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Résumeé

R.l. Introduction

ong

Les émissions de gaz a effet de serre (GES) doivent impérativement étre réduites afin respecter les Accords
de Paris (2015) signés par 195 pays, dont I'objectif est d’empécher le dépassement du réchauffement
climatique de 2°C. Ceci concerne surtout le dioxyde de carbone (CO,) et le méthane (CH,) mais aussi d’autres
gaz qui appartient a la famille des oxydes d’azote (NOx), comme le protoxyde d’azote (N,O), qui impactent la
santé en plus de I'environnement. L’hydrogéne (H,) vert, produit de maniére neutre en carbone par
thermoconversion des bioressources, peut contribuer significativement a la transition énergétique et
écologique. Le traitement des émissions des procédés de thermoconversion est aussi crucial pour ce but,
incluant la conversion des NOx formés dans les procédés oxydants utilisant de I'air a haute température. Ces
procédés opérant sous I'effet de la chaleur requiérent des catalyseurs pour en limiter le besoin et les colts
associés. Les métaux catalytiques utilisés sont essentiellement des métaux nobles, de transition ou post-
transition. Ces métaux sont généralement coliteux et peu respectueux de I'environnement en raison de leur
rareté et des procédés employés pour les extraire du milieu naturel. Il existe toutefois des moyens de prélever
du sol des métaux catalytiques écologiquement et a faible colt: la phytoremédiation. Les plantes de
phytoremédiation extraient les métaux du sol par adsorption au cours de leur croissance. Certaines especes
dites hyperaccumulatrices développement des capacités extraordinaires d’extraction de ces métaux (jusqu’a
plus de 1%m). Leur traitement thermique permet ensuite une exposition et dispersion de ces métaux dans
la structure carboneuse obtenue (biocarbone). Cette structure, qui agit comme support biosourcé du
catalyseur, présente des propriétés favorisant leur action, notamment de fortes surfaces spécifiques ou de

la basicité de surface avec fonctions oxygéne (O) réductibles.

Dans ce contexte, I'objectif de cette these est la production de catalyseurs biosourcés riches en métaux
catalytiques pour des applications dans les domaines de I'énergie et de I'environnement. Dans notre cas,
I’étude a porté sur la réaction de gaz a I'eau directe et inverse (WGS et RWGS, respectivement) et la
décomposition directe de NOyx (deNOy). Les catalyseurs biosourcés produits seront caractérisés en détail et
testés dans les applications sélectionnées, dont les dispositifs expérimentaux ont été mis au point et
optimisés au cours de cette these, afin de relier les propriétés catalytiques de ces matériaux aux mécanismes
associés a ces transformations. Ceci promeut une approche d’économie circulaire sur la réutilisation des
plantes de phytoremédiation pour produire des catalyseurs biosourcés, respectueux de I'environnement,

pour la conversion de gaz en vecteurs énergétiques et la destruction de polluants comme les NOx.
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R.1. Matériel et méthodes

Les biosources choisies pour cette étude sont la fougére et le saule, des plantes utilisées en
phytoremédiation. A leur réception, ils ont été broyés a granulométrie connue (10 et 6 mm respectivement).
lIs ont ensuite été pyrolysés sous N, suivant une chauffe lente a 2°C/min dés la température ambiante a
800°C, suivi d’un palier d’une heure a 800°Ce, dans un four carbolite. Les deux biomasses ont été imprégnées
avant ou apres pyrolyse par voie humide avec de fortes teneurs en nitrates de fer (Fe) ou de nickel (Ni) afin
d’imiter I'hyperaccumulation et de mettre particulierement en valeur le réle de ces métaux. La température
maximale de pyrolyse a été déterminée par simulation thermodynamique de la pyrogasification de la fougéere
avec FactSage, de maniére a maximiser la rétention des espéces métalliques présentant un effet catalytique.
L’analyse thermogravimétrique (ATG) a permis de déterminer la vitesse de chauffe garantissant le régime
chimique pour la production de biocarbone. La vitesse de chauffe la plus faible respectant ce critére a été
choisie afin de permettre le développement maximal de la porosité et de la surface spécifique du biocarbone.

Les biocarbones produits ont ensuite été broyés et tamisés afin de déterminer leur granulométrie (<125 um).

Les biocarbones se sont montrés stables jusqu’a 500°C via les analyses ATG, avec une tres faible perte de
masse sous 24h (<10 %m). La composition organique des biocarbones a été obtenue par combustion flash
(CHNS, Flash 2000) de la matiére organique du biocarbone résultant en la production d’azote, de dioxyde de
carbone, de vapeur d’eau et de dioxyde de soufre (N2, CO,, H.O et SO, respectivement). Ces gaz ont été
séparés, identifiés et étalonnés au préalable. La composition inorganique a été déterminée par spectrométrie
optique d’émission atomique a plasma a couplage inductif (ICP-OES). Le biocarbone a été minéralisé
auparavant et introduit au niveau d’un plasma ou pour un élément atomique donné correspond une longueur
d’onde. A cette longueur d’onde et en étalonnant les intensités correspondantes a des solutions de
concentration connue, on peut déterminer la quantité de métal dans la solution de biocarbone minéralisé.
Les biocarbones de saule tendent a avoir plus d’éléments organiques, tandis que les biocarbones de fougere
sont plus riches d’éléments inorganiques, effet qui est renforcé par I'imprégnation. Les teneurs en humidité
et en cendres des biocarbones ont été déterminées a travers un analyseur d’humidité et par ATG sous air.

Ceci a confirmé la forte présence d’especes inorganiques dans les biocarbones de fougére.

Les isothermes d’adsorption-désorption de N, ont permis de calculer les surfaces spécifiques et d’identifier
le possible type de porosité des biocarbones. En I'occurrence, le type semblait étre Il selon la classification
de I'lUPAC, correspondant a des adsorbants non poreux ou macroporeux, alors que la présence d’hystérése
semble indiquer la possible présence de micropores. La microscopie électronique a balayage et a

transmission a permis d’identifier la présence de phases métalliques et leur dispersion. La diffraction de
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rayons X (DRX) permet d’informer davantage sur les phases cristallines majoritaires et donc sur la spéciation
des métaux si détectés. Un programme de désorption, oxydation et réduction, en utilisant respectivement
de 'ammoniac (NHz), du CO; et du H,, en température a permis de déterminer le type de fonctions de surface
selon le gaz introduit, leur quantité selon le volume de gaz adsorbé, et la force d’adsorption des fonctions
selon la température maximale de pic. En combinaison avec un programme de désorption sous He, en
analysant les gaz produits grace a un uGC couplé et en se basant sur des valeurs rapportées, il est possible
de déterminer la nature des fonctions de surface. Des tests sur la réutilisation des catalyseurs ont été
effectués par ATG a calorimétrie différentielle a balayage (DSC) pour observer la désorption de gaz

possiblement adsorbés.

Les catalyseurs biosourcés ont été testés en deNOy en observant l'influence de la présence du catalyseur et
de la température sur la décomposition du monoxyde d’azote (NO) dilué dans de I'argon (Ar). lls ont été
introduits dans un réacteur a lit fixe et courant descendant chauffé par un four Heraeus (Fig. 1.12). Les gaz
produits sont nettoyés de goudrons et d’humidité a 'aide de trois barboteurs avant d’étre analysés en uGC
et par un analyseur de NO,. La température maximale étudiée ne dépasse pas celle de stabilité obtenue par

ATG (500°C). L'efficacité des catalyseurs a été exprimé en fonction d’un taux de réduction de NO.

Les catalyseurs ont aussi été testés en RWGS en introduisant H, et CO; dilués dans Ar, dans un réacteur sous
pression a lit fixe a courant descendant et chauffé par un four carbolite (Fig. 1.15). Le gaz produit est privé
d’eau grace a une combinaison de condensation et piege a gel de silice pour ne pas endommage le uGC qui
permet I'analyse de ces gaz. La température d’étude a été choisie (400°C) afin d’étre dans des conditions de
Fischer-Tropsch a haute température sans dépasser la stabilité du catalyseur. Deux campagnes ont été
réalisés et la configuration expérimentale a été améliorée afin d’intégrer I’analyse continue par pGC des gaz
et faire un meilleur suivi de la réaction. Les catalyseurs les plus actifs en RWGS (fougére) ont enfin été testés
en WGS en introduisant H,O et CO dilués dans Ar, dans le méme réacteur que celui de RWGS. La température
de préchauffe et la réaction ont été simulées par Aspen Plus. Pour la suite, I'influence de la température et

du débit d’eau a été étudiée en présence des catalyseurs.

Les deux installations pour deNOy et pour WGS/RWGS ont été développées, mises au point et optimisés au
cours de cette these. Une de leur originalité est de permettre une quantification continue des gaz produits
afin de décrire en détail les mécanismes associés a ces transformations. Elles constituent une avancée
fondamentale dans le plateau expérimental et analytique du Centre RAPSODEE et servent déja de référence

dans des travaux en cours et futurs.
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R.2. NOx decomposition using Ni- and Fe-loaded biocarbon

La décomposition des oxydes d’azote (NOy) passe principalement par la réaction de décomposition directe
du monoxyde d’azote (NO), gouvernée par les mécanismes de Langmuir-Hinshelwood et d’Eley-Rideal. Les
catalyseurs commerciaux, dont une révision bibliographique a été faite dans le chapitre correspondant, sont
coliteux et peuvent requérir des fortes températures d’utilisation. Ainsi, les catalyseurs biosourcés
présentent un intérét catalytique et commencent a étre utilisés pour la décomposition de NOy (deNOy) sans
agents réducteurs comme I'ammoniac. Pour pouvoir étre actif pour cette réaction, la préparation du
catalyseur biosourcé est cruciale. Elle permet le développement d’une surface spécifique suffisamment
élevée dotée de groupes fonctionnels actifs pour permettre la participation a la réaction aux éléments
métalliques qui la composent. Le mécanisme de réaction en présence de métal a été détaillé, et la

fonctionnalité du fer (Fe) et du nickel (Ni) a été discutée.

Les catalyseurs utilisés dans le cadre de cette étude ont été préparés comme présenté précédemment. I
s’agit de biocarbones de fougere et de saule non imprégnés et imprégnés avant pyrolyse dopés au Fe, au Ni
et au Fe et Ni. Il y a également deux biocarbones de fougeres fortement dopés au Fe et Ni. L'efficacité des
catalyseurs biosourcés pour la deNOy a été définie comme Xno, qui est le ratio de NO converti par rapport au
contenu initial en NO de l'effluent gazeux. Les caractéristiques de ces catalyseurs ont permis d’avoir une
meilleure compréhension du mécanisme réactionnel en deNOx. Ainsi, la forte présence de métaux dans les
catalyseurs a base de fougére a montré des effets catalytiques ou promoteurs selon les espéces et les métaux
catalytiques, tout en améliorant la structure électronique des catalyseurs biosourcés. Toutefois, ces
catalyseurs peuvent perdre en activité si les sites sont peu dispersés ou encapsulés par la silice ou le carbone,
ce qui peut se traduire dans une faible surface spécifique, ou si les sites ont peu de contact avec les gaz car

le biocarbones en adsorbe peu, ce qui a été observé pour les catalyseurs de fougére.

Les catalyseurs biosourcés ont été comparés quand Xyo atteint le régime permanent, ce qui a lieu au bout de
50min. Dans ces circonstances, Xno montre une augmentation croissante et non linéaire avec la température
(Fig. 2.5). La présence d’'un métal catalytique permet une meilleure activité pour la deNOy, mais seulement
guand ces métaux sont dans un état facilement réversible (Ni métallique). Ceci explique I'activité des métaux
a 500°C. Cependant, ce n’est pas le cas a 350°C, ou I'augmentation de Xyo est moins importante pour les
catalyseurs biosourcés peu actifs. Le choix de la bioressource a également influencé Xno, supérieur a basse
température (200-350°C) pour les catalyseurs a base de fougere, puis inversement a 500°C pour ceux de
saule. Cette activité a basse température été liée a la présence de ses métaux inhérents. Néanmoins, a plus

forte température, I'activité des métaux inhérents est comparable et donc le saule, qui peut approvisionner
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davantage ces métaux de NO actif grace a sa plus grande quantité de sites basiques et réducteurs, réagit plus
avec NO. L'effet des métaux a aussi été comparé et une plus forte activité de ces métaux a été attribuée a
leur disponibilité, a savoir leur potentiel a étre encapsulé ou peu dispersé par la surface des catalyseurs
biosourcés. De plus, aucun effet synergique entre Fe et Ni n’a été détecté. L'impact de la teneur en métaux
a aussi été étudié. Une forte augmentation de cette teneur augmente légerement Xno et impacte la surface
spécifique des catalyseurs, et donc la disponibilité du métal. Ainsi, une augmentation de la teneur d’'un métal
dans le catalyseur n’est peut-étre pas intéressante, surtout dans une optique de réduction de co(ts.
Finalement, la désactivation des catalyseurs a été discutée. Un impact significatif sur Xyo n’a pas été visualisé
pendant la durée de la réaction (4h), mais a été vu sur la perte de masse des catalyseurs, de I'ordre de 5 %m
pour les catalyseurs biosourcés a base de Ni ou Fe et allant jusqu’a 10 %m pour les non imprégnés. Cette
perte de masse est associée a la volatilisation du carbone et possiblement des groupes fonctionnels qui

désorbent sous forme de CO et CO..

En plus du suivi de la concentration de NO, d’autres gaz comme N3, O,, CO, CO; et H, ont été monitorés.
Malgré qu’elle ait été normalisée, la teneur de N, a augmenté pendant la réaction, associée a la
décomposition directe du NO. Une désactivation a haute température des catalyseurs a base de fougeére,
reliée a la production de CO,, a été associé a une désactivation par la silice. Un suivi de la production de CO
semblait indiquer une désorption liée a la montée en température plutét qu’a la réaction, et qui était plus
important avec les échantillons ayant perdu le plus de masse. En comparaison au CO,, peu de CO a été
désorbé. La présence de ces gaz peut indiquer une plus forte exposition des métaux, qui peuvent ainsi
participer davantage a la deNOx. Une faible désorption de H, a aussi été détectée a 350 et 500°C et peut

directement impacter la réaction.

La meilleure performance en deNOy était atteinte par le catalyseur a base de saule et imprégné au Ni (Xno =
30.6% a 500°C). Ceci a été lié a la combinaison de Ni fortement actif avec une forte capacité d’adsorption du
NO de la part du saule. A basse température (<350°C), les catalyseurs les plus performants étaient a base de
fougere, en raison de leur forte teneur métallique, ce qui peut étre catalytique ou promouvoir des métaux
catalytiques. Ceci semble indiquer qu’une forte teneur métallique n’est pas nécessaire pour la réaction
deNOy, mais plutot le choix des métaux présents. La performance des catalyseurs en deNOy a aussi pu étre
reliée a la teneur en N, des gaz sortants, ainsi qu’a la désorption de CO,, CO et Hy, ce qui peut impacter
directement la réaction. Ceci entraine une perte de masse a considérer en vue de stabiliser davantage la
matrice carbonée pour la réutilisation ou I'utilisation a plus haute température de ces catalyseurs biosourcés.

De plus, des études utilisant ces catalyseurs avec des effluents réels permettraient d’analyser leurs
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performances en présence d’autres especes chimiques qui peuvent aussi subir une adsorption ou

dégradation catalytique via ces matériaux.

R.3. Nickel and iron-doped biocarbon catalysts for reverse water-gas shift

La review bibliographique a permis de déterminer les conditions de production du biocarbone, ainsi que les
métaux catalytiques ou ayant un réle promoteur ou de support (Table 3.1), pour son utilisation en tant que
catalyseur biosourcé pour la réaction inverse de gaz a I'’eau (RWGS). La pyrolyse a haute température avec
des vitesses de chauffe faibles et des longs temps de séjour a été choisie afin de développer dans le
biocarbone des propriétés intéressantes pour la catalyse (porosité, dispersion et exposition des métaux...).
Les métaux catalytiques sont souvent nobles, des métaux de transition ou des lanthanides. Les supports ou

promoteurs sont des alcalins et alcalino-terreux (AAEM) et des métaux post-transition.

Les catalyseurs biosourcés ont été préparés suivant la méthodologie présentée précédemment. Des
biocarbones de saule ou de fougere imprégnés avant ou apres pyrolyse au Ni ou Fe ont été utilisés, ainsi
gu’un biocarbone de fougére imprégnée avant pyrolyse au Fe et au Ni, de la rouille (Fe,0s) et une alumine

dopée au Fe (Fe-Al,03). Des valeurs a I’équilibre thermodynamique a 400°C en RWGS ont été calculés.

Les catalyseurs biosourcés ont montré une forte sélectivité pour le CO comparé a la rouille (88-100% contre
81%), et malgré une prédominance thermodynamique reportée pour la formation de CH, (Table 3.3).
D’autres catalyseurs commerciaux peuvent atteindre une sélectivité approchant 100% mais nécessite une
promotion par d’autres métaux comme le potassium (K). La conversion de CO; pour la plupart des catalyseurs
biosourcés dépasse celle de Fe-Al,O3 (au plus 17,2% comparé a 7,6%). Leur performance est néanmoins faible
par comparaison a la rouille (29.6%), or d’autres catalyseurs commerciaux indiqués en littérature (proche de
I’équilibre, soit ici 35%). Toutefois, ils bénéficient d’'une performance stable avec une conversion maintenue
pendant 288h la olU des catalyseurs commerciaux sont désactivés par frittage métallique ou par
encrassement par dépot de carbone a des temps de réactions moindres. Ces performances catalytiques ont
été attribuées a la capacité de rétention de Fe et Ni au cours de I'imprégnation des catalyseurs, et au maintien
des métaux inhérents des biomasses qui peuvent améliorer les propriétés électroniques des sites actifs et
faciliter I'adsorption et la dissociation des gaz réactifs CO, et H,. En plus de la présence d’AAEM, les
biocarbones présentent des fonctions de surface qui, en coordination avec Ni et Fe, forment des lacunes
d’oxygene apres réduction qui permettent une meilleure adsorption et activation du CO,. Cet ensemble de
propriétés est responsable des meilleures performances par les catalyseurs de fougere par opposition a ceux
de saule. L'imprégnation pouvait aussi affecter I'activité des catalyseurs, soit d( a un blocage de porosité par

dépot métallique et donc limiter I'accés aux sites actifs, soit en créant davantage de sites pour plus
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d’échanges électroniques. Ceci explique pourquoi certains biocarbones de fougére sont bien plus actifs que
d’autres comme celui imprégné au Ni aprées pyrolyse, celui imprégné au Fe avant pyrolyse et le biocarbones

bimétallique imprégné avant pyrolyse.

Des études supplémentaires peuvent permettre d’éclaircir ce lien performant de liaison métal-surface. Cette
conversion peut étre améliorée en modifiant la structure du catalyseur ou en utilisant le catalyseur sans pré-
réduction (augmentation de la conversion de 1.7%). De plus, la stabilisation a haute température des
catalyseurs biosourcés avec (H,O) ou sans activation (graphitisation) peut promouvoir une meilleure
conversion en effectuant la RWGS a plus haute température grace a I'aspect endothermique de la réaction,
tout en maintenant le caractere sélectif des catalyseurs biosourcés. Il est aussi possible d’étudier I'utiliser des
catalyseurs dans des réactions utilisant la RWGS comme la synthése Fischer-Tropsch (FTS) ou la synthese de

méthanol (CAMERE).

R.4. Nickel and iron biocarbon catalysts for water-gas shift reaction

L'état de I'art sur l'influence et I'importance des conditions opératoires sur la réalisation de la WGS a été
analysé afin de déterminer les conditions de réaction a tester avec les catalyseurs biosourcés. En plus d’agir
sur un déplacement de I'équilibre, le choix des conditions opératoires peut empécher la réaction de parvenir
a son équilibre thermodynamique, d’ou I'importance de I'activité cinétique des catalyseurs. A cet effet, des
expressions de vitesses de réaction ont été exposés avec des constantes cinétiques mentionnées pour des
réactions catalysées par des métaux nobles et non-nobles. La température tend a améliorer les vitesses
cinétiqgues mais la conversion a I'équilibre thermodynamique est amoindrie en raison de la nature
exothermique de WGS. La pressure peut favoriser le sens direct de la WGS en raison d’une possible
perméation des gaz produits. La vitesse spatiale des gaz et leur temps de séjour contribue a exposer les
réactifs moins ou plus longtemps respectivement a la surface du catalyseur ce qui peut diminuer ou
augmenter respectivement la production de gaz produits par la réaction. Le taux de vapeur par rapport aux
composés carbonés peut améliorer la consommation des réactifs suite a un déplacement de I'équilibre de la
réaction dans la direction des produits suite a la présence excessive d’un réactif. La configuration du réacteur
peut influencer la réaction, par exemple en la déplacant dans la direction des produits grace a des
membranes permettant d’extraire ces derniers ou grace a des contacts réactifs-catalyseurs plus longs a cause

de hauteurs de lit plus importantes. L'impact de ces différentes conditions opératoires a été synthétisé.

Les catalyseurs ont été préparés suivant la méthodologie présentée précédemment. Les catalyseurs utilisés
dans cette étude ont été des biocarbones de fougere imprégnés avant ou aprés pyrolyse au Ni ou Fe, en plus

du biocarbone bimétallique de fougére imprégné avant pyrolyse, la rouille (Fe,0s) et un biocarbone
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bimétallique imprégné apres pyrolyse. Pour le test en WGS, la température de réaction a été augmentée par
paliers de 20°C toutes les 1h30 a partir de 180°C avec exces de vapeur par rapport au monoxyde de carbone
(5/C) de 5,5. A température finale, I'excés de vapeur a été modifié a 1,4, 2,8 et 20,7 pour certains catalyseurs.
Le procédé expérimental a été simulé avec la variation de la température de réaction et celle du débit d’eau
liguide en utilisant Aspen Plus, et deux types de réacteurs ont été étudiés : un réacteur Gibbs pour une
réaction en conditions thermodynamiques sur la base de calculs en équilibre thermodynamique, et un
réacteur a écoulement piston pour simuler des conditions cinétiques basées sur des parametres cinétiques
reportés en littérature. La conversion de CO des conditions thermodynamiques était supérieure a 99%,
représentatif de la réaction exothermique, et augmentait avec la pression partielle de vapeur et diminuait
avec la température, représentatif des principes d’équilibre. L'augmentation des deux parameétres entrainait
aussi une augmentation de la sélectivité envers CO, (min 75%) due a des parametres plus favorables pour la
réaction de WGS que la méthanation. Pour la simulation en conditions cinétiques, la température n’influait
pas. La pression de vapeur a par contre permis une conversion maximale de 3.3% a 0.12 mL/min d’eau. Cet
optimum est lié a un surplus d’eau qui entraine un besoin plus important d’énergie pour faire réagir la vapeur
supplémentaire et limitant I'énergie disponible a la réaction. De plus, ces conditions permettent d’atteindre
une sélectivité de 100%. Les deux situations semblent avoir des effets contraires avec des faibles conversions
pour des conditions cinétiques par rapport a la thermodynamique. Ainsi, selon la situation expérimentale, il
est possible que la réaction puisse avoir des performances faibles mais justifiées a la vue des conditions

opératoires.

L'impact de la variation de la température sur la production de CO,, la conversion de CO et la sélectivité en
CO; a été observé en WGS pour les catalyseurs biosourcés produits (Table 4.12). Les valeurs de production
et de conversion étaient faibles en base volumique, ce qui était moins le cas en base massique. Cependant,
les valeurs obtenues étaient cohérentes avec la cinétique simulée. La production de CO, a augmenté avec la
température mais la désactivation des catalyseurs aussi. Une comparaison de cette production en fonction
de la température et des catalyseurs a montré une plus forte activité des catalyseurs biosourcés, par rapport
a larouille, a base de Ni par rapport a ceux a base de Fe. Ceci aurait été lié au caractére plus réductible, car
plus de groupes réductibles, a plus basse température (premiere température de désorption d’H, faible) des
catalyseurs a base de Ni et donc ils n"ont pas eu besoin de plus d’énergie pour changer d’état en plus de
réagir avec les réactifs gazeux. D’autant plus, les barrieres énergétiques ont pu étre amoindries grace a la
présence d’autres métaux comme les alcalins et les alcalino-terreux, présents en grande quantité dans la
fougere, et grace aux sites déficients en O, qui partagent une forte affinité avec les réactifs H,O et CO, obtenus

par réduction des groupes fonctionnels oxygénés provenant de la surface du biocarbone. La surface
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spécifique développée par imprégnation ne semblait pas affecter ni I'accessibilité des sites actifs ni I'activité
des catalyseurs et donc la forte surface suite a la graphitisation du biocarbone par Fe n’a pas semblé
impactant pour la réaction de WGS. Cette comparaison a permis de plus d’établir un ordre d’activité des
catalyseurs pour la réaction. La sélectivité en CO; était supérieure a 85% et s’améliorait avec la température.
Ceci était lié a I'inhibition de la méthanation pour cause de son caractere exothermique plus important que
celui de WGS. L'augmentation de S/C a permis de légérement augmenter la production de CO; et la
conversion et a eu peu d’effet sur la sélectivité (>97%). En effet, un plus grand excés d’un réactif favoriserait

la production des produits de la réaction.

Des parameétres cinétiques ont pu étre déterminés par loi d’Arrhenius et cinétique simplifiées, mais aucune
corrélation entre I'ordre d’activité pour la réaction et ces valeurs n’a pu étre établi. Ces valeurs étaient
comprises entre 5.2 et 92.1 kJ/mol pour I'énergie d’activation et entre 2.2 x 10 et 2.2 x 108 pour la constante
cinétique rapportée a celle de la rouille, cette derniére étant plus élevée pour les catalyseurs a base de Ni.

Bien que ces valeurs soient dispersées, elles sont de I'ordre de magnitude de celles reportées en littérature.

