at 180 °C.

lignin’s C4 that has reacted with an amine both cova-
lently and forming a salt. This confirms the interpreta-
tion given to the MALDI spectra

The total disappearance in the spectra of the lignin
C peaks of the lignin unit’s aliphatic side chains at 75
ppm and 86 ppm indicates that even the alcoholic -OH
on the lignin side chain has reacted with the amine,
either covalently or to form a salt, which is not evident
from the spectra.

Finally, the strong peak at 27.8 ppm belongs to
diamine linked either covalently or as totally ionized
salts to the lignin. The unreacted diamine should pres-
ent this shift at 33.8 ppm. This may be confused with
the 34.8 ppm peak that is instead an indication of the
shift for the amine B carbons when ionic bonds are
formed.

4 CONCLUSIONS

1. Covalent bondsare formed by reactionbetween
the amine and the aromatic rings of lignin by
substitution of the lignin phenolic -OH groups.

2. Covalent bonds are formed by reaction
between the amine and the aliphatic side chain
of lignin by substitution of the lignin alcohol
—OH groups of the lignin side chain.

3. At 180 °C and 100 °C there is a proportion of
ionic bonds formed between the amine and the

. Renew. Mater.

—OH groups both on the aromatic rings and on
the aliphatic side chain of lignin units.

4. At 180 °C and to a lesser extent also at 100 °C,
lignin reacted with hexamethylene diamine
forms hard, condensed solids.
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Résultats

3.1 Matériel supplémentaire de « Polycondensation resins by

lignin reaction with (poly)amines »

SUPPLEMENTARY MATERIAL

BIOCHOICE LIGNIN : MALDI-TOF IDENTIFIED I SPECIES

137.8 Da= 138 Da calculated

OH
ED\OH

154-156 Da = 154 Da calculated

HO
O
OH

179.7 Da

HO
Ej:\o/
OH

198.2 Da

HO
HO
O/
OH
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Résultats

177.8 Da = see above without Na+
198.7-199.7 Da = see above, without Na+
200.6 Da = 201 (Calc) = 177.8+23, with Na+

242 Da = 242 Da calculated

H,C
! OH
OH
OR
HO
HO
OH
S
\O 9]
OH

272.5-273.5 Da = 274.3 Calculated (178 +94)

HO
HO : @
o
OH

326.7-327.6 Da = 327.3 calculated, with Na+
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397.4 Da = 401, deprotonated 400 calculated = 178+198+23
N AN
]
Q OH

OHOH OH

420.2 Da = 1 x deprotonated, without Na+

AN AN
0] 0]
@] (0]€]
o) O
OH Vs OH /

441-443 Da = 445 Da calculated, deprotonated = 444 Da with Na+

AN N
O @]
| (0]

/

| \o
OH _OOH

Résultats

If it would have the possibility to find a double bond, as in the next structure, it could be

another alternative for 443 Da mass peak.

Alternative for 441-443 Da = 443 Da calculated, with Na+

o o
/¢—<§i§}—o r—%: j%—OH

\ o

/ /

|
OH OOH

536.8 Da = 537.2 Da calculated, with Na+

HO N N
O & O
Cyo G
o) O
OH S OH /

OR
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Résultats

536 Da = 178 x 3 = 542 Da Lignin trimer (calculated) deprotonated without Na+

\ \
@) \O O

OH OH OH

552 Da = first more probable, without Na+

N
O
OH
O

/

OR
\ \
\O o
(0] 0 OH
OH OH OH OH

575 Da = 552423, thus with Na+
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Résultats

Data: LiglongateOff0001.B1[c] 15 Dec 2016 12:54 Cal: redp 15 Dec 2016 11:44

Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 2300 (bin 78)

%Int. 637 mV[sum= 127406 mV] Profiles 1-200 Smooth Av 50 -Baseline 150
) 2725
100

90 4
80
701
60 4

50 1
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137.8 1777

301

199.7 735
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1767 1987
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104.8 1558

0] 200.6 2426

326.7

3276

3614
394.

250 300
m/z

100 150 200

350 400

Data: LiglongateOff0001.B1[c] 15 Dec 2016 12:54 Cal: redp 15 Dec 2016 11:44

Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 2300 (bin 78)

%Int. 242 mV[sum= 48484 mV] Profiles 1-200 Smooth Av 50 -Baseline 150

) 4414
100

904
80 1
704
60 1
50 1

401
4427
301 326.7

204 3384 3614

300.4
10 3216 | 3524
375.3 420.2

o] 397.4 486.2

457.3

510.4

536.8

575.1

300 350 400 450 500
m/z

550 600

Maldi-ToF spectra of unreacted lignin: 100-400 Da and 300-600 Da range.
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Résultats

Lignin 0.8 g NaOH catalyzed at 180 °C : MALDI-TOF interpretation

This sample was prepared by mixing 4 g of 50% of lignin in water at pH > 10 with 2 g of
hexamethylenediamine at 70% in water and 0.8 g of NaOH at 33% in water, as catalyst. The
mixture was reacted in an oven overnight at 180 °C.

Legend:
HMDA = Hexamethylenediamine

= covalent bond

“+-” = jonic bond

. Number Number
Experimental . alculated .
Peak (Da) Oligomer ‘alue (Da) lonic covalent
bonds bonds
104 Lignin
137,8 Lignin
198 Lignin
235,5 138Lig-HMDA 236 1
Lignin
272,6 156Lig+-HMDA 272 1
138Lig+-HMDA +Na 277 1
276-8 156Lig-HMDA +Na 277 1
180Lig-HMDA 278 1
305-306 104Lig+-HMDA-104Lig 306 1 1
318 180Lig+-HMDA +Na 319 1
198Lig-HMDA +Na 319 1
335 HMDA+-104Lig+-HMDA 336 2
HMDA-138Lig-HMDA 334 2
345 104Lig-HMDA-138Lig +Na 345 2
358 HMDA-138Lig-HMDA +Na 357 2
242Lig+-HMDA 358 1
375,5 HMDA-180Lig-HMDA 376 2
Lignin
440-443 180Lig-HMDA-180Lig 440 2
461 HMDA-242Lig-HMDA +Na 461 2
463 180Lig-HMDA-180Lig +Na 463 2
104Lig+-HMDA+-104Lig+-HMDA-
526-9 104Lig >26 3 1
HMDA+-272+-HMDA +Na 527 2
HMDA-138Lig-HMDA-138Lig-
551 HVIDA 552 4
180Lig-HMDA-180Lig+-HMDA 556 1 2
HMDA+-104Lig+-HMDA+-
5558 104Lig+-HMDA 26 4
180Lig-HMDA-180Lig+-HMDA 556 1 2
578,8 180Lig—HMD/;\-—I\}a80Lig+—HMDA _ 1 ,
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Résultats

Data: LO8a180longateOff0001.D2[c] 15 Dec 2016 14:19 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 500 (bin 46)

Y%lnt. 230 mV[sum= 46068 mV] Profiles 1-200 Smooth Av 50 -Baseline 150
. 157.7
100
197.6
90 4
801
70 A
60 4
50 4
401 199.5
159.7 250.5
301 128.7
185.7 264.5
20 171.7 ‘ ‘ 290.4
187.6 219.5 236.5
b 137.6 158.7
10 | 179.6 200.5 P 2785 2024
o 1047 117.8 - 220.5 7.
100 120 140 160 180 200 220 240 260 280 300
m/z
Data: LO8a180longateOff0001.D2[c] 15 Dec 2016 14:19 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 500 (bin 46)
Y%lnt. 78 mV[sum= 15690 mV] Profiles 1-200 Smooth Av 50 -Baseline 150
) 250.5
100
90 4
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70 A
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60 4
290.4
50 A
401 219.5 2365 278.5
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o 2035 ‘ 2385 12564 |p70l4 2844 381.2) | 39¢
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Résultats

Data: LO8a180longateOffO001.D2[c] 15 Dec 2016 14:19 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 500 (bin 46)

Y%Int. 4.4 mV[sum= 883 mV] Profiles 1-200 Smooth Av 50 -Baseline 150

) 550.4
100

90 4

801 522.4

704

60 -

501 555.8

40
510.8
301 527.9

201 513.9 |s2g9 49 9308

104
[0}

500 520 540 560 580 600 620 640 660 680
m/z

700

Maldi-ToF spectrum of the product obtained by the reaction of lignin with HMDA
catalyzed by 0.8 g NaOH at 180°C: 100-300 Da, 200-400 Da and 500-700 Da range.
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Résultats

Lignin 2 g NaOH catalyzed at 100 °C: MALDI-TOF interpretation

This sample was prepared by mixing 4 g of 50% of lignin in water at pH > 0 with 2 g of
hexamethylenediamine at 70% in water and 2 g of NaOH at 33% in water, as catalyst. The
mixture was reacted in an oven overnight at 100 °C.

Legend:
HMDA = Hexamethylenediamine

= covalent bond

“+-” = jonic bond

Experimental . Calculated Num!aer Number
peak (Da) Oligomer value (Da) lonic covalent
bonds bonds
198 Lignin
235,5 138Lig-HMDA 236 1
255 138Lig+-HMDA 254 1
Lignin
272,6 156Lig+-HMDA 272 1
305-306 104Lig+-HMDA-104Lig 306 1 1
345 104Lig-HMDA-138Lig+Na 345 2
375,5 HMDA-180Lig-HMDA 376 2
389 HMDA+-156Lig+-HMDA 388 2
Lignin
440-443 180Lig-HMDA-180Lig 440 2
461 HMDA-242Lig-HMDA+Na 461 2
463 180Lig-HMDA-180Lig+Na 463 2
198Lig-HMDA+-198Lig 494 1 1
495 198Lig+-HMDA+-180Lig 494
156Lig-HMDAXx2-156Lig+Na 495 4
180Lig+-HMDA+-180Lig+Na 499 2
501 198Lig-HMDA-198Lig+Na 499 2
198Lig+-HMDA-180Lig+Na 499 1 1
HMDA-138Lig-HMDA-138Lig-
551 HVIDA 552 4
180Lig-HMDA-180Lig-O-+HMDA 556 1 2
HMDA+-104Lig+-HMDA+-104Lig+-
555,8 HMDA 556 4
180Lig-HMDA-180Lig+-HMDA 556 1 2
578,8 180Lig-HMDA-180Lig+-HMDA+Na 579 1 2
HMDA+-180Lig-HMDA-180Lig-
654 HMDA 654 1 3
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Résultats

Data: L2a100longateOffOO01.E1[c] 15 Dec 2016 14:42 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 2300 (bin 78)

YolInt. 1039 mV[sum= 207810 mV] Profiles 1-200 Smooth Av 50 -Baseline 150
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100

90
801
70
601
157.9
50 ]
40

301

20 4 198.8 345.6
305.6 326.8

101 219.8
158.9 199.8 . 272.6
o | 177.7 255.7 3066 327.8 3466

150 200 250 300 350 400

Data: L2a100longateOffO001.E1[c] 15 Dec 2016 14:42 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 2300 (bin 78)

Yolnt. 160 mV[sum= 31915 mV] Profiles 1-200 Smooth Av 50 -Baseline 150
B 345.6
100
90 A
80 326.8
70 ] 441.5
305.6
60 A |
50 4
219.8
40 4
272.6
30 A 346.6 442.7
20 3278 s476 461.6
2157 306.6
10 4 255.7 328.5 362.5
] 286.6 | 4572 ¢
o 214.8 5355 ‘ 308.6 387.5 421.5 494.¢
200 250 300 350 400 450 500
m/z
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Résultats

671.2

695.3
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680 700

Data: L2a100longateOffO001.E1[c] 15 Dec 2016 14:42 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 2300 (bin 78)
YolInt. 37 mV[sum= 7411 mV] Profiles 1-200 Smooth Av 50 -Baseline 150
_ 5017
100
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70
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50 4 550.9
40 4
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20 4
107 5154 539.4 587 sras 598.7 6143 6384 6549
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~ 500 520 540 560 580 6%0 620 640
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Maldi-ToF spectrum of the product obtained by the reaction of lignin with HMDA
catalyzed by 2 g NaOH at 100°C: 150-400 Da, 200-500 Da and 500-700 Da range.

Lignin 2 g NaOH catalyzed at 180 °C: MALDI-TOF interpretation

This sample was prepared by mixing 4 g of 50% of lignin in water at pH > 10 with 2 g of
hexamethylenediamine at 70% in water and 2 g of NaOH at 33% in water, as catalyst. The

mixture was reacted in an oven overnight at 100 °C.

Legend:
HMDA = Hexamethylenediamine

= covalent bond

“+-” = jonic bond

Experimental . Calculated Num!aer Number
peak (Da) Oligomer value (Da) lonic covalent
bonds bonds
104 Lignin
138 Lignin
198 Lignin
235,5 138Lig-HMDA 236 1
Lignin
272,6 156Lig+-HMDA 272 1
305-306 104Lig+-HMDA-104Lig 306 1 1
345 104Lig-HMDA-138Lig+Na 345 2
375,5 HMDA-180Lig-HMDA 376 2
Lignin
440-443 180Lig-HMDA-180Lig 440 2
461 HMDA-242Lig-HMDA+Na 461 2
463 180Lig-HMDA-180Lig+Na 463 2
495 198Lig-HMDA+-198Lig 494 1 1
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Résultats

HMDA+-242Lig

198Lig+-HMDA+-180Lig 494 2
156Lig-HMDAXx2-156Lig+Na 495 4
180Lig+-HMDA+-180Lig+Na 499 2

501 198Lig-HMDA-198Lig+Na 499 2
198Lig+-HMDA-180Lig+Na 499 1 1
104Lig+-HMDA+-104Lig+-HMDA-
526-9 104Lig 526 3 !
HMDA+-272+-HMDA+Na 527 2
HMDA-138Lig-HMDA-138Lig-
551 HMDA 552 4
180Lig-HMDA-180Lig-O-+HMDA 556 1 2
HMDA+-104Lig+-HMDA+-
2558 104Lig+-HMDA 26 4
180Lig-HMDA-180Lig+-HMDA 556 1 2
HMDA+-138Lig-HMDA-138Lig+-
588 HMDA >88 2 2
242Llig-HMDA-242Lig+Na 587 2
198Lig+-HMDA+-198Lig-HMDA 610 2 1
198Lig+-HMDA+-180Lig+-HMDA 610 3
HMDA-156Lig-HMDA-156Lig-
610,5 HMDA+Na 611 4
HMDA+-138Lig-HMDA-138Lig+-
HMDA+Na 611 2 2
198Lig+-HMDA+-198Lig+-
HMDA+Na 651 3
156Lig-HMDA-156Lig-HMDA-
651 156Lig+Na 651 4
138Lig+-HMDA+-138Lig+-HMDA-
138Lig+Na 651 3 1
HMDA-180Lig-HMDA-156Lig-
774 HMDA-180Lig-HMDA 774 2
HMDA-242Lig-HMDA-198Lig-
836 HMDAXx2+Na 837 >
HMDA+-242Lig-HMDA-242Lig-
CEL HMDAXx2+Na 893 1 4
959 242Lig+-HMDA+-242Lig+- 958 4
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Résultats

Data: L2a180longateOffO001.E2[c] 15 Dec 2016 14:49 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 2300 (bin 78)
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Data: L2a180longateOffO001.E2[c] 15 Dec 2016 14:49 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 2300 (bin 78)
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Résultats

Data: L2a180longateOffO001.E2[c] 15 Dec 2016 14:49 Cal: redp 15 Dec 2016 11:44
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 80, P.Ext. @ 2300 (bin 78)

Y%lnt. 9.4 mV[sum= 1885 mV] Profiles 1-200 Smooth Av 50 -Baseline 150
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Maldi-ToF spectrum of the product obtained by the reaction of lignin with HMDA
catalyzed by 2 g NaOH at 180°C: 100-300 Da, 200-500 Da and 500-1000 Da range.
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Résultats
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CP MAS BC NMR of Lignin + HMDA 0.8 g NaOH catalyzed at 180 °C
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CP MAS BC NMR spectra superposition of original unreacted lignin and of Lignin +
HMDA 0.8 g NaOH catalyzed at 180 °C
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4 « Isocyanate-free polyurethanes by coreaction of

condensed tannins with aminated tannins ».

Auteurs: M. Thébault!?, A. Pizzi!?, F.J. Santiago-Medina!, F.M. Al-Marzouki® et
S. Abdalla’

! Laboratory of Studies and Research on Wood Material (LERMAB), University
of Lorraine, 88000 Epinal, France

2 Kompetenzzentrum Holz (WoodKPlus), 9300 Sankt Veit-an-der-Glan, Austria
3 Department of Physics, King Abdulaziz University, Jeddah, Saudi Arabia
Résumé:

Des résines de polyuréthane biosourcedées exemptes d'isocyanates a un niveau de
pourcentage tres élevé ont été préparées par réaction d'extrait de tanin mimosa aminé pré-
préparé avec du carbonate de diméthyle. La réaction a eu lieu avec facilité a température
ambiante. Les indications étaient que les polyuréthanes obtenus formaient un film dur
lorsqu’ils sont durcis a une température supérieure a 100 © C. En outre, la fraction de
carbohydrates de 1'extrait de tanin semblait également étre carbonée et réagie pour générer
des liaisons de polyuréthane sans isocyanate avec les tanins aminés. Cela a indiqué que
non seulement la fraction polyphénolique de l'extrait de tanin, mais aussi son autre
composant majeur, peut étre utilisée pour préparer des résines de polyuréthane. Les
monomeres de flavonoides et les oligomeres carbonatés a différents niveaux, tous les
deux n'ayant pas réagi et liés a I'uréthane aux monomeéres et oligomeres de flavonoides

aminés, ont été identifiés par la spectrométrie FTIR et MALDI-TOF.

Published by Journal of Renewable Materials
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Isocyanate-Free Polyurethanes by Coreaction of Condensed
Tannins with Aminated Tannins
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ABSTRACT:

Isocyanate-free polyurethane resins biosourced to a very high percentage level were prepared by the reaction

of aminated mimosa tannin extract with commercial mimosa tannin extract prereacted with dimethyl
carbonate. The reaction took place with ease at ambient temperature. Indications were that the polyurethanes
obtained formed a hard film when cured at a temperature higher than 100 °C. Furthermore, the carbohydrate
fraction of the tannin extract also appeared to be carbonated and reacted to generate isocyanate-free
polyurethane linkages with the aminated tannins. This indicated that not only the polyphenolic fraction of
the tannin extract, but also its other major component, can be used to prepare polyurethane resins. Flavonoid
monomers and oligomers carbonated at different levels, both unreacted and urethane-linked to aminated
flavonoid monomers and oligomers, were identified by FTIR and MALDI-TOF spectrometry.

KEYWORDS: Flavonoid tannins, non-isocyanate polyurethanes, MALDI-TOF, FTIR, aminated tannins, carbohydrate

polyurethanes

1 INTRODUCTION

The strong research trend on resins, ad hesives and plas-
tics derived for renewable, biosourced materials has
being gaining momentum as interest in such materials
continues to grow. In the case of polyurethanes
(PUR), considerable literature now exists on the use
of biosourced polyols, this approach leading to PURs
partially biosourced up to around 50% [1-6]. This
approach works well but its shortcoming is the severe
limit in biosourced materials which can be used. In real-
ity, it is not the number of eligible biosourced polyols
thatarelacking, butan adequatealternative to the use of
the other major and essential reagents, namely reactive
isocyanates. Isocyanates are the materials which have
rendered possible the dominance of polyurethanes in
many fields today. However, they are now classified
as toxic, thus under pressure by new and upcoming
government regulations. Moreover, isocyanates are
mainly synthesized in industry through the phosgene
(COCL) route, a hazardous route that needs specific
precautions [7]. Some research was carried out several

*Corresponding author: antonio.pizzi@univ-lorraine.fr
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decades ago to synthesize new kinds of isocyanates
by using fatty acids in vegetable oils [8-9] and furan
derivatives [10-12]. These chemicals, however, are still
isocyanates, thus potentially toxic materials, and in
part are not issued from biosourced materials.