Pour conclure, les catalyseurs biosourcés ont été testés en WGS. La cinétique de la réaction a été promue
par augmentation de la température et I'excés de vapeur. Elle a d’autant plus été améliorée par les
catalyseurs biosourcés surtout a base de Ni, et surtout celui imprégné avant pyrolyse au Fe et au Ni (10% de
conversion) qui a bénéficié de I'effet synergique de ces deux métaux. L'efficacité des catalyseurs biosourcés
de Ni a été liée leur capacité a étre actifs a basse température, en combinaison des métaux inhérents a la
fougere qui abaissent les barrieres énergétiques, et des sites déficients en O créés par réduction des
nombreux sites oxygénés du biocarbone. Des parametres cinétiques ont été établis et qui, malgré le manque
d’une relation explicite avec I'ordre d’activité des catalyseurs pour la WGS, sont cohérents avec les résultats
et la littérature. Ceci semble montrer qu’il y a des caractéristiques qui peuvent subtilement affecter la
cinétique de la réaction et qui peuvent faire I'objet de futures études. De plus, les propriétés des catalyseurs
biosourcés et les conditions opératoires pourraient étre optimisées afin de diriger la réaction de WGS vers

I’équilibre thermodynamique.

R.CP. Conclusions et perspectives

Cette thése a montré qu’il est possible de développer des procédés permettant de mitiger les émissions
utilisant des catalyseurs biosourcés au lieu des catalyseurs commerciaux afin de réduire I'impact sur
I’environnement. Ainsi, cette these se focalise sur la production de catalyseurs a base de bioressources et

testés en réactions de décomposition de NOx (deNOy), de gaz a I'eau indirect (RWGS) et direct (WGS).
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Le chapitre de matériels et méthodes a permis de faire I'état sur la création des catalyseurs biosourcés a base
de fougere et de saule et imprégné avant et aprées pyrolyse au fer (Fe) et nickel (Ni). lls ont été pyrolysés a
800°C a 2°C/min sous N3 suivi d’'un isotherme d’une heure. lls ont été caractérisés en termes de teneur en
éléments organiques (CHNS) et inorganique (ICP-AES), de dispersion inorganique sur la matrice organique
(MEB/MET), de stabilité thermique (ATG-DSC), de surface spécifique (BET), de propriétés texturales et de
fonctions chimiques de surface (TPD, TPR, TPO, DRX). Les installations expérimentales développées, mises au

point et optimisées dans leur intégralité, ont été présentées.

L'étude de la deNOy a travers les catalyseurs biosourcés a permis de montrer leur intérét pour cette
application. Ils bénéficient de métaux dispersés ayant un role catalytique ou promoteur de catalyseur et
d’une surface permettant d’adsorber avec facilité les NOy. Il s’agit notamment du saule qui bénéficient de
propriétés texturales meilleures que la fougere qui malgré sa quantité plus importante de métaux inhérents
ne possédent pas une bonne accessibilité a ces métaux. L'augmentation de la température a permis aussi

d’améliorer les performances en deNOx.

L'étude des catalyseurs biosourcés en RWGS a montré I'intérét de bioressources fortement riches en métaux
inhérents comme la fougére. Ces métaux ont une part plus active en RWGS qu’en deNOx car ils contribuent
promouvoir les espéces catalytiques et améliorer la réception et I'activation des gaz. De plus, ils sont
extrémement stables avec une activité continue allant jusqu’a 288h comparé a la rouille qui malgré sa

conversion approchant I’équilibre thermodynamique (30<35%) a été fortement désactivée en 24h.

L'étude en WGS des catalyseurs biosourcés était complémentaire a celle de RWGS et seuls les catalyseurs a
base de fougére ont été testés. La température a été augmentée de 180 a au moins 280°C par paliers de 20°C
et I'excés de vapeur de 1.4 a 20.7. Tous deux ont contribués a améliorer les performances des catalyseurs,
ce qui était cohérent avec la simulation de la réaction et la littérature. Les catalyseurs les plus performants
étaient a base de Ni en raison de leur réduction facile qui bénéficient des effets cumulés des métaux
promoteurs et des sites déficients en O issus de la réduction des groupes oxygénés du biocarbone.
L'application de la loi d’Arrhenius a aussi permis de déterminer les parametres cinétiques de la réaction
catalysée et n’a pas montré d’ordre lié a I'activité des catalyseurs mais les résultats semblaient cohérents

avec les résultats et la littérature.

A travers ces trois applications, la versatilité des catalyseurs biosourcés a été mise en avant. lls combinent
des propriétés différentes qui permettent une bonne adsorption et activation des gaz et qui bénéficient de
métaux catalytiques et promoteurs bien dispersés. Pour exploiter au maximum le potentiel des catalyseurs

biosourcés, d’autres biomasses ou déchets riches en métaux pourraient étre explorées, ainsi que

19



I'optimisation des propriétés de ces catalyseurs via des procédés d’activation ou la stabilisation thermique
de la matrice carbonée afin de pouvoir I'utiliser dans des applications haute température telles que le

reformage.
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Introduction

The Paris Agreement, signed in 2015 by 195 nations, set the conditions to hold the rise in temperatures from
global warming at 2°C and reduce greenhouse gas (GHG) emissions [1]. This mainly concerns carbon dioxide
(CO3) and methane (CH4) which constitute the majority of GHG [2]. However, other minor GHG such as the
nitrous oxides (NOy) are also responsible for severe environmental and health issues among photochemical
smog, acid rain and ozone layer depletion [3]. Hydrogen (Hz), an energy vector that can be produced through
carbon-neutral processes such as thermochemical conversion of bioresources and biowastes or electrolysis,
may play a significant role in reducing GHG emissions. These thermochemical conversion routes, such as

biogas reforming and bioresources gasification may be enhanced by the use of catalysis.

[.1. Thermochemical conversion of bioresources

Thermochemical conversion of bioresources consists of a chemical transformation through heat under
oxygen-free or limited atmosphere, as opposed to combustion. The yield of solid, liquid and gas products
obtained by thermochemical conversion is strongly dependent to the selected conversion route (Fig. 1.1) and

operating conditions (Table I.1).

Residence time
(<0.5s, 0.5-10s, >10min)

Heating rate
(<1°C/s, 10-200°C/s, ==z
103-10%°C/s)

Reaction pressure
(Atmosphere, 1-100 MPa)

Reaction temperatures O, in reaction atmosphere
(<300°C, 400-500°C, >500°C) (None, Deficient, Excessive)

Torrefaction Gasification % Flash pyrolysis £} Fast pyrolysis Slow pyrolysis

Fig. I.1. Different types of thermochemical conversion [4]
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Table I.1. Product distribution for different types of thermochemical conversion [5]

. . Typical operating conditions Product distribution
Thermochemical conversion Temperature Heating rate Liquid
type °C) (*C.min) Solid (wt%) Gas

Torrefaction 200 -300 <1 30-85 0 10-60
Slow pyrolysis 300-700 1-100 15-40 20-55 15-60
Fast pyrolysis 450 - 550 >1000 10-35 50-70 5-30
Flash pyrolysis 300 -2800 >1000 12-40 60—-70

Gasification 800 —1200 Variable 0-10 5 85-100

Pyrolysis consists in the transformation of bioresources using heat and inert gases. This produces a

solid product called biocarbon, understood as biochar, a liquid product from condensable gases called

tar and a gaseous product from non-condensable gases (NCG) (Eq.l.1).

Biomass (organic) — C (biocarbon) + tar + H,0 + NCG (CO, H,, CH,)

Eq.l.1

Pyrogasification is the combination of slow pyrolysis, from ambient temperature to gasification

temperature (Table 1.1) at slow pyrolysis heating rates and under inert atmosphere, followed by

gasification, where a gasifying agent is introduced for a specific residence time at gasification

temperature (800 to 1200°C). As a result, biocarbon, tar and gaseous products are obtained through

primary and secondary reactions (Fig. 1.2).

Biomass

Biocarbon

Primary tar

Gases

A 4

ification

Secondary
reactions
(thermal)

Secondary reactions
(primarily catalytic)

Biocarbon

Tar and water-

soluble organics

Product
gas

Fig. .2. Pyrogasification steps [6]

Primary reactions can be represented by 3 mechanisms [7]:

- Biocarbon formation consists in converting biomass to biocarbon by forming aromatic polycyclic
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structures. It concerns intra- and intermolecular rearrangement reactions that form stable bonds.
This reaction produces water and NCGs. This can be catalyzed to maximize the production of
biocarbon.

- Depolymerization is the rupture of monomers contained in the polymers, reducing the degree of
polymerization of the biomass. This rupture continues till production of volatile molecules that
are condensable at ambient temperature (tar).

- Fragmentation results in the formation of covalent bonds to form condensable gases and NCGs.

Secondary reactions consist in 2 competing mechanisms:

- Cracking represents broken gaseous bonds to form even lighter molecules. It is similar to
fragmentation.
- Recombining is the formation of heavier molecules. It is responsible for the production and

deposit of coke (solid carbonaceous particles) on the surface of biocarbon and catalysts.

Gasification is the production of NCGs, which mainly includes syngas composed by H, and carbon
monoxide (CO). Operating conditions, namely temperature, heating rate and gasifying agent, will push
different reactions towards the production of certain gases such as CO or H; (Table I.2) due to
thermodynamic equilibrium principles. Indeed, high temperatures will favor endothermic reactions
such as Boudouard reaction (Eq.l.2) and high pressures will influence reaction towards the formation
of the least gaseous products (for ex., Eq.l.3 would be inhibited). A reactant in excess will drive
reactions towards products. To maximize H, production, the operating conditions of water-gas shift

(WGS, Eq.l.4) and reforming reactions (Eq.l.5 and 16) also need to be optimized.

Table 1.2. Examples of reactions that can occur during pyrogasification [8]

Standard enthalpy of

Reaction reaction (kJ/mol)
Boudouard reaction: C + CO, — 2CO Eq.l.2 +172.1
C +§o2 - CO Eq.l.3 ~110.7
Water-gas shift: CO + H,0 < CO, + H, Eq.l.4 -41.2
Dry reforming: C,H,, + nCO, —» 2nCO + (%) H, Eq.l.5
Steam reforming: C,H,, + nH,0 - nCO + (n + ?) H, Eq.l.6
C+ 0, - CO, Eq.l.7 —405.8

H. can also be used to form derivatives with the same objective of reducing emissions. This is the case
for reverse WGS (RWGS, Backwards reaction of Eq.l.7) where H, and CO, are consumed. RWGS is
usually implied in downstream reactions such as Fischer-Tropsch synthesis (FTS) and “carbon dioxide

hydrogenation to form methanol via a reverse-water-gas-shift reaction” (CAMERE) to form long-chain
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hydrocarbons or methanol respectively [9,10]. Additionally, other gaseous emissions such as NOy can

be abated using selective reduction (catalytic or not) or by direct decomposition (Eq.1.8) [3,11].

Operating conditions such as the temperature, heating rate, residence time or catalysts influence the
reaction mechanism. They could increase the yield of wanted products like biocarbon and decrease
the yield of others such as tar or coke that restrict access to active sites in catalysts. To reach
equilibrium faster, catalysts may also be used. If the equilibrium is too long to reach then the capacity

of the catalysts to affect the kinetics of these reactions is crucial.

|.2. Catalysis by metals in conversion processes; biomass, biocarbon
and inherent metals

Catalysts for thermochemical conversion processes include noble, transition and post-transition
metals (Table I.3). Recent studies (2022) report the use of nickel (Ni) in coordination with aluminum
and cerium oxide (Al,03; and CeO; respectively) for WGS and RWGS (Fig. 1.3). For DeNOy, reported

catalysts figure among zeolites and titanium oxide (TiO,, Fig. .4).
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a wty xps
7 o catalytigactivi
oxidation  geaciyation Py
high teraperature = nigkel cqp? -
formation ()
€O conygersion saniple
.. stream catalystisurface
water(gas shift @ =) g
L
h2gield alge3
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@& e min WEgs reéaction
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Fig. I.3. Wordmap by VOSviewer of 100 most used terms related to WGS catalysts from 1649 articles from ScienceDirect
since 2022, focus on the catalytic cluster
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Table I.3. Inorganic species and their role (inhibition or catalysis) in pyrogasification and RWGS, presented in Chapter 3

AAEM
Alkali Alkaline- Transition, post-transition and lanthanide Metalloid/Nonmetal
aline
earth
Li,COs/ LiCl C (coke
| I
s and tar)
Fe,03-
ATZOS/ CI/HCl/
Na*/ >23 1 silicate/  H,S/  LiCl/
MgO/ Ni-Al :
Na,COs/ . phosphate sulfide/ NaCl/
MgCOs/ oxide/ ;
NacCl/ MeCl Ni-Al/ /Ni,P/  sulfate/  KCl/
i
Na pr. - Ao, | Si02sup.  SO:  MgCl/
== ZnCl,
sup.
FEZO3-
Cr,0s/
Fe,0 Fea0x Nial 1O
3 ALOy/ CoO/ . Zno/ i
Cr,03/ . oxide/ zn°/
., Fe(CO)s/ Co°/ . cuo/
Cr(CO)¢/ Mn°/ Ni°/ . Zn/
K*/K,CO3/ CaCOs/ . ] (a-) Co/ . Cu°/
TiO, Croxide Mn2*/ ) Ni-Al/ ZnCly/
K>Ca(COs),| CaO/Ca?t/ _su = /Cror) MnO Fe,03/ Ni-Co/ Ni-Sn/Ni/ Cu/ Cu-zn/
JKCI/K pr. | K2Ca(COs), sup.  /ALPL/ VNG Fe°/Fe/ Fe-Co/ Cupr.
Cr03  sup. Ni-Co/ Zn0
= Fe-Co/ Co Ni(NO3)a/ /Cu/
sup. | sup.
Fe(NOs)s/ oxide A 32 Cu
~—— NiP/Ni
Fe/ xide
Fe oxide/
FesC
Rb,COs/ 2102 \16(co) Ru*/Ru/ Agp
u u r.
-3 Ce0, 6 ) Rh  Pd/Pd Ni-Sn
Rb pr. — - /Mo pr. Ru /Ag
sup.
Ce®/
ZrOz:
C52C03/ CeO, Pto/Pt/Pt
Ba pr. -~ W(CO — A
Cs pr. 4B sup./ (CO)s pr. /Pt Al
CeO;
sup.
Legend Reforming catalyst Pyrolysis catalyst Generally inhibiting

sup.: support
pr.: promoter

WGS/RWGS! catalyst
Pyrolysis and production of H, (WGS, reforming or production of H, not detailed)

H, production catalyst

Inhibiting/little effect

1: Underlined = RWGS
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Fig. 1.4. Wordmap by VOSviewer of 100 most used terms related to deNOy catalysts from 1197 articles from ScienceDirect
since 2022, focus on the catalytic cluster

In addition to the cost of these metals associated to their scarcity, their extraction devastates the
environment and health due to emissions of pollutants such as CO,, SO,, NOx and particulate matter
and contamination of soil and water by heavy metals [12,13]. These metals can therefore be sourced

from less to not damaging alternatives such as bioresources.

Bioresources are organic materials originating from plants and animals [14]. They can be transformed
into heat, bio-oil or electricity. It is the oldest form of energy used by Humans, in addition to being
natural and renewable [15]. Bioresource can be obtained from non-edible renewable resources. For
biocarbon catalysts synthesis, it is required to select a bioresource presenting large quantities of at
least one metal element with proven catalytic activity, nickel (Ni) for instance, in a given application,

in our case H, production. There are two main types of bioresource: biowaste and biomass.

Biowaste are considered low-value and inexpensive bio-based materials that can be transformed into
higher value materials such as bio-oil. Their costlessness is due to their bulk production as well as the
difficulties to eliminate them. Biowaste includes agricultural, food, garden and park waste, municipal
solid waste, wastewater and sludge [16]. Sewage and industrial sludges have been studied during

pyrolysis for biocarbon production [17-20].
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Non-lignocellulosic biomass are for example manure and algae [21]. Manures have been studied in
pyrolysis for biocarbon production [22-24]. Lignocellulosic biomass is principally composed of

cellulose, hemicellulose and lignin (Fig. I.5).

Plant cell wall O . OM

| OH Ho
MO oM O oM
(D~ },27\0'%:‘;3527&7*
N vo oo

Cellulose

e
.~
Lignin oo | OGO,

‘0

HOO
OM oM
e HOnC

COOM O

Fig. I.5. Macromolecules composing lignocellulosic biomass [25]

Their content influences product distribution in thermochemical conversion (Table 1.4), as they are

degraded at different intervals of temperature [7,26]:

- Hemicellulose is degraded between 220 and 315°C. This can be explained by its amorphous
polysaccharide-based structure and the presence of weaker bonds compared to other
components.

- Cellulose is degraded between 250 and 350°C. Its polysaccharide-based structure presents a
higher degree of crystallinity than that of hemicelluloses, which explains its degradation at higher
temperatures. Cellulose contributes to the formation of tar.

- Lignin is degraded between 200 and 500°C. This large interval is due to the heterogeneity of lignin
structures and its mixture of weaker and stronger bonds. Lignin contributes to the formation of

biocarbon.

Table I.4. Product distribution from fast pyrolysis (>100°C/min) depending on lignocellulosic material [7]

Biocarbon Tar Water Gas
Yield (moisture free wt%, from different reactors between 500 and 800°C)
Cellulose <15 40-70 5-15 12-30
Hemicelluloses 20-30 20-35 20-30 22-35
Lignin 30-45 15-35 8-15 12-35
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Modifying the product distribution obtained in bioresource pyrolysis is also possible by adjusting
parameters such as a residence time, slower heating rate or the use of catalysts. Catalyzing pyrolysis
not only means lowering the heat requirements for the conversion but also enhancing tar and coke

conversion in the selected operating conditions.

There are 4 main types of lignocellulosic biomass [26]:

e Primary residues are byproducts of agriculture and silviculture (straw, wood, etc.).

e Secondary residues are byproducts of biomass transformation (sawdust, wood chips ...).

e Tertiary residues or contaminated biomass are the byproducts of used biomass-based products
such as waste wood (CCA or Chrome Copper Arsenic/CCB or Chrome Copper Boron woods and
others).

e Energetic cultures are crops dedicated to energetic valorization of biomass (short rotation

coppice, such as miscanthus, for example).

Primary residues and energetic cultures can be naturally rich in metal elements, as it is the case of
hyperaccumulators or phytoremediators, which contribute in soil remediation by extracting inorganic
elements. Hyperaccumulators are studied because, by definition, they present a certain quantity of
metal that surpasses a defined threshold (Table 1.5). Thlaspi caerulescens has been studied as Ni
hyperaccumulators [27-30], as well as Noccaea caerulescens [31], Brassicae and especially Alyssum
murale [27,30,32—-34]. Pteridophytes (ferns) have been studied as potential hyperaccumulators of
arsenic (As) that can have high content in Ni [35—39]. Based on these studies and other complementary
ones, a database of hyperaccumulators was created, which can sort plants on the type of metal

accumulated, the plants location and many other criteria [40].

Table I.5. Metal thresholds for hyperaccumulation in plants [40]

Element As Cd Cu Co Mn Ni Pb  Rareearth Se Tl Zn
Threshold (ug/g) 1000 100 300 300 10000 1000 1000 1000 100 100 3000

Abundant or short rotation plants with a relatively high inorganic content may also present an interest
for metal elements recovery. Sorghum has been studied for phytoremediation and bioenergy
production [41]. Mays has been studied for zinc (Zn), cadmium (Cd), copper (Cu), lead (Pb) and Ni
phytoextraction [27,30,42]. Ragweed has been studied for Pb extraction [30]. Mustard, tobacco and
sunflower have been studied for Zn, Cd and Cu phytoextraction [27]. Non hyperaccumulating brassicae
have been studied for chromium (Cr), Cd, Ni, Zn, Cu and Pb phytoextraction [43]. Reed and canary grass
have been studied for Ni phytoextraction [42]. Arundo donax (giant reed) and Broussonetia papyferia

(paper mulberry) have been studied for Cd, Cu and Pb phytoremediation and applied in pyrolysis [44].
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Manchurian walnuts have been studied in pyrolysis as an abundant species possessing alkali and
alkaline-earth metals (AAEMs) [45]. Finally, wooden species such as willow, poplar, oak or beech have
been studied for thermal treatment (pyrolysis, gasification and incineration) and Cu, Zn, Cd, Cr, Ni, Pb

and iron (Fe) phytoextraction [28,42,46-55].

Contaminated bioresources, as well as ash from bioresources thermochemical transformation, are also
candidates for the production of biocarbon catalysts. CCB wood has been studied for catalytic
hydroliquefaction [56]. CCA Wood has been studied for its Cu, Cr and As contents in combustion and
pyrolysis [57-59]. Ash from bioresources and their addition in thermochemical conversion processes
have been studied as a catalyst or as a potential catalytic support [60—64]. Coal ash has been studied

in catalytic pyrolysis for syngas production [65].

The thermal treatment of these bioresources then results in a highly aromatic and thermally stable
biocarbon enriched with metals that is porous, heat and electron conductive and with a surface
containing basic and acid functions [66]. These different properties are interesting for catalysis as they

facilitate access to active sites while providing energy to adsorb and dissociate reactive gases [67].

|.3. Objective of the thesis

The objective of this thesis is the production of robust and stable biocarbon catalysts from biomass

inherently rich in metal species by pyrolysis and their use in WGS, RWGS and deNOy reactions.

The work developed promotes a circular economy approach in the way that plants from
phytoremediation have been used for the production of eco-friendly biocarbon catalysts for the
production of energy vectors, such as H, from renewable resources, produced by direct and reverse

water-gas shift (WGS and RWGS), as well as for the decomposition of NO pollutants (deNOy).

The following chapters and sections introduce the production, characterization and use of the
biocarbon catalysts in deNOy, RWGS and WGS, as well as the associated mechanisms and

performances. The last chapter then provides a conclusion and perspectives to this study.
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Chapter 1

Materials and Methods

1.1. Introduction

As the interest for biocarbon catalysts was developed regarding rising concern related to current
environmental and sanitary issues, this chapter will develop the techniques employed to prepare these
catalysts. They are then to be tested in target applications, namely the deNOy, RWGS and WGS. The
choice of bioresource is vital as it determines the composition and characteristics of the resulting
biocarbon. To overcome this and simulate phytoremediation and hyperaccumulation of metals, the
bioresource was impregnated with nickel and iron. To monitor the evolution of the properties and how
they affect the reactions, characterizations were performed. The equipment associated to each

reaction was set-up and presented. Lastly, choice of parameters and WGS reaction were simulated.

1.2. Preparation of catalysts

Fern and willow were selected as carbon bases for the catalysts. They also represent two different
types of biomass: herbaceous and deciduous respectively and both having phytoremediation
capacities [1]. Fern was collected from shrublands in Brittany and was provided by Eizhy [2]. Willow
was from the south of France from the Mobile Flip program [3]. Once received, the biomass was
treated by the company RAGT. Initially, they were dried on a heated holed drier at 30°C and air-blown
for 1 day in order to have a relative humidity of less than 20%. They were then milled for specific sizes

and then grinded (Fig. 1.1).

Fig. 1.1. 10 mm fern on the left, 6 mm willow on the right

34



Biocarbon was produced by pyrolysis under a flow rate of 1 L/min Ny, with an increase in temperature
from 25 to 800°C and a heating rate of 2°C/min, followed by 1-hour isotherm. Biocarbon operating
conditions were determined based on results from literature and was complemented with
characterizations and simulation. To determine the influence of the gaseous atmosphere and
temperature, FactSage software was used to simulate the pyrolysis of biomass with known elemental
composition and see how these elements associate at thermodynamic equilibrium according to these
two parameters (Fig. 1.2). The atmosphere in which to perform pyrolysis was selected to be N as this
limited slight degradation of the biomass inherent metals, such as copper (Cu), due to volatilization
but also the biocarbon structure. The pyrolysis temperature was selected to be 800°C, to limit the
formation of iron (Fe) carbide which does not generally act as a catalyst but as a support and to avoid
potential degradation of metallic nickel (Ni) [4—6]. These speciation of these last two metals, Fe and
Ni, were the main interest of this thesis as they were selected as catalytic doping agents to produce

the biocarbon catalysts.
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Fig. 1.2. Speciation of Fe, Ni and Cu at thermodynamic equilibrium depending on temperature and gaseous atmosphere of
pyrolysis of fern simulated using FactSage

Thermogravimetric analysis (TGA) was performed in a Labsys evo device by Seteram to determine the
impact of heating rate on the biomass degradation (Fig. 1.3). The variation between TGA at 2, 5 and
10°C/min had little impact on the mass loss of the biomass, so 2°C/min was retained as it is reported

to develop catalytic properties, namely porosity, of the produced biocarbon [7].

100
g w0 ——2°C/min 1
3 2°C/min 2
[7,]
§ 60 5°C/min 1
%” 40 5°C/min 2
% 20 =====| ——10°C/min1
o —..=10°C/min 2

0

0 200 400 600 800 1000

T(°C)
Fig. 1.3. TGA of willow biomass under N; with increase from 30 to 1000°C at 2, 5 and 10°C/min

The 1-hour isotherm was to guarantee repeatability of results, the relative standard deviation (RSD)

being less than 5% for both biomass.

The device used to produce biocarbon is a carbolite VST 12/65/600 oven [8]. Biomass are deposited in
a quartz crucible whose internal diameter is 4 cm with a height of 5 cm. This crucible’s bottom piece
slots onto a quartz tube which then elevates the sample through a quartz reactor to the isothermal
region of the oven (Fig. 1.4). The heating rate and pyrolysis temperature is imposed by an external

controller. The N; flow is manually fixed by adjusting an Aalborg rotameter.
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Fig. 1.4. Oven providing heat and N; for biocarbon production on the left, diagram of the setup on the right

Condensable and non-condensable gas production were not quantified. Solid mass loss was estimated
via the difference in mass between the biomass introduced in the reactor and the biocarbon remaining
after pyrolysis (Eq.1.1).

Mass loss (wt%) = Tbiomass_Mbiocarbon y 1) = 100 — yieldp;peqrpon (WE%) Eq.1.1

Mpiomass

Two biocarbon, one for each biomass, were produced in the previously determined conditions (Table
1.1).

Table 1.1. Unimpregnated biocarbon, names, pyrolysis conditions and mass loss

. - . .. Mass loss
Biocarbon Abbreviation  Pyrolysis conditions
Average (wt%) RSD (%)
Uni ted in, Tamp —

nlmp.regna e RE 1L/min, T .b 63.3 12

fern biocarbon 800°C, 2°C/min, 1-

Unimpregnated hour isotherm at
RW 71.6 3.6

willow biocarbon 800°C

To imitate phytoremediation, the objective of Ni or Fe impregnation was to reach 30 mg of metal per
g of biocarbon (highest content in Table 1.5, 1/3 mass loss to form biocarbon from biomass).
Impregnation was optimized in terms of contact time, metal concentration in impregnation solution
and biocarbon mass/solution volume ratio (Appendix A). Fern and willow samples were impregnated
before and after pyrolysis with 98 wt% pure Ni nitrate hexahydrate (Ni(NOs);:6H.0) and Fe nitrate

nonahydrate (Fe(NOs)3:9H,0). The contact of biomass and metallic species was carried out in 1L of
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water [9]. The contact of biocarbon was fulfilled in 100mL then at a higher volume (250 or 600mL),
while maintaining biomass and nitrate to water ratio, to increase production. The impregnation before
pyrolysis lasted 3 days, while impregnation after pyrolysis lasted on average 10 days. Following these
impregnations, the material was filtered with filter paper and then dried for at least 24 hours, at 60°C
for biomass to avoid risks of burning and 105°C for biocarbon. Biomass samples were then pyrolyzed
following the same conditions as the unimpregnated biomass. From these preparations, eight
additional batches were produced (Table 1.2). Metal content was determined via inductively coupled
plasma optical emission spectroscopy (ICP-OES). These batches were selected as to reach as close as

possible the phytoremediation objective (30 mg/g biocarbon or 3wt%).

Table 1.2. Impregnated biocarbon, names, impregnation conditions

Impregnation conditions Metal
Impregnated biocarbon Name teontat Mresource  Mhitrate  Vsolution content
(d) (9) (9) (L) (wt%)
Fern.bloc.arbon |mpregnafted ENIB 3 1.8 9.8 1 3.96
with Ni before pyrolysis
Fern .bloca.rbon |mpregn.ated ENi-A 7 50 13 01 1.43
with Ni after pyrolysis
Fern biocarbon impregnated
. . FFe-B 3 21.7 25.7 1 13.17
with Fe before pyrolysis
Fern F)locarbon |mpregn‘ated EFa-A 13 20 13.5 01 0.51
with Fe after pyrolysis
Willow biocarbon
impregnated with Ni before WNi-B 3 21.6 4.4 1 2.41
pyrolysis
Willow biocarbon
impregnated with Ni after WNi-A 10 2.0 13 0.1 1.81
pyrolysis
Willow biocarbon
impregnated with Fe before WFe-B 3 20.4 4.1 1 4.64
pyrolysis
Willow biocarbon
impregnated with Fe after WFe-A 10 5.0 4.8 0.25 0.23
pyrolysis

The produced biocarbon were crushed using a spice mill to reduce their particle size, in this instance
to less than 125 pum (Fig. 1.5). Granulometry of biocarbon was obtained using a Retsch AS 200 vibratory
sieve shaker with 50, 125, 250, 500 um sieves at 40% amplitude (1.2 mm) for 1 hour.
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Fig. 1.5. Decreasing distribution of particle size of milled unimpregnated biocarbon

The produced biocarbon were considered stable up to 500°C (Fig. 1.6). This stability was estimated
under N, by TGA. Biocarbon underwent a temperature increase from 30°C to 500°C at 2°C/min
followed by a 24-hour isotherm at 500°C. The mass loss due to the increase to 500°C, total mass loss
and mass loss due to the 24-hour isotherm were noted (Table 1.3). Mass loss during the isotherm is
comparable to mass loss during heating, therefore the degradation of refractory organic C during 24h

is as impactful as volatile release and therefore could attest to the stability of the biocarbon [10].
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Fig. 1.6. Remaining solid mass by TGA of aforementioned biocarbon to observe 24h stability under N,
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Table 1.3. Mass losses of biocarbon due to increase to 500°C and 24-h isotherm

Biocarbon Mass loss before Mass loss after 24-hour mass loss

isotherm (wt%) isotherm (total, wt%) (difference, wt%)
RF 7.66 11.57 3.92
FNi-B 3.78 14.64 10.86
FNi-A 8.10 9.88 1.79
FFe-B 5.53 5.77 0.24
FFe-A 14.41 17.02 2.62
RW 4.27 9.91 5.64
WNi-B 4.26 8.07 3.81
WNi-A 7.76 13.73 5.97
WFe-B 3.66 5.14 1.48
WFe-A 9.79 12.91 3.12

They were thereafter tested as biocarbon catalysts in applications where they would undergo little
degradation because can be realized under 500°C. These applications are direct decomposition of
nitrous oxides (NOy), reverse and direct water-gas shift (RWGS and WGS respectively). The following
sections will describe the methodology behind the characterizations to determine properties relevant
to the catalytic capabilities of the biocarbon as well as the conditions of the applications in which these

biocarbon catalysts were trialed.

1.3. Characterization of catalysts

To determine the catalytic properties, the biocarbon were characterized before and after their use in
deNOy, RWGS and WGS. To oversee the composition in organic and inorganic species, ultimate analysis
using CHNS and ICP-OES was performed. Proximate analysis of biocarbon determined moisture and
ash content. Choice of pyrolysis parameters, stability of the carbon matrices, ash content and eventual
desorption of gases was observed via TGA with differential scanning calorimetry (DSC) coupling. N3
adsorption-desorption isotherms were used to characterize specific surface area and pore properties.
Imagery techniques, scanning electron microscopy coupled with energy dispersive X-ray spectroscopy
(SEM-EDX) and high-resolution transmission electron microscopy (HRTEM) brought to light
information on structure and metal dispersion on the biocarbon. Temperature programmed
desorption, oxidation or reduction (TPD, TPO or TPR) of NHs, CO, and H, helped evaluate gas
adsorption capabilities and surface groups. X-ray diffraction spectrometry (XRD) was used to identify

phases of the main structured components of biocarbon.

1.3.1. Ultimate analysis: CHNS and ICP

The mass fractions of carbon (C), hydrogen (H), nitrogen (N) and sulfur (S), composing biocarbon, can

be quantified by CHNS analysis. The device used is the Flash 2000. The CHNS analysis is carried out by
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flash combustion under a dynamic flow of O, at 950°C. During this combustion, organic and inorganic

CHNS components are converted into stable gaseous forms (Fig. 2.1.2).

Sample + 0, > N, + NO, + CO, + H,0 + S0, /S0, Eq.1.2

Following this oxidation is an additional oxidation step and a reduction step to reduce the species of

higher oxidation number to species detectable later (Eq.1.3). This also allows to retain excess O,.

NOy + 503 = 3Ny + 50, + =20, Eq.1.3

The elements are then separated by a gas chromatography (GC) column heated at 65°C using a He gas
carrier. Finally, quantification of the four gases N,, CO,, H,O and SO; is carried out using a thermal
conductivity detector (TCD) and via standards methionine and BBOT following norms 1S016948 and
ASTM D5291 [11]. O content was then determined by difference (Eq.1.4).

0 (Wt%) = 100 — C (Wt%) — H (Wt%) — N (Wt%) — S (Wt%) — Ash content (Wt%) Eq.1.4

To perform CHNS analysis, 1-3 mg of biocarbon was introduced in a tin crucible and then introduced
in the analyzer. The spatula used was wiped using ethanol or acetone so as to minimize error related
to residual samples and 4 crucibles were measured to guarantee good repeatability of the analysis of
these 10 biocarbon catalysts (Table 1.4). The RSD was generally between 0.03 to 10% and is generally

higher as the value is low.

Table 1.4. Organic content (wt%) of biocarbon catalysts

Biocarbon C H N S

RF 72.78 0.93 1.47 <0.01
FNi-B 71.23 0.73 1.86 <0.01
FNi-A 75.72 1.14 1.65 <0.01
FFe-B 71.01 0.49 1.07 <0.01
FFe-A 70.98 1.24 2.28 <0.01

RW 86.62 0.96 0.82 <0.01
WNi-B 72.14 1.57 1.29 <0.01
WNi-A 81.64 1.09 1.03 <0.01
WFe-B 79.29 0.71 0.53 <0.01
WFe-A 76.33 1.35 1.59 <0.01

ICP-OES is an analytical technique for determining the inorganic elemental composition (alkali and
alkaline earth metals/AAEM, transition metals, rare earth metals) of a sample. The device used is the
Ultima 2. Liquid samples are transported via capillaries and a pump to an argon (Ar) plasma (ICP) where
they are atomized and the different minerals are excited. The transition from this excited level to

another level releases quantifiable energy of a wavelength specific to the element in question. These
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wavelengths are in the near-visible spectra and are directed via mirrors towards a spectrophotometer
(OES). This analysis is sequential meaning the elements are detected and quantified one after another.
Intensity is therefore perceived depending on the concentration of the sample and a linear correlation
can be established using standards of known concentration. Thereafter, unknown samples can be
analyzed. Using this technique, content of sodium (Na), potassium (K), magnesium (Mg), calcium (Ca),
manganese (Mn), Fe, cobalt (Co), Ni, Cu, aluminum (Al), zinc (Zn), cadmium (Cd), silica (Si) and

phosphorus (P) in biocarbon was evaluated. The sensitivity for these elements is at most 1.5 pg/L [12].

Due to the size of capillaries, any solid part has to be dissolved via mineralization prior to the analysis.
For this, 100 = 10 mg of biocarbon is weighed and inserted in Teflon tubes. This is repeated thrice
(average RSD < 10%). Then, acid is added using a plastic graduated pipette to the 3 samples: 1.5 mL of
H,0,, 4 ml of HNO3 and 0.5 mL of HF. The Teflon tubes are inserted in enclosed iron reactors. The
samples are then heated in a Berghof DAB reactor to 220°C for 8 hours to ensure total mineralization
of the sample. In case of non-mineralization of the sample, extra acid is added and the sample is heated
longer. After mineralization, the liquid samples are diluted to 50mL using distilled water. Using values
of mass and volume, the sensitivity is at most 1 pg/g. The inorganic content of the 10 studied biocarbon

catalysts was quantified (Table 1.5).

Table 1.5. Inorganic content (ug/g) of biocarbon employed as catalysts

RF FNi-B FNi-A FFe-B FFe-A RW WNi-B WNi-A WFe-B  WFe-A
Na 3822 <1 <1 1218 <1 245 <1 <1 <1 <1
K 19192 5134 4565 3976 6588 6660 2003 1860 1395 1859
2759 904 380 887 720 1968 745 1455 562 1049
9321 4446 7818 3436 8110 23393 7349 7117 1059 6862
Mn 68 <1 <1 73 <1 172 <1 <1 74 <1
Fe 263 <1 <1 131669 5098 279 <1 <1 46409 2276
Co 245 <1 31 311 <1 186 <1 <1 51 <1
Ni 1 39580 14282 49 <1 16 24075 18147 45 <1
Cu <1 <1 <1 <1 <1 <1 <1 <1 82 <1
Al 172 742 <1 2877 43 81 456 489 127 3481
Zn 19 927 <1 21 <1 67 846 819 <1 822
Cd <1 <1 <1 <1 <1 <1 <1 <1 21 <1
Si 17450 14040 20870 44151 31987 1058 401 1327 <1 2197
P 2257 1500 1207 3989 1203 3607 <1 2489 <1 300

1.3.2. Moisture and ash Content

Moisture content (MC) and ash content (AC) of unimpregnated biomass was realized following
standards 1SO18134 and 1S018122 [11]. To measure MC, 2 crucibles were tempered at 105°C then

weighed empty (m;). 1g + 1mg of biomass was introduced in the crucible and then weighed (m,). The
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biomass was after dried under air at 105°C for 24h. The residual mass (ms) was weighed. MC is
therefore the ratio between water mass dried from the biomass and the initial mass of biomass
(Eg.1.5). This was 7.1 wt% for willow and 8.4 wt% for fern. The MC for both biomass was also
determined using the MJ33 moisture analyzer that dries quickly and follows the variation in mass of
the sample. This was 8.0 wt% for willow and 10.0 wt% for fern. The values are comparable to the
standard but are higher, caused by severer drying. Therefore, the moisture analyzer technique was

applied to biocarbon.

my;—m

MC (Wt%) =

3 % 100 Eq.1.5

mz;—my

To determine AC, 2 crucibles were also tempered according to the following temperature program and
then weighed empty (m1). 1gt1mg of biomass was introduced in the crucible, then weighed (m,), and
put in a Heraeus K1252 muffle oven. The sample was heated from 25 to 280°C (250°C in crucible) at
5°C/min. It was maintained at this temperature for 1h and the temperature was then increased to
650°C (550°C in crucible) at 10°C/min, followed by a 2-hour isotherm at this temperature. The crucible
was then removed and cooled for 5min on a heat resistant plate and cooled to room temperature in a
desiccant at which the remaining mass was weighed (ms). AC (wt%) is therefore the ratio between the
burned biomass and the initial mass of biomass (Eq.1.6). AC of fern and willow biomass was 6.4 and
1.9 wt% (moisture free, mf) respectively. TGA was also performed following the same program to
estimate AC while conserving mass of the sample. The remaining masses for both biomass using TGA
were 14.4 wt% and 6.7 wt% respectively in biocarbon and therefore 4.8 wt% and 1.9 wt% in biomass
considering the mass loss associated to both biomass pyrolysis (Table 1.1). As these values are slightly
inferior the temperature program might be severe resulting in loss of inorganic mass. MC and AC for
all 10 catalysts were noted (Table 1.6).

100

0 _ m3z—m,q -
AC (Wt%, mf) T my-my X100 x 100—-MC (Wt%)

Eq.1.6

Table 1.6. MIC and AC of biocarbon catalysts

Biocarbon catalyst MC (wt%) AC (wt%, mf)

RF 10.0 14.4
FNi-B 8.7 20.4
FNi-A 8.2 13.7
FFe-B 8.3 28.1
FFe-A 5.2 12.2

RW 8.0 6.7
WNi-B 8.7 10.1
WNi-A 8.0 7.4
WFe-B 6.2 16.7
WFe-A 8.0 5.7
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1.3.3. TGA-DSC: Thermal stability and regenerability

As previously mentioned, TGA was used to determine the choice of heating rate for the production of
biocarbon (Fig. 1.3), in addition to guaranteeing stability of produced biocarbon catalysts (Fig. 1.6) and

evaluating ash content of these biocarbon (Table 1.6).

The device used is the Labsys evo (Setaram). This device consists of a microbalance and a heating
system with a precision of 0.01% and 1°C respectively. It is also coupled with a DSC with a 2% precision.
The furnace heats the sample following a controlled temperature program, while the microbalance
measures the mass variation during the analysis: when a mass variation occurs due to a transformation
of the sample, a proportional variation in electric current is applied to a coil that maintains the
microbalance at an equilibrium position. The intensity of the electric current variation is therefore used
to deduce the corresponding mass variation. The sample is socketed via a crucible on a stick that
contains a thermocouple. This technique makes it possible to obtain the numerical values of
temperature and mass variation as a function of time. The DSC coupling enables simultaneous
determination of the variation in heat flow rate by difference in temperature between the sample and
a reference crucible. This variation in heat is associated with physicochemical or mechanical

transformations such as water desorption or a change in crystal structure.

The first steps to realize TGA was identical: a weighed mass between 10 mg and 30 mg of sample was
contained in a 100 uL Pt crucible that after underwent an unmeasured 20 min step at 30°C under 50
mL/min of N,. The next step is the measured temperature program, varying depending on the objective

of the analysis (Table 1.7). The last step was also unmeasured and permitted cooling of the TGA.
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Table 1.7. Different TGA-DSC programs used in this work

Objective of TGA-
Measured temperature program
DSC
1000°C N
Choice of heating \\\ Cooling to ambient
rate for biocarbon * . temperature * 2,50r
production \\\ 10°C/min
30°C A
| Under N;
o 24h
500°C . Y& 2°C/min
Stability of * N
biocarbon for use in AN
applications . Focus on TGA

| W Under N

B0C/\ M goge_3omin P 10°C/min
Ash content in low L5mi ¥ 30min \\\ ¥ 20°C/min
mass samples 105°c >M 550°C \

|
1
‘ } Under air

30°C
o 24h
500°C - Y& 2°C/min
Regenerability of N,
biocarbon after use * AN
. . AN Focus on DSC
in application N
30°C
W Under N

By looking at the temperatures of desorption of possible physiosorbed molecules as well as the energy
associated, using the DSC profile, regenerability of biocarbon spent by the applications can be inferred
(Table 1.8). By using the program to test the stability of biocarbon, most physiosorbed species should
be desorbed. However, considering the energy associated to these molecules, chemisorption is
possible and could lead to a reduction in active sites and therefore a reduction in activity when

catalysts are reused.
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Table 1.8. Temperature and energy of desorption of possible adsorbed molecules due to applications

Molecules T(°C) Energy (kJ/mol) References
NO 212 £ 35 114 [13,14]
527 (strong) 140
N,O 200 31 [15,16]
NO, 380 168 [14,17]
o, 200 134 [14]
450125 164
Ha 10580 20 [18,19]
CO; 100+20 36 [20,21]
co 333 100 [19,22,23]
CH4 28515 16 [19,22,24]

1.3.4. Adsorption-desorption isotherms: specific surface area and pore

type
The specific surface area and porous distribution of the samples can be determined by N adsorption-
desorption isotherms. The device used is the Tristar Il 3020. The analysis technique is based on the
physisorption of gases at low temperatures. An adsorbate (inert gas), in this case nitrogen, is injected
isothermally in a determined and increasing quantity into a tube containing the biocarbon. At each
stage, the amount of adsorbed gas is determined by volumetric techniques when the pressure of the
adsorbate in the gas phase has reached equilibrium. The isothermal set of adsorbed quantities at
equilibrium, measured for different pressure values is called the adsorption isotherm. This isotherm is

a characteristic of the surface texture studied [11,25].

Before analyzing, the sample is dried, weighed and rid of gases from ambient and experimental
atmosphere by heating at 110°C and vacuuming the sample to less than 100 mTorr, during 24h. To
minimize interaction of He with the biocarbon surface, free space was calculated according to
Micromeritics application notes 104 and 105 [26]. Empty tubes underwent an injection of N, at a
relative pressure of 0.3 and warm and cold free spaces were measured by He injection. Using mass
and true density of the samples, free spaces were then calculated taking in account the introduction
of the sample (Eq.1.7 and 8). The calculated free spaces were entered on the computer and not

measured for the analysis of the sample.

m 273.15 K
sample o Eq.1.7

Vwarm,calculated = Vwarm,measured - T
Psample amb

msample X 273.15K

Eq.1.8

Vcold,calculated = Vcold,measured -
Psample Tpatn
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Samples at a room temperature of 293 K were then submerged in a liquid N, bath at 77 K. The isotherm
was performed from relative pressures 0.025 to 0.993 and 0.993 to 0.427 for adsorption and
desorption respectively. BET (Brunauer, Emmett and Teller) model was applied to at least 3 points
under 0.3 relative pressure [11]. The Rouquerol transformation results in a pseudo-bell curve and BET
can only be applied to points in the increasing part of the bell. The BET constant was positive and the
correlation coefficient was superior to 0.999. The biocarbon were studied in triplicates as to guarantee

repeatability of results. For the samples, the shape of the isotherm is comparable (Fig. 1.7).

140
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0 0.2 0.4 0.6 0.8 1
Relative pressure (P/P°)

Fig. 1.7. Example of N, adsorption-desorption isotherm of one of the applied biocarbon

Isotherms were of type I, which is characteristic of nonporous or macroporous adsorbents [25]. Porous
volume was therefore not estimated. However, for this type of pore, a hysteresis should not be
possible. Here, it is a type H4, implying mesoporosity. This hysteresis might be related to cavitation
and saturation pressure of the gas: biocarbon might deform under these conditions allowing for higher
thresholds for N, adsorption and resulting in extra gas being released during desorption as the
biocarbon retracts, ergo the hysteresis. Changing gases could allow for different saturation pressures
and identify if this hysteresis is possible. It is also possible that these biocarbon present a combination

of various types of porosity [11]. Finally, using microscopy could inform further on the type of porosity.

1.3.5. Microscopy: dispersion and phases of metals, structure and
porosity of biocarbon surface

To observe the surface of the biocarbon locally, SEM is used. It functions by shooting electrons on the
sample, scanning the selected zone and they are then redirected towards captors. The recollection of
these electrons then forms an image that portrays the shape of the observed surface. Secondary
electrons (ETD here) scrape the near surface of the biocarbon and topographic contrast is drawn:

lighter means more electrons are deflected, whereas darker means the electrons are trapped. This is
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the difference between hills and crevices such as pores. When detecting back-scattering electrons (ABS
here) that are more energetic and seep deeper in the sample, chemical contrast is visible due to better
dispersion of the electrons by heavier atoms. Lighter here means heavier and therefore metals of
higher atomic number will be brighter. Also, comparable masses are difficult to differentiate therefore
EDX spectroscopy is used to differentiate metals that are excited and release a specific X-ray spectrum
[11]. The ESEM-FEG (type of canon) used for this work is a Thermo Fisher Quattro S under a high

vacuum and with an accelerating voltage of 6 kV.

To work at a nanometric scale and go further in depth about porosity and metals, HRTEM is used
[27,28]. The principle is similar to SEM but instead of detecting the electrons that are reflected by the
surface, TEM captures the highly accelerated electrons that go through the sample and collide with its
components. The equipment is a JEOL JEM-ARM200F Cold FEG probe Cs corrected coupled with

EDS/EELS for better determination of the chemical nature of the structure.

1.3.6. TPX: Gas adsorption and surface groups

Temperature Programed (TPX) Desorption (X = D), Oxidation (X = O) and Reduction (X = R) are used to
characterize the density and binding force of acid, basic and reduction sites respectively. A gas (NHs,
CO; or H; respectively) is adsorbed at a low temperature and then they are desorbed as temperature
increases, forming a peak. The position and surface area of the peaks indicate the strength and
guantity of the sites. The device used is the Micromeritics Autochem 2920. TPD under He (exclusively)
can be coupled with uGC to obtain additional information on the type of functional group knowing the
desorbed gases released by the surface of the adsorbent and the temperature at which they desorbed

[27-30].

The sample is first cleared under a flow of inert gas (He) at 40°C for 10 min followed by an isotherm at
110°C for 2h. Then, it is brought back to 50°C where the solid is then saturated with probe gases NH;,
CO,, H; or He for 60 min then He is introduced for 2h. Probe gases are injected at a ratio with He of 5
%vol. uGC begins at this point and He continues to be injected at 50°C for 10 min before undergoing a
programmed temperature rise to desorb the probe molecules. Temperature rises to 950°C and then is
maintained for 2h. Desorption peaks are recorded during this program (Fig. 1.8). This protocol is similar

for TPR but adjustments are made to the heating ramps and duration of isotherms (Fig. 1.9).
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Fig. 1.9. TPR program
The TPX curves are thereafter represented as a signal from TPX directly or uGC (y) in function of time

(t). Temperature can be associated to time using this program.

Deconvoluting the peaks analyzed in uGC can give further insight into the type of site. By correlating
the temperature of desorption and the desorbed gas with data from literature, it is possible to identify

and quantify the function group (Table 1.9).

49



Table 1.9. Desorption temperatures and gases associated to functional groups from literature [11,27-30]

Temperature ranges (°C)

Surface functional group Desorbed gases

[ Low ; High ]
[ 100 ; 400 ] CO,+CO
Carboxyl [ 200 ; 300 | CO,
[ 300 ; 43 ] CO,
[ 400 ; 550 ] CO,+CO
[ 190 ; 650 | CO,
Lactone [ 600 ; 750 ] CO;
[ 570 ; 900 | CO;
Peroxide [ 450 ; 580 ] CO,
627 CO»+CO
) [ 350 ; 450 | Cco
Anhydride [ 540 ; 640 ] co
[ 350 ; 627 ] CO,+CO
Hydroxyl [ 570 ; 670 ] co
Phenol [ 580 ; 710 ] co
[ 690 ; 800 | co
Ether 700 ] co
[ 794 ; 910 | co
Carbonyl + Quinone ! 800 ' 900 ] co
[ 700 ; 980 | co
Quinone [ 830 ; 950 ] co
Pyrone [ 920 ; 1023 ] co

Peaks were deconvoluted using gaussian functions (Eq.1.9) from MagicPlot without imposing specified

peak temperatures to obtain a fitted curve comparable to the experimental curve [28].

y=a x e M@x(F) Eq.1.9
Where a is the amplitude, dt the half width at half maximum (HWHM) and to the time of the peak

Once fitted, the aforementioned parameters of the gauss peaks were extracted then their temporal
ranges were estimated by adding or subtracting twice the standard deviation (o) to the time of the

peak (Eq.1.10). This range accounts for 95% of the area of the peak.

dt dt

— ~

g = ~
J2xIn(2)  1.18

Eq.1.10

Temperatures (T) associated to these times were deduced using a linear regression of the temperature
program. The temperature ranges, smallest to biggest temperature (Ts to Ty,) of the gaussian curves,
were then correlated to literature and coverage of the peak in temperature range (low to high
temperature, T, to Ts) of the functions was estimated (Eq.1.11-13) to indicate the likelihood of each

function being associated to the gaussian peak.
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To define coverage, 6 case scenarios were considered. Two considered none coverage of the peak in
the interval given by literature because the maximum between the T (Gauss) and the T, (literature)

was bigger than the minimum between T, (Gauss) and T, (literature) (Eq.1.11).

max(Ts and T;) > min(Ty, and T,) = coverage = 0 Eq.1.11

3 scenarios considered total or partial inclusion of the peak in the interval. Coverage was therefore
defined as the ratio of the difference in the minimum between T, (Gauss) and Ty, (literature) with the
maximum between T, (Gauss) and T, (literature), divided by the difference between T, and T (Eq.1.12).

min(Tp and Tp)—-max(Ts and Tp)
Tp=T

coverage = Eq.1.12

The last scenario considered the inclusion of the interval in the range of the peak. In this case, the
coverage was indicated as probable but the choice was related to the presence of other likely
functional groups. This case is likely for the groups were there is only one reported temperature (ether

and anhydride).

A molar percentage of each peak was estimated by the ratio of the area of the given peak with the

sum of the area of all peaks (Eq.1.13).

Area of a gauss peak = a X dt X ﬁ Eq.1.13

1.3.7. XRD: main organic and inorganic speciation

During pyrolysis and the applications, mineral species can undergo changes in their chemical structure.
The major species formed can be determined by XRD. A sample is exposed to X-rays that are diffracted,
according to the Bragg angle 20, by this structure. The intensity of the diffracted ray is then measured
by captors. The associated graph represents intensity in function of 28 and using different components
from databases based on organic and inorganic content of the sample, a curb can be fitted
correspondingly. XRD is performed by the Philips PANalytical X’PERT PRO MDP diffractometer. The
software used to extract data from the diffractogram is the PANalytical HighScore Plus. To identify the
crystalline phases, the Crystallographic Open Database (COD) is used. 26 spans 10 to 80° with a pace
of 0.033°.