An alternative approach to the preparation of
polyurethanes without any use of isocyanates does exist
[13-15]. In a first step, a synthetic polyol, generally pro-
pylene glycol, is reacted with either a cyclic carbonate
[16] or dimethyl carbonate [17]. This is followed by a
second step where the carbonated polyol is reacted
with a diamine, generally hexamethylene diamine, to
form the isocyanate-free polyurethane. This approach
has again relied on the use of synthetic, non-biosourced
materials [18] or the use of vegetable oils as polyol
reagents [14, 19]. Recently, this same approach was
used to prepare isocyanate-free urethanes based on
hydrolyzable and condensed tannins [20, 21], these
materials being biosourced forestry waste. These poly-
urethanes, however, although being biosourced up to
45-50%, contained as reagents not only the biosourced
tannin extracts, but also a synthetic diamine, the latter
being the second major reagent involved. Thus, to have
an isocyanate-free urethane of much higher biosourced
origin, it would be necessary to substitute a biosourced

; © 2016 Scrivener Publishing LLC 1
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material for one of the other two main reagents, namely
the diamine [3, 4, 13, 18, 20, 21].

2 MATERIALS AND METHODS

2.1 Materials

Mimosa (Acacia mearnsii  formerly  mollissima,
de Wildt) bark tannin extract was provided by
Silvachimica (San Michele Mondovi, Italy). It con-
tained 80-82% actual flavonoid monomers and oli-
gomers, 1% of amino and imino acids, the balance
being composed mainly of oligomeric carbohy-
drates, mainly hemicellulose fragments, and some
carbohydrate monomers.

The majority of the flavonoid part of mimosa
tannin extract is composed of robinetinidin and
fisetinidin but also includes 10-15% of catechin and
delphinidin (Figure 1), each of these monomers
forming the repeating units of the tannin, the units
being respectively linked by C4-C6 or C4-C8 [22].
The tannins enchainments formed by these units
are respectively called prorobinetinidin, profisetini-
din, procyanidin and prodelphinidin. The average
number of units varies from monomers to octamers
with an average DPn between 4 and 5 [23] which are
otherwise too difficult to determine by other tech-
niques. It has been possible to determine by MALDI-
TOF for the two major industrial polyflavonoid
tannins which exist, namely mimosa and quebra-
cho tannins, and some of their modified derivatives
that: (i. Dimethyl carbonate (99%) was purchased at
Acros Organics (Geel, Belgium) and the ammonium
hydroxide solution (28%) from Sigma-Aldrich (St.
Louis, Missouri).

Profisetinidin
Mw =2723 Da

-~ OH
; @
HO._ 7 -0 OH
6 O 4
Ts OH
OH Procyanidin
Mw = 288.3 Da

2.2 Procedure

Five grams of tannins were reacted with 5,6 g of a 28%
ammonia hydroxide water solution for approximately
ten minutes at ambient temperature (22-23 °C). The
solution became viscous rather rapidly due to the
alkaline condition brought by the ammonia solution.
This type of solution, after stirring for 1 h at ambient
temperature, tends to increase in viscosity if left at
ambient temperature for up to 1 day, due to further
tannin condensation under basic conditions and for-
mation of =N- bridges between flavonoids [24].

The reactions were carried out at ambient
temperature. First, 5 g Mimosa tannin extract were
added to 10.5 g dimethyl carbonate and mixed under
mechanical stirring for two h [21]. At this stage, tan-
nins are only solvated into the carbonate solvent;
the pH then being around 5. This was added to the
aminated tannins and stirred vigorously for a few
minutes. Carboxymethylation of phenolic hydroxyl
groups by dimethyl carbonate group, which is gener-
ally observed at temperatures around 90 °C for phe-
nol, has been reported to be a bimolecular nucleophilic
substitution, acyl-cleaving in basic catalysis (B, 2) [17].
Due to the basic conditions of the aminated tannins
mixture, a condensation reaction is expected to occur
according to the following mechanism (Figure 2):

The reaction mixture so obtained was left to gel
at ambient temperature (between 20 and 25 °C) for
at least 24 h. Under these conditions, only oligomers
of urethanes could be expected. Their solubility in a
solvent such as acetone/water rendered possible their
characterization by MALDI-TOF. To verify these can
cure into a thermoset resin if heated at high tempera-
ture, a part of this material was placed in an oven at

OH
OH
OH < [¢] O
: : 4
0 ~
P o

Prorobinetinidin
Mw = 2883 Da
OH

OH
HO 7 & o} O

\( T Non
6 O 4
\ﬁ ~OH
OH Prodelphinidin
Mw =304.3 Da

Figure 1 The four main structures in commercial flavonoid tannins.
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Figure 2 Bimolecular nucleophilic substitution, acyl-cleaving in basic catalysis (B, 2) mechanism between dimethyl carbonate

and a flavonoid tannin molecule.

103 °C for 24 h. A hard solid, insoluble in acetone/
water, was then obtained.

2.3 Analysis

2.3.1 Fourier Transform Infrared (FTIR)
Analysis

To confirm the presence of urethane structures,
Fourier transform infrared (FTIR) analysis was carried
out using a Shimadzu IRAffinity-1 spectrophotometer
(Shimadzu France, Marne-la Vallée, France). A blank
sample tablet of potassium bromide, ACS reagent from
Acros Organics (Geel, Belgium), was prepared for the
reference spectrum. A similar tablet was prepared by
mixing potassium bromide with 5% w/w of the sam-
ple powder to analyze. The spectrum was obtained in
absorbance measurement by combining 32 scans with
a resolution of 2.0.

2.3.2 MALDI-TOF Analysis

Matrix-assisted laser desorption/ionization with time-
of-flight (MALDI-TOF) characterization is a high reso-
lution mass spectrometry technique which can analyze
oligomers and pre-polymers distribution. The sam-
ples to analyze are mixed with a matrix consisting of
crystallized molecules such as 2,5-dihydroxy benzoic
acid (DHB). For this reason, they must be dissolved in
a solvent in order to be efficiently associated with the
matrix.

Samples for MALDI-TOF analysis were prepared
by first dissolving 5 mg of sample powder in 1 mL of
a 50:50 v/v acetone/water solution. Then 10 mg of
this solution is added to 10 pL of the 2,5-dihydroxy
benzoic acid (DHB) matrix. The locations dedicated to

J. Renew. Mater.

the samples on the analysis plaque were first covered
with 2 pL of a NaCl solution 0.1M in 2:1 v/v methanol /
water, and predried. Then 1 pL of the sample solution
was placed on its dedicated location and the plaque
was dried again. MALDI-TOF spectra were obtained
using an Axima-Performance mass spectrometer from
Shimadzu Biotech (Kratos Analytical, Shimadzu Europe
Ltd., Manchester, UK) using a linear polarity-positive
tuning mode after calibrating the instrument with red
phosphorous standard. The measurements were carried
out making 1000 profiles per sample with 2 shots accu-
mulated per profile. The spectrum precision is of +1Da.

3 RESULTS AND DISCUSSION

3.1 Fourier Transform Infrared
Spectrometry (FTIR) Analysis

Figure 3 shows the FTIR spectra of the original mimosa
tannins extracts (a), these tannin extracts reacted with
an ammonia solution (b), and the product obtained by
reaction of the carbonated mimosa tannin extract with
the aminated tannin extract (c).

Actually, several peaks in the reaction material spec-
trum (c) could be relevant for the presence of urethane
linkages, namely at 3400 cm™, 1700 cm™, 1507 cm™', 1296
cm' (the urethane peak being generally in the range of
1200-1300 cm™), and 1072 cm™. However, these peaks
can also be relevant for other linkage types present in (a)
and (b), such as C-O and C-N respectively. The charac-
teristic bands of aromatic nuclei at 1600 cm™, 1500 cm™
and 1460 cm™ are present in the three materials spec-
tra, although two of them seem to be covered by a large
band at 1630 cm™, relevant for-NH_ and /or C=N defor-
mation. Aromatic moieties remain dominant in reaction

; © 2016 Scrivener Publishing LLC 3
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Figure 3 FTIR spectra of (a) Mimosa tannins extract; (b) Mimosa tannins extract reacted with an ammonia solution; (c) the
product mixture obtained by reaction of mimosa tannin extract in dimethyl carbonate with the aminated tannin extract.

material (c), meaning that urethane bonds would not
be significant enough compared to flavonoids polyphe-
nolic structures. There are, however, some clues that let
us suppose that some urethane bonds could have been
actually formed in the reaction material (c).

In the original tannin extracts spectrum (a), a major
peak at 1020 cm™ can be attributed to the C-O-C ether
of the heterocyclic ring of the flavonoid. This is small
in (¢), indicating opening of the heterocyclic ring, a
fairly common occurrence in flavonoids. Alternatively,
it could be assigned to either a carbohydrate pri-
mary hydroxyl stretching or, alternatively, to the C-O
stretching of the only alcohol -OH on the C3 site of the
flavonoid. In either of these last two cases its decrease
in (c) would indicate that either the -OH in C3 of the
flavonoids has reacted and/or that -OH groups on
the carbohydrates have also reacted.

In the aminated tannins material (b), two bands
between 3240 and 3400 cm™ attest to the presence of
primary amines, and the width of the band between
3500 and 3000 cm™ shows that not all the hydroxyl
groups have been aminated. The major peak at
1632 cm™ is relevant for -NH, and/or C=N deforma-
tion. The presence of -C=N- groups has been dem-
onstrated by "C NMR in aminated tannins obtained
in the manner described here [2_4] However, in the
reaction material (c), this peak is less represented as

4 J. Renew. Mater.

it is probably covered by the more dominant band at
1610 cm™ of aromatic nuclei. However, a major band
at 3340 cm™ remains in the spectrum, relevant for sec-
ondary amines, partly masked by the wide ~-OH peak.
This is due to the tannin residual hydroxyl groups, the
methanol produced during carbonatation, or possible
residual water.

In the aminated tannins (b), the most relevant
peak for the amine groups is at 3380 cm™, whereas
it is situated at 3340 cm™ in (c) due to a greater level
of substitution on the carbons in alpha positions: for
instance, the C=0 of urethane bond. Concerning the
remaining phenolic -OH groups, their vibrational
band is usually approximately situated between
3700 and 3125 cm™. However, for tannin extracts
alone (a), this band is rather symmetric and centered
at 3250 cm™. This is typical of the intermolecular
interactions of the -OH groups (between 3400 and
3200 cm™), this being common between flavonoid
monomer units. Concerning the -NH vibration, the
bands are generally narrower, which on spectra is
characterized by particular peaks besides the large
vibration of the remaining -OH groups [(b) and
(0)]. Finally, the appearance of the 1700 cm™ band
in (¢) is characteristic of urethanes, this when it is
coupled with the 1220-1230 cm™ band (with the cau-
tion that this could also be interpreted as the C-O

; © 2016 Scrivener Publishing LLC
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stretching of phenolic groups) and the small band at
1020-1035 cm™' (also described above for other pos-
sible interpretations).

3.2 MALDI-TOF Analysis

At this early stage of reaction, the material prepared
at ambient temperature is not expected to be a fully
crosslinked network. However, the pre-polymerized
moieties soluble in acetone/water and likely to con-
tain some urethane linkages could be characterized
by MALDI-TOF spectrometry. In this way, possible
urethane/polyurethane moieties could be compared
in molecular weight to the main peaks and patterns
that were obtained in the spectrum in the range of
400-1500 Da.

The MALDI spectrum of the material prepared at
ambient temperature is presented in Figure 4(c) to
compare it with the original mimosa tannins extract
(a) and the aminated mimosa tannins extracts (b).
Interpretations of these last two spectra were already
done in previous works on mimosa tannins chemis-
try [23-25] prorobinetinidin (PR and tannins reacted
with ammonia [24]. A first assessment that can be
made, comparing these three spectra, is that the main
signals and repeating patterns are different. It indi-
cates, on the one hand, that the basic monomer unit
of the reaction material (c) is not the same as in either
the raw material or in the initial materials. Thus, the
mass difference between the main signal of 889 Da
in the original tannins (a), which can correspond to a
procyanidin trimer for instance, and the main signal
of 1113 Da in the reaction material (c), is of 224 Da,
which is lower than a flavonoid unit. This is probably
due to a complex combination of carbonation with
dimethyl carbonate and formation of urethane link-
ages. Conversely, while the main repeating patterns
of the original tannin (a) are separated by a mass dif-
ferential of 288 Da, the reaction material’s (c) are of
approximately 286 = 2Da, which supposes that the
additional monomers are tannins original units in
which some hydroxyl groups have been substituted
by amine groups, resulting in the slight loss of mass
observed.

Thus, a list of possible oligomers interpreted from
Figure 4 is shown in Table 1. In the reacted mix, one
can find multicarbonated flavonoid oligomers, sev-
eral carbonated at different levels, and carbonated
and aminated flavonoid monomers and oligomers
linked by urethane linkages. Aminated flavonoid
species reacted through a urethane bridge with car-
bohydrate monomers contained in the extract are
also present. First, it must be pointed out that the
identical molecular weight of catechin and robine-
tinidin does not allow distinguishing which of the

J. Renew. Mater.

two structures is present. Thus, in the discussion
that follows and in Table 1 wherever catechin is indi-
cated it can be robinetinidin instead, and vice versa.
While in the type of tannin used (mimosa), where
robinetinidin is in the majority, the higher potential
reactivity of catechin could indicate that in the struc-
ture described below both exist with the two types
of flavonoid.

Examples of urethane-linked flavonoids are those
at 796 Da, 812 Da, 827 Da, 861 Da, 1084 Da, 1100 Da,
1112 Da, 1117 Da, 1130 Da, 1381 Da, 1397 Da and
1413 Da. It is possible that these types of species have
structures of the type observed for the 861 Da peak, for
instance, namely:

o

oﬁ,o O, O \g/ ]

with a variable number of carbonated and ami-
nated flavonoids.

One can observe species in which two flavonoid
monomers are linked by a urethane such as those
represented by the peaks at 796 Da, 812 Da and
861 Da, and species in which flavonoid oligomers
are linked through a single urethane bridge to a fla-
vonoid monomer or oligomers such as the peaks at
1084 Da, 1100 Da, 1112 Da, 1130 Da, 1381 Da, 1397 Da
and 1413 Da, such as one of the representations of the
peak at 1413 Da:

OH OH

- [()L

~

Na' 0O

b

(o]

;HO

Mo
[

And the peak at 1397 Da which can be represented as:
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On top of these species there are species where

flavonoid monomers are linked through a urethane
bridge to a carbohydrate monomer such as the peaks
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Figure4 MALDI-TOFspectra of (a) Mimosa tannins extract [23-25] which are otherwise too difficult to determine by other techniques.
It has been possible to determine by MALDI-TOF for the two major industrial polyflavonoid tannins which exist, namely mimosa
and quebracho tannins, and some of their modified derivatives that: (i; (b) Mimosa tannins extract reacted with an ammonia solution
[24]; (¢) the product mixture obtained by reaction of mimosa tannin extract in dimethyl carbonate with the aminated tannin extract.
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Table 1 Interpreted possible oligomer species identified by MALDI-TOF for the mixture of carbonated mimosa tan-
nin extract reacted at ambient temperature with aminated mimosa tannin extract. The urethane linkage between

flavonoid units is indicated as “URETHANE.”

Moiety Corresponding description possibilities

481 Da Urethane aminated fisetinidin-carbohydrate monomer

495-496 Da Urethane aminated catechin-carbohydrate monomer (or robinetinidin-sugar)

529 Da Fisetinidin tetracarbonated, sodium

543 Da Catechine and/or robinetinidin tetracarbonated OR unprotonated monocarbonated carbohydrate
monomer-URETHANE-diaminated fisetinidin

559 Da Delphinidin tetracarbonated OR unprotonated monocarbonated carbohydrate monomer-
URETHANE-triaminated robinetinidin

640 Da Monocarbonated catechin/robinetinidin dimer OR unprotonated monocarbonated
fisetinidin-URETHANE-fisetinidin

655 Da Monocarbonated delphinidin dimer OR unprotonated monocarbonated
robinetinidin-URETHANE-fisetinidin

796 Da Unprotonated tricarbonated catechin-URETHANE-tetraamminated catechin OR diaminated
catechin-URETHANE-carbohydrate monomer-URETHANE-protonated triaminated fisetinidin

812-813 Da Unprotonated tricarbonated catechin-URETHANE-pentaaminated delphinidin OR protonated
catechin-URETHANE-carbohydrate monomer-URETHANE-protonated robinetinidin

827-830 Da Unprotonated tetracarbonated robinetinidin-URETHANE-triaminated delphinidin

843 Da Unprotonated tetracarbonated delphinidin dimer OR unprotonated tetracarbonated catechin-
URETHANE-tetraaminated delphinidin

861 Da Unprotonated tetratacarbonated delphinidin-URETHANE-triaminated delphinidin

880 Da Diaminated [(robinetinidin), delphinidin] trimer

895 Da Triaminated [(delphinidin) -robinetinidin] trimer

1081 Da Tricarbonated (catechin), dimer-URETHANE-triaminated delphinidin

1097 Da Tricarbonated catechin-delphinidin dimer-URETHANE-triaminated delphinidin

Unprotonated tetracarbonated (catechin), dimer-URETHANE-pentaaminated delphinidin OR

1113 Da triaminated robinetinidin-URETHANE-unprotonated tricarbonated delphinidin-URETHANE-

triaminated robinetinidin
Pentaaminated delphinidin-URETHANE-unprotonated tricarbonated delphinidin-URETHANE-

1126 Da 5 R
tetraaminated robinetinidin

1381 Da Tetracarbonated monoaminated fisetinidin-catechin dimer-URETHANE-monoaminated fisetinid-
robinet dimer

1397 Da Unprotonated tetracarbonated robinetinidin-catechin dimer-URETHANE-triaminated fisetinidin-
catechin dimer

1413 Da Unprotonated tetracarbonated robinetinidin-catechin dimer-URETHANE-triaminated robinetini-
din-catechin dimer

at 481 Da, 496 Da, such as the 481 Da peak repre-
sented as:

OH
{(oH ©

Mool @ Ol JOHS
Ho\/,QgHo NH Hom

And even species in which two urethane bridges
link a monomeric carbohydrate to two different

HO__~
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flavonoid monomers such as for the peaks at 796 Da
and 813 Da, for example:
796Da

OH
{ OH

o
8
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813 Da
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The presence of these two species implies that in car-
bonating the polyphenolic part of the tannin extract,
the carbohydrate monomers, and possibly also carbo-
hydrate oligomers, present in the commercial extract
can get carbonated as well. This then renders possible
their reaction with aminated flavonoids to form spe-
cies like those belonging to the 796 Da and 813 Da
peaks. Reaction of carbohydrates with dimethyl car-
bonate and the reaction which follows with aminated
compounds were already observed in the case of the
reaction of hydrolyzable tannins with hexamethylene-
diamine to form urethanes [20].

4 CONCLUSION

¢ The preparation of more than 70% biosourced
isocyanate-free polyurethane resins for adhe-
sives and surface finishes obtained by the
reaction of carbonated condensed flavonoid
tannin extracts by reaction with aminated tan-
nin extracts of the same nature seems to be
possible.
* The reaction to obtain the intermediate resins
in solution, finally applicable and curable at
103 °C, occurs with ease at ambient tempera-
ture. Furthermore, if dimethyl carbonate is also
considered as biosourced, then the composi-
tion of these polyurethanes is well over 80-90%
biosourced.
The carbohydrate fraction of the tannin extracts
can also be carbonated and reacted to gener-
ate isocyanate-free polyurethane linkages with
aminated tannins. The carbohydrates in tan-
nin extracts are in general either carbohydrate
monomers or short carbohydrate oligomers,
both originating from hydrolysis of hemicellu-
loses during tannin extraction.