1.3.8. Summary

Various techniques were used to determine the biocarbon characteristics in the view of their utilization
as catalysts. Indeed, the biocarbon catalysts were characterized in terms of organic element content

(CHNS analysis) and inorganic element content (ICP-OES), proximate analysis and thermal stability
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(TGA-DSC), surface area and surface chemical groups (BET and TPX), metal dispersion on the

carbonaceous matrix (SEM and TEM), as well as the crystalline structure (XRD).

Once the efficiency of biocarbon is tested in the NOx decomposition (deNO,) and WGS experiments,
they are again characterized according to these characterization techniques. By comparing these
results with those obtained before experimentation, the factors influencing the reaction mechanisms

are highlighted and related to the behavior of biocarbon.

1.4. Direct decomposition of NOy

The biocarbon catalysts are tested for NOx decomposition at laboratory scale, under atmospheric
pressure. For this, a system consisting of a gas cylinder containing 1007 ppm NO in Ar, a rotameter, a
fixed-bed reactor, three bubblers and gas analyzers is used (Fig. 1.10). The fixed-bed reactor consisted
of a quartz tube (3.6 cm internal diameter, 85 cm long) arranged vertically in a Heraeus Ro 4/50 oven
[30,31]. A thermocouple placed inside the reactor enabled the monitoring of the working temperature
of the oven. Bubblers were used to trap impurities and moisture that may end up in the circuit. The
first bubbler, filled with isopropanol and cooled by a thermostatic bath at 5°C, was used to trap soot,
tars and other condensable gases that can form during treatments at 500°C. The other two bubblers,
respectively filled with silica gel and empty, were used to trap residual moisture to prevent damage to
the analytical devices. These trapped species were not quantified. The assembly of this experimental
set-up was completely developed, installed and optimized during this thesis, and supposed a major
experimental and analytical advance to support and enlarge the research activities of the RAPSODEE

Research Center.

For the first campaign of results, a three-way valve sent gas either to a ThermoScientific 42 i-HL NO
analyzer or to a 0.5 L sampling bag to further analyze gases in a 3000A micro gas chromatograph (UGC)

[27,32].
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Fig. 1.10. Scheme and picture of the setup for deNO, experiments, 15t campaign

In order to test the activity of biocarbon for deNOy, 3 to 4 g (i.e. a bed height of 2 cm) was introduced
in a quartz crucible (2.5 cm diameter, 10 cm long) with a porous bottom inside the quartz reactor on a
porous disc [33]. Then, the biocarbon catalyst was heated to 140°C at 10°C/min under 300 mL/min of
N, and this temperature was maintained for 15 min. This pretreatment eliminates traces of moisture
and undesirable physiosorbed compounds [34-36]. The working temperature, from ambient to 500°C,
of the NOyx decomposition was thereafter set and temperature increases at 10°C/min. Once at this
temperature, a flow rate of 300 mL/min of NO at a concentration of 1007 ppm with argon background
was sent into the setup. This stage lasted 4 hours. Finally, the biocarbon underwent an uncontrolled
cooling step under 300 mL/min of N,. The rate was estimated at 1°C/min maximum. This protocol was
repeated for samples of interest, with the NOx treatment stage lasting 1h30. Blank tests where
biocarbon was not introduced were also realized. These operating conditions was based on literature

as well as the constraints of use of analytical devices [37]. The flow rate was conditioned by the NOy
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analyzer, which must receive a minimal input flow of 250 mL/min. However, the circuit induced a drop
of 50 mL/min, value which was determined using a Restek ProFlow 6000 portable flow meter. The gas
flow rate at the inlet of the circuit needed to therefore be set at 300 mL/min. Also, the NO analyzer

can perceive a maximal value of 5000 ppm of NOy, and is precise to less than 1 ppb.

The NOy analyzer measures continuously concentrations of nitrogen oxide and dioxide (NO and NO,)
and NOy as the sum of both. These measures are then averaged over 10 seconds and a value is saved
every minute. This device (Fig. 1.11) functions by chemiluminescence. The reaction between NO and
ozone (0s) produces luminescent radiation with an intensity directly proportional to the concentration

of NO (Eq.1.14).

NO + 03 » NO, + 0, + hv Eq.1.14

A photomultiplier detects this luminescence and converts optical energy into electrical energy. NO; is
thereafter converted to NO and then detected similarly. NOy is calculated as a sum of both. This device

has other protecting components such as desiccants, filters and pressure regulators.

Cooler Data acquisition and
transmission board
Pressure regulator
Analyzer Perma-pure filter
Ozonator
Convertor/ Desiccant H,0

Desiccant NH,

Mother board
Pressure sensor

Destroyer NOx

Fig. 1.11. Picture of the different components of the NOy analyzer

As mentioned, part of the produced gases was diverted to a 0.5 L gas pocket using the three-way valve
and then analyzed by an offline uGC. The gases were taken every 5 min for the first hour, then every
30 min for the remaining 3 hours. The time of an analysis is 200 seconds. During this time, gases are
separated from lightest to heaviest components by 4 columns: MS5A, PPQ, PLOTU, OV1. For
repeatability of the measure, the same pocket was sampled thrice. The uGC was calibrated up to 25
vol% H,, 99.5 vol% N, 8 vol% O,, 10 vol% CHa, 25 vol% CO, 15 vol% CO; for the main gases and 0.5 vol%

for CoH4, CoHe, Cs3He, CsHs, C4Hi0. The vector gases were Ar and He. NO was also observed using the
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bottle but the method and use by the uGC was not adapted because a small peak is observed close to
the residence time of CO,. In this experiment, only N, O, CO and CO; (and NO) were of interest in

understanding the mechanism of reactions between biocarbon and NOx.

Finally, the regeneration of biocarbon was studied. Above 400°C, the physiosorbed species used and
produced in the NOx decomposition experiment were desorbed. Thus, the descent in temperature
from 500°C to 400°C could act as an additional heat treatment to desorb these species: the sample is
swept by a flow of 300 mL/min N, for 1h40. The effectiveness of this regeneration has been studied
using the same TGA-DSC for the best samples (Table 1.7). The same temperature program as stability
was employed with a focus on the DSC and a comparison with samples before NOy treatment.
Additionally, the efficiency of heat treatment to regenerate catalysts should increase with the rise in
temperature [38]. However, the question of the stability of biocarbon arises. Indeed, biocarbon have
an acceptable decomposition up to 500°C (Fig. 1.6). Beyond this temperature, biocarbon showed a
significant mass loss due to its deterioration and modification with an increase in surface oxygen

groups under the oxidative atmosphere or graphitic structures with the thermal treatment [29].

For the second campaign of results, a new uGC (Agilent 990) was placed on-line before the NO,

analyzer due to its destructive nature and after the traps to avoid its degradation (Fig. 1.12).

Pump —* Qas evacuation to the vent
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3-way valve NO/Ar
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UGC vector gases

Fig. 1.12. Scheme and picture of the setup for deNOx experiments, 2" campaign

Similar conditions were used with little increase in flow rate to account for on-line uGC. In addition,
gas was sampled once by uGC every 2.5 minutes. The on-line uGC was equipped with columns MS5A
and PPU. This uGC was calibrated for H, N3, O, CHa, CO and CO.. This change in configuration improved
observation of the variations in gas reactants and products to go in depth in the mechanisms at play.
The program was also changed (Fig. 1.13) to account for degradation of the biocarbon during the
heating phase by sweeping with Ar during 30 min before and after the introduction of (1021 ppm) NO

at operating temperature. The duration was also reduced to 1h.

t=0min t=120 min
Operating I
temperature 'y
\
t=30min  t=90min | '\
\
\
480 min
o \
140°C N
) \
12 min \
\
20°C 20°c

Fig. 1.13. New and optimized program for deNOy

The evaluation of the performance of catalysts for deNOy was not addressed in this chapter but shall
be addressed later. The next section however will concern another application in which the catalysts

were trialed: WGS and rWGS.
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1.5. WGS and rWGS experiments

The biocarbon catalysts are secondly tested for WGS and rWGS at laboratory scale. The development,
assembly and optimization of this experimental set-up was carried out during this thesis, and was
recognized as an experimental set-up that contributes to reinforce and enlarge the research activities
of the RAPSODEE Research Center. The biocarbon underwent an initial trial with a first setup to
determine water production from rWGS and therefore the most active biocarbon (Fig. 1.14). Using a
control box, specified flow rates of H,, N2, CH4, CO,, CO, Ar, O, from gas bottles (least pure: 99%) were
mixed then sent towards a preheater whose temperature was also controlled and observed by the
box. Water flow was controlled by a HPLC pump channeling distilled water from a semi-closed bottle
to the mixer thereafter vaporized by the preheater. After preheating, the mix of gases was sent to the
reactor: a ceramic tube (8 mm diameter, 25 cm long) enclosed in steel contained in a carbolite oven
whose temperature was also controlled. A thermocouple was inserted in the ceramic tube to monitor
the temperature at the center of the reactor and indicated on the control board. The produce gas was
thereafter sent to a condenser whose temperature was indicated by the control box but controlled by
a Fisherbrand Isotemp refrigerated bath circulator set at 5°C. Condensed gases such as water were
collected by opening a valve and then weighed. Once cooled the gases passed by a second valve
followed by a silica gel trap, adding a second manner of preventing subsequent analysis devices of
being damaged by water and other condensable gases. Once the valve opened, 0.5 L sampling bags
were quantified in pGC analysis or the flow rate was observed by the portable flow meter. A back-
pressure regulator was located after the sampling points and manually turned to adjust pressure.
Pressure dropped when sampling due to this configuration. After the back-pressure regulator, the
gases were sent to the vent from which flow rate could also be measured without disrupting activity

of the catalysts.
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Fig. 1.14. Scheme and picture of the setup for RWGS and WGS experiments, 15t campaign

of the biocarbon and dissipate heat [28]. Alumina was then added again to encl
avoid keeping air in the reactor. The reactor was after heated under a flow of N,

where H, was added to reduce the catalyst under a volume ratio H,/N, of 60 %/40

Biocarbon was introduced by inserting inert alumina (6) up to the end of the thermocouple, then1 g
1 10 mg of biocarbon was mixed with 1 g £ 10 mg of alumina to guarantee homogeneous temperature
ose the sample and
to 500°C at 8°C/min

%. The temperature



was then reduced to 400°C at 1°C/min. At this temperature, an equimolar mix of 20 mL/min of H, and
CO, was introduced, pressure was set at 3.0 £ 0.1 bar and the reaction begun. 400°C was selected as a
high temperature to avoid degradation of the catalyst, to favorize at most the endothermic rwWGS
reaction and for possible future use as a high-temperature Fischer-Tropsch catalyst. The flow rate of
reactive gases was selected to be in stoichiometric conditions and conditions of previous works on
Fischer-Tropsch [28]. Pressure was raised to the highest possible for comparison with Fischer-Tropsch.
3 bar were the limit for the mass flow controllers. These conditions were maintained for 94h. This time
was reduced if little to no evolution was observed. After reaction, the sample was cooled down to

ambient temperature at 1°C/min using N,.

During reaction, liquid and gas samples are taken every hour. Liquid is weighed and gas is analyzed
thrice for repeatability. Due to the configuration of the setup, pressure dropped every time a liquid or
gas sample was taken which could affect reactivity of the catalysts [39]. Nevertheless, during this first
trial where all catalysts were tested, activity was identified based on water production. The uGC
employed is the same as for conversion of NOy (3000A) and the same method was used. Liquid was
weighed using a Sartorius balance precise to 1 mg and cumulated and total water mass were
represented to facilitate the identification of the 2 most active catalysts for the following trial. The
mass of the silica gel trap was weighed before and after analysis and was introduced to the results as
an error: the trap could gain or lose mass depending on activity of the catalysts, duration of the

reaction or heat in the cabin.

For the second campaign of results, the previous setup was changed (Fig. 1.15) including the uGC
(Agilent 990). The catalysts and additionally rust and Fe doped alumina were trialed in rWGS. The
heating and gas programs were changed. Heating and cooling rates were 5 and 2.5°C/min respectively.
The reactor was heated to 120°C under Ar and maintained for 1h to remove physiosorbed molecules
such as water. It was then heated to 500°C under a volume ratio Hy/Ar of 60 %/40 %. This step to
reduce the catalyst was held for 2h and was followed by cooling to 180°C. Preheating was increased
from 120 to 180°C at this step. At this temperature, the reactive gas mixture of 20, 60 and 150 mL/min
for CO,, H; and Ar respectively was introduced, with H, being in excess to force the reaction in the
direction of products [40-42]. This temperature was maintained for 1h30 to observe stability of gas
mixture by uGC and no CO production was observed. This temperature was then increased to 400°C
where the reaction takes place for at most 4 days, time being reduced as little to no evolution was
observed. Gas was sampled every 20 minutes to maintain a frequency of 3 samples per hour. This also
guaranteed that no gas could remain in uGC. Pressure was adjusted to 3 bar as possible but was

generally not fixed as a change in particle size due to milling resulted in flow resistance and increased
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pressure. This however did not affect repeatability. A preheating of 180°C was chosen as result of an

Aspen simulation and physical tests in WGS conditions.
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Once active biocarbon were identified, the best (fern-based) catalysts were trialed in WGS and

compared to their unimpregnated equivalent and the most active species between the rust and doped

alumina. They were then repeated. Some conditions
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increased from 180 to at least 280°C by 20°C steps every 1h30, and H; and CO; during stabilization of
reactive gas mix, and later reaction, were replaced by 0.08 mL/min of distilled H,0O (5.5 excess) and 20
mL/min of CO [43—45]. For some catalysts, the steam excess was then varied from 1.4 to 20.7. Water
mass via condensation and the trap was also only measured before reaction after the initial step at
120°C and after reaction. Total flow rate was also only measured at the beginning or the end of the

reaction.

Biocarbon mixed with alumina after application were also tested for regenerability using TGA (Table
1.7). Between the cooling under inert gas after reaction and initial removal of physiosorbed species at
120°C, impact of application should not be seen when catalysts are reused.

Like with deNO,, the evaluation of the performance of catalysts for deNOx was not addressed in this
chapter but shall be addressed later, but the next section will present the methodology employed for

simulating biomass pyrolysis, WGS preheating and its reaction.

1.6. Thermodynamic and process modelling

FactSage 6.3 was used to determine the speciation of metals as the pyrolysis temperature was
increased or as the gaseous atmosphere was changed (Fig. 1.2). FactSage functions on the basis of the
minimalization Gibbs free enthalpy [9,32]. Free molar enthalpy of a pure substance i in the phase
a, g*(T), corresponds to its chemical potential u°f*(T) and g*(T) = h°¥(T) — s°¥(T).T. This can be
expressed as a function of molar standard enthalpy of formation (at 298 K), molar absolute standard

entropy (at 298 K) and molar heat capacity (Eq.1.15).

Z (T)
W (T) = Ahof(298) — s°8(298).T + [, cg (T).dT —T. [F 2 gr Eq.1.15

298 T
Once the free molar enthalpy is obtained, FactSage minimalizes free enthalpy and equates it to the
sum of the products between the quantity of matter in phase a and the previously obtained molar free
enthalpy (Eq.1.16).

min(G*¢(T,P,N;)) = min(E,n% g*(T, P, x{)) Eq.1.16
The thermodynamic data used for these calculations are archived in databases and can be extrapolated
if the temperature is out of range of reported values. The ones used here were FToxid (contains
oxides), FTsalt (salts), FactPS (pure substances) and SGPS (complements FactPS), and were used in this
order. In case an element exists in many databases, the retained data is that of the first database
appearing in this order.

The studied sample was 1 kg of fern composed of 16 species (C, H, N, ...) [46]. Data was initialized at

500°C and simulated every 50°C from 500 to 1000°C. A constant flow of 65 mg every 50°C was
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introduced by opening the system. This resulted in a total of 967 species that could be formed during

the simulation (the limit was 1500 species).

To simulate WGS preheating and reaction in Aspen Plus V8.6, conventional H,0, CO, CO,, H,, CHs and
Ar were used from databanks PURE32, AQUEOUS, SOLIDS and INORGANIC. The Peng-Robinson method
with Boston-Mathias (PR-BM) modification was used [47]. The objective of determining the
temperature of the preheater was to limit possible introduction of liquid water into the reactor. A
previous attempt at WGS resulted in transport of the catalyst throughout the reactor. For this, a mix
of gases were supplied: 20mL/min of CO, 60mL/min of Ar and 1 mL/min of H,O (to maximize risk), at 1
bar and 25°C. They were then preheated, possible heat loss between preheater and reactor was
guantified. The percentage of vapor present in the outlet flow could then indicate the risk of
introducing liquid water in the reactor. The result of this simulation is presented in the WGS chapter,

but 180°C was selected as preheating temperature.

To simulate the WGS reaction, this previous model served as basis. To it was added a duplicator so as
to simulate simultaneously the kinetics and the thermodynamics of WGS. Indeed, after each steam
was added a reactor, plug flow and Gibbs respectively, and their own condenser (at 10°C). Thereafter,
reactor temperature and steam excess were varied to observe their impact on the WGS reaction. The

details of this simulation are also presented in the WGS chapter.

1.7. Conclusion

Fern and willow-based biocarbon catalysts were impregnated with Ni and Fe to test their potential
catalytic activity in deNOy, RWGS and WGS. To produce these catalysts, the biomass was pyrolyzed
under a flow rate of 1 L/min N, with an increase in temperature from 25 to 800°C and a heating rate
of 2°C/min, followed by 1-hour isotherm. This choice of conditions was based on characterizations and
simulations complimented with literature. The biomass and biocarbon were impregnated with Ni and
Fe salts in a water-based medium. The resulting impregnated biocarbon was then milled for
homogeneity. They were also characterized through CHNS analysis, ICP-OES, TGA-DSC, BET, TPX, SEM,
TEM and XRD to determine organic and inorganic element content, moisture and ash content, thermal
stability, specific surface area, surface chemical groups and metal dispersion. These characterizations
can help validate certain catalytic behaviors of the biocarbon catalysts as they were applied to deNO;,
RWGS and WGS reactions. The different steps to setting up these applications was presented and an
optimal configuration was achieved. The development, assembly and optimization of these set-up was
accomplished during this work and will be a basis for future work at the RAPSODEE Research Center.

The modalities of simulated parameters and WGS was also conveyed.
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The following chapters will address how these catalysts performed in relation to literature, simulated
and thermodynamic data, the characterizations of these catalysts and how this affected their activity

towards deNO,, RWGS and WGS.
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Chapter 2

NOy decomposition using nickel and iron-loaded biocarbon

Highlights

e Ni- and Fe-loaded biocarbon performed suitably for NO decomposition.
e Biocarbon inherent metals (K, Ca, Na) showed catalytic ability to NO decomposition.
e Impregnation before pyrolysis enhanced biocarbon catalytic activity at 200 and 350°C.

e N, formation may indicate direct NO decomposition or NO catalytic reduction.

Abstract

Fern and willow impregnated with heavy metals (Ni/Fe) were pyrolyzed (800°C, N,) to produce heavy
metal-loaded biocarbon to be used as biocarbon catalysts for NO decomposition (deNOy). The effects
of reaction temperature (200, 350 and 500°C), type of biomass and impregnated metals were
investigated on deNOy performance using a specific on-line NOy analyzer. Willow-based biocarbon
impregnated with Fe (WFe) and Ni (WNi) achieved the highest deNOx performance at 200°C (16.5 %)
and 500°C (30.6 %) respectively. The composition and structure of biocarbon are crucial for the
effective adsorption of NO and the dispersion of metal catalysts, which was evidenced by higher CO,
adsorption (TPO), high specific surface area (419.1 m?/g for WNi), and highly dispersed small particles
of Ni by SEM. Abundant inherent metals in fern allowed low temperature activity comparable to that
of raw willow raw biocarbon. However, loaded metals were more active for deNOx at higher
temperatures. The main routes for deNOy were direct decomposition of NO into N, and O, and
catalytic reduction of NO on active sites producing N;, CO and CO;. On-line monitored H,, CO and CO;
production before and during reaction was linked to deNOx and biocarbon decomposition
mechanisms. Dispersed catalytic metals as well as NO adsorption and reactivity by biocarbon

functional groups reflect the cost-effective and eco-friendly potential of biocarbon catalysts for deNOx.
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2.1. Introduction

As one of the major air pollutants, nitrogen oxides (NOy) are responsible to the formation of acid rain,
photochemical smog, the depletion of ozone and respiratory diseases, seriously affecting human
health and the environment [1-3]. NOyx are mainly emitted from the combustion of fossil fuels and
some fundamental industrial processes [4,5]. As nitrogen oxide (NO) takes up the majority of NOy
emissions (> 95%), its removal remains a growing global concern [2,5]. Currently, selective catalytic
reduction (SCR) and three-way catalysts are widely used to decompose NOy in fixed and mobile
sources, respectively [6]. Even if SCR can achieve a NOx decomposition (deNOy) efficiency of 90 %, it
requires ammonia as reducing agent and its leakage can cause secondary pollution [7,8]. Regarding
commercial catalysts used in pipes of gasoline-engine vehicles, they contain expensive rare metals with
considerable environmental impacts. Therefore, there is an urgent need to develop catalysts able to

convert NOy pollutants in an effective, sustainable and economic way.

2.1.1. NO decomposition mechanisms

The homogeneous decomposition of NO (Eq.2.1) is thermodynamically feasible with AG =
—86.6 kJ/mol at 100 °C [2]. However, the strong binding energy between N and O atom (~630.6 kJ
mol™) results in a high activation energy (~335 kJ mol™) for this reaction [9]. Various catalysts have
been proposed to bring down the activation energy of NO direct decomposition, from noble metals
[10-12], simple metal oxides [13—15], rare-earth metal oxides [16,17], complex metal oxides [18-20]
to zeolites [21,22] and graphene catalysts [23]. These catalysts suffer high prices (noble metals and
rare-earth metal oxides), high reaction temperatures (noble metals) and low activity with the presence

of oxygen (Cu-ZSM-5, perovskite-type oxides), which might impede their practical applications [2,24].
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NO —= Ny +50, Eq.2.1

The high binding energy between N-O also complicates activation on catalytic surfaces compared to C-
H, C-C and H-H bonds [25]. Therefore, the catalytic pathways for NO direct decomposition over
different catalysts remain controversial with various mechanisms being proposed [2]. The widely
accepted mechanism is that NO molecules adsorb on the active sites and are dissociated to form N,
and O3; the active sites are regenerated after the desorption of the produced N; and O, molecules.
Nevertheless, the adsorption sequences of two NO molecules, the reaction intermediates, and the rate

determining step (RDS) still remain controversial [2].

The Langmuir—Hinshelwood (L—-H) model indicated that two NO molecules simultaneously adsorbed
on the vacant active catalyst sites (Eq.2.2-5, represented as *) [26]. The chemical adsorption of NO is
single-layered, occurring on free sites only with adsorbed molecules that do not interact with each

other. Therefore, under this model the reaction of two adsorbed NO species is the RDS [26].

2[NO + x— NO*] Eq.2.2
2NO* — N,0* + 0* (RDS) Eq.2.3
N,0* — N, + 0* Eq.2.4
20" — 0, + 2° Eq.2.5

The Eley-Rideal (E-R, Eq.2.6-10) model supported the successive adsorption and the reaction between
the firstly adsorbed NO species and NO molecule colliding from the gas phase [27]. In this mechanism,
the reaction of a gas-phase NO molecule and adsorbed NO or an N-containing species such as a nitrate

or nitrite ion or a dinitrosyl species on the catalyst surface is assumed to be the RDS [28].

NO + * < NO* Eq.2.6
NO + NO* — N,0; (RDS) Eq.2.7
N,0; + * — N,0* + 0" Eq.2.8
N,0* — N, + O* Eq.2.9
20" <& 0, + 2 Eq.2.10
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2.1.2. Biocarbon for NO decomposition

Biomass, due to its low cost, availability and carbon neutral potential, is a promising raw material for
the production of carbon-rich materials, which have been widely employed as catalysts and catalytic
supports in various applications [29—31]. Biocarbon (or biochar) is an eco-friendly carbon-rich material
produced through the torrefaction, pyrolysis or gasification of biomass, which has been given diverse

applications including catalytic supports and catalysts [29,32,33].

Biocarbon has been found effective in deNOx without the use of additional reducing agents such as
ammonia [34]. To maximize the catalytic performance of biocarbon, activation and functionalization
strategies are needed, including impregnation, physical and chemical activation as the most common
methods [35]. Impregnation is a preferred choice as it incorporates active metallic species into the
structure of the biocarbon by mixing biomass or biocarbon with metal precursors, which is the most
direct way to imitate the contamination of metals. Active interfaces and binding sites are created

during impregnation, which increases the active surface area and the total volume of pores [35].

2.1.2.1. Biocarbon structure

The high specific surface area, well-developed pore structure, and abundant surface functional groups
of biocarbon make it competitive to current carbon-based catalytic supports [36—38]. Moreover, the
intrinsic heteroatoms (e.g. N, O, S, P) and metallic compounds impregnated in the biocarbon add to
the catalytic performance of biocarbon itself [29]. In addition, the surface characteristics of biocarbon
can be controlled by further physical or chemical activation processes, allowing for the targeted design

for various catalytic scenarios [29,38].

2.1.2.2. Biocarbon metallic elements

For the preparation of biocarbon as an effective biocarbon catalyst for deNOy, the nature of biomass
materials plays an important role. Hyperaccumulators, which absorb heavy metals through
phytoextraction, and enrich themselves with heavy metals during their growth [39,40], are a pertinent
resource for this application. According to the literature, after the pyrolysis of heavy metal-polluted
biomass at 600°C, more than 98.5 wt% of heavy metals such as Ni, Zn, Cu and Co, are retained in the
biocarbon [41-43]. These heavy metals, especially transition metals such as Ni, Fe and Cu, can act as
excellent in-situ catalysts for deNOx. This offers an environmentally friendly solution not only for deNOy

but for a wide range of applications including soil and water remediation.

Transition metals generally have strong redox ability because of their unique valence electron

structure [44,45]. Among them, iron and nickel are widely available, cheap and, more importantly, iron

/0



is not toxic. When the biocarbon is impregnated with Ni or Fe, NO will preferentially react with catalytic
metals. NO will first be reduced by zerovalent Ni or Fe, forming N3 or N>O. The resulting metal oxides

are then reduced by carbon, forming zerovalent metals again (Eq.2.11-13).

M+ * — M Eq.2.11
2M* + 2NO — 2MO * + N, Eq.2.12
xMO* + C — xM* + CO, Eq.2.13

Where M is Ni or Fe, and x =1 or 2 in case of CO or CO; being produced.

At temperature above 200°C, the addition of both Ni and Fe was found to significantly enhance deNOy
on carbon surface, while Ni has better performance than Fe [31]. Indeed, the redox property of the
metals (Ni > Fe) seems decisive in their catalytic activity, especially at relatively high temperature [31].
In short, metal catalytic activity for deNOy by carbon is the result of two factors, the tendency of the
metal to be oxidized by NO and the easiness of the resulting metal oxide to be reduced by carbon
[46,47]. During slow pyrolysis, the biomass is steadily decomposed into gaseous or solid products,
which act as reducing agents for the reduction of high valence metal precursors (Ni**/Fe3*) [48]. The
formed metal nanoparticles are well dispersed inside the biocarbon due to the release of volatiles and
could in turn catalyze the carbonization of biomass to improve biocarbon quality [48-50]. For the
impregnation with Ni, the nickel ion is used in form of [Ni(H20)6)?* and is subsequently converted into
Ni(OH), and then into NiO during thermal treatment [51,52]. With carbon as a reductant, the metallic
nickel can be generated via the reaction 2NiO + C — 2Ni + CO; [53,54]. Finally, the embedded metallic
Ni nanoparticles induce highly active catalytic sites in regards to their dispersion and interaction with
the carbon matrix [49,50,55]. Similarly, oxidized iron can be simultaneously reduced to zerovalent iron

and other crystalline forms of iron during pyrolysis [56,57].

2.1.3. Objective of this study

In this study, fern (herbaceous) and willow (hardwood) impregnated with nickel (Ni) and iron (Fe)
before pyrolysis were used to mimic a hyperaccumulative resource with short growth cycle and easy
availability [58]. Biocarbon catalysts before and after deNOy experiments were characterized in terms
of their elemental and inorganic composition, specific surface area, surface functional groups, porosity
and thermal behavior. The effects of reaction temperature, nature of biomass, impregnated metals on

deNOy performance were investigated and linked to the properties of the biocarbon catalyst.
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2.2. Materials and methods
2.2.1. Preparation of biocarbon catalysts

Fern and willow were selected as raw materials for this study. As short rotation coppices, they present
a fast growth and short cycle, which justified their interest in phytoremediation and rapid metal
accumulation. For the large-scale production of biocarbon catalysts, availability and abundance of the
bioresource in the territory needs to be considered for its selection. To simulate heavy metal content,
impregnation of raw biomass with Ni or Fe nitrates (Ni(NOs),:6H,0 and Fe(NOs)s-9H,0) was carried
out. In a preliminary study, impregnation of biocarbon (after pyrolysis) resulted in a generally poorer
deNOy performance than impregnation of biomass (before pyrolysis, Table 2.1). This might be
attributed to the anchored metals on the surface blocking the pores of biocarbon during post-
impregnation, which resulted in the reduced surface porosity and surface area of biocarbon [32].
Therefore, in this study, only impregnation before pyrolysis was carried out to investigate further in

the deNOy mechanism with optimized experiment set-ups and processes.

Table 2.1. Steady state deNOy ratio (Xno) of different biocarbon catalysts, from a preliminary study

Ni Fe
Before After Before After

T(°C) Biomass . . . .
pyrolysis pyrolysis pyrolysis pyrolysis

Xno (%)
200 Fern 4.1 12.9 22.5 10.4
Willow 16.4 7.4 19.0 10.4
500 Fern 33.8 23.1 32.7 25.2
Willow 55.8 35.1 28.4 28.8

Wetness impregnation (WI) was applied to raw biomass. This method consists of the active metallic
species incorporation into biocarbon structures via (in-situ) mixing of feedstock with metal precursors,
forming active interfaces and binding sites [35,56]. For each round of impregnation, 20 g of biomass
was submerged in 1 L aqueous solutions containing Fe or Ni nitrates, stirred for 3 days to reach optimal
dispersion of metallic species [59]. The amount of Fe and Ni nitrates used are calculated based on the
final goal of reaching a same quality of metal load in biocarbon (30 mg metal per g of biocarbon, Table
2.2). Three different Fe and Ni impregnation concentrations were used for fern (FFe*, FNi* and FNiFe
were only tested at 500°C). Following the impregnation, the biomass was filtered and dried for 24

hours at 60°C [59].

72



Table 2.2. Mass of biomass and metal nitrates used for impregnation

Biocarbon Name Biomass Metal Biomass(g) Metal nitrates (g)
Fern biocarbon |mpregn§ted with Ni ENi Fern Ni 1.8 98
before pyrolysis
Fern blgcarb_on highly |mpre.gnated ENi* Fern Ni 231 26.1
with Ni before pyrolysis
Fern biocarbon |mpregna‘ted with Fe FFe Fern Fe 21.7 5.7
before pyrolysis
Fern blgcarbon highly |mpregnated FEe* Fern Fe 219 55.4
with Fe before pyrolysis
Fern biocarbon impregnated with Ni . Ni 21.6
and Fe before pyrolysis FNiFe Fern Fe 214 28.4
will - . .
illow blqcarbon |mpregr?ated with WNi  Willow Ni 216 44
Ni before pyrolysis
Willow biocarbon impregnated with WEe  Willow Fe 204 a1

Fe before pyrolysis

In this study, the impregnated biomass was pyrolyzed under 1 L/min N, from 25 to 800°C, at 2°C/min,
followed by a 1h-isothermal step at 800°C. For each pyrolysis experiment, 9-10 g of biomass was placed
into the crucible and the biocarbon generated was 2-3 g depending on the sample. This would give a
proximate solid yield of 25 wt%. Unimpregnated fern biocarbon (RF) and willow biocarbon (RW) were

prepared under the same pyrolysis conditions for comparison.

2.2.2. deNOy experiments

The performance of prepared biocarbon catalysts in deNOx was tested at laboratory scale. The
experimental set-up (Fig. 2.1), conceived during this PhD work, consisted in a fixed-bed reactor
followed by a cold trap system, an on-line pGC (Agilent 990) and an on-line NOx analyzer
(ThermoScientific, 42i-HL). The fixed-bed reactor consisted of a quartz tube with a porous disc in the
isothermal area of the reactor, so the sample could be placed in a quartz crucible on it. The fixed-bed
reactor was arranged vertically in a Heraeus furnace (D-6450 Hanau), able to work up to 1100°C. Cold
traps were used to trap impurities and moisture that may end up in the circuit. The first cold trap, filled
with isopropanol and cooled by a thermostatic bath, was used to trap soot and tars that can form
during treatments at high temperatures (500°C). The other two traps, at room temperature,
respectively filled with silica gel and empty, were used to trap residual moisture to prevent damage to
the analytical devices. On-line uGC monitored the outlet gas composition (N2, 02, CO,, CO and H,) with
an interval of 2.5 min. On-line NOy analyzer monitored outlet NO and NO, concentration with an

averaging time of 1 min.
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Fig. 2.1. Experiment set-up for testing deNOx performance of biocarbon catalysts

4 g (i.e. a bed height of around 2 cm) of biocarbon catalyst were placed in a quartz crucible inside the
quartz reactor [60]. The temperature of the oven was then raised to 140°C under constant argon (Ar)
flow (300 mL/min, 1 atm) and kept for 15 min to eliminate traces of moisture and undesirable
compounds [61-63]. After that, the temperature was raised to the experiment temperature (200, 350
or 500°C) with a heating rate of 10°C/min. The beginning of the experiment was considered when the
isothermal step was reached the experiment temperature (set as t = 0 min, Fig. 2.2). During the first
30 min, CO, CO; and H; were released. This production was related to the thermal decomposition of
the catalysts and was measured by the online uGC under Ar flow. At 30 min, the inlet gas was switched
to a constant flow of 1021 ppm NO in Ar (300 mL/min, 1 atm). This concentration was chosen to
simulate the high concentration of nitric oxide (600-1200 ppm) in exhaust gas [25]. The deNOy
performance was tested for 1 hour. Finally, the gas was switched again to Ar and kept for 30 minutes
to observe the desorption phase. At the end of the experiment, the reactor was cooled down and the
spent biocarbon catalyst was stored for characterization. Extended experiments were carried out for

selected samples to evaluate the degradation of catalysts, with a longer exposure under NO flow (4 h).
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Fig. 2.2. Temperature program of the oven during one standard experiment

To compare the deNOy performance, the deNOy ratio was calculated as the percentage of NO being
removed after contacting with biocarbon catalysts (Eq.2.14).

C in—C
X, = NOoin=CNOout Eq.2.14
NO I .
NO,in

Where Xy, is the deNOy ratio, Cyp,in is the inlet NO concentration, Cyg oy¢ is the outlet NO
concentration, which is the measured value on the NOy analyzer. For Cyg ip, it is calculated with the
average NO concentration of respective blank test.

Repetitions of experiments were conducted on selected samples, including FNi, WNi and WFe at 200°C.

Their standard deviations of Xno (Eg.2.14) are 0.02 %, 1.78 % and 0.83%, respectively.

2.2.3. Characterization techniques

Biocarbon catalysts were characterized in terms of organic element content (CHNS analysis, Flash
2000) and inorganic element content (ICP-OES, Ultima 2) before and after deNOyx experiments. The
dispersion of metals on the carbonaceous matrix were characterized with SEM and TEM. The
biocarbon thermal stability was determined with TGA-DSC (Seteram Labsys Evo 1600). The surface
area and surface chemical groups were characterized by BET (Micromeritics Tristar 11 3020) and TPD,

TPR, TPO (Micromeritics Autochem 2920), respectively.
2.3. Results and discussion

2.3.1. Biocarbon characterization
2.3.1.1. Elemental composition

The biocarbon catalysts produced were characterized in terms of elemental composition before and
after deNOy experiments (Table 2.3). The results showed higher C content for willow-based than for

fern-based catalysts, which was coherent with biomass composition (woody vs. herbaceous) [58,64].
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Impregnation of both Ni and Fe resulted in slight to important changes in the organic composition of
biocarbon. A slight increase of C content was generally observed after deNOy experiments due to

thermal decomposition, the total observed mass loss being around 5 to 10 %.

Table 2.3. CHNS elemental composition of biocarbon catalysts characterized before and after 500°C deNOy experiments

C H N S
Sample deNOy ]
(wt%, moisture free)

RE Before 72.78 0.93 1.47 <0.01

After 70.92 1.00 1.52 <0.01

ENi Before 71.23 0.73 1.86 <0.01
i

After 72.78 0.83 1.57 <0.01

ENi* Before 54.68 0.86 1.28 <0.01

i

After 57.66 0.52 1.22 <0.01

FE Before 71.01 0.49 1.07 <0.01
e

After 72.05 0.51 0.94 <0.01

Before 52.43 0.47 0.74 <0.01
FFe*

After 53.36 0.38 0.71 <0.01

) Before 66.99 0.84 1.15 <0.01
FNiFe

After 72.28 0.52 1.16 <0.01

RW Before 80.07 1.32 0.81 <0.01

After 83.22 1.24 0.89 <0.01

WNi Before 80.34 0.73 0.71 <0.01
i

After 87.14 0.51 0.85 <0.01

WE Before 82.55 0.74 0.62 <0.01
e

After 86.12 0.69 0.67 <0.01

The inorganic composition of biocarbon catalysts were based on ICP-OES analysis (Table 2.4). Raw
biocarbon (RF and RW) had negligible content of Fe and Ni, while the impregnation brought the value
above the thresholds of hyperaccumulation (> 3000 pg/g biocarbon, [65]). Both RF and RW biocarbon
had high AAEM content: RF was especially rich in K and had high content of Na, Mg and Ca; while RW
was especially rich in Ca and had high content of K. Impregnation with Ni and Fe salts resulted in the
leaching of inherent AAEM, which might reduce catalytic performance. Alkali/alkaline-earth metal
(AAEM) ions have been proved to be effective in promoting the deNOy activity for many simple metal
oxides [2]. They play multiple roles including increasing the surface area, creating basic sites to
promote NO adsorption, facilitating the desorption of O, and forming active sites, leading to enhanced
activity [2]. Therefore, AAEM can be seen as inherent metals that may present a catalytic activity for
deNOy. Si content is very high in fern biocarbon, compared to the relatively small content in willow
biocarbon, which is caused by the nature of biomass. Si is an inhibitor for deNOy. It can deactivate the

inherent K by forming silicate in pores and encapsulates active sites, which reduces the accessibility to
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active sites, thus reducing catalytic activity [66]. Additionally, the increase in Ni and Fe content helps
catalyze pyrolysis and dilutes the organic content by increasing inorganic mass [67]. Both could explain
the decrease in organic content (Table 2.3) and the decrease seems more important as inorganic

content is high (FFe* and FNi* compared to RF).

Table 2.4. Inorganic composition of biocarbon catalysts before deNOy experiments

Fe Ni K Na Si
Sample (1ug/qg biocarbon)

RF 263 1 19192 3822 2759 9321 17450
FNi 556 86204 930 621 605 4242 23342
FNi* 641 379582 12244 1996 1825 8098 22281
FFe 131669 49 3976 1218 887 3436 44151
FFe* 641730 69 8641 1605 1754 7525 35709
FNiFe 103030 80800 3619 904 1055 4708 45653
RW 279 16 6660 245 1958 23393 1058
WNi <1 24075 2003 <1 745 7349 401
WFe 46409 45 1395 <1 562 1059 <1

2.3.1.2. Surface characterization

The biocarbon catalysts were characterized in terms of specific surface area and porosity type through
BET analysis under N,. Furthermore, the surface chemical groups were analyzed through temperature

programmed desorption (TPD, NHs), oxidation (TPO, CO;) and reduction (TPR, H,) (Table 2.5).

The quantity of chemical surface groups and specific surface area are lower for RF biocarbon than for
RW biocarbon. Lower specific surface of RF biocarbon (8.8 m?/g) could be due to lower volatile matter
content resulting in less porosity generated during pyrolysis, and this is coherent with herbaceous type
biomass data from the literature [64,68,69]. Impregnation impacts little the chemical adsorption, as
the total adsorption of three gases (NHs, CO, and H,) are similar as long as the biocarbon composition
remains the same. However, biocarbon impregnated with both Ni and Fe showed higher specific
surface area (> 150 m?/g) than raw biocarbon (< 50 m?/g), which was also observed in previous studies
[70]. This increase could be attributed to the intensifying volatile release during pyrolysis, resulting in
the formation of internal porous structure, while the presence of Ni and Fe (Table 2.4) catalyzes this
process [71,72]. Introduction of metals onto the biocarbon could lead to a blocking of pores that
reduces access to surface area and adsorption sites for gas (Table 2.5, FFe*) [73]. Indeed, a loss of
pores induces a decrease in surface area. If increased, then porosity is developed and can reflect better
access to adsorption sites and could result in higher adsorbed gases. This increase due to impregnation
is however not as noticeable as the difference in adsorption between bioresource. This means that the

surface groups that the biocarbon develops during pyrolysis could have a higher impact on the
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adsorption of gases than the presence of metals. Therefore, the combination of highly dispersed active
sites that perform deNOy and the omnipresence of NO adsorption sites provided by the surrounding

biocarbon could possibly result in high performance.

Table 2.5. Surface chemical groups and specific surface area of biocarbon catalysts before deNOy

TPD-NH; TPD-CO; TPD-H; Specific
Total Total Total surface
Sample . o . o . 0

adsorption  Tnax (°C)  adsorption  Tmax (°C)  adsorption  Tmax (°C) area
(mmol/g) (mmol/g) (mmol/g) (m?/g)

RF 0.779 913 12.003 915 2.545 993 8.8
FNi 1.480 912 16.207 920 2.921 986 151.6
FNi* 0.645 939 8.975 934 1.684 999 187.5
FFe 0.553 951 8.258 905 0.158 981 309.6
FFe* 0.485 956 6.360 940 1.657 990 259.4
FNiFe 1.088 923 15.980 924 0.994 1000 367.9
RW 1.460 889 23.288 907 1.501 999 42.4
WNi 1.968 949 25.458 914 0.282 988 419.1
WFe 1.249 960 27.773 935 2.108 985 384.2

Imagery of the catalysts was also performed through SEM (Fig. 2.3). Dispersion of metals was
observable for willow biocarbon but not for fern biocarbon due to the higher metal content and their
lack of discernible feature (dots of Ni). This lack of distinctive structure could be indicative of
agglomerated metals and could explain lesser activity and gas adsorption capabilities on behalf of the
fern biocarbon (Table 2.5). However, fern biocarbon possesses higher inorganic content (Table 2.4)
which could be beneficial to deNOy. It was also possible to see some exposed inherent metals that
constitute the structure of willow and is associated with wood bark [74]. It was also noted that some
metals may be covered by a sheet of carbon that could result in loss of active sites (Fig. 2.4). This sheet
could have been formed during pyrolysis and deposited on the reactive metals, and could induce loss
in reactive sites and gas adsorption capabilities without losing specific surface area [75]. This could also
be a possible source of C for selective reduction of NO or a reduction source for oxidized metals

(Eq.2.13) [76].
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Fig. 2.4. SEM imagery of FNi biocarbon showing encapsulation of metals
2.3.2. deNOy experiments
2.3.2.1. deNOy performance, NO analysis

The concentration of NO and NO, was analyzed on-line every minute (in ppm). No significant
production of NO, was observed during the experiments conducted. Therefore, only Xno was calculated
and averaged in 15 min (Fig. 2.5), which indicated the overall deNOx performance of different
biocarbon catalysts. For all the samples, Xno did not significantly change after 50 min and became
almost stable after 75 min. Therefore, the averaging Xno from 75 to 90 min was defined as the steady

state Xno (Table 2.6).

79



—=—200°C 350°C —=-500°C

——o—0——0236

13.9

60 75 90

t (min)

° ° 02538
13 5 20 ._/—I\-—Iiggs
9.0
0 Lgeem W mae] 0 . . .
30 45 60 75 90 30 45 60 75 90 30 45 60 75 90
t (min) t (min) t (min)

d) RW Ni f) WFe
g 40 g 40 g 40
2 2 2
> > >

Fig. 2.5. NO removal ratio Xno of different biocarbon catalysts (RF, FNi, FFe, RW, WNi, WFe) under 1021 ppm NO/Ar

Table 2.6. Steady state Xyo (averaging from t = 75 to 90 min)

RF FNi FFe RW WNi WFe

Xno (%)
200 7.1 127 139 46 7.5 165
350 146 206 146 9.0 13.6 20.8
500 26.3 234 23.6 20.1 30.6 25.8

T(°C)

2.3.2.1.a. Effects of temperature
Higher temperature has shown promoting effects on the deNOy performance for all the samples (Fig.
2.5). The raw biocarbon (RF and RW, Fig. 2.5a and d) were not fully activated at 200 and 350°C and had
very limited deNOy effects. Rising temperature to 500°C significantly enhanced their catalytic activity,
as the activation energy needed for the inherent metals was achieved. However, impregnated
biocarbon presented a higher Xno with increasing temperature, which should be related to the
presence of Fe and Ni (Table 2.4). This was also shown for WNi (Fig. 2.5e), except that its performance
at 500°C was the highest (Xno = 30.6%). For FNi (Fig. 2.5b), the performance was close between 350
and 500°C, both significantly higher than that at 200°C. This indicated a lower activation temperature
for this catalyst for a similar efficiency. This could be related to the high CO, adsorption capabilities of
willow biocarbon (Table 2.5) that are related to the capacity to adsorb NO. This adsorption by the
surface of the biocarbon means more NO is in contact of active sites and this higher quantity should
result in more frequent reaction with NO and therefore higher Xno. For WFe (Fig. 2.5f), Xno was already
high at 200°C and steadily increased, almost linearly, with temperature, which indicated a wider range
of temperature for the use of this catalyst. For FFe (Fig. 2.5c), similar Xno was achieved at both 200 and

350°C, both remarkably lower than that at 500°C. This indicated a higher activation temperature for
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FFe. Therefore, the high presence of other metals such as AAEM in fern biocarbon did not therefore
contribute to diminishing energy barriers and could even be inhibiting at higher temperatures, but the
gas adsorbing capabilities of willow biocarbon could contribute to its higher performance.

Nevertheless, temperature did increase the deNOy performance of all biocarbon catalysts.

2.3.2.1.b. Effects of biomass
The nature of the biomass was an important factor that could influence the effectiveness of the
biocarbon catalyst. Indeed, the composition of the initial biomass determined the composition and
structure of the biocarbon formed, favorable or not to the NO adsorption and deNOy. In addition, the
effectiveness of impregnation may also depend on biomass characteristics. At both 200 and 350°C,
fern biocarbon achieved obviously higher deNO, performance than their respective willow biocarbon
(the only exception is FFe vs. WFe). This was directly relevant to the difference in the inherent metal
content of fern and willow, especially K, Na and Mg (Table 2.4). RF, for example, was significantly better
than RW from 200 to 500°C, which best reflected the influence of biomass and its inherent metals as
there was no tangible interference from the impregnated metals. Furthermore, the higher presence
of carbon from willow biocarbon (Table 2.3) could interfere with the small amount of potential active
sites (Fig. 2.4). When impregnated however, the capacity to adsorb higher quantities of NO by the

willow-based biocarbon catalysts (Table 2.5) is highly beneficial to their deNOy performance.

2.3.2.1.c. Effects of impregnated metals
The effects of impregnated metals were also important. First of all, impregnation successfully
enhanced the performance of the biocarbon catalysts at least at both 200 and 350°C, as a result of
more catalysts available for the adsorption and decomposition. Remarkable examples were FFe at
200°C (Fig. 2.5c), and WFe at 200 and 350°C (Fig. 2.5f), which at least doubled Xno compared with
respective raw biocarbon (Table 2.6). According to literature, the deNOy efficiency of Ni-impregnated
and Fe-impregnated active carbon were similar at 300°C and both significantly higher than that of raw
active carbon [46]. This also agrees with the fact that metal-loaded carbons show high activity due to
the dissociative NO chemisorption [77]. In this study, the performance was not always positively
correlated to the metal amount because during pyrolysis the impregnated metals could be coated with
carbon or aggregated and were therefore not accessible by NO. For example, FNi and FFe (Fig. 2.5b
and c) were both high in their loaded metal content (Table 2.4), but their performance at 500°C was
worse than the raw biocarbon (RF, Fig. 2.5a). This was the result of poor availability of metals after
pyrolysis at high temperature. For WNi and WFe (Fig. 2.5e and f), though the loaded metal content

was not so high, their performance was better (Table 2.6).
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To investigate the synergistic effects of Ni and Fe, a bimetallicimpregnation was carried out to produce
a fern-based biocarbon catalysts containing both Ni and Fe (FNiFe). The deNOy performance of this
sample was compared to that of fern biocarbon (FFe and FNi, Fig. 2.6). None of the samples achieved
better performance than raw biocarbon (RF) at 500°C. FNi and FFe were close in steady stage Xno (23.4
% vs. 23.6 %), which were both better than the bimetallic sample, FNiFe (Fig. 2.6). Therefore, a

synergistic effect of Ni and Fe was not found.
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Fig. 2.6. Xno of fern biocarbon at 500°C

2.3.2.1.d. Effects of metal content
It was revealed above that not only the kind of impregnated metals but also the loaded metals content
on biocarbon has significant influence on the deNOy performance of biocarbon catalysts. Therefore,
the behavior of fern-based catalysts with different Ni and Fe content were tested in deNOy experiments

at 200°C (FFe*, Fig. 2.7, left) and 500°C (FNi* and FFe*, Fig. 2.7).
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Fig. 2.7. Xno of fern-based biocarbon catalyst impregnated with higher Fe content and used in deNOy at 200 and 500°C (left),
and impregnated with higher Ni content and used in deNOy at 500°C (right)

For FFe, the effects of additional metal content were different at 200 and 500°C (Fig. 2.7, left). At 200°C,
FFe* (with 64.17 wt% Fe) performed slightly better than FFe (with 13.17 wt% Fe), both significantly
better than RF. Therefore, a positive correlation could be expected between impregnated Fe content
(< 64 wt%) and the deNOy performance at 200°C. At 500°C, however, highest values of metal content

drastically reduced the performance of biocarbon. This indicated the metal blocking of biocarbon pore
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structure (Table 2.5) happened mainly at higher temperature. Therefore, consideration of optimal

metal content might be different depending on the temperature of emission sources.

In the case of Ni-based catalysts, the steady state Xno of FNi was enhanced from 23.4% to 27.0% at
500°C when the Ni content was increased from 8.62 wt% (FNi) to 37.96 wt% (FNi*, Fig. 2.7, right). This
made its performance slightly better than that of RF. In an industrial application, it needs to be

evaluated if the improvement achieved justifies the higher metal cost.

2.3.2.1.e. Catalyst deactivation

Extended deNOy experiments were conducted to evaluate the catalyst deactivation, as well as their

thermal stability (Fig. 2.8, Table 2.7).
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Fig. 2.8. NO concentration curves of selected biocarbon catalysts (WNi, WFe, FNi and blank test) during 500°C deNOy
experiments for extended time (4h), under 1021 ppm NO/Ar

Table 2.7. Mass loss of biocarbon catalysts after standard deNOy experiments (1h)

T (C) RF FNi FFe RW WNi WFe
Mass loss (wt%, moisture free)

200 8.6 3.6 3.2 5.9 5.0 34

350 6.3 2.8 3.4 7.7 7.6 4.7

500 9.9 4.6 2.1 7.2 4.8 7.2

Within the experimental conditions considered, no significant deactivation of catalysts was observed
even in extended deNOy experiments (Fig. 2.9), as the NO concentration remained stable after initial
transitional stage (15 min), indicating constant deNO,. Therefore, stability could be expected for the
biocarbon catalysts. In terms of mass loss (Table 2.7), the impregnated biocarbon seemed to be better
with most of them losing less than 5 wt% after 1h deNOy experiments. The raw biocarbon, however,

had a mass loss of 5 to 10 wt% The mass loss, to be noted, was not entirely from the reaction with NO,
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as the biocarbon could lose surface functional groups and release CO and CO; during the heating stage
[66,78-81]. This could be possibly linked to catalyzed pyrolysis that, in addition to reducing organic

content (more O and H, Table 2.3), could stabilize the carbon matrix [82].