These findings show that the entire tannin extract
and not only its polyphenolic components can be
used to prepare polyurethanes. It opens up the pos-
sibility of producing the same starting exclusively

8 J. Renew. Mater.

from carbohydrates, a possibility that must still be
checked.
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ABSTRACT

The reaction of a desulphurized kraft lignin with hexamethylene diamine and dimethyl
carbonate has allowed to develop isocyanate-free polyurethane resins. The present
research work is based in previous studies made with hydrolysables and condensed
tannins but taking in advantage the higher number of hydroxyl groups present in the
lignin. The obtained materials were analyzed by Fournier transform infrared (FTIR)
spectroscopy, matrix assisted laser desorption ionization time of flight (MALDI-TOF)
mass spectrometry and solid state cross-polarization/magic angle spinning CP MAS 13C
NMR, which have revealed the presence of urethane functions. The interpretation of the
results has shown a larger number of species than when tannins were used and has
indicated the presence of two types of bond in the new molecules formed: ionic and
covalent bonds.

Keywords: Lignin, urethanes, non-isocyanate polyurethanes, MALDI-TOF, FTIR
INTRODUCTION

Polyurethanes can be prepared from a great variety of biorenewable polyols, such as
tannin [1-7] and lignin [8—11]. However, reaction of these biosourced polyols with
polymeric isocyanates is still necessary to prepare polyurethanes. Alternate chemical
routes to prepare non-isocyanate based polyurethanes exist. These were pioneered by
Rokicki et Piotrowska [12] and may involve vegetable oil derived materials as polyols
derived from renewable resources [13]. However, the use of vegetable oils in resins has
been shown to present an unfavorable environmental balance, while the environmental
balance of tannin-derived resins has been shown to be favorable [14].

Recently, polyurethanes without isocyanates based on hydrolysable and condensed
tannins have been prepared [15—17]. Tannins, mostly composed of natural polyphenolics,
were reacted with dimethyl carbonate and hexamethylenediamine to prepare non-
isocyanate polyurethanes. In this paper, the same approach to form polyurethane bridges
is applied to kraft lignin. The lignin is a very different polyphenolic material than tannin.
The basic unit of lignin is a phenylpropane unit, which contains both aromatic and
aliphatic hydroxyl groups instead of only aromatic hydroxyl groups as tannin. The
aliphatic hydroxyl group is bonded to a saturated (sp3) carbon in a chain, while the
aromatic hydroxyl is bonded to an unsaturated (sp2) carbon in the benzene ring. The
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benzene ring can stabilizes a possible negative charge of the phenoxide ion through
resonance due to it is formed by sp2 carbons, something more difficult in an aliphatic
chain. This can lead to different behavior between aromatic and aliphatic hydroxyls in the
preparation of isocyanate-free polyurethanes with kraft lignin.

EXPERIMENTAL
Samples preparation

The commercial lignin used was a desulphurised softwood kraft lignin, namely Biochoice
kraft lignin supplied by Domtar Inc (Montreal, Quebec, Canada) from their Plymouth,
North Carolina mill (USA). Dimethyl carbonate 99% (DMC) was obtained from by Acros
organics (Geel, Belgium), and hexamethylenediamine tech. 70% (HMDA) by Aldrich
Chemical Company Inc. (Milwaukee, USA).

The samples were prepared as follow, without applying any purification step to any of
the reagents:

1. 10g of lignin powder were mixed and stirred during two hours with 22g of
dimethyl carbonate (DMC) at room temperature. Then, 8g of
hexamethylenediamine (HMDA) was added to the mixture and stirred. The
mixture was divided into four samples, which were kept at room temperature and
at 80°C, 103°C and 180°C in an oven during 24 hours. These samples have been
called LDH-X, where X is the temperature at which the sample was reacted.

2. 8goflignin powder and 8 g of HMDA were mixed and placed in an oven at 60°C
during 18 hours. The mixture was then divided into four parts. To each part, half
of its weight was added as weight of DMC. The samples were placed at room
temperature and in ovens at 80°C, 103°C and 180°C during 24 hours. These
samples have been called LHDWpH-X, where X is the temperature at which the
sample was reacted.

3. 8goflignin powder and 8 g of HMDA, which was previously mixed with 1.5g of
33% NaOH in water, were mixed and placed in an oven at 60°C during 18 hours.
The mixture was then divided into four parts. To each part, half of its weight was
added as weight of DMC. The samples were placed at room temperature and in
ovens at 80°C, 103°C and 180°C during 24 hours. The samples have been called
as LHDpH-X, where X is the temperature of the sample.

All the samples were prepared in open containers and in a no-neutral-gas-blanked oven.
The samples were then stored in eppendorf sealed with parafilm inside of a desiccator.
The samples were characterized as formed.

The samples obtained by reacting at 180°C were solids, and the samples obtained by
reacting at 103°C were hard pastes and the remaining ones were viscous liquids.

Coating samples

The samples of lignin based urethanes have been tested for coating application on the
surface of beech wood. The samples were prepared as described in the experimental part.
However, after the addition of HMDA in the LDH formulation and the addition of DMC
for the formulations of LHDWpH and LHDpH, the samples were heated one hour in an
oven at 60°C to obtain a homogeneous viscous liquids, which become quickly pastes as
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the temperature decreased. The viscous liquids were then spread over the wood surfaces
with a spatula, to a load of around 1-2 kg/m?. The coated wood samples were put in an
oven preheated at 180°C and were covered with a silicone sheet. A metal plate was placed
over the samples with 3 kg of weight over it to apply pressure. The coated wood were left
one hour at 180°C before cooling.

Analysis
FTIR

To confirm the presence of urethane structures, a Fourier Transform Infra-Red (FTIR)
analysis was carried out using a Shimadzu IRAffinity-1 spectrophotometer. A blank
sample tablet of potassium bromide, ACS reagent from ACROS Organics, was prepared
for the reference spectrum. A similar tablet was prepared by mixing potassium bromide
with 5% w/w of the sample powder to analyze. The spectrum was obtained in absorbance
measurement by combining 32 scans with a resolution of 2.0. The reference DMC
spectrum can be obtained [18].

MALDI-TOF analysis

Samples for Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF)
analysis were prepared first dissolving Smg of sample powder in ImL of a 50:50 v/v
acetone/water solution. Then 10 mg of this solution is added to 10uL of a 2,5-dihydroxy
benzoic acid (DHB) matrix. The locations dedicated to the samples on the analysis plaque
were first covered with 2uLL of a NaCl solution 0.1M in 2:1 v/v methanol/water, and
predried. Then 1uL of the sample solution was placed on its dedicated location and the
plaque is dried again. MALDI-TOF spectra were obtained using an Axima-Performance
mass spectrometer from Shimadzu Biotech (Kratos Analytical Shimadzu Europe Ltd.,
Manchester, UK) using a linear polarity-positive tuning mode. The measurements were
carried out making 1000 profiles per sample with 2 shots accumulated per profile. The
spectrum precision is of +1Da.

CP-MAS 13C NMR

Solid-state CP-MAS (cross-polarization/magic angle spinning) '*C NMR spectra of the
solid samples obtained by the different methods at 180 °C were recorded on a Bruker
MSL 300 spectrometer at a frequency of 75.47 MHz. Chemical shifts were calculated
relative to tetramethyl silane (TMS). The rotor was spun at 4 kHz on a double-bearing 7
mm Bruker probe. The spectra were acquired with 5 s recycle delays, a 90° pulse of 5 ms
and a contact time of 1 ms. The number of transients was 3000.

Contact angle

The contact angle of the treated surfaces at one minute from the water drop being placed
on it with a syringe were measured using an EasyDrop contact angle apparatus, with the
Drop Shape Analysis software (Kriis GmbH, Hamburg, Germany). Untreated wood was
used as control.
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RESULTS AND DISCUSSION
MALDI-TOF

In Tables 1, 2 and 3 are shown the interpretation of the peaks of the MALDI-TOF
analysis of the reaction products obtained for the LDH, LHDWpH and LHDpH at
180°C, thus for the cases in which the reaction was more complete. A number of species
are noticeable but what is of interest is the presence of urethane linkages obtained by the
different reactions occurring. Thus, chemical species formed by the reaction of the
diamine with the aliphatic hydroxyl group of a lignin unit according to a reaction
already described [19] have then reacted with dimethylcarbonate to form a urethane
group between this latter and the diamine. This is shown by the peak at 361 Da from the

LHDWpPH spectrum at 180°C , as follows:
0]
NH So°

NH

Na

_~CHs
HO
361Da

Similar species of urethane linkages between diamine and dimethyl carbonate but where
an ionic bond has formed between one of the amino groups of the diamine and an aliphatic
hydroxyl group of a lignin unit also occur as the peak at 441 Da from LHDWpH at 103°C,
as follows:

HO
o)
HO . k
O H3N CHg
NH o~
Na"
HsC. _CH
3 0 o 3
HO
441 Da

The more significant types of compounds are, however, those where the urethane linkages
are formed between the carbonate prereacted on lignin units and the diamine leading to
oligomers and cross-linking in this manner between lignin chains. An example of this
type of urethane linkages is shown by the peak at 555 Da from LDH at 180°C.
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NH O

O NH

Na

o HO
HO

555 Da

Equally urethane linkages in chemical species formed by reaction of the diamine with the
dimethyl carbonate prereacted with the phenolic hydroxyl groups of lignin units do occur,
as indicated by the peak at 361 Da from the spectrum of LDH at 180°C.

FT-IR

) @)

Fig. 2 shows the FT-IR spectrum of the unmodified, unreacted, original lignin, and Fig.
3 shows the product of the reaction of lignin with DMC at ambient temperature. On these
two figures can be seen [20]:

The band at 1745 cm™ belonging to C=O stretching in the ester group of
dimethylcarbonate (DMC) (Fig. 3).

The band at 1645 cm’! belonging to the C=O stretching in lignin, this peak
appearing as one of the shoulders of the peak at 1595 cm™! peak in unreacted lignin
(Fig. 2).

The band at 1451 cm™! belonging to the asymmetric C-H deformation in CH3 and
—CHa, and the aromatic skeleton plus the C-H deformation in CH3; from DMC
(Fig. 3).

The band at 1274 cm™ belonging to C-O stretching in the ester group of both DMC
and DMC reacted with lignin (Fig. 3).

The band at 1030 cm™ reduces clearly its intensity when comparing Figs. 2 and 3.
This peak belongs to the aromatic C-H vibration in plane, but also to the C-O in
primary alcohols. Thus, its reduction should be due to the decrease in the
proportion of primary alcohols as these have reacted with DMC.

The bands at 1745, 1451 and 1274 cm™ are practically the same and with a similar
trend than the peaks found in the DMC spectrum.
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Then, there are several clear trends noticeable when comparing the samples prepared at
103°C and 180°C (Figs. 4 and 5). While the spectra at 103°C show well-defined peaks,
the spectra of the samples at 180°C show broad bands. This trend at 180°C is due to two
reasons: the higher degree of polymerization and cross-linking of the samples at 180°C
which causes a marked broadening of the bands, and possibly indicating some thermal
degradation of the material.

The peaks at 3334, 1686, and 1532 cm™! are guide values of the presence of urethanes
bond in the samples prepared by the three methods used [16,21]. These peaks are very
marked in all the three type of preparation of samples and they are absent in the spectrum
of unreacted lignin.

Conversely, in the reaction between lignin and diamines, without DMC, two peaks
(between 3380 and 3290 cm) belonging to N-H stretching are observed, typically of
primary amines [19,22]. In the spectra analyzed here, only one peak is found (3334 cm™)
corresponding to N-H stretching (Fig. 4). This means that most of the amines present in
these samples are secondary amines, thus showing that there was reaction with the amine
to form a urethane bond.

The C=0 bond in amides appears at lower wavelength than in ester bonds. This explains
that the value of C=0 in the spectrum of LDH at 103°C has been displaced to 1686 cm™!
(from 1780 cm™), due to the reaction between the DMC and HMDA. However, there are
two bands in the spectrum of LDH at 180°C within the C=0 range (1763 and 1636 cm™)
(Fig. 5). This should mean that the amount of reacted amine with DMC is lower at 180°C
than at 103°C. It can be interpreted as the new species formed give their peak at 1636 cm”
!, while the peak at 1763 cm™! belongs to the remaining esters from DMC. This should be
because in the case of the reaction being conducted at 180°C, the temperature used is
higher than the boiling point of HMDA, leading to its evaporation before its reaction with
either DMC or lignin, or both. Conversely, Radice et al. [23] found that the band around
1690 cm™! belongs to the carbonyl stretching vibration in associated urethane bonds.

The peak around 1530 cm™! belongs to C=0 and N-H deformation in the amide groups of
urethane bonds but also it should be influenced by the aromatic skeleton of the lignin.
The peak around 1460 cm™! correspond to the CH; scissoring and CH3 deformations.

The peaks at 1300 cm™ and lower are difficult to assign to one definite bond movement
as they involve cooperative motions such as C-C stretching or C-O-C antisymmetric
stretching. Within this range it us worth taking note of the peak at 1265-1256 cm™!, which
should be influenced by several bond movements, especially from the C-O stretching
from the different reagents, from the lignin and from the ester group from the reaction
with DMC, but also from C-N elongation.

13C NMR

Fig. 6 shows the 3C NMR spectrum of the sample LHDWpH at 180°C, the spectra for
the other samples and for the unreacted lignin are in the Supplementary material
document. Looking at the spectrum of the sample LHDWpH and a spectrum of unreacted
lignin, several differences can be noticed. The peaks at 75 and 86 ppm, indicating the
aliphatic chain of the lignin, have practically disappeared for all the products obtained by
the different methods. Also, the peak at 145-147 ppm (carbon in the aromatic ring of
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lignin linked with the hydroxyl group) is decreased but still presents in the samples
spectra. These fact indicate that there both the aromatic and the aliphatic hydroxyl groups
of the lignin fragments do react to form covalent or ionic bonds. In addition, the shift at
37 ppm belonging to the C in  has disappeared, also indicating that there is reaction with
the lignin. Nevertheless, their presence (145 ppm and 74 ppm) in the spectra of the
products obtained seems to indicate that the reaction may not be completed.

Conversely, the unreacted DMC should show two peaks, at 156 ppm for the ester carbon
and at 54 ppm for the carbon in the methyl groups. The complete absence of the first one
(156 ppm) is one evidence that the DMC reacted to form urethane bond with the HMDA
or to react with the lignin. The samples show also a shift at 59 ppm, which can be
attributed to the variation in the resonance of the residual methyl groups in reacted DMC.
Conversely, the unreacted aliphatic HMDA should present a peak at 42 ppm. The spectra
show peaks at 40-41 ppm, this suggesting that there is still unreacted HMDA.

Finally, the shift at 27 ppm belong to diamine linked either covalently or as totally ionized
salts to the lignin. This shift shows a different resonance depending on the method used
to prepare the samples, being 27 ppm for LDH and 28 ppm for the other two methods.

Contact angle

The product obtained from the reaction of the lignin with both dymethylcarbonate and
hexemethyldiamine has been applied on the surface of beech wood. When, this product
has been used as formed and left to harden at ambient temperature (20°C), the hardening
of the samples was not completed. However, when pressure was applied, as described in
the experimental part, a homogeneous hard film was obtained on the wood surface. Table
4 shows the results obtained in the contact angle test. The clear increase of the values of
the contact angle when compared to that of uncoated wood indicates that the application
of these coatings lignin-based are effective because they increase the hydrophobicity of
the wood.

CONCLUSIONS

e The work presented demonstrates that non-isocyanate based polyurethanes can be
prepared using kraft lignin.

e A larger number of species were observed respect to previous works done with
tannins.

e The reaction of the lignin with the hexamethylenediamine allows to obtain
molecules of polyurethane where there are ionic bonds, covalent bonds or both.

e The reaction is more complete at 180°C than at 103°C, but certain degree of
degradation of the samples is already observed due to the high temperature as
indicated in the FTIR spectrum.
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Table 1. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 180°C. Case LDH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 138 lignin
= lignin fragment of 138 molecular weight; 198 lignin= lignin fragment of 198 molecular

weight

Peak in
Spectrum
(Da)
137,6
255,5

301,6
327,7
339,5
358,7
360,5
361,5

366,7
376,4
386,7

413,5
441,7
443,7

465,7

479,7
493,8
537,4
538,3
543,6

551,3
556,6

573,4
593,8
608

621,8
639,4

176

Oligomer type

Lignin

DMC-138Lig-DMC
198Lig-DMC
138Lig-DMC-138Lig
138Lig=DMCx2=138Lig
198Lig-DMC-U-HMDA
DMC-274Lig=DMC
DMC-138Lig-DMC-138Lig
DMC-138Lig-DMC-U-HMDA+Na
138Lig-DMC-198Lig
138Lig-DMC-179Lig+Na
138Lig-DMC-154Lig-DMC
305Lig-DMC+23

DMC-274Lig-DMC+Na
HMDA-U-DMC-274Lig=DMC
DMC-198Lig-DMC-U-HMDA+Nax2
HMDA-U-DMC-138Lig-DMC-138Lig
HMDA-U-DMC-182Lig-DMC-U-HMDA
HMDA-U-DMC-274Lig=DMC+Na
HMDA-U-DMC-198Lig-DMCx2+Nax2
305Lig-DMC-U-HMDA+Nax2
154Lig-DMC-154Lig-DMC-154Lig+Na
DMC-198Lig-DMC-198Lig-DMC
154Lig-DMC-U-HMDA-U-DMC-180Lig+Na
178Lig-DMC-U-HMDA-U-DMC-198Lig
198Lig-DMC-305Lig+Na
182Lig-DMC-U-HMDA-U-DMC-182Lig+Na
154Lig-DMC-138Lig-DMC-154Lig-DMC
DMC-138Lig-DMC-138Lig-DMC-138Lig-DMC+Na
274Lig-DMC-274Lig
154Lig-DMC-U-HMDA-U-DMC-272Lig
198Lig-DMC-U-HMDA-U-DMC-242Lig
DMC-198Lig-DMC-198Lig-DMC-U-HMDA
HMDA-U-DMC-274Lig-(DMC)-DMC-U-HMDA+Na
154Lig-DMC-138Lig-DMC-154Lig-DMC-U-HMDA

Calculated
Peak
(Da)

254
256
302
328
340
358
360
361
362
366
376
386

413
442
444
444
466
465
479
493
537
538
543
544
552
555
556
573
574
594
608
622
639
640



673,2
713,2

735,3
763,5

180Lig-DMC-U-HMDA-U-DMC-326Lig
DMC-274Lig-DMC-274Lig-DMC+Na
138Lig-DMC-179Lig-DMC-179Lig-DMC-U-HMDA+Na
272Lig-DMC-U-HMDA-U-DMC-272Lig
138Lig-DMC-179Lig-DMC-179Lig-DMC-U-HMDA+Nax2
HMDA-U-DMC-138Lig-DMC-138Lig-DMC-138Lig-DMC-U-HMDA+Nax2

Résultats

674
713
713
712
736
764
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Résultats

Table 2. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 180°C. Case LHDWpH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Spectrum

178

Peak in

(Da)
137,8
198
279,6
316,8
335
333,7
335,7

338,8
344,8
352,8
357,7
358,8

361,6
378
392,8
400
414,9

443,8

450,8
451,9
458
475,8
495
537,5

543,9
551
556,8
559,6

Oligomer type

Lignin

Lignin

182Lig-HMDA
138Lig-HMDA-U-DMC+Na
HMDA+-104+-HMDA
HMDA-138-HMDA
138Lig+-HMDA-U-DMC+Na
138Lig+-HMDA-U-DMC+Na
156Lig-HMDA-U-DMC+Na
182Lig-HMDA-U-DMC
104Lig-HMDA-138Lig+Na
156Lig+-HMDA-U-DMC+Na
HMDA-138Lig-HMDA+Na
242Llig+-HMDA
138Lig+-HMDA-U-DMC+Nax2
156Lig-HMDA-U-DMC+Nax2
182Lig-HMDA-U-DMC+Na
HMDA-182Lig-HMDA
HMDA-138-HMDA-U-DMC
198Lig-HMDA-U-DMC+Nax2
HMDA-138-HMDA-U-DMC+Na
HMDA-138Lig-HMDA-U-DMC+Na
Lignin

182Lig-HMDA-182Lig
244Lig+-HMDA-U-DMC+Na
DMC-U-HMDA-138-HMDA-U-DMC
DMC-U-HMDA+-104+-HMDA-U-DMC
HMDA-182Lig-HMDA-U-DMC+Na
DMC-U-HMDA+-104+-HMDA-U-DMC+Na
198Lig-HMDA+-198Lig
138Lig-HMDA-U-DMC-U-HMDA-154Lig+Na
138Lig-HMDA-U-DMC-U-HMDA-178Lig
HMDA-242Lig-HMDA-U-DMC+Nax2
HMDA-138Lig-HMDA-138Lig-HMDA
HMDA+-104Lig+-HMDA+-104Lig+-HMDA
154Lig-HMDA-U-DMC-U-HMDA-182Lig

Calculated
Peak
(Da)

280
317
336
334
335
335
335
338
345
353
357
358
358
358
361
378
392
400
415
415

444
441
450
452
459
475
494
537
538
542
552
556
558



576,9

600,2

602,9
608
610

622
636,1

713,3
735,2
764,2
875,4

891,7

182Lig-HMDA-182Lig-O-+HMDA
182Lig-HMDA-182Lig+-HMDA
178Lig-HMDA-U-DMC-U-HMDA-154Lig+Na
DMC-U-HMDA-242Lig-HMDA-U-DMC+Na
242Lig+-HMDA+-242Lig
DMC-U-HMDA-242Lig-HMDA-U-DMC+Nax2
182Lig-HMDA-U-DMC-U-HMDA-198Lig
HMDA+-272+-HMDA-U-DMC+Na
198Lig+-HMDA+-198Lig-HMDA
198Lig+-HMDA+-180Lig+-HMDA
HMDA-138Lig-HMDA-138Lig-HMDA-U-DMC
178Lig-HMDA-U-DMC-U-HMDA-198Lig+Na
180Lig-HMDA-180Lig-O-+HMDA-U-DMC+Na

HMDA+-104Lig+-HMDA+-104Lig+-HMDA-U-DMC+Na

180Lig-HMDA-180Lig+-HMDA-U-DMC+Na
180Lig-HMDA-180Lig+-HMDA-U-DMC+Na
HMDA+-180Lig-HMDA-180Lig-HMDA
HMDA+-180Lig-HMDA-180Lig-HMDA

DMC-U-HMDA+-138Lig+-HMDA+-138Lig+-HMDA-U-DMC+Na
DMC-U-HMDA-242Lig-HMDA-242Lig-HMDA-U-DMC

326Lig-HMDA-U-DMC-U-HMDA-326Lig

DMC-U-HMDA-180Lig-HMDA-156Lig-HMDA-180Lig-HMDA-U-DMC

Résultats

560
560
577
577
600
600
602
608
610
610
610
621
637
637
637
637
712
735
763
876
874
890
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Résultats

Table 3. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 180°C. Case LHDpH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 138, 156,
178, 182, 198, 242 lignin = lignin fragments of respectively 138, 156, 178, 182, 198, 242
molecular weight.

Peak in Calculated
Spectrum Oligomer type Peak
(Da) (Da)

137,8 Lignin
198 Lignin

278,7  138Lig+-HMDA+Na 277
156Lig-HMDA+Na 277
279,6  182Lig-HMDA 280
316,7  138Lig-HMDA-U-DMC+Na 317
330,7 156Lig+-HMDA-U-DMC 330
358,7 HMDA-138Lig-HMDA+Na 357
242Lig+-HMDA 358
138Lig+-HMDA-U-DMC+Nax2 358
156Lig-HMDA-U-DMC+Nax2 358
361,6  182Lig-HMDA-U-DMC+Na 361
379,6 HMDA-182Lig-HMDA 378
400,6  180Lig+-HMDA-U-DMC+Nax2 400
198Lig-HMDA-U-DMC+Nax2 400
441,7  244lig+-HMDA-U-DMC+Na 441
443,8  182Lig-HMDA-182Lig 444
451 DMC-U-HMDA-138-HMDA-U-DMC 450
DMC-U-HMDA+-104+-HMDA-U-DMC 452
457,7 HMDA-180Lig-HMDA-U-DMC+Na 457
469,7 HMDA+-156Lig+-HMDA-U-DMC+Na 469
472,8 DMC-U-HMDA-138-HMDA-U-DMC+Na 473
DMC-U-HMDA-138Lig-HMDA-U-DMC+Na 473
494,7 DMC-U-HMDA-182Lig-HMDA-U-DMC 494
494,7  198Lig-HMDA+-198Lig 494
156Lig-HMDAXx2-156Lig+Na 495
537,4  138Lig-HMDA-U-DMC-U-HMDA-154Lig+Na 537
138Lig-HMDA-U-DMC-U-HMDA-178Lig 538
551 HMDA-138Lig-HMDA-138Lig-HMDA 552
DMC-U-HMDA-242Lig-HMDA-U-DMC+Na 577
602,8  138Lig-HMDA-U-DMC-U-HMDA-242Lig 602
178Lig-HMDA-U-DMC-U-HMDA-180Lig+Na 603
607,8 HMDA+-272+-HMDA-U-DMC+Nax2 608
613,9 180Lig-HMDA-180Lig-O-+HMDA-U-DMC 614
HMDA+-104Lig+-HMDA+-104Lig+-HMDA-U-DMC 614
180Lig-HMDA-180Lig+-HMDA-U-DMC 614
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621,8
633,8
642,8

647,8
704
727,7

735
741
763,9
789,9

829,7

Table 4. Contact angle results obtained from the coating experiences.

178Lig-HMDA-U-DMC-U-HMDA-198Lig+Na
HMDA-138Lig-HMDA-138Lig-HMDA-U-DMC+Na
DMC-U-HMDA+-272+-HMDA-U-DMC+Na
178Lig-HMDA-U-DMC-U-HMDA-242Lig
272Lig-HMDA-U-DMC-U-HMDA-154Lig
DMC-U-HMDA+-138Lig-HMDA-138Lig+-HMDA-U-DMC
DMC-U-HMDA+-138Lig-HMDA-138Lig+-HMDA-U-DMC+Na
DMC-U-HMDA-156Lig-HMDA-156Lig-HMDA-U-DMC+Na
DMC-U-HMDA+-138Lig-HMDA-138Lig+-HMDA-U-DMC+Na
HMDA+-180Lig-HMDA-180Lig-HMDA-U-DMC+Na
DMC-U-HMDA+-138Lig+-HMDA+-138Lig+-HMDA-U-DMC
DMC-U-HMDA+-138Lig+-HMDA+-138Lig+-HMDA-U-DMC+Na
198Lig+-HMDA-198Lig-HMDA+-198Lig
198Lig-HMDA+-180Lig+-HMDA+-198Lig
HMDA+-180Lig+-HMDA+-180Lig+-HMDA-U-DMC+Na
HMDA-198Lig+-HMDA+-198Lig-HMDA-U-DMC+Na
HMDA+-198Lig+-HMDA+-180Lig+-HMDA-U-DMC+Na
272Lig-HMDA-U-DMC-U-HMDA-272Lig+Na
242Lig-HMDA-U-DMC-U-HMDA-326Lig
DMC-U-HMDA+-180Lig+-HMDA-180Lig-HMDA-U-DMC+Na
DMC-U-HMDA-198Lig-HMDA-198Lig+-HMDA-U-DMC+Na
DMC-U-HMDA+-198Lig-HMDA-180Lig+-HMDA-U-DMC+Na

Résultats

621
633
643
642
648
704
727
727
727
735
740
763
790
790
789
789
789
789
790
829
829
829

Coating samples

Contact angle with water (°)

Untreated wood 34°
LHDWpH formulation 96°
LHDpH formulation 78°
LDH formulation 88°
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Résultats

FIGURE LEGENDS

Fig. 1: MALDI-ToF of the reaction products for the reaction LDH at 180°C of lignin to
form non-isocyanate polyurethanes. (a) 10 Da — 1000 Da range. (b) 1000 Da — 2000 Da
range.

Fig.2. FT-IR of unreacted lignin.

Fig. 3. FT-IR of the reaction of lignin with dimethyl carbonate at ambient temperature.
Fig. 4. FT-IR of the reaction LDH of lignin with dimethyl carbonate and hexamethylene
diamine according to preparation method 1 at 103°C.

Fig. 5. FT-IR of the reaction LDH of lignin with dimethyl carbonate and hexamethylene
diamine according to preparation method 1 at 180°C

Fig. 6. 13C NMR spectrum of LHDWpH at 180°C

Fig. 7. Left. Sample left to harden at ambient temperature. Right. Sample of LHDWpH
after heated at 180°C during one hour covered with a silicone sheet.
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Résultats
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Fig. 3. Lignin + DMC at ambient temperature.
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Résultats
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Fig. 5. LDH 180°C: Preparation methods 1 at 180°C
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Résultats
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Fig. 6. 13C NMR spectrum for LHDWpH at 180°C

Fig. 7. Samples of coating.
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Résultats

5.1 Matériel supplémentaire de « Polyurethanes from kraft

lignin without using isocyanates »

SUPPLEMENARY MATERIAL

CP-MAS 13C NMR
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Fig. S1. 13C NMR spectrum of LDH at 180°C
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Fig. S2. 13C NMR spectrum of LHDpH at 180°C
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Fig. S4. FT-IR of the reaction LHDpH of lignin with dimethyl carbonate and
hexamethylene diamine according to preparation method 3 at 103°C.
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Fig. S5. FT-IR of the reaction LHDpH of lignin with dimethyl carbonate and
hexamethylene diamine according to preparation method 3 at 180°C.
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Fig. S6. FT-IR of the reaction LHDWpH of lignin with dimethyl carbonate and
hexamethylene diamine according to preparation method 2 at 103°C.
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Fig. S7. FT-IR of the reaction LHDWpH of lignin with dimethyl carbonate and
hexamethylene diamine according to preparation method 2 at 180°C.
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MALDI ToF

Résultats

Table S1. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at room temperature. Case

LDH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,

326 molecular weight.

Peak in
Spectrum
(Da)
137,6
255,5

300,4

301,5
314,5
328,4
338,7

357,5

361,5
365,6
376,4
398
406,8
413,5
429,4
443,7
443,7
457,3
480,7
522,9
537,4

551,2

570,8
572
573,4
602,8
626,8

Oligomer type

Lignin

DMC-138Lig-DMC

198Lig-DMC

242Lig-DMC

274Lig=DMC

138Lig-DMC-138Lig

DMC-198Lig-DMC

138Lig=DMCx2=138Lig
DMC-198Lig-DMC+Na
DMC-138Lig-DMC-U-HMDA
154Lig-DMC-154Lig+Na
DMC-274Lig=DMC
DMC-138Lig-DMC-138Lig
138Lig-DMC-179Lig+Na
138Lig-DMC-154Lig-DMC
DMC-198Lig-DMC-U-HMDA
2421ig-DMC-U-HMDA+Na
DMC-274Lig-DMC+Na
138Lig-DMC-242Lig+Na
DMC-198Lig-DMC-U-HMDA+Nax2
138Lig-DMC-U-HMDA-U-DMC-138Lig
DMC-138Lig-DMC-154Lig-DMC+Na
HMDA-U-DMC-198Lig-DMCx2+Nax2
154Lig-DMC-U-HMDA-U-DMC-178Lig+Na
154Lig-DMC-154Lig-DMC-154Lig+Na
DMC-198Lig-DMC-198Lig-DMC
198Lig-DMC-305Lig+Na
180Lig-DMC-U-HMDA-U-DMC-180Lig+Na
138Lig-DMC-U-HMDA-U-DMC-242Lig+Na
154Lig-DMC-154Lig-DMC-154Lig-DMC
DMC-138Lig-DMC-138Lig-DMC-138Lig-DMC+Na
138Lig-DMC-138Lig-DMC-274Lig
DMC-242Lig-DMC-242Lig-DMC

Calculated
Peak
(Da)

254
256
300
300
302
314
328
337
338
357
358
360
366
376
398
407
413
429
444
444
457
479
523
537
538
552
551
571
572
573
602
626
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Résultats

DMC=274Lig-DMC-274Lig=DMC 626
628,8 138Lig-DMC-179Lig-DMC-179Lig-DMC+Na 629
713,4 DMC-274Lig-DMC-274Lig-DMC+Na 713
138Lig-DMC-179Lig-DMC-179Lig-DMC-U-HMDA+Na 713
809,9 138Lig-DMC-198Lig-DMC-198Lig-DMC-198Lig 810

Table S2. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 80°C. Case LDH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Peak in Calculated
Spectrum Oligomer type Peak
(Da) (Da)
255,5 DMC-138Lig-DMC 254
198Lig-DMC 256
300,4 242Lig-DMC 300
274Lig=DMC 300
314,5 DMC-198Lig-DMC 314
328,7 138Lig=DMCx2=138Lig 328
336,7 DMC-198Lig-DMC+Na 337
338,7 DMC-138Lig-DMC-U-HMDA 338
339,7 198Lig-DMC-U-HMDA 340
357,5 154Lig-DMC-154-Lig+Na 357
DMC-274Lig=DMC 358
365,6 138Lig-DMC-179Lig+Na 366
372 198Lig-DMCx3+Na 372
379,8 DMC-180Lig-DMC-U-HMDA 380
398 DMC-198Lig-DMC-U-HMDA 398
407,8 242Lig-DMC-U-HMDA+Na 407
441,7 HMDA-U-DMC-274Lig=DMC 442
464,8 HMDA-U-DMC-182Lig-DMC-U-HMDA 466
HMDA-U-DMC-274Lig=DMC 465
480,7 HMDA-U-DMC-198Lig-DMCx2+Nax2 479
507,8 138Lig-DMC-U-HMDA-U-DMC-178Lig+Na 507
520,7 DMC-274Lig-DMC-U-HMDA+Nax2 520
154Lig-DMC-U-HMDA-U-DMC-198Lig 520
522,9 154Lig-DMC-U-HMDA-U-DMC-178Lig+Na 523
537,4 154Lig-DMC-154Lig-DMC-154Lig+Na 537
DMC-198Lig-DMC-198Lig-DMC 538
553,6 198Lig-DMC-305Lig+Na 552
572,8 154Lig-DMC-154Lig-DMC-154Lig-DMC 572
DMC-138Lig-DMC-138Lig-DMC-138Lig-DMC+Na 573
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Résultats

626,8 DMC-242Lig-DMC-242Lig-DMC 626
DMC=274Lig-DMC-274Lig=DMC 626
628,8 138Lig-DMC-179Lig-DMC-179Lig-DMC+Na 629

Table S3. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 103°C. Case LDH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Peak in Calculated
Spectrum Oligomer type Peak
(Da) (Da)

137,6 Lignin

255,8 DMC-138Lig-DMC 254
198Lig-DMC 256
300,4 242Lig-DMC 300
274Lig=DMC 300
328,4 138Lig=DMCx2=138Lig 328
339,9 198Lig-DMC-U-HMDA 340
357,9 154Lig-DMC-154-Lig+Na 357
358,8 DMC-274Lig=DMC 358
359,7 DMC-138Lig-DMC-138Lig 360
363,8 198Lig-DMC-U-HMDA+Na 363
366,8 138Lig-DMC-179Lig+Na 366
372,7 198Lig-DMCx3+Na 372
375,8 138Lig-DMC-154Lig-DMC 376
382,9 DMC-182Lig-DMC-U-HMDA 382
397,8 DMC-198Lig-DMC-U-HMDA 398
406,8 242Lig-DMC-U-HMDA+Na 407
457,8 DMC-138Lig-DMC-154Lig-DMC+Na 457
465,9 HMDA-U-DMC-182Lig-DMC-U-HMDA 466
HMDA-U-DMC-274Lig=DMC+Na 465
481,9 HMDA-U-DMC-198Lig-DMC-U-HMDA 482
497 DMC-274Lig-DMC-U-HMDA+Na 497
504,9 HMDA-U-DMC-198Lig-DMC-U-HMDA+Na 505
HMDA-U-DMC-198Lig-DMC-U-HMDA+Na 505
504,9 138Lig-DMC-U-HMDA-U-DMC-198Lig 504
520,8 DMC-274Lig-DMC-U-HMDA+Na 520
522,9 154Lig-DMC-U-HMDA-U-DMC-178Lig+Na 523
537,8 154Lig-DMC-154Lig-DMC-154Lig+Na 537
DMC-198Lig-DMC-198Lig-DMC 538
539,9 DMC-138Lig-DMC-242Lig-DMC-U-HMDA+Na 539
198Lig-DMCx3-(U-HMDA)x2+Na 540
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548,9 138Lig-DMC-U-HMDA-U-DMC-242Lig 548
178Lig-DMC-U-HMDA-U-DMC-180Lig+Na 549

562,8 DMC-138Lig-DMC-242Lig-DMC-U-HMDA+Nax2 562
198Lig-DMCx3-(U-HMDA)x2+Nax2 563

567,4 DMC-242Lig-DMC-242Lig 568
580,9 HMDA-U-DMC-274Lig-DMC-U-HMDA+Na 581
587,9 178Lig-DMC-U-HMDA-U-DMC-242Lig 588
604,9 HMDA-U-DMC-274Lig-DMC-U-HMDA+Nax2 604
615,9 242Lig-DMC-U-HMDA-U-DMC-182Lig+Na 615
620,9 272Lig-DMC-U-HMDA-U-DMC-180Lig 620
638,9 HMDA-U-DMC-274Lig-DMCx2+Nax2 639
655,9 154Lig-DMC-154Lig-DMC-154Lig-DMC-U-HMDA 656
655,9 138Lig-DMC-U-HMDA-U-DMC-326Lig+Na 655
662,9 HMDA-U-DMC-274Lig-(DMC)-DMC-U-HMDA+Na 662
154Lig-DMC-138Lig-DMC-154Lig-DMC-U-HMDA+Na 663

675 HMDA-U-DMC-242Lig-DMC-242Lig+Na 675
680,9 DMC-138Lig-DMC-138Lig-DMC-138Lig-DMC-U-HMDA+Nax2 680
695,9 178Lig-DMC-U-HMDA-U-DMC-326Lig+Na 695
809,9 138Lig-DMC-198Lig-DMC-198Lig-DMC-198Lig 810

Table S4. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at room temperature. Case
LHDpH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Peak in Calculated
Spectrum Oligomer type Peak
(Da) (Da)
137,8 Lignin
198 Lignin
255 138Lig+-HMDA 254
358,5 HMDA-138Lig-HMDA+Na 357
242Lig+-HMDA 358
138Lig+-HMDA-U-DMC+Nax2 358
156Lig-HMDA-U-DMC+Nax2 358
361,4 182Lig-HMDA-U-DMC+Na 361
378 HMDA-182Lig-HMDA 378
392,6 HMDA-138-HMDA-U-DMC 392
441,5 Lignin
244Lig+-HMDA-U-DMC+Na 441
457 HMDA-180Lig-HMDA-U-DMC+Na 457
494,8 198Lig-HMDA+-198Lig 494
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198Lig+-HMDA+-180Lig
156Lig-HMDAX2-156Lig+Na

138Lig-HMDA-U-DMC-U-HMDA-

>37,2 154Lig+Na
138Lig-HMDA-U-DMC-U-HMDA-178Lig
551 HMDA-138Lig-HMDA-138Lig-HMDA
6027 178Lig-HMDA-U-DMC-U-HMDA-

180Lig+Na

494
495

537

538
552

603

Résultats

Table S5. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 80°C. Case LHDpH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Peak in
Spectrum
(Da)
137,8
198
236,7
255,7
276,7