2.3.2.2. deNOy performance, N, analysis

Due to the input and replacement of reactor containing biocarbon catalysts at the beginning of each
deNOy experiment, air background is inevitable throughout the experiment. The time needed for gas
replacement from gas bottles to uGC analyzer was estimated as 15 min considering the total volume
of gas channel. Therefore, the background N, concentration was calculated by averaging the measured
N, concentration from t = 30 to 45 min (before the inlet NO gas completely replaced Ar). Then the N;
concentrations were normalized according to this standard to represent the N, produced during the

test (Eq.2.15).

CNZ,nor = CNZ - CNZ,BG Eq.2.15

Where Cy, nor is the normalized N> concentration, Cy, is the measured N, concentration (15 min
average) and Cy, p¢ is the background N concentration.
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Fig. 2.9. Normalized N, concentration of different biocarbon catalysts (RF, FNi, FFe, RW, WNi, WFe), under 1021 ppm NO/Ar

N, concentration (ppm)
Y
o ©
N, concentration (ppm)
N
o ©
N, concentration (ppm)
o

[Ye]
o

The normalized N, concentration Cy, »,r can be seen as the indicator of direct decomposition reaction
of NO (Fig. 2.9). In most cases, Cy,nor Was positive during NO phase. Even for those with initial
negative values, the curves started to rise after. These indicated that NO is decomposed into N; either
through direct decomposition of through catalytic reduction (Eq.2.10-12). For RF, the catalyzing
performance was enhanced with the increase of temperature, resulting in its higher Xno at higher
temperature (Table 2.6). Also, RF performed better than RW, which was related to their difference in

inherent metal contents (Table 2.4). FNi and FFe achieved highest decomposition performance at
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200°C, in contrary to WNi and FFe. This caused their higher Xno, while the NO removed by WNi and
WFe was mostly through adsorption at this temperature. With the increase of temperature, both FNi
and FFe showed a trend of catalyst deactivation, which should be due to the inhibiting effects of their
higher Si content (Table 2.4), while these did not happen to the respective willow-based biocarbon

catalysts (WNi and WFe).

2.3.2.3. Other gases

Selective reduction with biocarbon will lead to the formation of N,, CO and CO; [31], which was also

observed in the experiments. This is a side reaction that can cause the degradation of biocarbon.

From the results, the CO, evolution followed similar trends among samples (Fig. 2.10). CO;
concentration was very high at the beginning and decreased sharply up to 30 min (under Ar). This may
be explained by the oxygen groups on biocarbon surface releasing large amounts of CO; (Table 2.3). It
is fair to assume that the peak of CO, should be during the temperature rising stage (t < 0). In addition,
this process was significantly influenced by temperature, as biocarbon released significantly more CO;
from 350°C than at 200°C, which indicated a threshold between 200 to 350°C. When Ar is switched to
NO, CO; concentration kept at a low value and steadily decreased. The reasons behind this should be
a combination of residue oxygen groups releasing CO; and the reduction of NO by biocarbon producing
CO,. This showed that raw biocarbon released more CO, than impregnated biocarbon, which
corresponded to their higher mass loss (Table 2.7). This may be an indicator of the supposedly better

regenerability of impregnated biocarbon.
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Fig. 2.10. CO; concentration of different biocarbon catalysts (RF, FNi, FFe, RW, WNi, WFe), blank area: Ar; shadow area: 1021

ppm NO/Ar

Regarding to the CO concentration, there was no CO release at 200°C and negligible release at 350°C,

therefore only the evolution of CO concentration at 500°C is presented (Fig. 2.11). Compared to CO,,
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the quantity of CO released was much smaller, indicating CO, as the major product of selective

reduction reaction. Unlike for CO,, the impregnated biocarbon released more CO than the raw

biocarbon.
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Fig. 2.11. CO concentration of different biocarbon catalysts during 500°C deNOy experiments (a: fern biocarbon; b: willow
biocarbon), blank area: Ar; shadow area: 1021 ppm NO/Ar

H, release was not observed at 200°C, so, only the evolution of H, concentration at 350 and 500°C was

presented (Fig. 2.12). H, release was not so significant at 350°C and was mostly during the Ar phase.

At 500°C, willow biocarbon released more H, than respective fern biocarbon. At both temperatures,

almost no H; release was found for raw biocarbon.

200
150
100

50

H, concentration (ppm)

800
600
400
200

H, concentration (ppm)

Unimpregnated —= Ni-impregnated —Fe-impregnated

a) fern-based, 350°C

0 30 60 90 120

t (min)

c) fern-based, 500°C

t (min)

200
150
100
50
0

H, concentration (ppm)

800
600
400
200

H, concentration (ppm)

b) willow-based, 350°C

0 30 60 90 120
t (min)

d) willow-based, 500°C

t (min)

Fig. 2.12. H, concentration of different biocarbon catalysts during 350 and 500°C deNOy experiments (a: fern biocarbon at
350°C; b: willow biocarbon at 350°C; c: fern biocarbon at 500°C; d: willow biocarbon at 500°C), blank area: Ar; shadow area:

1021 ppm NO/Ar
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Based on results discussed in this chapter, a graphical illustration of reported mechanisms for deNOx
was represented (Fig. 2.13) with the associated equations (Eq.2.16-28). In this work, the metal-based

mechanism is likely, with C provided by the biocarbon directly.

Langmuir-Hinshelwood

o o o " O
Biocarbon

Fig. 2.13. Graphical representation of deNOx mechanism

Global reaction for direct decomposition of NO:

Langmuir-Hinshelwood mechanism:

2[NO + % < NO*] Eq.2.17
2NO* — N,0* + 0* (RDS) Eq.2.18
N,0* — N, + O* Eq.2.19
20" & 0, + 2° Eq.2.20

Eley-Rideal mechanism:

NO + * & NO* Eq.2.21
NO + NO* — N,0; (RDS) Eq.2.22
N,0; + * — N,0* + 0" Eq.2.23
N,0* — N, + 0" Eq.2.24
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20" & 0, + 27 Eq.2.25

deNOy reaction over metal:

M+ " — M Eq.2.26
2M* + 2NO — 2MO * + N, Eq.2.27
xMO* + C — xM* + CO, Eq.2.28

2.4. Conclusions

Lignocellulosic fern and willow impregnated with heavy metals (Ni/Fe) were pyrolyzed (800°C, N,) to
produce biocarbon catalysts, which showed promising performances in NO decomposition (deNOQy) at
200, 350 and 500°C. Generally, higher temperatures showed better performances but a strict linear
correlation was not observed. At 200 and 350°C, adsorption of NO on biocarbon surface was facilitated
by the high specific surface area of impregnated biocarbon (151.6 to 419.1 m?/g), compared to that of
raw biocarbon (< 50 m?/g). This resulted in a remarkable enhancement of deNOy performance at this
temperature range. At 500°C, adsorption and decomposition were competing in the deNOy
mechanism, and the inherent metals from raw biocarbon seemed to play an important part. As a result,
the effects of impregnated metals were less positive or even negative at this temperature, except for
WNi, which achieved a remarkably high deNOy ratio of 30.6% (10.5% higher than RW). Fern biocarbon
achieved higher deNOy performance than the respective willow biocarbon at both 200 and 350°C,
mostly due to their higher content of inherent metals (K, Na) that could facilitate activity from loaded
metals (Ni or Fe). At 500°C, willow biocarbon could outperform their fern counterparts as the loaded
metals could be activated and benefit from the high NO adsorption of the biocarbon. Increasing the
metal content generally slightly enhanced their performance in deNOyx at 200°C, but not significantly
at 500°C, and could justify use of a metal-poor biocarbon. No significant synergistic effects were found

with fern biocarbon impregnated with both Ni and Fe.

A production of N, was observed during deNOy experiments under NO flow, suggesting that the direct
decomposition of NO was the main reaction, facilitated by higher temperature for most catalysts. The
release of CO, observed under both Ar and NO flow was mostly from the surface chemical groups on
biocarbon surface and peaked at the temperature rising stage (under Ar). The selective reduction of
NO with biocarbon also contributed slightly to this release and was a side reaction. CO and H, was
detected in smaller quantities. The impregnated biocarbon released less gas (CO,, CO and H,) than raw

biocarbon, resulting in lower mass loss after deNOy, and suggested better stability and regenerability.
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Further work will be carried out to study the influence of activating the biocarbon catalysts and use of
a real gaseous effluent containing nitrogen oxides. Furthermore, potential regeneration routes will be

explored to facilitate the upscaling in the use of these biocarbon catalysts.
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Chapter 3

Nickel and iron-doped biocarbon catalysts for reverse water-gas shift

Some elements of this chapter have been used in Graul, T., Gonzalez Martinez, M., & Nzihou, A. (2024),
Nickel and Iron-Doped Biocarbon Catalysts for Reverse Water-Gas Shift Reaction, ChemCatChem,

€202301398, under DOI 10.1002/cctc.202301398.

Highlights

e Biocarbon catalysts could be a relevant substitute for commercial catalysts.

Biocarbon catalysts allowed high selectivity and conversion of RWGS at 400°C.

Doping improved catalyst performance and stability in RWGS.

e Ni- and Fe-doped biocarbon catalyst reduction might inhibit CO, and H; conversion.

e Long-term use did not affect Fe-biocarbon catalyst performance.
Abstract
This work was focused on producing biocarbon catalysts for reverse water-gas shift reaction (RWGS).
They were produced from pyrolyzed fern and willow impregnated with iron (Fe) and nickel (Ni)
nitrates. They were tested in a fixed-bed reactor for RWGS at 400°C with a H,/CO; ratio of 3. They
showed high selectivity towards CO (>84%) and fair conversion (<17%) compared to both reference
catalysts, rust (81%, 30%, respectively) and Fe-impregnated alumina (100%, 8%). These values are
related to thermodynamic equilibrium calculations (100%, 35%). They were also stable as no sintering
nor fouling were observed even at a long residence time (288h). The presence of inherent metals in
biomass could provide sites to adsorb reactive gases and improve their transformation by dispersing
electrons, which effectively reduces energy barriers for adsorption and dissociation by other active
sites. K, Mg and Ca present in fern biocarbon catalysts may be responsible of their higher performances
compared to willow catalysts, despite this, they have less CO, uptake and less specific surface area.
The pre-reduction step of oxygen functional groups from biocarbon catalysts could produce electron
deficient sites that may facilitate CO, uptake and activation. The best biocarbon catalyst was fern-
based biocarbon impregnated with Ni after pyrolysis, as it benefitted from the synergetic effect of the

inherent metals combined to O vacancies and strong metal-carbon interactions.
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3.1. Introduction

Greenhouse gas emissions are the main cause of current global warming. This accounts for climate
damages including destructive storms, severe droughts and quicker wildfires, among others, which
results in an increasing devasting of humanity’s livelihood. To limit Earth’s warming, the 2015 Paris
Agreement engaged the 193 signatory nations to reduce greenhouse gas emissions namely carbon
dioxide (CO,) [1]. Consumption of CO; via chemical (ex. thermal conversion) or biologic pathways (ex.
photosynthesis) or restriction of its production by optimizing CO, producing processes are means to
limit its emission. Therefore, biomass and biowaste valorization into hydrogen (H,), biofuels and other
products may play a significant role in reaching this objective, due to the carbon neutrality and high

availability of these bioresources.

Thermochemical conversion processes of bioresources to produce syngas, containing H,, tar and
biocarbon typically require high temperatures (between 500 to 1000°C) and the use of catalysts allows
lower operating temperatures and energy saving. Fischer-Tropsch synthesis (FTS) however allows the
production of synthetic fuel from synthetic gas composed of mainly carbon monoxide (CO) and H; at
milder conditions. This process, operating from 180 to 400°C and around 20 bar, requires noble or
transition metal-based catalysts, including iron (Fe) and nickel (Ni) [2,3]. Reverse Water-Gas Shift
(RWGS) is implied in FTS reactions by reversibly converting CO, and H; into CO and H,0 (Eq.3.1). This
reaction requires similar catalysts to those of FTS and higher temperatures due to its endothermicity

(AHZ9g = 42.1 kJ /mol) [4].

CO, + Hy > CO + H,0 Eq.3.1

Commercial catalysts, generally made of noble metals, have a high environmental impact because of

the metal extraction processes that are energetic and intensive in solvent, and also metal scarcity [5—
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7]. These metals can be sourced more sustainably through plant phytoextraction and could then be
transformed into catalysts [8,9]. To overcome this burden, in this work, we aim at producing catalysts
from pyrolyzed metal-loaded bioresources and test them in RWGS. The characterization of the

produced catalysts before and after the reaction have been performed.

3.1.1. Pyrolysis for biocarbon production

Slow pyrolysis is a thermochemical process occurring at temperatures ranging from 400 to 900°C, at a
heating rate of 1 to 100°C/min and under an inert atmosphere. This transformation results in the
production of biochar (biocarbon), tar and gaseous products whose proportions and properties are

highly dependent on the operating conditions, mainly temperature and heating rate.

Higher temperature results in a decreased biocarbon yield due to its transformation into gaseous
products. This decrease is less important as temperature increases due to a more ordered structure in
biocarbon [10]. Above 800°C, tar content is lower and biocarbon is further converted but the risk of
metal sintering increased [11]. Slow heating rates (<25°C/min) limit volatilization of biocarbon but tars
are not eliminated due to possible formation of more stable tars. Operating conditions can also
influence the development of the biocarbon properties [12,13]. Biocarbon produced above 500°C had
increased C-C bond content at the expense of O and H. Alkaline content is also increased at higher
temperatures resulting in improved surface basicity. These conditions also induce biocarbon with
enhanced specific surface area and pore volume [14]. Pyrolysis temperature is positively correlated
with pH, fixed C content, biocarbon stability, and ash content and negatively correlated with biocarbon

yield, O and H mass fractions, and the number of surface functional groups [15].

Higher heating rates corresponding to fast or flash pyrolysis (>900°C/min) can however result in bigger
porosity (macropores) with a more open structure, which provides better access to active sites [10].
Alkaline metals are better retained when the heating rate is low (6-60°C/min) [14]. Higher heating rates
(100C°/min) lead to biocarbon with higher reactivity, that also had a higher pore volume, consisting
mainly of meso- and macropores, whereas at lower heating rates (1-50°C/min), the pore volume was

lower as structures mainly consisted of micropores [16,17].

With long steam residence time (>2s), biocarbon and tar yields decrease due to devolatilization. This
results in the formation of meso and macropores in the biocarbon, which results in a better
accessibility of the active sites [10]. Longer residence time (10-100min) favors tar conversion,

increasing biocarbon yield [14].

The type of reactor can also affect product distribution as it limits or amplifies the contact of gas and

heat with the feedstock. The batch reactor strength and weakness are its ability to contain the
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feedstock and products, meaning there is no possible displacement of equilibrium. Furthermore,
biomass conversion in this type of reactor is limited by the partial pressure of formed gases. As a result,
deactivating agents such as coke are not removed during the reaction and could potentially foul
catalysts. The semi-batch reactor allows for introduction and removal of products and is reported to
facilitate the removal of oils of up to 90%. This removal could contribute to the displacement of
equilibrium and improve formation of tar and gas products [18]. Fixed and fluidized bed strengthened
biomass conversion and multistage reactions due to their compacity. This results in an enhanced
production of gases and liquids, as well as a downstream conversion of liquids to gas. Because of their
compacity, less catalyst is required. Heat and mass transfer are improved through fluidization but
residence time is diminished so liquids are less likely to be converted into gases and a tar yield of at
most 87 wt% was reported [18]. Conical sprouted bed reactor facilitates fluid conversion and inhibits
adhesion of biomass and biomass products to reactor walls, which can limit conversion. It also limits
the residence time of the feedstock and results in a higher tar production compared to that of gas. This
type of reactor is less effective at higher temperatures which can result in unfavored conversion if the
products are non-adhesive and limits degradation of solids and liquids to gas. Microwave assisted
reactors benefit from quicker heating and could result in improved tar yields reaching 84 wt% [18,19].
With similar biocarbon production reported at 35-36 wt%, fixed, fluidized and conical sprouted bed
reactors resulted in tar yields of 46.6, 50.0 and 58.2 wt% respectively and gas yields of 17.7, 14.6 and
5.9 wt%. Tar yields for fixed beds were reported to vary between 35 and 55 wt%, for rotary and screw
kilns, this is approximately 40 wt%, for fluidized beds it is higher than 50 wt% and the highest is conical
reactors at 60 wt% [20].

The product distribution is also affected by the initial feedstock. Indeed, it is reported that cellulose
content is related higher production of liquid (anhydrosugars) and lesser solid, hemicellulose to gas
and liquid (water, phenol, ketones) and lignin to biocarbon and liquid (phenol) [21]. The production of
volatile gases (condensable and non-condensable), and inversely the degradation of the solid, are
caused by a stronger breakdown of these macromolecules, so a harder to decompose lignin for
instance would result in less gas and more solid production [21,22]. This could explain why cellulose
and hemicellulose rich biomass species such as herbaceous plants tend to suffer severer mass loss than
lignin-rich woody biomass [23]. It is also possible that this diversity does not affect biocarbon

production but only the distribution of volatile gases [24].

Biocarbon production yield is higher in pyrolysis under N, compared to steam gasification [10]. To
better promote tar removal and biocarbon conversion, O, can be added. CO; can also contribute to tar
reduction and coke conversion [11]. Furthermore, CO, tends to develop bigger pores in biocarbon,

with diameters ranging from 2 to 50 um, while pores developed under steam range from 10 to 20 um.
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CO,-formed biocarbon is more reactive in pyrogasification and its volatilization is facilitated, leading to
reduced biocarbon yield and reduced C content. With steam, biocarbon surface was less damaged and

metal concentration in biocarbon tended to be higher with steam or steam-CO; [16,17].

While studying Alkaline and Alkaline-Earth Metals (AAEM) on biocarbon during gasification, it was
found that the catalytic properties of K and Ca were improved under steam rather than CO; since
during gasification, they migrated to the surface of the biocarbon while rearranging its structure and
this migration was facilitated by the impact of steam on the porous structure. Therefore, active sites
were rendered more accessible with reduced C content and K and Ca were more exposed to perform

catalysis [25].

Experimental conditions can determine the distribution of the products of pyrolysis and consequently
influence their properties. To produce a biocarbon-based catalyst, carbon should be little converted to
maintain a stable structure in which metals are dispersed. The biocarbon however also needs to
develop high specific area, porosity and accessible metals that may require volatilization and
consumption of this carbon. This can be achieved through the use of high temperatures, slow heating
rates and high residence times in fixed or fluidized bed reactors. These operating conditions minimize
biocarbon consumption while allowing time for volatiles to release to form pores and expose catalytic
metals. The choice of the feedstock to form the catalyst then depends on the application as inherent
metal content can determine the activity of the biocarbon catalyst. In the next section, the effect of

these metallic elements on thermochemical conversion and more precisely RWGS will be assessed.

3.1.2. The effect of inorganic elements in RGWS

The presence of inorganic elements on biomass can have a catalytic or inhibiting effect in
thermochemical conversion processes, such as pyrogasification and FTS. This includes direct and
reverse WGS, but also the pyrolysis process for the biocarbon catalyst production. The effect of these
inorganic elements is close for reactions involved in thermochemical conversion happening under
close operating conditions, such as temperature and reaction atmosphere which are the most
influencing parameters. In this section, the inorganic elements with a catalytic or inhibiting effect, as
well as their synergetic effect, in thermochemical conversion processes have been analyzed in detail,
with a special focus on RWGS. Commercial catalysts loaded with the metals identified as catalytically
active for direct and reverse WGS were reported and reviewed. The objective is to identify the metals

contained and doped on biocarbon catalysts and determine how they impact direct and reverse WGS.

3.1.2.1. Alkali metals

Alkaline oxides and salts were used for tar reduction by reforming above 600°C or low temperature
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hydrolysis (<170°C) [26,27]. Alkali promoters K, Na in combination with reducible (oxide) supports TiO;
and Ce0; assists in forming selectively CO in RWGS. These two, in addition to Rb and Cs, promote the

activity of RWGS catalysts by transferring electrons facilitating activation and reaction of CO, [7].

Lithium carbonate (Li.COs) has been shown to be effective for gasification and hydrogen production by
improving conversion of organic content from biomass (C, H, O) [28]. An increase in hydrogen

production from 14.5 vol% in syngas to 27.7 vol% in presence of LiCl was noticed [29].

Sodium ion (Na*) participated in catalytic pyrolysis by lowering bio-oil yields and increasing gas yields
with little variation to biocarbon yield [30]. Na,COs catalyzed gas production, including H, and increased
the gasification rate during pyrolysis and gasification. It also helped degrade the cellular structure often
obtained during pyrolysis. It contributed to reduce coke deposit [28,29,31]. The presence of NaCl was

reported to contribute to a slight increase in hydrogen production from 14.5 to 16.2 vol% in gas [29].

Potassium ion (K*) participated in catalytic pyrolysis by participating in reducing the energy barriers of
formation of small molecules such as formic acid [30]. K,COs; improved H; production, namely by
catalyzing WGS. Its addition also increased the pyrogasification rate up to 31.1 times its initial value
and the hydrogen production increased from 42.7 to 52.8 vol% while reducing coke deposition and tar
formation. It also helped degrade the cellular structure during pyrolysis [13,28,29,31]. K,Ca(COs)2
would be active for gasification [28]. An increase in hydrogen content in gas from 14.5 to 15.7 vol% or
30 to 55 vol% in presence of KCl was reported. It also influenced pyrogasification by reforming tar
(reduction in tar yield by 2/3™) and could shift the equilibrium of WGS by increasing CO, adsorption
but too much loading of KCl decreased CO, adsorption. The loading also results in a decrease of CO/H;

from 1.8 t0 0.7 [29,32,33].

Rubidium and Cesium carbonate (Rb,CO3 and Cs,COs) would be effective for gasification increasing
hydrogen production due to decreasing activation energy and electronegativity resulting in improved
electron transfer mechanisms [28]. Rb can promote catalysts of RWGS by modifying the electronic

structure and reducing energy barriers resulting in better conversion of CO, to CO [7].

3.1.2.2. Alkaline-earth metals

The presence of alkaline-earth oxides was reported to limit coke deposits that could hinder catalytic

activity [29].

Magnesium oxide (MgQ) was reported to promote syngas production by improving CO, adsorption,
allowing for further gases to be produced, and reduce tar by reducing temperatures for cracking

[32,34]. MgCOs was used for tar cracking where the adsorption of produced CO, was facilitated by the
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pore volume created by the metal resulting in a shift in equilibrium [34]. MgCl, improved H; production

by catalyzing WGS due to its electronic properties [28].

Calcium. In the case of the HyPr-RING (Hydrogen Production by Reaction Integrated Novel
Gasification), calcium carbonate and oxide (CaCOs and CaO) played a catalytic role in WGS. HyPr-RING
is a two-cycle reaction where hydrocarbons are degraded to H,, CO, steam (H;0) and CO,. Then these
calcium species perform WGS at 650°C, generating H, and CO; from CO and H,O while shifting
equilibrium towards products by extracting CO; by a cycle between different calcium species [26]. CaO
could have a catalytic role on cracking tar due to increased contact time allowing for further
conversion. It was also reported for syngas production due to its ability to absorb CO; and was shown
to double H; production when compared to non-catalytic processes. Others reported an increase in
gas production from 38 to 41.3 wt% and a hydrogen concentration in gas from 47 to 53 vol% with a
CaO loading from 10 to 40 wt%, attributed to catalyzing WGS [26,32,34,35]. CaCOs were used for tar
cracking and reduce coke deposition by providing oxygen for combustion. It could catalyze H;
production at high temperatures without sintering and while retaining its dispersion (750°C for oxide
formation and 1200°C for metal mobility) [29,34]. Additionally, hydroxyapatite (calcium-based)
supports have been studied in length in the RAPSODEE research center (theses of Thanh Son Phan and

Bruna Régo de Vasconcelos, [36,37]).

3.1.2.3. Transition metals

Iron, chromium, molybdenum and tungsten carbonyls (Fe(CO)s, Cr(CO)s, Mo(CO)s, W(CO)s) favored
reactions occurring in gaseous phases that consume H,. This was attributed to the formation of clusters
with strong electronic properties [28]. This is owed to the attraction of electrons towards O and the
proximity between metals in a cluster who during reaction disperse electrons then gather electrons

provided by reactive gases to form the product gases [38,39].

Manganese (Mn) formed nanoparticles that could contribute to H, production due to high dispersion.
Gas production of biomass pyrolysis was reported to increase from 14 to 19 wt% when Mn was ionically

introduced into biomass, and tar production decreased by 10 wt% [30].

Iron. At 350 to 500°C, iron-chromium oxide (Fe»0s-Cr,03) was used for WGS and Cr oxide could have a
catalytic effect during pyrolysis due to its ability to switch from oxidized to reduced states that enables
adsorption of CO and H,O and further increases gas production [26,40]. The catalytic activity for
hydrogen production when using dolomites as a catalyst could be associated to an increasing content
in Fe,0s. The difference in gas yield and hydrogen content in gas was 20% and 4 vol% respectively

between the dolomite with the highest Fe content and the lowest [29]. Fe formed nanoparticles that
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could increase H; production and contribute to methane reforming due to high dispersion [30,41,42].
Fe on hydroxyapatite support did not have much effect during steam, methane and CO; reforming but
this was attributed to a lack of prereduction and co-promotion with other metals as prereduction could
the formation of an active metallic phase, amplified by electron exchange with co-promoters, and
provide extra sites for gas adsorption by the support. Fe took part in tar elimination from pyrolysis of
eucalyptus wood by reducing its fraction by 8 wt% [28,30,37,43]. Fe-Co reduced tar fraction from 30
to nearly 0 wt% [43,44]. Introduction of Fe(NOs); during pyrogasification of cellulose doubled hydrogen
content (from 1 to 2 %vol) that was attributed to WGS production and a decrease by 50% in CH4
content was related to reforming [30,45]. Fe oxides promoted by Pt, Cu, Ag, Ba, K, Cr and supported
with Cr,03, Ce0,-Zr0O,;, MnO are common catalysts of industrial (>350°C) WGS and RWGS reactions
with magnetite (Fes04) being the active phase and at lower temperatures this is Cu-Zn/Al,Os. Fe
supported on y-Al,03 and promoted by K resulted in increased rates (1.5 times due to support and 3
times more with addition of K) of CO formation during RWGS at 500°C with at least 99% selectivity
[46,47]. FesC formed during RWGS could have catalytic properties due to the distribution of electrons

towards C that facilitates adsorption and reaction of CO; and H; on Fe sites [47-50].