305,7
312,7
330,7
336
338,6
358,7

361
375,6
388,7

394
416,7

441,8

457,5
495,7

513,5

Oligomer type

Lignin

Lignin

138Lig-HMDA

138Lig+-HMDA
138Lig+-HMDA+Na
156Lig-HMDA+Na
104Lig+-HMDA-104Lig
138Lig+-HMDA-U-DMC
156Lig+-HMDA-U-DMC
HMDA+-104+-HMDA
182Lig-HMDA-U-DMC
242lig+-HMDA
138Lig+-HMDA-U-DMC+Nax2
156Lig-HMDA-U-DMC+Nax2
182Lig-HMDA-U-DMC+Na
HMDA-180Lig-HMDA
HMDA+-156Lig+-HMDA
HMDA+-104+-HMDA-U-DMC
242Lig+-HMDA-U-DMC
HMDA+-104+-HMDA-U-DMC+Na
Lignin
244Lig+-HMDA-U-DMC+Na
HMDA-182Lig-HMDA-U-DMC+Na
156Lig-HMDAX2-156Lig+Na
DMC-UHMDA-138Lig-HMDA-U-DMC+Nax2
138Lig-HMDA-U-DMC-U-HMDA-154Lig

Calculated
Peak
(Da)

236
254
277
277
306
312
330
336
338
358
358
358
361
376
388
394
416
417

441
459
495
496
514
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520,8
537,7

551,7
577,8

138Lig-HMDA-U-DMC-U-HMDA-138Lig+Na
138Lig-HMDA-U-DMC-U-HMDA-154Lig+Na
138Lig-HMDA-U-DMC-U-HMDA-178Lig
HMDA-138Lig-HMDA-138Lig-HMDA
DMC-U-HMDA-242Lig-HMDA-U-DMC+Na
178Lig-HMDA-U-DMC-U-HMDA-154Lig+Na
178Lig-HMDA-U-DMC-U-HMDA-178Lig

521
537
538
552
577
577
578

Table S6. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 103°C. Case LHDpH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Peak in
Spectru
m
(Da)
137,8
198
235,5
272,6

305,7
255
330,8
358,7

363,7
388,7
446,8
495,7

537,8
551,8
579
580,8
602,9

620,8
638,8

196

Oligomer type

Lignin

Lignin

138Lig-HMDA

Lignin

156Lig+-HMDA

104Lig+-HMDA-104Lig
138Lig+-HMDA-U-DMC
156Lig+-HMDA-U-DMC
HMDA-138Lig-HMDA+Na

242lig+-HMDA
138Lig+-HMDA-U-DMC+Nax2
156Lig-HMDA-U-DMC+Nax2
182Lig-HMDA-U-DMC+Na
HMDA+-156Lig+-HMDA
HMDA+-156Lig+-HMDA-U-DMC+Na
156Lig-HMDAx2-156Lig+Na
DMC-U-HMDA-138Lig-HMDA-U-DMC+Nax2
138Lig-HMDA-U-DMC-U-HMDA-154Lig+Na
138Lig-HMDA-U-DMC-U-HMDA-178Lig
HMDA-138Lig-HMDA-138Lig-HMDA
180Lig-HMDA-180Lig+-HMDA+Na
180Lig-HMDA-U-DMC-U-HMDA-178Lig
138Lig-HMDA-U-DMC-U-HMDA-242Lig
178Lig-HMDA-U-DMC-U-HMDA-180Lig+Na
178Lig-HMDA-U-DMC-U-HMDA-198Lig+Na
180Lig-HMDA-180Lig+-HMDA-U-DMC+Na

Calculate

d
Peak
(Da)

236

272
306
312
330
357
358
358
358
361
388
446
495
496
537
538
552
579
580
602
603
621
637



650,9

654
684,5
694,9

738
751,9

770
828

912,2

180Lig-HMDA-180Lig-O-+HMDA--U-DMC+Na
HMDA+-104Lig+-HMDA+-104Lig+-HMDA-U-DMC+Na
180Lig-HMDA-180Lig+-HMDA-U-DMC+Na
198Lig+-HMDA+-198Lig+-HMDA+Na
156Lig-HMDA-156Lig-HMDA-156Lig+Na
138Lig+-HMDA+-138Lig+-HMDA-138Lig+Na
HMDA+-180Lig-HMDA-180Lig-HMDA
198Lig-HMDA-U-DMC-U-HMDA-242Lig+Na
272Lig-HMDA-U-DMC-U-HMDA-178Lig+Na
DMC-U-180Lig-HMDA-180Lig-O-+HMDA-U-DMC+Na
DMC-U-HMDA+-104Lig+-HMDA+-104Lig+-HMDA-U-DMC+Na
HMDA+-182Lig-HMDA-182Lig-HMDA-U-DMC+Na
DMC-U-HMDA-156Lig-HMDA-156Lig-HMDA-U-DMC+Nax2
DMC-U-HMDA+-138Lig-HMDA-138Lig+-HMDA-U-DMC+Nax2
DMC-U-HMDA+-180Lig-HMDA-180Lig-HMDA-U-DMC
DMC-U-HMDA+-180Lig+-HMDA-180Lig-HMDA-U-DMC+Na
DMC-U-HMDA-198Lig-HMDA-198Lig+-HMDA-U-DMC+Na
DMC-U-HMDA+-198Lig-HMDA-180Lig+-HMDA-U-DMC+Na
DMC-U-HMDA-180Lig-HMDA-156Lig-HMDA-180Lig-HMDA-U-
DMC+Na

Résultats

637
637
637
651
651
651
654
685
695
695
695
739
750
750
770
829
829
829

913

Table S7. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at room temperature. Case

LHDWpH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Peak in
Spectrum
(Da)
137,8
197,7
236,7
255,6
272,5

358,6

416,6

Calculated

Oligomer type Peak

(Da)
Lignin
Lignin
138Lig-HMDA 236
138Lig+-HMDA 254
Lignin
156Lig+-HMDA 272
HMDA-138Lig-HMDA+Na 357
242Lig+-HMDA 358
138Lig+-HMDA-U-DMC+Nax2 358
156Lig-HMDA-U-DMC+Nax2 358
180Lig-HMDA-U-DMC+Na 359
HMDA-138-HMDA-U-DMC+Na 415
HMDA-138Lig-HMDA-U-DMC+Na 415
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242Lig+-HMDA-U-DMC 416
HMDA+-104+-HMDA-U-DMC+Na 417
441,7 Lignin
244Llig+-HMDA-U-DMC+Na 441
453,8 DMC-U-HMDA+-104+-HMDA-U-DMC 452
474,7 DMC-U-HMDA+-104+-HMDA-U-DMC+Na 475
494,8 198Lig-HMDA+-198Lig 494
198Lig+-HMDA+-180Lig 494
156Lig-HMDAX2-156Lig+Na 495
513,5 138Lig-HMDA-U-DMC-U-HMDA-154Lig 514
514,6 DMC-U-HMDA-180Lig-HMDA-U-DMC+Na 515
138Lig-HMDA-U-DMC-U-HMDA-
237,53 154Li§+Na 237
138Lig-HMDA-U-DMC-U-HMDA-178Lig 538
551 HMDA-138Lig-HMDA-138Lig-HMDA 552
178Lig-HMDA-U-DMC-U-HMDA-
603 180Lig+Na 603

Table S8. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 80°C. Case LHDWpH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Peakin Calculated
Spectrum Oligomer type Peak
(Da) (Da)
137,8  Lignin
198 Lignin
235,5 138Lig-HMDA 236
255 138Lig+-HMDA 254
272,6  Lignin
156Lig+-HMDA 272
156Lig+-HMDA-U-DMC 330
345  104Llig-HMDA-138Lig+Na 345
353,7 156Lig+-HMDA-U-DMC+Na 353
358,6 242Lig+-HMDA 358
138Lig+-HMDA-U-DMC+Nax2 358
156Lig-HMDA-u-DMc+Nax2 358
363,7 182Lig-HMDA-U-DMC+Na 361
388,7 HMDA+-156Lig+-HMDA 388
416 HMDA-138Lig-HMDA-U-DMC+Na 415
HMDA-138-HMDA-U-DMC+Na 415
242Lig+-HMDA-U-DMC 416
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438,7

451,7
495,7
496,6
520,7
537,7

540,7
562,7
578,7
580,7

581,6

597

602,8

613,7
620,7

638,7

644,8
648,8
654
655,7
674,7
706,8
731,7

764,8
793,6
820,8
890,6
957,5

HMDA+-104+-HMDA-U-DMC+Na
DMC-U-HMDA-138Lig-HMDA+Nax2
242Lig+-HMDA-U-DMC+Na
DMC-U-HMDA+-104+-HMDA-U-DMC
156Lig-HMDAX2-156Lig+Na
DMC-U-HMDA-138Lig-HMDA-U-DMC+Nax2
138Lig-HMDA-U-DMC-U-HMDA-138Lig+Na
138Lig-HMDA-U-DMC-U-HMDA-154Lig+Na
138Lig-HMDA-U-DMC-U-HMDA-178Lig
138Lig-HMDA-U-DMC-U-HMDA-180Lig
138Lig-HMDA-U-DMC-U-HMDA-180Lig+Na
180Lig-HMDA-U-DMC-U-HMDA-154Lig+Na
180Lig-HMDA-180Lig+-HMDA+Na
180Lig-HMDA-U-DMC-U-HMDA-178Lig
138Lig-HMDA-U-DMC-U-HMDA-198Lig+Na
180Lig-HMDA-U-DMC-U-HMDA-180Lig
154Lig-HMDA-U-DMC-U-HMDA-198Lig+Na
198Lig-HMDA-U-DMC-U-HMDA-178Lig
138Lig-HMDA-U-DMC-U-HMDA-242Lig
178Lig-HMDA-U-DMC-U-HMDA-180Lig+Na
HMDA+-104Lig+-HMDA+-104Lig+-HMDA-U-DMC
182Lig-HMDA-182Lig-O-+HMDA-U-DMC
182Lig-HMDA-182Lig+-HMDA-U-DMC
178Lig-HMDA-U-DMC-U-HMDA-198Lig+Na
180Lig-HMDA-180Lig-O-+HMDA-U-DMC+Na
HMDA+-104Lig+-HMDA+-104Lig+-HMDA-U-DMC+Na
180Lig-HMDA-180Lig+-HMDA-U-DMC+Na
180Lig-HMDA-180Lig+-HMDA-U-DMC+Na
180Lig-HMDA-U-DMC-U-HMDA-242Lig
272Lig-HMDA-U-DMC-U-HMDA-154Lig
HMDA+-180Lig-HMDA-180Lig-HMDA
138Lig-HMDA-U-DMC-U-HMDA-272Lig+Na
180Lig-HMDA-U-DMC-U-HMDA-272Lig
2421ig-HMDA-U-DMC-U-HMDA-242Lig
HMDA+-180Lig+-HMDA+-180Lig+-HMDA-Na
HMDA-198Lig+-HMDA+-198Lig-HMDA+Na
HMDA+-198Lig+-HMDA+-180Lig+-HMDA+Na
198Lig+-HMDA+-198Lig+-HMDA-U-DMC+Nax2

DMC-U-HMDA+-138Lig+-HMDA+-138Lig+-HMDA-U-DMC+Na
DMC-U-HMDA+-180Lig-HMDA-180Lig-HMDA-U-DMC+Na

272Lig-HMDA-U-DMC-U-HMDA-326Lig

DMC-U-HMDA-180Lig-HMDA-156Lig-HMDA-180Lig-HMDA-U-DMC

DMC-U-HMDA+-242Lig-HMDA-242Lig-HMDAx2+Na
242Lig+-HMDA+-242Lig+-HMDA+-242Lig

Résultats

417
438
439
452
495
496
521
537
538
540
563
579
579
580
581
582
597
598
602
603
614
618
618
621
637
637
637
637
644
648
654
655
674
706
731
731
731
732
763
793
820
890
957
958
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Table S9. MALDI-ToF analysis of oligomer species formed in the reaction of kraft
lignin with dimethyl carbonate and hexamethylenediamine at 103°C. Case LHDWpH.

U = urethane linkage; DMC= dimethyl carbonate; HMDA = hexamethylenediamine; 104, 138,
154, 178, 182, 198, 326 lignin = lignin fragments of respectively 104, 138, 154, 178, 182, 198,
326 molecular weight.

Peakin Calculated
Spectrum Oligomer type Peak
(Da) (Da)
137,8 Lignin
198 Lignin
235,5 138Lig-HMDA 236
255 138Lig+-HMDA 254
272,6 Lignin
156Lig+-HMDA 272
330,7 156Lig+-HMDA-U-DMC 330
354,7 156Lig+-HMDA-U-DMC+Na 353
358,7 HMDA-138Lig-HMDA+Na 357
242Lig+-HMDA 358
138Lig+-HMDA-U-DMC+Nax2 358
156Lig-HMDA-U-DMC+Nax2 358
363,7 182Lig-HMDA-U-DMC+Na 361
388,7 HMDA+-156Lig+-HMDA 388
417 242Lig+-HMDA-U-DMC 416
HMDA+-104+-HMDA-U-DMC+Na 417
437,7 HMDA-138Lig-HMDA-U-DMC+Na 438
441 244Lig+-HMDA-U-DMC+Na 441
451,7 DMC-U-HMDA-138-HMDA-U-DMC 450
DMC-U-HMDA+-104+-HMDA-U-DMC 452
462,7 HMDA-242Lig-HMDA+Na 461
495,7 198Lig-HMDA+-198Lig 494
198Lig+-HMDA+-180Lig 494
156Lig-HMDAx2-156Lig+Na 495
DMC-U-HMDA-138Lig-HMDA-U-DMC+Nax2 496
538,7 138Lig-HMDA-U-DMC-U-HMDA-178Lig 538
580,8 182Lig-HMDA-U-DMC-U-HMDA-178Lig 582
138Lig-HMDA-U-DMC-U-HMDA-198Lig+Na 581
597 154Lig-HMDA-U-DMC-U-HMDA-198Lig+Na 597
198Lig-HMDA-U-DMC-U-HMDA-178Lig 598
638,8 180Lig-HMDA-180Lig-O-+HMDA-U-DMC+Na 637
HMDA+-104Lig+-HMDA+-104Lig+-HMDA-U-DMC+Na 637
180Lig-HMDA-180Lig+-HMDA-U-DMC+Na 637
180Lig-HMDA-180Lig+-HMDA-U-DMC+Na 637
655,8 138Lig-HMDA-U-DMC-U-HMDA-272Lig+Na 655
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828,1

DMC-U-HMDA+-180Lig+-HMDA-180Lig-HMDA-U-
DMC+Na
DMC-U-HMDA-198Lig-HMDA-198Lig+-HMDA-U-DMC+Na 829
DMC-U-HMDA+-198Lig-HMDA-180Lig+-HMDA-U-
DMC+Na

829

829

Résultats
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Résumé:

Un adhésif basé sur la réaction d'un tanin condensé de type procyanidine a réaction
trés rapide, a savoir le tanin de pin purifié, et les aldéhydes non toxiques de qualité
alimentaire dérivés de la lignine ont montré qu'ils satisfaisaient bien les normes
pertinentes pour les panneaux de particules de bois. La vanilline et un dérivé dialdéhyde
de la vanilline étaient les aldéhydes utilisés. Les oligoméres obtenues et leur distribution
ont ét¢ déterminées par spectroscopie de masse de I’ionisation de désorption par laser
assistée par matrice (MALDI-ToF) pour les réactions avec la catéchine utilisée comme
composé modele et avec le tanin de pin lui-méme et par résonance magnétique nucléaire

(CP MAS 3C RMN) pour la réaction avec le tanin de pin.

Published by International Journal of Adhesion and Adhesives

203






Résultats

LIGNIN-DERIVED NON-TOXIC ALDEHYDES FOR ECOFRIENDLY
TANNIN ADHESIVES FOR WOOD PANELS

F.Santiago-Medina', G.Foyer™, A.Pizzi'**, S.Calliol’, L.Delmotte’

'LERMAB, University of Lorraine, Epinal, France

’ICGM (UMR 5253 — CNRS, UM, ENSCM), Ecole Nationale Superieure de Chimie de Montpellier

(ENSCM), Montpellier, France

*Safran-Herakles, France

4Dept. of Physics, King Abdulaziz University, Jeddah, Saudi Arabia

’IS2M, Institut de Science des Matériaux de Mulhouse, CNRS LRC 7228, University of
Haute Alsace, Mulhouse, France

*Correspondence to: antonio.pizzi@univ-lorraine.fr

ABSTRACT

An adhesive based on the reaction of a very fast reacting procyanidin-type condensed tannin,
namely purified pine bark tannin, and food-grade non-toxic slow-reacting aldehydes derived from
lignin was shown to satisfy well the relevant standards for bonding wood particleboard. Vanillin
and a dialdehyde derivative of vanillin were the aldehydes used. The oligomers obtained and their
distribution have been determined by matrix assisted laser ionization desorption time-of-flight
(MALDI-TOF) mass spectrometry for the reactions with catechin used as a model compound and
with the pine tannin itself, and by cross polarization magic angle spinning "°C nuclear magnetic
resonance (CP MAS "*C NMR) for the reaction with pine tannin.

Keywords: Particleboard bonding, ecofriendly adhesives, tannin.
INTRODUCTION

Tannin adhesives have now been around for a long time, a considerable amount of research on them
has been published [1,2] and they have also been used industrially in a number of different countries
[3-5]. However, the older industrially-used technology already in operation from the early 1970s
still relies on the use of paraformaldehyde [1,3]. The proportion of formaldehyde used for these
adhesives is anyhow only about 1/10th of the one used in equivalent synthetic adhesives.
Nonetheless, there is now intense pressure to diminish or even eliminate formaldehyde from wood
adhesives as it has been classified Carcinogenic Mutagenic Reprotoxic (CMR) [6]. In the case of
tannin adhesives some substitutes have been tested [1,7,8] but three have dominated research on
formaldehyde alternatives, namely hexamethylenetetramine (hexamine) [4,9-11], glyoxal [12],
glyoxalated lignin [13] and furanic materials such as furfural and furfuryl alcohol [1,13]. Two of
these approaches have been tried industrially [3-5]. Hexamine on the basis that, in presence of a fast
reacting condensed flavonoid tannin, it does not decompose to formaldehyde but to extremely
reactive intermediate compounds cross-linking without elimination of formaldehyde [9-11].
Glyoxal has been promoted and used for the more reactive procyanidin-type tannins such as pine
bark tannin and other similar tannins [12]. Notwithstanding this, and the demonstrated advantages
(and disadvantages) of hexamine and the limitation of glyoxal to the more reactive condensed
tannin types, the search is still on for a compound capable to cross-link some tannins and being
totally environment friendly.

Formaldehyde reacts with tannins to produce polymerization through methylene bridge linkages at
reactive positions on the flavonoid molecules, mainly the A rings. Other aldehydes react also in the
same manner as formaldehyde, but are less reactive [1]. The phloroglucinol-like A rings of
procyanidin-type tannins, such as pine bark tannin, show reactivity toward formaldehyde
comparable to that of phloroglucinol [15-17]. Assuming the reactivity with formaldehyde of phenol
to be 1 and that of phloroglucinol to be 100, the A rings of pine tannins, as all procyanidin-type
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tannins, have a reactivity of around 40 [1,18]. They are thus far more reactive than phenol itself.
Tannins present minimal reactivity at pHs around 3.5-4.5 and their reactivity progressively
increases as the pH increases to eventually almost stabilize at around pH 10 and higher. Thus, if an
aldehyde of lower reactivity needs to be used, such as glyoxal, or even less reactive, to ensure that a
thermoset cross-linked resin is obtained, a very reactive tannin, such as a procyanidin type tannin
needs to be chosen, as well as a range of pH in which the cross-linking reaction is relatively fast. In
commercial mimosa tannin adhesives for wood particleboard panels when using formaldehyde, the
gel time at 100°C at which the resin is set to obtain optimal results is around 110-130 seconds [1,3].
Conversely the much slower gelling synthetic phenol formaldehyde resins gel in anything between
9 and 40 minutes at 100°C according to the presence or not of accelerators in the glue-mix.

First of all it is necessary to remind that flavonoid and hydrolysable tannins have been certified as
non-toxic in their REACH evaluation [19,20]. Thus, to maintain a totally environment friendly,
non-toxic classification of wood adhesives based on these materials nothing short than a cross-
linker both non-toxic and environment friendly and derived from a natural material would be
acceptable to further improve them. It is evident that a material, an aldehyde for example, used
commercially for food purposes, without being itself a foodstuff would be ideal for such a purpose.
Industrial vanillin is produced worldwide in large quantities from lignin as a byproduct of the pulp
and paper industry for flavouring industrial ice-creams and other foodstuff [21]. It is purified to a
high grade for human nutrition, thus it is relatively expensive for this reason and because the world
production for this application can be satisfied by the equivalent of the output of a single pulp mill.
This means that the quantities produced can be easily increased more than 1000-fold with a marked
decrease in costs, especially if its need of extensive purification is waived due to a non nutritional
use as is the case of wood adhesives.

Recently, phenol has been shown to be too little reactive to prepare phenolic resins if reacted with
vanillin [22]. However, phenolic resins have recently been successfully prepared by overcoming
this problem by reaction of phenol with biobased vanillin-derived difunctional aldehydes [22]. The
problem of the reactivity of phenol with aldehydes much less reactive than formaldehyde can
however be overcome by using a much more reactive phenol. Thus, this article, describes (i) the
reaction of a purified procyanidin-type tannin, namely pine bark tannin, with both vanillin and one
experimental biobased vanillin-derived difunctional aldehyde, and (ii) to test the wood adhesives so
formed for their bonding capability directly in wood panels while identifying the oligomers formed
and their distribution to explain the results obtained.

EXPERIMENTAL

1.1 Materials

Purified maritime pine (Pinus pinaster) bark tannin extract (Phenopyn) was obtained by DRT
(Derives Resiniques et Terpeniques, Dax, France). It is a commercial product purified for use as a
food additive where the carbohydrates have been eliminated leaving exclusively the polyphenolic
part of the flavonoid, procyanidin-type tannin [23]. Catechin was obtained from Sigma-Aldrich.
Vanillin 99% was obtained from Sigma-Aldrich. 4-phenoxybenzaldehyde (Hyd-BzAld) of formula

was prepared from vanillin according to a procedure already reported [22].

1.2  Gel time

For tannin adhesives the gel test is generally performed as follows: 10 g of a 45% (w/w)
tannins/water solution and 5% of powdered paraformaldehyde on a dry and solid tannin matter
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content basis are added to a test tube and placed in a water bath, which is maintained at boiling
temperature (100°C) at normal atmospheric pressure. A wire spring is inserted in the test tube and
rapidly moved up and down and the time to gelling is measured by a stopwatch. The test is done in
duplicate and the average value is reported.

For the vanillin and the experimental Hyd-BzAld the gel time was done on the following solutions
under the following conditions:

1. purified maritime pine tannin dissolved in water/ethanol 50/50 by weight at 40%-45% solids +
20% vanillin at pH 3.2, thus with no correction of pH.

2. purified maritime pine tannin dissolved in water/ethanol 50/50 by weight at 40%-45% solids +
20% vanillin but after correcting the pH of the pine tannin solution (before adding vanillin) to pH
9.5.

3. purified maritime pine tannin dissolved in water/ethanol 50/50 by weight at 40%-45% solids +
20% Hyd-BzAld but after correcting the pH of the pine tannin solution (before adding vanillin) to
pHO.5.

The test had to be done in a water/ethanol solution due to the low viscosity of vanillin in water. The
vanillin was predissolved in ethanol at ambient temperature. Furthermore, Hyd-BzAld had to be
predissolved in ethanol at 40°C to form a 20% solution by weight. The solution remained stable
after cooling.

The pH of tannins solution was adjusted using a 33% NaOH water solution. This test is a standard
FESYP (European Federation of Panels Manufacturers) test and is used extensively in Europe for
wood adhesives [24].

1.3 MALDI-TOF analysis

1.3.1 MALDI-TOF mass spectrometry

The spectra were recorded on a KRATOS AXIMA Performance mass spectrometer from Shimadzu
Biotech (Kratos Analytical, Shimadzu Europe Ltd., Manchester, UK). The irradiation source was a
pulsed nitrogen laser with a wavelength of 337 nm. The length of one laser pulse was 3 ns.
Measurements were carried out using the following conditions: polarity-positive, flight path-linear,
20 kV acceleration voltages, 100-150 pulses per spectrum. The delayed extraction technique was
used applying delay times of 200-800 ns. The software Maldi-MS was used for the data treatment.

1.3.2 MALDI-TOF sample preparation

The samples were dissolved in a solution of water/acetone (1:1) up to 7.5 mg/ml. For the
enhancement of ion formation NaCl solution was added and placed on the MALDI target. The
solutions of the samples and the matrix were mixed in equal amounts and 1.5 pl of the resulting
solution was placed on the MALDI target. As the matrix, 2,5-dihydroxy benzoic acid was used. Red
phosphorous was used as reference for spectrum calibration. Finally, after evaporation of the
solvent, the MALDI target was introduced into the spectrometer. Due to the addition of sodium salt
in the positive mode, the majority of the mass peaks correspond to [M+Na"]. In order to obtain the
molecular weight of the chemical species of the peak, 23 Da for sodium must be subtracted were
indicated in the Tables.

1.4 CPMAS “C NMR

Solid state CP-MAS (cross-polarisation/magic angle spinning) *C NMR spectra of the fine powders
obtained were recorded on a Bruker AVANCE 1I 400 MHz spectrometer at a sample spin of 12
kHz. Chemical shifts were calculated relative to tetramethyl silane (TMS). The rotor was spun at 4
kHz on a double-bearing 7 mm Bruker probe. The spectra were acquired with 5 s recycle delays, a
90° pulse of 5 micro s and a contact time of 1 ms. The number of transients was 3000.
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1.5 Thermomechanical Analysis (TMA)

The experimental pine tannin/vanillin and pine tannin/Hyd-BzAld adhesive systems were tested by
thermomechanical analysis. The samples were prepared by applying each resin system between two
beech wood plies in a layer of 350 pm, for total sample dimensions of 21x6x1.1 mm. These beech-
resin-beech specimens were tested in non-isothermal mode between 40°C and 220°C at a heating
rate of 10°C/minute with a Mettler Toledo 40 TMA equipment in three-point bending on a span of
18 mm exercising a force cycle of 0.1/0.5 N on the specimens, with each force cycle of 12 seconds
(6s/6s). The classical mechanics relationship between force and deflection
E = [L/4b1°)][ AF/(Af oo - Modhesive)]

allows the calculation of the Young’s modulus E for each case tested. Such a measuring system has
been introduced and is used to follow the progressive hardening of the adhesive with the increase of
temperature and to indicate comparatively if an adhesive system is faster or slower hardening and if
it gives stronger joints than another one [25-28].

1.6 Wood particleboard preparation and testing.

Five identical monolayer particleboard were prepared using the following glue mix: to 100
g of purified maritime pine (Pinus pinaster) tannin dissolved in water/ethanol 50/50 by
weight to yield a concentration of 40%-45% solids. The pH was corrected to 9.5 with
NaOH solution at 33% concentration. To this were added 20g (20% solids on solids)
vanillin in ethanol. The glue mix was applied at a level of 10% solids on dry industrial
wood chips and the panels hot pressed at 220°C, for 7.5 minutes with a pressure cycle of 28
kg em*/15 kg cm™/5 kg em® for 2 min/2.5 min/3 min. After cooling each panel was cut
and 5 samples for each were tested for dry internal bond (IB) strength according to
European Norm EN319 (1993) [29].

RESULTS AND DISCUSSION

The first parameter to be checked to determine the suitability for wood adhesives of a tannin-
aldehyde system is its reactivity, hence its gel time at 100°C, under different reaction conditions.
Table 1 shows the gel times obtained with maritime pine (Pinus pinaster) bark tannin with both
vanillin and with Hyd-BzAld. These are compared to controls based on the same tannin tested with
formaldehyde as hardener, and on a commercial mimosa-formaldehyde tannin adhesive also
hardened with formaldehyde.

The results in Table 1 show that to obtain for maritime pine/vanillin and a maritime pine/Hyd-
BzAld adhesive systems a gel time comparable to a commercial mimosa tannin adhesive it is
necessary to increase the pH of the system to 10. At this pH the gel times obtained, within the 2 min
to 4 min range, are within a range of gel time values acceptable for board-making. Equally, within
the range of minimum reactivity of the pine tannin, at pH 3.2, the gel time obtained is well within
the interval of gel times considered useful for synthetic phenol-formaldehyde resins. Such
encouraging results indicate two things: (i) that the maritime pine/vanillin and a maritime pine/Hyd-
BzAld adhesive systems actually react and cross-link, and (ii) that they cross-link under given
conditions in an industrially suitable time.

It is necessary then to define what type of oligomer structures are formed by the reaction of tannin
with vanillin and with Hyd-BzAld. To study such reactions, at first pure catechin monomer was
reacted with vanillin and the products obtained determined by matrix assisted laser desorption
ionization time-of-flight (MALDI-ToF) mass spectrometry. The results are shown in Figs.1-3 and
Table 2. Adducts obtained by addition of one vanillin onto one catechin such as those represented
by the peaks at 440-442 Da and 465 Da are formed, as well as adducts of two vanillin reacted onto a
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single catechin (618 Da). Oligomers are clearly formed by vanillin linking two or more catechin
molecules through benzyl bridges, such as the peaks at 735 Da, 1025 Da, 1159 Da, 1449 Da 1584
Da and 1873 Da. These have the general structure -[-vanillin-catechin-],- repeating a number of
times, in the spectra in Figs. 1-3 up to tetramers. Catechin dimerisation is also evident with the 601
Da peak, such dimerisation having partially contributed also to the oligomers represented by the
peaks at 1025 Da, 1449 Da and 1873 Da (Table 2).

Second, the reaction with vanillin was repeated under the same conditions but using maritime pine
tannin, thus a mix of polyflavonoid oligomer species. The results obtained by MALDI-ToF are
shown in Table 3 and Fig. 4. Indication that vanillin and tannin have reacted are shown by the peaks
at 440-486 Da indicating the formation of vanillin-catechin monomer adducts, at 639 Da indicating
reaction of two vanillins onto a catechin monomer and also dimers at 681-684 Da and 700 Da,
obtained by the introduction of vanillin-derived benzyl bridges between two flavonoids, two
fisetinidins the former and a catechin and a fisetinidin the latter. These later compounds are
confirmed by CP MAS "“C NMR. Thus the CP MAS “C NMR in Fig. 5 shows all the peaks
characteristic of a condensed flavonoid tannin [2] but with some variations. As the tannin was a
purified one there are no carbohydrates present. The variations observed are a decrease of the C2
peak at 81 ppm, indicating that some of the flavonoid units heterocyclic ring has opened [2,30,31].
Furthermore, a very marked decrease of the free C6 site at 96-98 ppm indicates that a high number
of C6 sites have reacted. The doublet of peaks at 58 ppm and 55 ppm belong respectively to the
vanillin methoxy group and to the benzyl linkage of a vanillin molecule linking two flavonoid
oligomers. This indicates that the structures detected by NMR are of the type

The NMR spectra shown can be compared with the equivalent NMR spectra of pure tannin in a
number of relevant references [2,30,31].

Third, the reaction of maritime pine tannin with the experimental biosourced, vanillin-structure-
derived difunctional aldehyde Hyd-BzAld was studied by MALDI-ToF.

Hyd-BzAld

The reaction products obtained are shown in Figs. 6-8 and Table 4. Here too adducts of the catechin
monomer of the tannin with the Hyd-BzAld are formed (535-539 Da) having structures of the type

OH
o HO. 0 @
JOT0OU0 )
0\ OH
OH OH
to the same series of which belong also the oligomers at 551 Da and 1037 Da.
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Oligomer species in which the Hyd-BzAld forms bridges between two flavonoids are also present,
for example the peak at 811-813 Da such as

HO OH
@ o OH o HO. o @
" OO 010 o

OH
OH OH OH OH

It must be noted that the Hyd-BzAld can be linked to either the C6 or C8 reactive sites of the
flavonoids, the species depicted above being linked through the double aldehyde attached at the two
C6 sites of the two flavonoid units, thus in brief C6-C6 (as in the figure), but equivalent species
linked again through the double aldehyde C8-C8 or C6-C8 being also possible. Furthermore, for the
same 811-813 Da peak, the two flavonoids can be linked in a different configuration by a benzyl
bridge generated by just one of the two aldehyde groups of Hyd-BzAld, such as

Oligomers as the 1326 Da peak formed by catechin-HydBzAld-catechin-HydBzAld-catechin are
observed and belong to the series 811 Da, 826 Da, 842 Da, 1326 Da, 1342 Da, 1358 Da,
1374 Da, and a multitude of other peaks (cf. Fig. 8) among which are 1568 Da and 1857 Da.

After having determined that both the systems based on maritime pine tannin/vanillin and maritime
pine tannin/Hyd-BzAld can react to form oligomers and cross-link to hardened resins under the
conditions outlined it remained to test the bonds such resins are capable of forming. Thus, first
thermomechanical analysis (TMA) was used to determine the potential strength of the hardened
adhesive systems. In Figs. 9 and 10 are shown the TMA graphs of the two systems. In comparing
them one can observe that the increase in MOE (thus in joint strength of the system [24-27] for the
maritime pine tannin/vanillin adhesive is worse than for the maritime pine tannin/Hyd-BzAld one.
This confirms previous work in which it was found that better performing synthetic phenolic resins
can be prepared with vanillin-derived difunctional aldehydes [21] rather than with vanillin itself. In
fact in Figs 8 and 9 it can be seen that the maximum MOE achieved by the pine tannin/Hyd-BzAld
adhesive is 3000 MPa at 130°C while the MOE of the pine tannin/vanillin adhesive reached
approximately 2000 MPa at 165°C.

To confirm the results obtained by TMA, five laboratory particleboard panels were prepared and
tested according to European Norm EN319 (1993). The internal bond (IB) strength at a given
density, generally between 0.670 to 0.700 g/cm’, is the direct indication of how good is the adhesive
bonding of the panel. The results obtained for dry internal bond strength are shown in Table 5. The
average internal bond of the panels was of 0.47 MPa, that compares favourably with the 0.35 MPa
required by EN319 (1993), thus confirming that a resin system totally non-toxic and biosourced
based on polyflavonoid tannins and cross-linked with vanillin as hardener can satisfy the relevant
requirements of international standards.
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CONCLUSIONS

The preparation of phenolic resins obtained by the reaction of synthetic phenol with lignin-derived
aldehydes has prompted the attempt to totally substitute the synthetic materials in such a type of
resin. The reaction of a very fast reacting procyanidin-type tannin, namely purified pine bark tannin,
with two slow-reacting lignin-derived aldehydes, both non-toxic and of foodstuff grade, namely
vanillin and one of its dialdehyde derivatives, has shown that the preparation of adhesives capable
of bonding wood particleboard satisfying the relevant European standards is possible without the
use of any oil-derived materials. The demonstration of the reaction oligomers formed has passed (i)
first through a MALDI-TOF mass spectrometry analysis of the reaction of the less reactive
aldehyde, vanillin, with catechin monomer as a flavonoid tannin model compound, (ii) second
through the same analysis supported by CP MAS "“C NMR for its reaction with purified pine bark
tannin and (iii) third through a MALDI-TOF mass spectrometry analysis of the reaction of the
vanillin-derived dialdehyde with purified pine bark tannin. The oligomers distribution was also
obtained. The adhesive so prepared is totally non-toxic, environment friendly and biosourced.
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Table 1. Gel times of purified pinus pinaster condensed flavonoid tannin with vanillin and with

Hyd-BzAld
Resin type pH Gel time
Commercial Mimosa tannin adhesive +formaldehyde control 6.8 2 minutes 10 seconds
Pinus pinaster+formaldehyde control 32 1 minute 30 seconds
Pinus pinaster + vanillin 3.2 15 minutes 12 seconds
Pinus pinaster + vanillin 10 2 minutes 47 seconds
Pinus pinaster + Hyd-BzAld 10 3 minutes 24 seconds
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Table 2. MALDI-ToF oligomers species formed by the reaction of catechin with vanillin

290 Da = catechin without Na*
312 — 313 Da = catechin with Na*
440-442 Da = catechin-vanillin without Na*

465 Da = catechin-vanillin with Na*

601 Da = catechin-catechin dimer with Na*
618 Da = vanillin-catechin-vanillin with Na*
735 Da = catechin-van-catechin dimer with Na*

1025 Da = catechin-van-catechin-catechin with Na*

1159 Da = catechin-van-catechin-van-catechin trimer with Na"

1449 Da = catechin-van-catechin-van-catechin-catechin with Na*

1584 Da = catechin-van-catechin-van-catechin-van-catechin tetramer with Na"

1873 Da = catechin-van-catechin-van-catechin-van-catechin-catechin pentamer with Na*

Table 3. MALDI-ToF oligomers species formed by the reaction of Pinus pinaster with vanillin

334 Da = gallocatechin multiprotonated with Na*
440 Da = van-catechin without Na*

465 Da = van-catechin with Na"

486 Da = van-catechin multiprotonated with Na”
532 Da = fisetinidin dimer having lost a -OH

617 Da = van-catechin-van with Na*

639 Da = van-catechin-van multiprotonated with Na*
681-684 Da = fisetinidin-van-fisetinidin without Na"
700 Da = catechin-van-fisetinidin without Na*

486 Da = 639 Da — 1x Vanillin
376 (380 calculated) Da = 532 — 1x vanillin
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334 Da = 486 Da — 1xvanillin

Table 4. MALDI-ToF oligomers species formed by the reaction of Pinus pinaster with Hyd-BzAld

272.5 Da = fisetinidin without Na*
226 Da = Hyd-BzAld without Na" thus:

249 Da = Hyd-BzAld with Na*

290 Da = catechin without Na*

306 Da = gallocatechin without Na"
313 Da = catechin with Na*

316 Da = 313 Da triprotonated

535-539 Da =
0o HO
0\/@ @ @

OH OH

: OH
OH

551 Da = gallocatechin-Hyd-BzAld (as 535 but gallocatechin)

811-813 Da = one of the following two structures, both catechin dimers :

OH OH OH OH
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According to where the second flavonoid has reacted.

826 Da = the same as 811 but gallocatechin-HydBzAld-catechin, thus a dimer

842 Da = the same as 811 but gallocatechin-HydBzAld-gallocatechin, thus a dimer

Résultats

1037 Da= 811 Da + 1x Hyd-BzAld, thus, catechin-HydBzAld-catechin-HydBzAld, still a

dimer
1326 Da= 811 Da + 1x Hyd-BzAld + 1x Catechin, thus a trimer:
catechin-HydBzAld-catechin-HydBzAld-catechin
1342 Da= 811 Da + 1x Hyd-BzAld + 1x Gallocatechin, thus a trimer:
gallocatechin-HydBzAld-catechin-HydBzAld-catechin
1358 Da = gallocatechin-HydBzAld-gallocatechin-HydBzAld-catechin
1374 Da = gallocatechin-HydBzAld-gallocatechin-HydBzAld-gallocatechin
and so on to
1568 Da = gallocatechin-HydBzAld-catechin-HydBzAld-catechin-HydBzAld
and

1857 Da = gallocatechin-HydBzAld-catechin-HydBzAld-catechin-HydBzAld-catechin

Table 5. Particleboard internal bond (IB) strength results

Density IB strength
(g/em’) Dry
(MPa)
0.669 0.45+0.02
0.669 0.46+0.03
0.662 0.46+0.02
0.679 0.50+0.01
0.674 0.49+0.01
Ave. 0.670 0.47
EN319 requirement >0.35
FIGURE LEGENDS

Fig. 1. MALDI-TOF mass spectrum of catechin-vanillin resin. Range 200 Da — 320 Da
Fig. 2. MALDI-TOF mass spectrum of catechin-vanillin resin. Range 340 Da — 800 Da

Fig. 3. MALDI-TOF mass spectrum of catechin-vanillin resin. Range 800 Da — 2000 Da

Fig. 4. MALDI-TOF mass spectrum of purified pine tannin-vanillin resin. Range 330 Da — 800 Da

Fig. 5. CP MAS "*C NMR of purified pine tannin-vanillin resin

Fig. 6. MALDI-TOF mass spectrum of purified pine tannin-Hyd-BzAld resin.
Range 200 Da — 320 Da

Fig. 7. MALDI-TOF mass spectrum of purified pine tannin-Hyd-BzAld resin.
Range 340 Da — 800 Da
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Fig. 8. MALDI-TOF mass spectrum of purified pine tannin-Hyd-BzAld resin.