Cobalt. Cobalt oxide (CoO) contributed to WGS catalysis due to presence of agglomerated particles
that allowed better adsorption of H,O [51,52]. Co forms nanoparticles that could contribute to H;
production and methane reforming thanks to high dispersion, reducibility and basicity that allows
improved CO; adsorption and coke removal [30,42,53]. The influence of Co on hydroxyapatite support,
on steam, CO,, methane reforming, and H, production was attributed to its high dispersion but also
requires promoters to lessen energy barriers. Co also facilitates dispersion of promoters such as Ni
[28,37,42,43,53]. Co, Ni-Co and Fe-Co also took part in tar elimination by providing highly dispersed
active sites [43]. Co® nanoparticles are active in RWGS and methanation but on different sites (oxidized
and metallic sites respectively) as particle size and dispersion affect the ability of the active sites to

adsorb and react with CO; and H, [7,54].

Nickel. The combination of Ni and Al oxides is effective to catalyze H; production. Without catalyst, H,
production by steam reforming of acetic acid was close to 0 but in presence of the catalyst this could
lead to 0.14 g H, per g of acetic acid (65 mol% H; in gas containing also CO and CO,). H; yield doubled
by pyrogasification of mixed biomass/plastic feedstock [55,56]. Ni formed nanoparticles that could
contribute to H, production through biomass gasification by increasing gasification rates at least 120-
fold (0.04 to 4.8 %/hour), and by reducing temperatures for complete carbon conversion by 100°C. The
activity of Ni° nanoparticles was associated to is ability to lessen energy required to cleave C-C and C-
H bonds and to adsorb O molecules. Well dispersed Ni° provided sufficient active sites to allow

adsorption of gasifying agents H,0, O, and CO, and reaction resulting in H,-rich and tar-free syngas.
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The facilitated electronic interactions also enable steam and methane reforming and WGS which can
be selectively induced by promoting elements such as tin (Ni-Sn). It also improved tar reforming by
decreasing its yield by 2-14 wt% [13,30,41,57,58]. H, quantities increased in presence of reduced Ni-Al
alloy at 750-800°C under inert atmosphere. This was attributed to lower binding energy of CO that
enabled increased activity for reforming due to high availability of active sites [26]. Ni on oxide and
hydroxyapatite supports took part in WGS, steam, CO, and methane reforming and globally catalyzed
H, production due to enabling H transfer reactions related to reduced energy barriers, improved
electron dispersion and reducibility. Ni was also mentioned for tar and coke reduction due to surface
basicity that resulted in better adsorption and reaction [13,26-29,37,42,43,53]. Ni(NOs), reduced tar
production by 7.5 wt%, increased biocarbon production by 2.5 wt%, and double H, production during
cellulose pyrogasification [30]. Ni,P(001) could catalyze WGS due to its structure that eases scission of
O bonds enabled by strong interactions between P and O [57]. The performance of Ni in RWGS could

be related to its surface energy resulting in better activity as it increases [7,59].

Copper. At 200 to 250°C, CuO-ZnO was used for WGS due to its reducibility that enables adsorption
and reaction of CO and H,O [26]. Reduced CuO contributed to WGS catalysis due to strong binding of
O and CO that in turn maximize CO, and H, production. With reduced ceria (Ce), this results in oxygen
vacancies with improved H,O dissociation capabilities. With the right conditions such as pre-reduction
and optimized Cu-Ce distribution, conversion can rise from 25 to 80% (equilibrium value) [60,61]. Cu®
nanoparticles could contribute to H, production by increasing gas yields from biomass pyrolysis by 4
wt% and decreasing tar yields by 9 wt%. Cu® was suggested for WGS catalysis because of high
dispersion and little permanent binding of molecules involved in the reaction due to lower electronic
interactions than Ni, despite the impact on H; production rate being low. With a reducible support, the
activity of Cu® can increase due to electron transfers and better adsorption and activation of CO and
H,0 [30,57,62]. Cu on hydroxyapatite support was not reported to be active for steam reforming,
methane reforming, and H, production catalysis despite being highly dispersed as small particles
(<200nm) [37]. Cu promoted by K,0 and supported SiO, converted CO; increasingly from 1.8% to 12.8%
with a rise from 500°C to 600°C and K loading from 0 to 1.9 wt% [46,63]. Cu could reach conversions
close to equilibrium (80%) in RWGS due to high surface energy and low CO, and H; adsorption energies.

Its reactivity is also related to its facility in switching from an oxidized state to a reduced state [7,64].

Molybdenum. Mo could promote catalytic metals in RWGS by improving their activity, selectivity and

dispersion and the transfer of electrons [7,65,66].

Ruthenium. Well dispersed ruthenium nanoparticles (Ru®) took part in methane reforming with

conversion of CHs and CO; nearing 95% [42,67]. Ru was mentioned for tar reduction but showed poorer
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yields than Pt, Pd and Ni (6% more) [26,68]. Ru® were effective for RWGS especially when supported
on CeO;ssince it helps drive CO selectivity towards 97% at 230°C but CO; conversion was adjusted to

be less than 5% (equilibrium is 14%) [7,69].

Rhodium. The CH, and CO, reaction rates for methane reforming were double for rhodium (Rh) than

Ru and CO; was slightly more consumed resulting in a slight favoring of RWGS [4,70,71].

Palladium. Palladium (Pd) was mentioned for tar reduction with yields as low as 2 wt% [26,68]. The

performance of Pd in RWGS, as with Ni, could also be related to its surface energy [7,47,72].

Silver. Silver could promote a conversion of 10% at 700°C in RWGS that could be hindered by low
surface energy. A 10% conversion could also be attained at 800°C in the absence of catalysts so there

is a slight catalytic effect and promotion could be necessary to better its electronic properties [7].

Platinum. Well dispersed platinum (Pt°) nanoparticles took part in methane reforming with CH,4
conversion reaching 75% at 800°C [42,73]. Pt was mentioned for tar reduction reaching 50% C
conversion at 800°C [26,74]. Pt supported by CeO, could reach near equilibrium CO, conversion (45%)
at 450°C in RWGS while maintaining CO selectivity above 98% [7,75].

Gold. Gold (Au) supported on Al,0sand TiO, were highly catalytic of WGS and RWGS. Its conversion in
RWGS varied between 0% at 250°C and 40% at 450°C (nearly equilibrium) depending on the support

(Ti>Al) and gas flow rate (decreased conversion) [7,76].

3.1.2.4. Lanthanides

Cerium. Cerium (Ce) formed nanoparticles that could contribute to H, production by facilitating
adsorption and activation of O and other electronegative molecules due to its strong electronic

properties, but it is not too active and is generally used as a support [30,77].

3.1.2.5. Post-transition metals

Aluminum. At 350 to 500°C, Fe,03-Al,0; was used for WGS. Al is generally used as a support as its
reduced state allows for improved O molecule uptake which is beneficial for WGS (CO, H,0) and RWGS
(CO,) [26]. The combination of Ni and Al oxides was effective to catalyze H, production, doubling H,

yield from pyrogasification of mixed biomass/plastic feedstock [55,56].

Zinc. Zn and Zn on hydroxyapatite support do not seem to have a stand-alone effect on reforming
reactions, but when co-catalyzed with Cu for example, (methanol) conversion can reach 97-100%
[30,37,78]. ZnCl; improved H; production by catalyzing WGS and it increased H; yield by approximately
20% [28,29,31,79]. ZnO contributed to the activity of Cu in RWGS due to electron transfer and

adsorption and reaction of H; to facilitate formation of intermediate species forming ultimately CO [7].
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3.1.2.6. Metalloids and nonmetals

Carbon. Carbon (C) can be in many forms in pyrogasification, from the carbon matrix of biocarbon to
the formation of inhibiting species such as coke and tar. Coke inhibited catalysts by creating deposits
on their surface, thereby reducing the number of active sites that are accessible to gasifying agents
[29]. To counteract coke production, a light flow of air or O, can be introduced, which will combust it
as it is formed [27]. Furthermore, combustion heat generated by consuming coke feeds endothermic
reactions. Tar deposit may corrode and deactivate catalysts [13]. The increase in air to biomass ratio,
temperature and the reduction in steam quantities limits the formation of tar. Reforming of tar is
favored by the high temperature and the presence of catalysts. However, the presence of CO could

also restrict the decomposition of tar [29].

Silicon and phosphorus. Si and P both have a similar effect. By comparing reactivities of different
biomass, it was shown that species with the least silicon and phosphorus were more reactive [80].
They deactivate K by forming silicates and phosphates. In addition, these silicates and phosphates
would be formed in pores, encapsulating them, reducing accessibility to active sites and thereafter
reducing catalytic activity [43]. Despite this, Ni,P(001) could catalyze WGS due to maintaining access

to the catalytic site and P reinforced the electronic properties of Ni [57].

Sulfur. Sulfur (S) and hydrogen sulfide (H,S) poison catalysts by forming stable species such as sulfides
and sulfates. They chemisorb on active sites and sometimes block pores. This limits the regeneration
of catalysts in addition to reducing the catalytic effect of the active sites. At the cost of H,, it is possible
to maintain sulfur as H,S. Like with coke, O, could maintain sulfur in form of sulfur dioxide (SO>) [81].

Sulfur species are known to be corrosive [82]. Steam could also have the same effect as H, and O, [43].

Chlorine. Chlorine (Cl) and hydrochloric acid (HCI) are often associated to the corrosion of equipment
and catalysts. They are also related to the volatilization of metals, namely alkaline and alkaline earth-
metals, and therefore the vaporization of catalytic species [13,82]. However, some salts containing Cl
are reported to have a catalytic effect. An increase in hydrogen production in presence of KCl, LiCl,
NaCl and ZnCl; was noted. The reactivity increased least with KCl and most with ZnCl, [29]. The role
KCI played during pyrolysis by reforming tar, and in WGS, was mentioned [32,33]. MgCl, improved H,
production by catalyzing WGS [28]. ZnCl, was suggested as a catalyst for H, production because it

increased H; yield by approximately 20%. It also catalyzed WGS [28,31,79].

3.1.2.7. Synergies between inorganic elements

Synergy is the interaction between two metals that leads to benefic catalytic effects. This can be caused

by one metal absorbing CO,, another H,, and the facilitation of the reaction between these molecules
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thanks to the closer proximity of active sites (less than 1 nm). This can also be related to the prevention
of the deactivation of one metal by sintering thanks to the presence of another metal, or a stronger

uptake of the reactive species [7,83,84].

Fe does not show a strong catalytic activity on its own and is generally promoted by AAEM namely K,
Mg and Na or co-catalysts such as Ni, Cu and Co, more active species [46,49,85,86]. Fe allows strong
CO; adsorption through strong electron exchange and O vacancies that accept CO; electrons (Lewis
base). Fe and Ni can be supported by Al,0s, SiO,, CrO,. These supports and the promoters prevent
sintering, coking and other deactivation phenomena, through transformation of the active phase,
while improving reactant adsorption thanks to O vacancies. These promoters and supports can also
adjust selectivity towards a specific product, CO for RWGS, by weak adsorption and fast removal
because of limited electron availability [4,7,46,47,66,87]. Ni favors CO and CH, formation so promotion
and support can be necessary for its selectivity [4,59,77,88]. Fast CO desorption with low H, adsorption
could also unlock access to active sites for CO,, increasing catalytic performance. Promoters can help
reducing the energy necessary for adsorption and desorption in addition to providing further
adsorption sites [4,7,47,66]. Biocarbon can act as a potent support allowing strong metal-surface
interaction and increased O vacancies related to the bond between metal and carbon that furthers
electron transfer, and the reduction of O functional groups respectively [89,90]. The dispersion of the
metal active sites and the adsorption of gases are also affected because of this bond and are linked to
the porous structure of biocarbon (site availability) and heterogenous surface sites (different electron
density) [91,92]. The aforementioned effect of the inorganic elements during pyrogasification

reactions and their synergy was summarized (Table 3.1).
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Table 3.1. Inorganic species and their role (inhibition or catalysis) in pyrogasification and RWGS

AAEM
. Alkaline- Transition, post-transition and lanthanide Metalloid/Nonmetal
Alkaline
earth
. . C (coke
LIzCOg/ LiCl and tar)
27287 Cl/HCl/
Na*/ MgO/ Nzi_A3| Silicate/  H,S/ Licl/
Na,COs/ M io/ oxide/ phosphate sulfide/ NaCl/
Nacl/ | Ny | NP/ sulfate/ - KClf
Na pr. gl Si02sup. SO,  MgCly/
Al,O3
T ch|2
sup.
FEZO3-
Cr,0s/
F6203- . CuO-
Fe203— Ni-Al
Cr,03/ Al205/ CO?/ oxide/ Zno/ zn°/
., Fe(CO)s/ Co°/ o Cuo/
Cr(CO)e¢/ Mn°/ Ni°/ N Zn/
K*/K,CO3/| CaCOs/ ) ) (o) Co/ . Cu°/
TiO, Croxide Mn2t/ . Ni-Al/ ZnCly/
K>Ca(COs),| CaO/Ca?t/ ;“ /Cror/ MnO Fe,03/ Ni-Co/ Ni-Sn/Ni/ Cu/ Cu-zn/
JKCI/K pr. | KCa(COs), | 248 /ALBL N2 oerres Fe-Cof Cu pr.
Cr0;  sup. Ni-Co/ Zn0
sup. Fe-Co/ Lo Ni(NOs),/ /e su
up. Fe(NOs)s/ oxide Ni P/T\l? Cu up.
Fe/ 2 oxide
Fe oxide/
FesC
Rb,COs/ 200;: Mo(CO) Ru°/Ru/ Ag pr
le) |:_)r3 CeQ, /Mo |:_)r6 Ru® Rh Pd/Pd /A . Ni-Sn
' sup. ' - 8
Ce®/
ZrO,-
Cs,COs/ Ce0, Pt°/Pt/Pt
Cs br. Bapr. | = WI(CO)s or. Pt Au
CeO,
sup.
Legend Reforming catalyst Pyrolysis catalyst Generally inhibiting
sup.: support WGS/RWGS! catalyst H, production catalyst Inhibiting/little effect
pr. promoter Pyrolysis and production of H, (WGS, reforming or production of H, not detailed)

1: Underlined = RWGS
3.2. Materials and methods

3.2.1. Preparation and utilization of the biocarbon catalysts
3.2.1.1. Production of biocarbon catalysts

Fern and willow were selected as raw bioresources because of their ability to cumulate heavy metals
from soil in phytoremediation, and for their availability. Willow was harvested in the South of France
in 2015. Fern corresponds to shrublands mainly composed of fern harvested in Brittany (France) in

20109.
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To mimic heavy metal content in phytoremediation and to obtain a biocarbon catalyst with a
controlled metal content, both biomass and resulting biocarbon were impregnated. A 98 wt% pure Ni
nitrate (Ni(NOs),-6 H,0) and Fe nitrate (Fe(NOs)s:9 H,0) solutions containing traces of other metal
elements including Co, Cu, Zn and Si, were used for this aim. For biocarbon catalysts preparation,
biomass was pyrolyzed under 1 L/min nitrogen (N) from 25°C to 800°C, at 2°C/min, followed by an
isothermal step at 800°C for an hour. Gibbs free energy minimization via FactSage software was used
to simulate metal partitioning during biomass pyrolysis and select the optimal pyrolysis temperature
(500 to 1000°C, every 50°C). Fe partitioning was shown to be dependent on pyrolysis temperature:
under 750°C FeO was formed, at 800°C metallic Fe was formed and above this temperature Fe;C was
the main species formed. In the case of Ni, the main species was metallic Ni but a slight volatilization
(< 1 wt%) of the content was noted above 850°C. 800°C was therefore selected as biomass pyrolysis

temperature to avoid volatilization or transformation of catalytic metal species.

In a second step, impregnation was carried out to reach a metal load of 30 mg per g of biocarbon.
Wetness impregnation (WI) was applied to biomass: 20 g of biomass was submerged in different 1 L
aqueous solutions containing Fe or Ni nitrates, stirred for 3 days and then dried for 1 day at 60°C [6].
WI based on insipient WI (IWI) was applied to biocarbon: wettable volume and amount of nitrate to
attain a fixed percentage of metal in biocarbon helped determine a concentration of nitrate to
thereafter be replicated in 100 mL of water for 2 g of biocarbon [3]. The solutions were stirred for
varying amounts and time and then dried for 1 day at 60-105°C (Table 3.2). Unimpregnated fern
biocarbon (RF) and willow biocarbon (RW) were prepared in the same conditions of pyrolysis for

comparison.
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Table 3.2. Biocarbon catalysts, names, impregnation conditions and metal content in biocarbon

Impregnation conditions Metal
. Lo BC: biocarbon; BM: biomass content
Biocarbon catalyst Abbreviation . )
Raw Impregnation Impregnated (wt% in
material method metal BC)

Fern biocarbon .
Before pyrolysis

impregnated Wlt|:1 [ FNi-B Fern (W1 of BM) Ni 3.96
before pyrolysis
Fern biocarbon After pvrolvsis

impregnated with Ni FNi-A Fern pyroly Ni 1.43

. (WI of BC)
after pyrolysis

Fern biocarbon
impregnated with Fe FFe-B Fern Before pyrolysis Fe 13.17
before pyrolysis
Fern biocarbon
impregnated with Fe FFe-A Fern After pyrolysis Fe 0.51
after pyrolysis
Fern biocarbon
impregnated with Fe & FNiFe Fern Before pyrolysis
Ni before pyrolysis
Willow biocarbon
impregnated with Ni WNi-B Willow  Before pyrolysis Ni 241
before pyrolysis
Willow biocarbon
impregnated with Ni WNi-A Willow After pyrolysis Ni 1.81
after pyrolysis
Willow biocarbon
impregnated with Fe WFe-B Willow  Before pyrolysis Fe 4.64
before pyrolysis
Willow biocarbon
impregnated with Fe WFe-A Willow After pyrolysis Fe 0.23
after pyrolysis

Fe 10.30
Ni 8.08

3.2.1.2. Utilization of biocarbon catalysts in RWGS

Biocarbon catalysts were then tested for RWGS reaction in a fixed bed reactor (Top Industries (France),
8 mm diameter, 25 cm long, Fig. 3.1). The reactor was filled with the catalyst and an inert bed of
alumina (8-Al,03, [93]), which steadied the catalysts position in the isothermal area of the reactor [2,3].
Moisture was removed before reaction by flowing Ar at 120°C for 1h and samples were then pre-
reduced under 60/40 vol% H,/Ar at 500°C for 2h. RWGS was carried out at 400°C, for at least 3 bar
during a maximum of 72h. Some variation in pressure (3 bar increase) was observed between
repetitions but the results were little affected (low deviation). Gas flows used were 60 mL/min of H,,
20 mL/min of CO,, and 150 mL/min of Ar. All gases were preheated at 120°C before being introduced
in the reactor. Dried permanent gases (CO, CO,, H,, CH4) were analyzed by online u-GC/TCD (Agilent

990) connected after the reactor [4].
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Fig. 3.1. Set-up for the Reverse Water-Gas Shift (RGWS) experiments
To compare experimental results, equilibrium of RWGS was calculated only considering the species
involved in the reaction at the conditions of the reaction. These conditions were 400°C and initially 20
mL/min CO, and 60 mL/min H,. Equilibrium values were determined using the expression of
equilibrium constant according to concentrations of reactive and produced gases at equilibrium, and
reported values for the WGS equilibrium constant (Eq.3.2, Keqwes = 11.74) [94].

_ [COJeq[H20]eq _ 1

K = =
eq.RWGS [Coz]eq[HZ]eq Keqweas

Eq.3.2

Following these calculations, the flow rates at equilibrium of the reactive and produced gases are 52.94
mL/min of H,, 12.94 mL/min of CO,, 7.06 mL/min of CO and 7.06 mL/min of H,0. Ar flow rate remains

unchanged. This results in a conversion rate of CO, to CO of 35% at equilibrium.

Biocarbon catalysts were characterized in terms of organic elements content (CHNS analysis, Flash
2000), inorganic elements content (ICP-AES, Ultima 2) and their dispersion on the carbonaceous matrix
(SEM, Thermo Fischer Quattro S; HRTEM, JEOL JEM-ARM200F), thermal stability (TGA-DSC, Labsys Evo
1600), surface area (BET, N, Tristar Il 3020), textural properties and surface chemical groups (TPD,
TPR, TPO, Micromeritics Autochem 2920; XRD, PANalytical X’PERT PRO MDP). The changes in the

structure of the biocarbon catalyst were analyzed before and after the chemical reaction.
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3.2.2. Performance of the biocarbon catalysts

The performance of the biocarbon catalysts was evaluated by the mean of selectivity and conversion
rate. Selectivity (S) allows to compare produced molecules and identify, in this case, if CO, forms
preferentially CO or CHs. Therefore, selectivity was defined as the ratio of the molar or volumetric flow
(V) of the target carbon gases produced compared to the sum of all carbon gases produced through

the reaction (Eq.3.3 and 4).

_ VCO
Sco = jip— Eq.3.3
SCH4, =1- SCO Eq34

Conversion rate of the limiting gas CO, represents consumption of this gas to form products. A higher
conversion represents a higher activity from the biocarbon catalyst. Conversion (X) was therefore
defined as the ratio between the consumed amount of CO,, calculated by the difference of inlet and

outlet flowrate, divided by the inlet flow rate of the respective gas (Eq.3.5).

Viniet,co,~ Voutlet,co
XCOZ _ Vinlet,c0y~ Voutlet,coy Eq.3.5

Viniet,co,

3.3. Experimental results

In this section, the results obtained for the catalysts in RWGS are presented and discussed.

3.3.1. Performance of the biocarbon catalysts for RWGS

The performance of the catalysts was evaluated through CO selectivity and CO; conversion comparing
type of bioresource (fern (Fig. 3.2) and willow (Fig. 3.3)), type of impregnation (before and after
pyrolysis), and type of metal impregnated (Fe and Ni). The results are summarized in terms of the
concentration of the reactive (H, and CO,) and the product gases (CO and CH,), the selectivity towards
CO and CHs and the CO, conversion. This allows the comparison of the catalytic activity between

biocarbon catalysts, reference catalysts and equilibrium conditions (Table 3.3).
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Fig. 3.3. Selectivity in CO (top) and conversion of CO, (bottom) of willow biocarbon catalysts tested in RWGS at 400°C
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Table 3.3. Summary of averaged concentrations, selectivity and conversion for the trialed catalysts

Concentration of gases Conversion Selectivity
(vol%) (%)
H» CO; CO CHs Xco, (%) Sco ScHa
Biocarbon and reference Initial composition 26.1 8.7 - - - - -
catalysts RWGS equilibrium 230 56 3.1 - 35.0 100 0
Impregnation Concentration of gases Conversion Selectivity
Sample Biomass Metal before/after pyrolysis (vol%) (%)
H> CO, CO CHs Xco, (%) Sco ScHa
RF fern - - 21.9 7.4 0.1 <0.0 10.0 100 0
FNi-B fern Ni before 21.8 7.4 0.2 <0.0 8.5 97.8 2.2
FNi-A fern Ni after 21.2 6.7 0.8 0.1 15.5 88.3 11.7
FFe-B fern Fe before 21.1 6.8 09 <0.0 16.1 98.0 2.0
FFe-A fern Fe after 21.8 75 01 <0.0 5.0 100 0
FNiFe fern Fe,Ni before 21.1 6.9 0.6 <0.0 14.3 96.7 3.3
RW willow - - 21.9 7.4 0.1 <0.0 9.1 100 0
WNi-B willow Ni before 21.7 7.5 0.1 <0.0 8.0 99.4 0.6
WNi-A willow Ni after 21.8 7.5 0.2 <0.0 8.8 97.4 2.6
WFe-B willow Fe before 21.8 72 02 <00 9.2 98.2 1.8
WFe-A willow Fe after 21.9 75 01 <00 5.7 100 0
FNi-A no red fern Ni after 21.0 6.7 0.9 0.1 17.2 94.4 5.6
FFe-B long fern Fe before 21.0 6.7 0.9 <0.0 17.1 97.5 2.5
Rust - Fe - 18.9 5.5 1.8 0.4 29.6 81.0 19.0
Fe doped Fe - 215 73 03 <00 7.6 100 0
alumina

Values for CO (and other gases) concentration are in a comparable range to equilibrium concentration
(3.1 vol%, Table 3.3). The values may appear as low, due to the Ar dilution, but remain above uGC
detection limit (0.001 vol%). The most active biocarbon catalysts were tested twice, the maximum

relative standard deviation obtained was 5.5%.

The catalysts present a high selectivity towards CO, which is reflected by the low CH,4 production. This
is especially relevant compared to the rust (88-100% versus 81%), which is usually taken as a reference.
It should be noted that selectivity towards CO is high (>80%) for all catalysts and in these operating
conditions despite the fact that CH4 is formed thermodynamically [4,95,96]. Reported commercial
catalysts can reach selectivity close to 100% but the promoting effect of other metals, such as K, is
necessary [46,47]. Some biocarbon catalysts shown conversion rates lower than that of Fe-doped
alumina, while others are more performant (at most 17.2% compared to 7.6%). Their performance is
however inferior to rust (29.6%) or other reported catalysts (near equilibrium, in this case 35%) [971].
On another hand, the performance of the biocarbon catalysts was stable as no loss in conversion was
observed during the 288h on stream, whereas commercial catalysts are deactivated by sintering and

C fouling before 120h [7,46,47].

3.3.1.1. Type of bioresource

The type of bioresource proved to have an effect on RWGS, as fern catalysts showed a higher CO,

conversion at the cost of CO selectivity (Table 3.3, Fig. 3.2 and 3). This behavior may be explained by
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the higher inherent content of metals in fern, obtained through ICP-AES analysis (Table 4). According
to the elemental composition for unimpregnated biocarbon, total inorganic content and composition
are coherent with reported fern and willow. Slight differences observed could be due to the origin of
the biomass (soil, species, age, ...) [98—103]. Impregnated biocarbon content is higher than that
reported for phytoremediation and hyperaccumulation plants to clearly show the effect of Ni and Fe
as catalysts in RWGS [104-110]. Nevertheless, it can be noted that AAEM were leached due to
impregnation but Ni or Fe content increased and could be comparable to thresholds for
hyperaccumulation (3000 pg/g biocarbon, [110]). The content of some heavy metals such as Zn could
increase with impregnation due to their introduction in the impregnation medium as impurities of the

Fe and Ni nitrates.