Range 800 Da — 2000 Da

Fig. 9. Thermomechanical analysis (TMA) curve as a function of time and temperature of purified

pine tannin-vanillin resin

Fig. 10. Thermomechanical analysis (TMA) curve as a function of time and temperature of purified

pine tannin-Hyd-BzAld resin
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Data: Cat2iongateoff0001.A20[c] 5 Feb 2016 19:15 Cal: cal 5 Feb 2016 17:11
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, P.Ext. @ 2300 (bin 78)

Yelnt. 154 mV[sum= 154284 mV] Profiles 1-1000 Smooth Gauss 20 -Baseline 60
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Data: Cat2iongateoff0001.A20[c] 5 Feb 2016 19:15 Cal: cal 5 Feb 2016 17:11
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Data: s4iongateoff0001.C16[c] 5 Feb 2016 19:28 Cal: cal 5 Feb 2016 17:11
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 120, P.Ext. @ 2300 (bin 78)
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Data: S2iongateoff0001.83[c] 10 Feb 2016 18:08 Cal:ref 10 Feb 2016 17:17
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, P.Ext. @ 2300 (bin 78)
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Data: S2iongateoff0001.B3[c] 10 Feb 2016 18:08 Cal: ref 10 Feb 2016 17:17
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, P.Ext. @ 2300 (bin 78)
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Data: S2iongateoff0001.B3[c] 10 Feb 2016 18:08 Cal: ref 10 Feb 2016 17:17
Shimadzu Biotech Axima Performance 2.9.3.20110624: Mode Linear, Power: 100, P.Ext. @ 2300 (bin 78)
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7 « Mechanically blown wall-projected tannin-based

foams »

Auteurs: F.J. Santiago-Medina', C. Delgado-Sanchez?, M. C. Basso!, A. Pizzi!,
V. Fierro® et A. Celzard?
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88051 Epinal cedex 9, France

2 Institut Jean Lamour, UMR CNRS, University of Lorraine. ENSTIB, 27 rue
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Résumé :

Les mousses a base de tanin condensées provenant de I'extrait de tanin de
Quebracho ont été développées a l'aide d'une nouvelle méthode d'expansion a base de
mousse de lutte contre l'incendie ou de tunnellisation, ou un agente tensioactif forme une
mousse liquide stable. Ce nouveau procédé mécanique d'expansion permet d'obtenir un
matériau poreux solide apres durcissement a température ambiante, a travers une mousse
liquide formée par une résine de tanin et une solution aqueuse d'agent tensioactif. On
rapporte la stabilité de la mousse liquide ainsi obtenue et I'influence de la quantité de
catalyseur. L'utilisation de cette nouvelle approche pour la préparation de mousses rigides
a base de tanin évite le probleme du retrait présent¢ par de nombreuses autres
formulations ou le moussage physique ou chimique est utilisé. Des agents tensioactifs
non ioniques ont également été utilisés dans la formulation pour obtenir des cellules plus
petites et améliorer la structure du nouveau matériau. La densité granulométrique, les
propriétés mécaniques et thermiques et l'aspect morphologique des mousses ont été

caractérisés et rapportés.
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Abstract

Condensed flavonoid tannin-based foams from quebracho tannin extract have been
developed using a new method of expansion based on fire-fighting or tunneling foams,
where a foam concentrate forms a stable liquid foam. This new mechanical method of
expansion allows obtaining a solid porous material after curing and hardening at room
temperature, through a liquid foam formed by a tannin resin and an aqueous solution of
surfactant. The stability of the as-obtained liquid foam and the influence of the amount of
catalyst are reported. The use of this new approach for preparing tannin-based rigid foams
avoids the problem of shrinkage presented by many other formulations where physical or
chemical foaming is employed. Non-ionic surfactants have also been used in the
formulation to obtain smaller cells and improve the structure of the new material. Bulk
density, mechanical and thermal properties and morphological appearance of the foams

have been characterised and reported.
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Introduction

A broad range of rigid foams is commercially available today, such as phenolic or
polyurethane foams. These foams are used for a wide variety of applications, such as
packaging in transportation, electronic applications, flower preservation, flame retardant
or in building applications, e.g. for roofing, flooring or as insulation materials. However,
as they are derived from petrochemical resources, their development from biosourced,

renewable materials is gaining in importance.

Tannin-based foams are approximately 95% composed of natural raw materials and have
shown potential as alternative to phenolic foams (Li et al., 2013; Tondi et al., 2009b; Zhao
etal., 2010; Zhou et al., 2013). The main component of those foams is tannin, which is a
nontoxic complex of polyflavonoids generally extracted from tree bark. This natural
material has been shown to impart exceptional fire-resistant properties to the foams from
it (Celzard et al., 2011). Moreover, tannin foams self-extinguish when the flame and the
heat source are removed (Celzard et al., 2011). The second main component of these
foams, at a 20% level by weight, is furfuryl alcohol. The latter is also a biosourced
material, being obtained by catalytic reduction of furfural, a natural derivative obtained

by carbohydrate hydrolysis from agricultural waste (Aguilar et al., 2002).

Tannin-based rigid foams prepared from mimosa bark extract (Acacia mearnsii) are
known since 1994 (Meikleham and Pizzi, 1994). Most recently, similar materials have
been developed to obtain relevant properties for different applications, such as floral

preservation (Basso et al., 2016), and thermal (Tondi et al., 2008) or acoustic (Lacoste et
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al., 2015a) insulation. In addition, these foams could be prepared from condensed tannins
extracted from different trees, such as mimosa (Acacia mearnsii, formerly mollissima, de
Wildt) (Tondi et al., 2009b), quebracho (Schinopsis lorentzii and balansae) (Basso et al.,
2015; Martinez de Yuso et al., 2014), as well as pine (Pinus radiata (Lacoste et al., 2013a)
and Pinus pinaster (Lacoste et al., 2014b)). Many different formulations have already
been developed, and the resultant materials have been prepared using different foaming
methods. The most used methods are: chemical foaming (Basso et al., 2014b), physical
foaming (Basso et al., 2015; Li et al., 2013), both of them together (Li et al., 2012; Li et
al., 2012a) and even formulations without blowing agent (Basso et al., 2013a). Moreover,
cellular tannin-based materials have been also obtained by a mechanical method
(Szczurek et al., 2014). For improving the properties of the foams, different crosslinkers
have been studied under acidic conditions, such as formaldehyde (Tondi et al., 2009b),
other aldehydes (Lacoste et al., 2013b) or without any of them (Basso et al., 2011). Foams

under alkaline conditions have also been developed (Basso et al., 2014a).

On the other hand, a firefighting foam is a stable mass of small bubbles used for fire
suppression. It can extinguish a liquid fire by the combined mechanisms of cooling,
separating the flame or the ignition source from the product surface, thus preventing its
contact with oxygen resulting in the suppression of the combustive, and suppressing
vapours and smothering the fire. Firefighting foams are classified in various types as a
function of the kind of fire or risks incurred. Such foams are a combination of foam
concentrate, water and air. The foam concentrate is a liquid foaming agent, which mixed
with the recommended amount of water and air produces a foam. The mechanically-
stirred foams, currently the most used for firefighting, are generated through a two-step
process. In the first step, the foam concentrate is injected in the desired ratio into the water

through the proportioning device. The foam proportioner, generally an eductor, works on
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the Venturi principle. The water flow through a reduced section creates then a pressure
drop that picks up and introduces the foam concentrate from its tank into the water pipe.
In the second step, the foam solution reaches the foam nozzle, within which air is injected
into the foam solution. The foam solution and the air travel up to the outlet, where a

properly expanded foam exits the nozzle.

The present work explains the preparation and the properties of tannin-based foams based
on the firefighting or in-tunneling foams principle. For this new method, a tannin-furanic
resin was mixed with an aqueous solution of foam concentrate and a catalyst. Through
vigorous mechanical stirring, a large amount of air was then introduced into the mixture,
leading to a fast expansion of the liquid foam. After curing at room temperature, a cellular
material was obtained. This work is part of a research project dealing with tannin-based

wall-projected foams.

Experimental

Materials

Quebracho (Schinopsis lorentzii and Schinopsis balansae) tannin extract, called Fintan T
on the market, was provided by SilvaChimica (S. Michele Mondovi, Italy). Furfuryl
alcohol, ethylene glycol and Kolliphor ELP were purchased from Sigma-Aldrich (France)
and used as supplied. Phenolsulphonic acid 65% water solution was purchased at Capital
Resin Corporation (Columbus, OH, USA). Ethoxylated tallow amine with the
commercial name Noramox S11 was supplied by Arkema (Chateauroux, France) and the
ethoxylated oleyl amine, OAM-10, was supplied by Saibaba Surfactants Ltd (Gujarat,
India). The foaming agent used was SM2101-1, a proprietary product supplied by Condat
(Chasse-sur-Rhone, France) mainly composed of alkyl glycols and modified fatty acid

soaps.
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Foam preparation

The new mechanically expanded tannin foams were prepared by vigorous stirring of a
tannin resin solution with a solution of foam concentrate (SFC hereinafter). In a first step,
a tannin resin containing 46.7 wt.% of tannin, 37.4 wt.% of furfuryl alcohol, 9.4 wt.% of
water, 3.4 wt.% of ethylene glycol and 3.1 wt.% of ethoxylated castor oil was mixed by
strong mechanical stirring until achieving a homogeneous mixture. This resin was
prepared using a metallic paddle blade stirrer. Then, a 14 wt.% of foam concentrate in
water was added to the prepared resin at a ratio SFC/resin of 0.6 and stirred at 2000 rpm
for 5 min. Other resin to foaming surfactant ratios have been tried, giving a more unstable
liquid foam (see below). For stirring and thus mechanically blowing the mixture into a
foam, a special foaming blade stirrer (Fig. 1) was used. The unusual shape of this blade
favours the incorporation of air in the mixture, decreasing the stirring time needed. In few
seconds, after the stirring has begun, a liquid foam was formed increasing its volume
progressively as more air was incorporated. Finally, the acid (14 g) was added under
stirring, continued for 30 s more. After that, the foam was left to cure at room temperature.
The stable liquid foam obtained just before the addition of acid and the final rigid foam
are both shown in Fig. 2. The polycondensation between the different components was
induced under acidic conditions by the exothermal self-condensation of the furfuryl
alcohol in the mixture. Contrary to other foams formulation, in the present case there is
not expansion due to the release of gasses during furfuryl alcohol self-condensation. The
temperature in the foam increases while, simultaneously, the liquid foam hardens by
crosslinking of the tannin-furfuryl alcohol system (Foo and Hemingway, 1985; Pizzi,
2016), turning the colour of the foam from light brown to black. This method has been
used for a number of cases varying the quantity of acid as indicated in Table 1.

Furthermore, three additional samples have been prepared using two non-ionic
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surfactants, an ethoxylated tallow amine (NSA3 and NSA6 formulations) and an

ethoxylated oleyl amine (NSO formulation). All the formulations are detailed in Table 1.

Fig 1. Foaming blade.

Fig 2. Left. Liquid tannin foam. Right. Rigid tannin foam obtained with the new

method.
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Table 1.

Sample name
Quebracho tannin
Furfuryl alcohol
Water

Ethylene glycol

PEG-35 castor oil

Formulations expressed in grams of each ingredient.

Acl0 Acl4=NS Ac20 Ac30

16.4
13
33
1.2
1.1

Ethoxylated tallow amine -

Ethoxylated oleyl amine -

Aqueous foam concentrate

21

solution (14% of surfactant)

Catalyst

10

16.4

13
33
1.2
1.1

21

14

Expansion and stability of the liquid foam

Height

0

16.4
13
33
1.2
1.1

21

20

16.4

13
33
1.2
1.1

21

30

Decay

NSA3 NSA6
16.4 16.4
13 13
33 33
1.2 1.2
1.1 1.1
1.05 2.1
21 21
14 14

Résultats

NSO

16.4
13
33
1.2
1.1

1.05

21

14

Fig. 3. Standard foam stability plot (Lunkenheimer et al., 2004; Rafati et al., 2016).

Liquid tannin foams are not stable for a too long period. In general, the lifetime of a foam

can be split into two main regions, as shown in Fig. 3 (Lunkenheimer et al., 2004; Rafati

et al., 2016). The first region corresponds to the foaming, where the liquid foam grows

up progressively until the maximum volume. After stirring is stopped, the second region,

the decay one, starts and the maximum volume is kept during a deviation time, tse. When
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the deviation time is exceeded, the bubbles begin to collapse, while a liquid phase starts
to drain and accumulates at the bottom of the vessel, separating the liquid foam in two
well-defined phases. The destabilization events that can take place on a liquid tannin foam
are explained more in detail elsewhere (Delgado-Sanchez et al., 2017). Drainage can be,
therefore, used to study the stability of the foam through the transition time, ty, or half-
life of the foam in respect to its maximum volume. Thus, the longer the transition time,
the more stable is the liquid foam (Lunkenheimer et al., 2004; Rafati et al., 2016).
However, taking the transition time as a reference is not the best option in our case. The
objective is indeed obtaining homogeneous rigid foams before a significant decay takes
place at the point at which liquid foams are already destabilized. Therefore, a “stability”
time has been recorded between the end of stirring up to when only 20 mL of drained
liquid was collected. This time was simply referred to as “stability” in the following: the

longer such a time, the more stable the liquid foam.

Thus, liquid foams (LF1, LF2, LF3 and LF4) with a solution of foam concentrate at 14
wt.% in water and SFC/resin ratios of 0.4, 0.6 and 0.8 were prepared, together with
another sample with a concentration in water of 21 wt.% of surfactant and an SFC/resin
ratio of 0.8. Data of the growth of the liquid foam volume at regular intervals of time have

been gathered during the stirring until a constant volume is achieved.

Amount of acid

Four samples (Ac10, Ac14, Ac20 and Ac30) with a concentration of foam concentrate of
14 wt.% in water and a ratio SFC/resin of 0.6 were prepared containing 10, 14, 20 and 30

g of phenolsulphonic acid, respectively.
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Characterization of the rigid foams
Bulk density

After fully drying the samples, the latter were cut in 30 x 30 x 15 mm® specimens. Then,

the bulk density, p», was calculated as the weight /volume ratio of each sample.
Thermal conductivity

Thermal conductivity measurements were carried out by the transient plane source
method (Hot Disk TPS 2500S) (Hot Disk AB, Gothemburg, Sweden). The method to
calculate the thermal conductivity is based on a transiently heated plane sensor, which
acts both as a heat source and as a dynamic temperature sensor, and consisting of an
electrically conducting pattern in the shape of a double spiral, which has been etched out
of a thin nickel foil and sandwiched between two thin sheets of Kapton®. The plane
sensor was fitted between two identical parallelepiped samples. The sensor used was
C5501 with radius 6.403 mm. The conductivity was calculated by the Hot Disk 6.1

software.
Mechanical resistance

Compression tests were performed with a universal testing machine INSTRON 5944
(High Waycombe, UK) equipped with a 2 kN head. Samples of dimensions 30 x 30 x 15
mm?® were compressed at 2 mm/min. During the tests, deformation and load were
continuously recorded, and the corresponding curves presented the expected
characteristics of cellular materials. The elastic modulus was defined as the slope of the

first, linear region of the compression curve, and the compressive strength was defined as

the height of the plateau region (Celzard et al., 2010).
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Porous structure

The cellular morphologies of the foams were obtained by Hitachi S520 Scanning Electron
Microscope (SEM, Tokyo, Japan). The cell size obtained from the average of five pictures

for each sample was reported.

Foaming capacity

The catalyzed resin was poured into the chamber of a FOAMAT 281 foaming measuring
equipment (Format Messtechnik GmbH, Karlsruhe, Germany). This equipment measures
and records simultaneously the expansion, hardening, and temperature and pressure
variation during the foaming process. The chamber is composed of a cardboard cylinder
set on the manometer sensor. The pressure generated by the expansion is measured by the
force applied to this metal plate sensor. A K-type thermocouple is immersed into the
mixture and measures the temperature variation. The CMD (Curing Monitor Device)
sensor measures the foam’s dielectric properties during the transition from liquid to solid
state. It is a dielectric polarization sensor composed of two interdigitated electrodes
disposed on a printed circuit in such a manner as to form a type of flat capacitor at the
bottom of the foaming chamber. Then, the contact is ensured by both (i) the blowing
pressure right from the beginning and (ii) the direct correlation between the dielectric
polarization negative slope and the rate of the molecular movements decrease in the resin
due to the progress of cross-linking. The foam height is constantly monitored by an
ultrasound sensor according to the pulse-echo method. The software “Mousse”, version

3.80, was used to collect and process the data.
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Results and discussion

Stability

Table 2 and Fig. 4 show the results of expansion and stability of the liquid foams. During
the first seconds of stirring, the mixtures of resin + SFC undergo a large expansion
corresponding to approximately 70% of the whole expansion, reaching volumes of more
than 300 mL. After that initial expansion, the samples increase their volumes more or less
progressively until they achieve their maximum volume. The large initial expansion of
the resin and its final volume are strongly influenced by the ratio SFC/resin. Both increase
with the latter, especially in the range of ratio from 0.6 to 0.8. Conversely, the stability of
the liquid foam so formed decreases significantly when the SFC/resin ratio increases
(Table 2). Besides, the increase in concentration of the SFC leads to more unstable liquid

foams.

These results help to find a compromise between the final volume of the liquid foam and
its stability as both characteristics are antagonistic. Foams with a large final volume are
stable for too short a time before instability sets in. This causes that the liquid foam has
not enough time to harden before its cells start to collapse. However, the foams presenting
longer stability times are the ones with a low SFC/resin ratio and with a lower final
volume of the liquid foam. This results in a final rigid foam of higher density. Because of
this, choosing an intermediate SFC/resin ratio such as 0.6 seems necessary to achieve a
compromise between both properties. A concentration of SFC of 14 wt.% was chosen as
being preferable to prepare the other samples because at 21 wt.% concentration the foam

becomes unstable too quickly.
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Table 2. Maximum volume and calculated time of stability for each test for different

concentrations of SFC in water solution and for different SFC/resin ratios.

Sample Concentration of Ratio Max. Expansion Instability (s)
P SFS in water (%) SFS/resin (mL) Y
LF1 14 0.4 425 240
LF2 14 0.6 550 180
LF3 14 0.8 570 60
LF4 21 0.8 600 40
700
600
|
500
_ L ms
£ 100 - - mg
£ ,
= 300 3
(@]
> n2
200
ml
100 I I 30"

LF4

Sample

Fig 4. Increase in volume for each interval of time during stirring.

Effect of the amount of acid

The proportion of acid in the formulation must be high enough for the self-condensation
of furfuryl alcohol to occur sufficiently fast and yield some degree of hardening in the
liquid foam before the time of instability is reached. Fig. 5 shows the results obtained by
the Foamat device where four different amounts of acid were tested. The dielectric
polarization curve indicates the foam curing level. This curve shows a maximum

coinciding with the maximum of temperature, indicating the moment of maximum
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molecular mobility. After this point, the resin molecular mobility decreases progressively

as a consequence of the progress of the polymerization.

In the preparation of foams with 14 wt.% of SFC and 0.6 of SFC/resin ratio it is necessary
that the polymerization begins before 180s to avoid foam destabilization. Fig. 5 shows
clearly how the samples with an amount of acid higher than 14 g achieve a crosslinked
structure before the bubbles/cells start to collapse and the resin drains. In addition, these
samples (Acl4, Ac20 and Ac30) also show a faster curing than the samples where less

than 14 g was used.
Characterization of the process of formation of a rigid tannin foam

The typical FOAMAT parameters that describe the formation of a rigid foam prepared
with the new mechanical method of foaming is shown for the Ac14 = NS sample (Fig. 5).
The temperature of the foam rises quickly until it reaches its maximum and afterwards
decreases progressively during curing and cooling. This trend is similar to that of other
tannin-based foams prepared by other methods such as tannin foams with blowing agent
and formaldehyde (Basso et al., 2013a) or without both of them (Basso et al., 2013b).
However, the maximum peak of temperature reached in the new method shows values
between 15 and 25 °C lower than in previous formulations of tannin foams (Basso et al.,
2013b, 2013a; Cop et al., 2015; Lacoste et al., 2015b). This is probably due to the
presence of a greater amount of water, which acts as a cooling agent, in the formulation.
Such a difference in the peak of temperature results in a polymerization as fast as in the
other methods mentioned above, but avoids the expansion due to the releasing of water
and solvents. This prevents shrinkage, which always affects negatively the structure and
properties of the foam. Fig. 5S¢ shows the height of the NS foam. Only the height of NS
formulation is shown because the trend was the same for the others formulations. This

parameter remained constant (the same was observed as for the diameter of the foam) all
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through the measurement, proving that there is no shrinkage. Fig. 5b shows the variation
of the dielectric polarization curve as a function of time. The curve increases until a
maximum, which coincides with the maximum of temperature, reflecting the increase of
the molecular mobility. Afterwards, the dielectric polarization curve drops because the
molecular mobility is lower because hardening occurs in the liquid foam. Then, when the

curing of the foam has finished, the curve becomes constant.

----Ac10

Ac14orNS + + + + Ac20 - - - Ac30

Height [nm] Diel. Polarization [-] Temperature [°C]

T T T T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Fig. 5. Foamat results for the samples with different amounts of acid: (a) temperature as
a function of time; (b) dielectric polarization as a function of time; and (c) height of the
NS formulation during the time of analysis.

Structural and physical properties

The results of density, thermal conductivity and mechanical properties for each
formulation are shown in Table 3. As expected for cellular materials, their thermal

properties values directly depend on their density. The foams prepared with the new
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system show thermal conductivities comparable with those from the literature for other
tannin-based foams with similar densities (Basso et al., 2011, 2013a, 2014b; Basso ¢t al.,
2015; Li et al., 2012c; Szczurek et al., 2014). Thermal conductivities below 0.05 W m’!

K! always correspond to materials with good insulating properties.

Table 3. Results of foams’ characterization.
NS NSA3 NSA6 NSO
Density (g/cm?®) 0.076 0.073 0.080 0.069
Thermal conductivity (W/(m-K)) 0.047 0.045 0.046 0.046

Average cell size (um) 349 329 384 287
Compressive strength (MPa) 0.034 0.082 0.130 0.056
Elastic modulus (MPa) 0.49 1.19 1.33  0.59

The samples show the typical mechanical behaviour of cellular materials submitted to
compression, i.e., with three consecutive regions, see Fig. 6. First a linear part at low
strain, followed by a plateau region corresponding to the collapse of the cell layers and
finally, the densification where all cell layers are compressed. All the mechanical
properties values obtained are shown in Table 3. The weakest point of the foams
formulated with the new method could be their mechanical properties. At similar density,
both the compressive strength and the modulus of these foams are lower than those of
others tannin foam formulations made by a frothing technique such as meringue foams
(Szczurek et al., 2014), or free of formaldehyde (Basso et al., 2011, 2013a). They present
even lower mechanical properties than tannin rigid foam made by chemical foaming (by
blowing agent) hardened with formaldehyde (Celzard et al., 2010; Tondi et al., 2009b) or
with additives, such as hyperbranched polymers (Li et al., 2012¢) or isocyanates (Li et
al., 2012b). This is expected because the present formulations do not contain those
components, most of them toxic that increase crosslinking or reinforce the structure of
the material. This will be a point to work further in the future.
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Fig. 6. Stress-strain curves of the four rigid foams listed in Table 3 submitted to
compression.

Fig. 7 shows the SEM pictures of the structure of the samples NS, NSA3, NSA6 and
NSO. All of them evidence isotropic, even, and open porosity, in which each cell is
connected with its neighbours through circular windows. The use of an additional
surfactant further improves foam’s uniformity, yielding smaller cells and increasing the
height of the plateau in the mechanical properties curves (see Fig 6 and Table 3). This
occurs because the surfactant decreases the surface tension of the liquid phase, thus
allowing smaller bubbles and thinner bubble walls. The surfactant also delays the collapse
of the foam during foaming and until the first step of curing, when the foam is still liquid
or semi-liquid (Basso, M.C. et al., 2015; Gardziella et al., 2000; Landrock, 1995; Zhang
et al., 1999). However, an increase in the surfactant amount (NSA6) leads to it acting as
a plasticizer (Basso, M.C. et al., 2015; Gardziella et al., 2000), increasing slightly the

density of the foam and, curiously, also the cell size.
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Fig. 7. Scanning electron microscope images at 50x of magnification of rigid foams: (a)

NS, (b) NSA3, (c) NSAG top view, (d) NSAG6 side view, and (e) NSO.
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Finally, foaming is achieved by mechanical stirring, and not by the release of a blowing
agent, so that the structure of the foam appears to be more isotropic and the cells approach
a more spherical form than in conventional foams. Fig. 7c and 7d show respectively top
(orthogonal to the growth direction) and side views (typically called direction of foam
growth) of NSA6. The average cell sizes for these directions are 384 and 432 pm,
respectively. The difference of around 50 pm between the two directions shows the
difference between the new mechanical foaming process and previous chemical blowing
ones for which more than 100 um of difference between both directions has sometimes
been observed (Zhao et al., 2010). The ratio between both diameters gives the degree of
anisotropy (Laib et al., 2000) where a value of 1 indicates that the material is fully

isotropic. The sample NSA6 has a value of 1.12 indicating its high level of isotropy.

Conclusions

1. The new foaming mechanical method, based on fire-fighting or tunneling foams,
has allowed developing quebracho tannin-based foams giving encouraging
results.

2. Stable liquid foams with a tannin resin were achieved for a medium period of time
and hardening of these foams was carried out at room temperature, without the
need to provide any external heat source.

3. The foams are lightweight materials with thermal properties rather similar to those
of different tannin foams already published.

4. There is no problem of shrinkage which develops in the foam with this mechanical

preparation method.
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5. The use of non-ionic ethoxylated amine surfactants in the formulation decreases
the cell size and improves the uniformity of the foam, giving more isotropic
materials.

6. This work can be considered as a first step to obtain wall-projected tannin-based

foams.
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Conclusions Générales et Perspectives

Différentiation des tanins en fonction des traitements subis lors de

P’extraction.

L'utilisation constante de différents types de tanins au début du projet, tous avec
la méme origine mais montrant des résultats trés différents a la méme application, ainsi
que le manque d'informations techniques pour certains d'entre eux, nous ont amenés a
considérer un systéme permettant d'obtenir clairement les différences physiques et

chimiques entre ces tanins.

Ces faits ont promu I'¢tude susmentionnée sur la différenciation des tanins de
méme origine. En plus des techniques de caractérisation telles que le spectre de masse
MALDI-ToF, le FTIR ou le NMR 13C, la technique qui a mis en évidence de meilleurs
résultats dans la différenciation des tanins dans lesquels la seule différence était un degré
de sulfitation différent lors de l'extraction est la chromatographie par perméation de gel.
Cette technique permet de déduire rapidement la présence ou non, ainsi que s'il existe un
degré de sulfitation différent entre plusieurs tanins d'une méme origine. Sur la base du
fait que la sulfitation réduit généralement la taille des molécules de tanin, réduisant ainsi

leur poids moléculaire.

Les réactions avec des tanins et la lignine.

Les différentes techniques utilisées dans la caractérisation du produit obtenu lors
de la réaction d'un tanin condensé avec une diamine ont permis de révéler certains points
d'intérét de cette réaction. Méme en montrant un résultat inattendu tel que la réaction
covalente de 'amine avec la position C3 de la catéchine. Cette réaction a montré qu'elle
conduit principalement a la formation de liaisons covalentes entre les groupes amine et
les groupes hydroxyle du tanin ou de la catéchine. Ces liaisons sont administrées
indistinctement a partir du catalyseur utilis¢ (acide ou basique) et montrent qu'elles sont
de préférence données dans le cycle A, suivies de l'anneau B et finalement dans
I'hétérocycle. La présence de ces liens augmente avec la température, puisque, comme
prévu, il y a une plus grande avance de la réaction. Mais, d'autre part, il existe aussi la
présence de liaisons ioniques entre les groupes hydroxyle et les groupes amine. Puis, bien
que le spectre de masse MALDI ToF a joué un role déterminant dans la détermination

des espéces formées, les essais de RMN 3C ont contribué de maniére fondamentale a
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¢tablir a quels points les molécules de tanins étaient plus facilement liées aux différentes
liaisons et au type de liaison elle-méme. Aussi, plus le degré de polymérisation du tanin

condens¢ est élevé, plus vite sera un réseau dur en trois dimensions.

Cette réaction peut trouver des applications futures dans des mousses de tanin avec
une application pulvérisable ou dans des revétements par projection en raison de leur
rapidité pour former un réseau. Les applications pour lesquelles certains tests ont déja
débuté dans ce méme laboratoire, pour obtenir un meilleur « setting time », c'est-a-dire,
une fois que la mousse liquide a été projetée, obtenir le temps minimum pour la prise de

celle-ci sur le mur ou elle est projeté.

Les mémes types de liaisons, ioniques et covalentes, ont été trouvées lorsqu'une
autre substance phénolique, telle que la lignine kraft désulfurée, a réagi avec de
I'hexaméthylénediamine comme exemple de diamine. Les différentes techniques utilisées
pour la caractérisation (RMN 13C, Maldi Tof et FTIR) ont conclu que des interactions
entre des groupes amines et des groupes hydroxyles se produisaient a la fois dans les

groupes hydroxyle phénolique et dans les groupes hydroxyle aliphatiques.

Ces réactions pourraient avoir des applications trés similaires a celles discutées
ci-dessus de la réaction avec l'amine avec le tanin condensé. En outre, il pourrait étre
intéressant d'effectuer une étude de cette réaction pour la préparation de panneaux de

particules.

D'autre part, dans cette thése, nous avons présenté les résultats obtenus a partir de
la préparation d'uréthanes sans utilisation d'isocyanates. Tous deux utilisant du tanin
aminé et utilisant de la lignine. Apres d'autres études antérieures menées dans ce méme
groupe de travail dans lequel il a été possible de développer des polyuréthanes exempts
d'isocyanates a partir de tanins condensés et de tanins hydrolysables, I'idée était de mener
a bien la méme réaction, mais cette fois en utilisant un tanin condensé aminé et un tanin
condensé carbonaté. Le résultat a été 1'obtention d'un polyuréthane exempt d'isocyanate
avec au moins 70% des matériaux utilisés dans sa préparation a l'origine naturelle. A
partir de ce travail, il a été conclu que non seulement la carbonatation a été produite dans
la molécule de tanin propre, mais qu’elle a aussi été produite dans les carbohydrates qu'il
contient. Les uréthanes formés a partir de carbohydrates ouvrent ainsi la porte a d'autres

recherches futures a explorer.
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En suivant les procédures des publications antérieures de ce méme groupe de
recherche, on a montré les résultats des polyuréthanes fabriqués a partir de lignine kraft
désulfurée avec application dans le revétement de bois obtenant de bons résultats
d'hydrophobisation avec des angles de contact allant jusqu'a 96°. Dans sa préparation,
diverses alternatives ont été utilisées dans l'application des réactifs sans observer de
grandes différences entre eux. En outre, au cours de cette étude, on a observé que dans la
lignine se trouvaient des structures plus différentes, le nombre d'espéces d'uréthanes crées
est beaucoup plus varié¢ et plus grand que dans le cas des tanins. Aussi, et découlant
d'é¢tudes antérieures de la réaction des diamines avec les tanins condensés et avec la
lignine elle-méme, l'existence de liaisons covalentes et ioniques dans les nouvelles

especes de polyuréthanes créés a été observée.

Adhésifs de tanins pour panneaux de particules.

Des études antérieures sur l'utilisation d'aldéhydes dérivés de la lignine pour la
préparation de résines phénoliques ont permis de réduire ou de remplacer complétement
certaines des matiéres synthétiques couramment utilisées pour la préparation de ces
résines. Dans le cadre de cette these, on a exposé les résultats obtenus pour la préparation
de panneaux de particules non toxiques, respectueux de l'environnement et exclusivement
d’origine naturelle. Des aldéhydes dérivés de la lignine telle que la vanilline et un
aldéhyde dérivé de celle-ci utilis¢é comme agent de réticulation, avec un extrait naturel
hautement réactif tel qu’un tanin de pin purifi¢, donnent la possibilité de rendre les résines
de trés élevées degré de réticulation. D’excellents résultats dans la préparation de
panneaux de particules ont été obtenus selon la norme européenne EN319 a partir de

vanilline et de tanin sans utilisation de matiére synthétique.

A la suite de cette étude, il serait intéressant de vérifier si ce méme adhésif
provenant de la vanilline pourrait étre préparé a l'aide d'une vanille avec un grade non-
alimentaire et un test s'il est également valable avec l'utilisation d'autres tanins de pin
hautement réactifs mais avec un degré de purification plus faible. Ces deux facteurs
pourraient réduire les colits de préparation si les propriétés de 1'adhésif étaient encore

acceptables pour la préparation de panneaux particulaires.

Mousses projetables de tanin.

Diverses publications et théses ont été développées précédemment sur la

formulation de mousses a base de tanin. Parce que la mousse résultante, principalement
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composée de matériaux d'origine naturelle, posséde des propriétés auto-extinguibles

contre le feu et a une faible densité et conductivité électrique.

Cependant, 1'un des problémes les plus couramment observés dans la formulation
de ce type de mousse est la contraction avec la destruction conséquente de la structure
cellulaire, si les différentes vitesses impliquées dans la formation d'une mousse ne sont

pas bien équilibrées.

Les mousses présentées dans cette thése font partie du travail réalisé pour le projet
BRIIO, dans le but d'obtenir une mousse de tanin qui peut étre congue pour l'isolation
thermique des batiments. Les mousses développées ont l'avantage de ne montrer aucun
signe de contraction lors de leur production, grace au nouveau systeme de mousse utilisé,
basé sur les mousses utilisées par les pompiers dans la lutte contre le feu. Ce procédé
d'expansion des résines de tanin est basé sur la formation d'un matériau cellulaire ou d'une
mousse liquide en utilisant un tensioactif avec une grande facilité¢ dans le moussage tels
que ceux employés dans 1’ouverture de tunnels ou dans les mousses anti-incendie. Cela
rend I'optimum qui doit étre donné entre la vitesse de polymérisation, la formation de
bulles et le durcissement de la matrice, doit maintenant étre entre la vitesse de
polymérisation et le durcissement de la matrice avec la stabilité des bulles dans la mousse

liquide.

En outre, ces mousses continuent a maintenir des propriétés thermiques (moyenne
0,04 W/ m ° C) et la faible densité comparables a celles d'autres mousses de base de tanin
présentées précédemment. Et comparable a d'autres isolateurs commerciaux tels que la
laine de verre ou le licge et les propriétés mécaniques sont meilleurs que ceux de ces

exemples commerciaux.

Ce travail présenté sur les mousses de tanin peut €tre considéré comme une
premicre €tape vers l'obtention d'une mousse de tanin projetable. En plus de faire des
améliorations pertinentes dans la formulation. Une adaptation de la formulation a un
équipement de projection bi- ou tri-composant serait une prochaine étape tres intéressante

vers une adaptation plus industrielle de ces mousses.

Un autre point de recherche intéressant sur ces mousses peut €tre une étude
biologique de celles-ci. Bien que le tanin puisse jouer un réle de défense chimique contre
les insectes et les champignons dans les plantes et les arbres, ce qui les rend peu

assimilables. Comme l'exemple des chénes, qui montrent des doses plus élevées de tanins

252



Conclusions et Perspectives

dans les feuilles pour éviter d’étre attaquées par des chenilles, puisque le tanin tue la
plupart des larves de celles-ci. Une étude de l'attaque des insectes et/ou des champignons
sur les mousses serait intéressante dans la mesure ou I'on observerait si le tanin utilisé
pour sa fabrication conserve encore les mémes caractéristiques que dans le cas des

plantes.
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Résume

Une alternative aux produits industriels de type phénol ou résorcinol peut étre des
tanins ou de la lignine. Les deux sont des polyphénols naturels, le tanin est extrait de
différentes parties de plantes, tandis que la lignine est habituellement obtenue comme

sous-produit dans les industries papetieres.

Ces deux produits sont la base principale sur laquelle j’ai travaillé pendant le
développement de cette thése. Dans une premicre partie, une étude de caractérisation et
de différenciation entre différents tannins ayant la méme origine mais que présentent un
comportement différent lorsqu'ils sont utilisés dans la méme application dans les mémes
conditions a été effectuée. Cette étude met en évidence la GPC comme technique

fondamentale pour la différenciation des tanins de quebracho sulfités.

D'autre part, les interactions entre différentes substances avec du tanin et de la
lignine ont été étudiées. Comme 1’étude de la réaction entre les diamines (telles que
I'hexaméthylenediamine) avec du tanin et de la lignine pour obtenir des résines
polycondensées. En outre, dans cette section ont été obtenus des polyuréthanes avec au
moins 70% de substances naturelles dans leur préparation sans utiliser d'isocyanate dans

le procédé.

De plus, des aldéhydes dérivés de la lignine, comme la vanilline, ont été utilisés
avec le tanin de pin pour la fabrication d'adhésifs dans la préparation de panneaux de
particulaires, obtenant des résultats satisfaisants selon les normes européennes et des

substances complétement naturelles.

Enfin, dans le cadre d'un projet industriel les étapes initiales pour le
développement d'une mousse de tanin rigide applicable par projection pour 1'isolation
thermique des batiments ont été réalisées. Lorsqu'un nouveau systéme de moussage
mécanique a été¢ développé pour des mousses de tanin basées sur des mousses de lutte
contre incendie a base de tanin ou dans les mousses des opérations d’ouverture du tunnel,
ce nouveau systéme de moussage évite les problémes de retrait lors de la formation de la

mousse.






Abstract

An alternative to industrial phenol or resorcinol industrial products may be tannins
or lignin. Both are natural polyphenols, the tannin is extracted from different parts of

plants, while lignin is usually obtained as a secondary product in the pulp and paper mill.

These two products are the main basis on which I have worked during the
development of this thesis. In a first part, a study of characterization and differentiation
between different tannins with the same origin and that present a different behavior when
used in the same application under the same conditions has been done. Highlighting the
GPC as a fundamental technique for the differentiation between sulphited quebracho

tannins.

On the other hand, the interactions between different substances with tannin and
with lignin have been studied. As the study of the reaction between diamines (such as
hexamethylenediamine) with tannin and lignin to obtain a polycondensed resins. Also, in
this section have been obtained polyurethanes with at least 70% of natural substances in

their preparation without using any isocyanate in the process.

In addition, aldehydes derived from lignin, such as vanillin, have been used next
to pine tannin for the manufacture of adhesives in the preparation of particleboards,
obtaining satisfactory results according to European standards and from completely

natural substances.

Finally, within an industrial project the initial steps have been carried out for the
development of a rigid tannin foam applicable by projection for the thermal insulation of
buildings. Where a new mechanical foaming system has been developed for tannin foams
based in fire-fighting foams or in the foams of the tunneling operations, this new system

of foaming avoids the problems of shrinkage during the formation of the foam.
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