3.3.1.2. Inorganic elements

The results showed that fern-based biocarbon catalysts converts better the reactive gases of RWGS
(Table 3.3). This difference in performance compared to the willow biocarbon could be firstly explained
by inorganic elements (Table 3.4). AAEM in fern biocarbon could facilitate reducibility and stability of
active metals by lowering energy barriers and preventing their transformation and sintering. The
synergy of these metals could limit the uptake of H;, therefore preventing hydrogenation of CO, in
addition to allotting more sites for an increased CO production [111-114]. They can also result in higher
CO; reactivity and better activation from fern biocarbon catalysts. This could be explained by a better

electronic transfer and an increase in reactive sites.

Table 3.4. Inorganic composition (ug/qg biocarbon) of willow and fern biocarbon catalysts before RWGS

RF FNi-B  FNi-A FFe-B FFe-A FNiFe RW WNi-B  WNi-A WFe-B WFe-A
Na 3822 <1 <1 1218 <1 904 245 <1 <1 <1 <1
K 19192 5134 4565 3976 6588 3619 6660 2003 1860 1395 1859
2759 904 380 887 720 1055 1968 745 1455 562 1049
9321 4446 7818 3436 8110 4708 23393 7349 7117 1059 6862

Mn 68 <1 <1 73 <1 186 172 <1 <1 74 <1
Fe 263 <1 <1 131669 5098 103030 279 <1 <1 46409 2276
Co 245 <1 31 311 <1 750 186 <1 <1 51 <1
Ni 1 39580 14282 49 <1 80800 16 24075 18147 45 <1
Cu <1 <1 <1 <1 <1 1 <1 <1 <1 82 <1
Al 172 742 <1 2877 43 1448 81 456 489 127 3481
Zn 19 927 <1 21 <1 311 67 846 819 <1 822
Cd <1 <1 <1 <1 <1 1 <1 <1 <1 21 <1
Si | 17450 14040 20870 44151 31987 45653 1058 401 1327 <1 2197
P 2257 1500 1207 3989 1203 4473 3607 <1 2489 <1 300

The multitude of metals inherent to fern biocarbon (RF) was also observable by HRTEM (Fig. 3.4). Some
elements such as Mg, K and Cl are highly dispersed on the carbon surface, others such as Ca and Si are

more agglomerated with a particle size reaching 27 nm. Similarly, dispersed O, which indicates O
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groups related to the carbon surface or O containing metal speciation, seems denser in areas were Si
and Ca are located. These results agree with XRD characterizations (Fig. 3.5), which show that Si is in
an oxidized state. However, these metals seem covered by a carbon layer without a structured

morphology, meaning that the active sites might not be accessible for RWGS activity.

BF(frame1) 50 nm CK

C——————50 nm oK

——————5 nm - o Cl K 5 n KK

C—————50 nm Ca K

Fig. 3.4. HRTEM images of unimpregnated fern biocarbon (RF) before its use in RWGS
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Fig. 3.5. XRD diffractogram of unimpregnated fern biocarbon (RF) not spent and spent by RWGS (and Al,0O3)

The high activity of the fern biocarbon impregnated with Ni after pyrolysis (FNi-A) could be linked to
dispersion of Ni. Varying sizes of particles were observed, reaching hundreds of nanometers. They
could possibly be in an oxidized state before reaction that once reduced results in O deprived sites that
could facilitate the capture of O from CO, (Fig. 3.6). As Ni was deposited on the surface of the
biocarbon, it is possible that they were easily accessible, which may explain the enhanced activity of

this catalyst.

C—————— 1.0 ym BF(frame1)

=

BF(frame1)  — 106 m'

Fig. 3.6. HRTEM images of fern biocarbon impregnated with Ni after pyrolysis (FNi-A) before its use in RWGS

This variety in particle size also stands out with fern biocarbon impregnated with Fe before pyrolysis

(FFe-B), as big as 56 nm, and in a possible oxidized state (Fig. 3.7). The addition of Fe could however
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create an ordered state of carbon (graphitization) and an external shell composed of Fe and C
surrounding an Fe dense structure [115,116]. This could induce an increase in specific surface area,

and improve electric and thermal conductivities [117].

C—————20 nm BF(frame1)
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Fig. 3.7. HRTEM images of fern biocarbon impregnated with Fe before pyrolysis (FFe-B) before its use in RWGS
3.3.1.3. Surface properties and functional groups

The type (acid, basic, reduction sites) and force (value of maximal temperature) of surface chemical
functions were measured through temperature programmed desorption (TPD, NHs), oxidation (TPO,

C0;) and reduction (TPR, H,, Table 3.5). The total amount of adsorbed probe gases, corresponding to
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the sum of the area of peaks from TPX (X = D, O, R), and the specific surface area, obtained via BET

measurements under N, were indicated (Table 3.5).

The values for the total quantity of adsorbed NHs, CO,, H; and the specific surface area were found to
be inferior for fern-based biocarbon catalysts than for willow-based. This contrasts to the higher metal
content of fern biocarbon catalysts. Therefore, fern-based biocarbon should possess a higher and
stronger surface basicity in relation to this higher metal content. This would enable more CO,
adsorption and higher desorption temperature. Given the adsorptive nature of the unimpregnated
biocarbon, surface functional groups could be responsible for a higher and stronger uptake of gases
compared to the metals [118-120]. This could explain why willow-based biocarbon having better gas
adsorptive properties does not result in better RWGS performance as it lacks the synergetic effect
provided by other metals (Table 3.4). Lower specific surface area could be due to lower volatile matter
content resulting in less porosity formed during pyrolysis, which is coherent with the literature results
for herbaceous biomass such as fern [100,121]. Impregnation seems to impact little the chemical
adsorption. This could be explained by the impregnation of metals Fe or Ni on the biomass or biocarbon
compensated by AAEM leached by the impregnating medium. Additionally, a decrease in adsorption
is possible if the impregnating metals block porosity and should result in an equal loss of specific
surface area. In this case, the specific surface area increases with impregnation. In the case of
impregnation before pyrolysis, this increase could be related to the development of pores during
catalyzed pyrolysis or due to opening of enclosed pores during impregnation after pyrolysis [122,123].
In certain cases, it is possible that the presence of Fe in the initial biomass favors the graphitization of
carbon, as it was evidenced by HRTEM (Fig. 3.7). This creates porosity, which could explain the high
specific surface for these catalysts. According to the results, the specific surface area seems
decorrelated from the gas adsorption. There is a slight effect of pore blocking or opening that could
affect specific surface area but does not impact the availability of the functional groups. This could be
again related to the biocarbon functional groups being responsible for the gas adsorption and
therefore a modification in surface area barely modifies the gas adsorption because of the
omnipresence of the functional groups. This however affects the activity of the catalysts as a severe
loss in surface area (a collapse of porosity) induces a loss in availability of active sites and in turn results

in (Fe) doped biocarbon catalysts even lesser active than undoped ones (Table 3.3).
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Table 3.5. Chemical surface groups versus specific surface area of the biocarbon catalysts, before RWGS

RF 0.779 913 12.003 915 2.545 993 8.8
FNi-B 1.480 912 16.207 920 2.921 986 151.6
FNi-A 0.847 945 11.956 923 1.673 989 100.0
FFe-B 0.553 951 8.258 905 0.158 981 309.6
FFe-A 0.840 951 10.918 956 2.617 981 27.4
FNiFe 1.088 923 15.980 924 0.994 1000 367.9

RW 1.460 889 23.288 907 1.501 999 42.4
WNi-B 1.968 949 25.458 914 0.282 988 419.1
WNi-A 1.548 930 26.260 915 2.922 986 336.4
WFe-B 1.249 960 27.773 935 2.108 985 384.2

WFe-A 1.255 940 14.810 960 1.393 982 9.2

In the case of willow biocarbon catalysts, the catalytic activity seems independent to the impregnation
method (before or after pyrolysis) or the metal (Fe or Ni, Fig. 3.2). Stronger differences could be
observed for fern biocarbon catalysts (Fig. 3.3) and the best results were obtained for fern biocarbon
impregnated with Fe before pyrolysis (FFe-B), impregnated with Ni after pyrolysis (FNi-A) and
impregnated with Fe and Ni before pyrolysis (FNiFe). This could be related to the high dispersion of
highly active sites of small particle size in combination with inherent metals (ex. K) and O vacancies
that could be observed by HRTEM (Fig. 3.4 and 6). They enhance reactivity and facilitate adsorption
and transformation of CO, and H, [124-126].

The nature of the O surface functional groups of biocarbon catalysts can be evidenced by TPD coupled
with uGC. An inert gas (He) is used to transport gases produced and desorbed by the biocarbon. This
analysis provides insights on the type of functional group knowing the desorbed gases released (CO or
CO, here) by the surface of the adsorbent and the temperature at which they desorbed
[43,119,127,128]. Deconvoluting the peaks detected in uGC can inform about the type of site. By
correlating the temperature of desorption and the desorbed gas with data from literature, it is possible
to identify and quantify the functional group (Table 3.6). Once reduced, these O functional groups

create O vacancies which are involved electron transfer in RWGS.
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Table 3.6. Desorption temperatures and gases associated to functional groups from literature [43,119,127-129]

Temperature ranges (°C)

face f ional
Surface functional group low High

Desorbed gases

[ ]
[ 100 ; 400 ] CO,+CO
[ 200 ; 300 ] CO;
Carboxyl [ 300 ; 430 ] o,
[ 400 ; 550 ] CO,+CO
[ 190 ; 650 ] CO;
Lactone [ 600 ; 750 ] CO,
[ 570 ; 900 ] CO;
Peroxide [ 450 ; 580 ] CO,
627 CO,+CO
. [ 350 ; 450 ] CcOo
Anhydride [ 540 ; 640 | co
[ 350 ; 627 ] C0,+CO
Hydroxyl [ 570 ; 670 ] Cco
[ 580 ; 710 ] CcO
Ph |
eno [ 690 : 800 | co
700 ] CcO
Eth
ther [ 794 ; 910 | co
. [ 800 ; 900 ] CcO
|
Carbonyl + Quinone [ 700 ; 980 ] o
Quinone [ 830 ; 950 ] Cco
Pyrone [ 920 ; 1023 ] Cco

In the case of fern biocarbon impregnated with Fe and Ni before pyrolysis (FNiFe), only CO; was
released (Fig. 3.8). By deconvoluting the CO, production of this catalyst before its use in RWGS (Fig.
3.8, left), the 4 Gauss curbs were attributed to carboxylic and lactone functions of increasing strengths
(higher peak temperatures). While carboxylic groups are amphoteric, lactone groups are strictly basic.
This contradicts the fact that biocarbon adsorbed more CO, than NH3 without reduction (Table 3.5), as
CO, is also basic. When reduced, these functional groups were deprived of O and will attract O
containing species such as CO,. Since here the RWGS reaction involved a step of pre-reduction and
exposure to H,, the lack of O surface functions after reaction was expected as no CO was produced
and very little CO, (Fig. 3.8, right). The presence of these groups and that of inherent metals in the
biomass allows a better activation and adsorption of the reactants due to stronger electronic
properties. This also facilitates the desorption of the products and a better H spillover, which helps in

separating H, and CO; in order to form H,0 and CO [125,130,131].
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Fig. 3.8. CO; desorbed while increasing temperature of FNiFe before RWGS (left) and after RWGS (right)

The presence of iron carbides (FesC) was detected for FFe-B by XRD, and could be related to the
biocarbon graphitization (Fig. 3.7). FesC contributes as well to improved H; and CO; activation and
dissociation due to the difference in electronegativity, in relation to the developed thermal and electric
conductivities, facilitating the acceptance of electrons by Fe (Fig. 3.9) [48,49,95]. The alumina mixed
with the biocarbon catalyst is also functionalized by reaction with the K naturally present in fern (Fig.
3.9 and 10). By attrition, fern-based biocarbon loses K on its surface, diminishing the potential
additional CO, adsorption and reaction related to its synergy with Fe active sites [128]. It should also
be noted the difficulty to reduce this alumina as it conserves an oxidized state and should therefore

contribute little to the RWGS reaction that involves a change of state [97].
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Fig. 3.9. XRD diffractogram of FFe-B not spent and spent by RWGS (and Al;03)
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Fig. 3.10. HRTEM images of alumina after RWGS with RF, loss of metals on alumina

3.3.2. Comparison with other catalysts

Rust (Fe,03) and Fe doped alumina (Fe-Al,Os) were tested under the same conditions as the biocarbon
catalysts for comparison (Table 3.3, Fig. 3.11). Furthermore, the effect of the duration of the
experiment was investigated by testing the fern catalyst impregnated with Fe before pyrolysis (FFe-B
long) during 288 hours (Fig. 3.11, time divided by 6). Finally, the effect of the reduction was assessed
through the use of the fern catalyst impregnated with Ni after pyrolysis (FNi-A no red) without

reduction before reaction.

100 —
< 9 | -
m8 80 | R - N

70 ’ L L ! | — -+ = Rust
0 12 24 36 48 60 Fe doped alumina
—— FFe-B long
40
o | 5 FNi-A no red

Xco, (%)
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o O

o

t (h, 6h for long)

Fig. 3.11. Selectivity in CO (top) and conversion of CO, (bottom) of reference and biocarbon catalysts tested in RWGS at
400°C, with test of the effects of the duration and the reduction on the biocarbon catalysts
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3.3.2.1. Rust and Fe-doped alumina

The catalytic activity of rust decreased with the production of CO, but then increased with the
increasing production of CHa. This first step of deactivation has been reported and attributed to the
formation of Fe carbides [46,132]. During the experiment, the rust captured C up to 9.45 wt%. The
presence of C and reducing atmosphere such as H; render the formation of FesC possible (Fig. 3.12)
and, despite being an active phase (Table 3.1), its formation in-situ induces loss of active sites by
preventing access to the reacting gases. This could explain the higher presence of C and the shell-like
structure of Fe observed in HRTEM of rust after RWGS (Fig. 3.13). This Fe ends up encapsulated by

lowly structured C, that could result in the formation of FesC, so Fe becomes unavailable for reaction.

—Fe203
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Fig. 3.12. XRD diffractogram of rust not spent and spent by RWGS (and Al,O3)
|:| 20 nm BF(frame1) I:I 20 nm

C—————————120 nm

C——————————120 nm O K

Fig. 3.13. HRTEM images of rust after RWGS
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3.3.2.2. Influence of the pre-reduction stage

FNi-A was one of the best biocarbon catalysts in RWGS experiments and could have been in an oxidized
state before RWGS (Fig. 3.6) compared to FFe-B that was in a partially reduced state (Fig. 3.7 and 9).
The oxidized state of Ni was however not evidenced by XRD as no peaks related to Ni were identified
(Fig. 3.14), possibly due to low crystalline content of Ni in the biocarbon that is inherently rich in other
metals, namely Si, and further diluted by the presence of alumina after RWGS. The use of FNi-A without
pre-reduction resulted in slightly better conversion and selectivity. This behavior may be due to a slight
agglomeration of Ni° when the catalyst is pre-reduced [91,133-135]. Likewise, the catalyst not having
absorbed H. is favorable to immediately react with CO,, whose absorption is more important than that
of H, (Table 3.5). This is an important step for RWGS reaction, as it prevents further hydrogenation

that may form CH, [124,136,137].

FNi-A
+ + + g + Si0,
monoclinic
—FNi-A spent * * (SiOZ )

hexagonal
Al;03 \ I
Al,O3

/
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26 (°)

Fig. 3.14. XRD diffractogram of FNi-A not spent and spent by RWGS (and Al,0s)
3.3.2.3. Influence of a long residence time

Fern biocarbon impregnated with Fe before pyrolysis (FFe-B) was tested for 288h to investigate Fe
deactivation. The biocarbon catalyst resulted in better conversion with little impact on selectivity. Fe
catalysts can be deactivated via high temperature sintering or fouling by C deposition resulting also in
loss of active sites [4,7,48,87]. In this case, no loss in activity was observed because of the presence of
the active FesC phase that, together with the mild operating conditions, prevents meaningful sintering
(Fig. 3.11). Indeed, no significant difference in particle size was observed (less than 56 nm), and the
slight constant increase in conversion observed over time could be related to better accessibility of the

metals as the biocarbon is further graphitized by Fe (Fig. 3.15).
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Fig. 3.15. HRTEM images of fern biocarbon impregnated with Fe before pyrolysis (FFe-B) after RWGS

3.4. Conclusion and perspectives

Biocarbon catalysts from fern and willow were produced, characterized and tested for RWGS reaction
at 400°C and a ratio Hy/CO; of 3. These catalysts exhibited a strong ability to retain significant amounts
of Fe and Ni after the impregnation process, while they also contain additional inherent metals. As a
result, the synergistic effect of these metals could enhance the electronic properties of the active sites
and facilitate the adsorption and dissociation of CO, and H,. The combination of these properties
allowed fern to outperform willow-based biocarbon catalysts in RWGS. The surface functional groups
and metals such as AAEM in addition to Fe or Ni have resulted in O vacancies after reduction that could
increase catalytic performance due to better CO, adsorption and activation. Depending on the
impregnation, the introduction of metals on the structure of the biocarbon could affect availability and
activity of these sites by blocking access or by creating additional sites for better electron exchange.
This could result in catalysts with high performances, such as FNi-A, FFe-B and FNiFe. Moreover, the
biocarbon catalysts exhibited promising stability in the reaction conditions by maintaining conversion

and selectivity for at least 72h, while Fe,0; suffered severe C fouling. Complementary analytical
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techniques could contribute in elucidating the role and influence of the structure and metal bonding
of biocarbon catalysts in the high activity observed. This could be achieved by the modification of the
catalyst structure through changing the operating conditions such as pre-reduction but also by
activating and stabilizing the biocarbon through high temperature H,0 activation. This would allow use
of the catalysts at higher temperatures, favoring RWGS while maintaining high selectivity. Additionally,
future work should test catalysts performance in downstream reactions such as biofuel production by
Fischer-Tropsch synthesis, CAMERE methanol synthesis, biogas reforming or conversion of pollutants
in gaseous effluents. Finally, testing various inherently metal-rich biocarbon catalysts could help

elucidate their high potential for RWGS.
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Chapter 4

Nickel and iron biocarbon catalysts for water-gas shift reaction

Highlights

e Biocarbon catalysts were more active than rust for water gas shift reaction (WGS).

e Ni-biocarbon catalysts were more active than Fe-biocarbon catalysts for WGS.

e WGS was kinetically driven and enhanced with increased temperature and steam.

e Biocarbon catalyst reduction could enhance catalyst performance in WGS.
Abstract
Biocarbon catalysts were prepared from pyrolyzed fern impregnated with iron (Fe) and nickel (Ni), to
then be tested for water-gas shift (WGS) reaction. They were studied in a fixed-bed reactor from 180°C
to 400°C with variable steam to carbon monoxide (CO) ratio (1.4 to 20.7). CO conversion for most
catalysts was below 10% and was favored by increasing temperature and steam partial pressure, which
may indicate that the reaction is kinetically driven. Ni-biocarbon catalysts were more active for WGS
than their Fe counterparts. This was related to their activity at lower temperatures in accordance to
their reducibility and the presence of promoting metals such as K, which improved electronic
properties. The selectivity of all catalysts was generally above 95%, regardless the operating
conditions, reflecting the predominance of WGS over methanation. Fern biocarbon impregnated with
Ni and Fe before pyrolysis was the most performant with 10.3% CO conversion and 99.7% WGS
selectivity at 280°C. While in other studies rust showed conversion around 10% at 300°C, in our case it
showed the poorest performances at 6.9% at 280°C, attributed to its lack of catalytic effect. Catalysts
activation energy and kinetic constant versus rust were determined with the most active species
reaching high values (up to 92.1 kJ/mol and 2.2 x 108) for both constants, comparable to literature (up
to 130 kJ/mol and 5.8 x 10%). The combination of low temperature activity provided by Ni in
coordination with the catalytic effect provided by Fe and the fern-inherent metals was reflected in the
high WGS performance by the fern-based biocarbon impregnated with Ni and Fe before pyrolysis and

its associated kinetic parameters (59.5 kJ/mol and 5.6 x 10°).
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Graphical abstract

Biocarbon catalysts for H,0+CO->H,+CO, Order by activity:
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4.1. Introduction

Human-caused climate change is worsening and results in scarcer food and water availability,
deteriorated health and well-being, severer and more frequent damage to infrastructure and
ecosystems. This change is a result of green-house gas (GHG) emissions namely carbon dioxide (CO3)

and their mitigation can help minimize present and future impacts.

The production of low-emission hydrogen (H,) and H, derivatives through biomass and biowaste
valorization could mitigate the use of fossils fuels in GHG intensive sectors [1]. H, can be produced via
thermochemical conversion (500 to 1000°C, inert atmosphere). Water-gas shift (WGS) reaction is
involved in thermochemical conversion pathways and allows increasing the hydrogen conversion from

syngas thanks to steam ((H.0),) (180 — 500°C, Eq.4.1).

CO + (H20)y ¢ CO; + H, Eq.4.1

Thermochemical conversion reactions can be catalyzed using noble or transition metal-based catalysts
including iron (Fe) and nickel (Ni). This reduces reaction temperature, production processes cost and
lowers H, production costs while favoring its accessibility [2—4]. This includes low temperature WGS,
which is an exothermic reaction (AH2og = —41.2 kJ /mol) kinetically restricted due to energy barriers
that can be lowered through catalysis [5—-7]. These thermochemical conversion processes are complex
and imply many competitive reactions resulting in the production of unwanted byproducts such as CH,

whose formation (methanation, Eq.4.2) rivals CO, formation by WGS.

CO+3H, & CH,+ H,0 Eq.4.2

The metal extraction for commercial catalyst production has a high environmental impact due to

energy and solvent intensive processes that emit GHG. This is worsened for noble metals, that are
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costlier due to scarcity but more active as catalysts [8—11]. To minimize the impact of this extraction,
catalysts are being derived from inherently rich or loaded in metal bioresources [12]. However, the
complex and heterogeneous structure of bioresources needs to be carefully understood to lead to a
performant catalytic material. The objective of this work is therefore to produce, characterize and test
biocarbon catalysts from bioresources loaded with heavy metals whose catalytic activity was identified

for WGS.

4.1.1. Operating conditions for WGS and their impact

In addition to the choice of catalysts, operating conditions such as temperature, pressure, gas hourly
space velocity (GHSV), contact time, steam/carbon ratio (S/C) and reactor configuration impact WGS

and are discussed in this section.

4.1.1.1. Catalysts & kinetic parameters

As for thermochemical conversion, catalysts identified for WGS are mostly noble, transition and post-
transition metal-based (Table 4.1). Alkaline and alkaline-earth metals can be used as promoters,
together with the catalytic metals, while metalloids and lanthanide metals are used as supports. These
promoters and supports improve the low temperature activity of catalysts, favored by the

exothermicity of WGS reaction.
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Table 4.1. Inorganic species and their role (inhibition or catalysis) in pyrogasification and RWGS, from Chapter 3

AAEM
] Alkaline- Transition, post-transition and lanthanide Metalloid/Nonmetal
Alkaline
earth
Li,CO3/ C (coke
LiCl and tar)
F -
Fe0x CI/Hel/
ALOs/ | .. )
Na*/ MgO/ N]A:I Silicate/ H,S/ LiCl/
Na,COs/ y io/ oxide/ phosphate sulfide/ NaCl/
NaCl/ Mg Cf Nipy | NP/ sulfate/  KClf
Na pr. A2 sio2sup. SO, MgCly/
Al,O3
chlz
sup.
Fes0s-
Cr,05/
Fe,0 Fes0s- NiAl U
P ALOy/ CoOf o/
Cry0s/ ~ oxide/ Zn°/
— ., Fe(CO)s/ Co°/ . Cu0/
Cr(CO)e/ Mn°/ Ni°/ . n/
K*/K,COs/ CaCOs/ ) ] (a-) Co/ ) Cu°/
TiO, Croxide Mn2*/ ) Ni-Al/ ZnCly/
K>Ca(COs),| CaO/Ca?t/ Fe,0s/ Ni-Co/ . . Cu/
sup. /Crpr./ MnO Ni-Sn/Ni/ Cu-Zn/
JKCI/K pr. | K,Ca(COs), Fe°/Fe/ Fe-Co/ u pr.
Cr,03  sup. Ni-Co/ Zn0
Fe-Co/ Co . /Cu/
sup. ] Ni(NOs),/ sup.
Fe(NOs)s/ oxide NiLP/Ni Cu
Fe/ =2 oxide
Fe oxide/
F83C
ZI’Oz-
Rb,CO M Ru°/R Ag pr.
203/ ceo, Me(COs VIR oh pagpd P8P Ni-Sn
Rb pr. /Mo pr. Ru /Ag
sup.
Ce°/
ZFOZ-
Cs,C0Os/ Ce0; pte/pt/
B . W
Cs pr. apr sup./ (COs Pt pr. /Pt
CeOz
sup.
Legend Reforming catalyst Pyrolysis catalyst Generally inhibiting
sup.: support WGS/RWGS! catalyst H, production catalyst Inhibiting/little effect
pr.: promoter Pyrolysis and production of H, (WGS, reforming or production of H, not detailed)

1: Underlined = WGS

The kinetic impact of the catalyst can be expressed through the determination of the reaction rate
based on theoretical calculations (Langmuir-Hinshelwood, power law, etc.) validated through

experimental data (Table 4.2).
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Table 4.2. Expression of reaction rates (mol g1 s) for WGS with associated parameters and references

Expression and parameters Ref.
Teo = W /FS,) [13,14]

Xco: CO conversion; W: catalyst mass (g); Fco: initial CO molar flow rate (mol/h)

KoK ([CO11H,0) — [£22]LEe]) [13,15]

" T U+ Koo [COT + Ko [Hy0] + Keo, [CO3] + Kyy, [Hy])?
k[H,0]

1+xl
t(1contr,0) - LC0aJIELL)
" T T KeolCOL + Kip,o[H,0] + Koo, [CO5] + Ky [H]
kol (ICO10H, 01 - [C%{ﬂ)
"= XL[COT + ky[H,0] + k_1[CO,] + k_y[H,]

— a pb c d
r= kPCOPHZOPCOZPHZ

a=[-0.24;1.10]; b = [-0.32;1.90]; c = [-0.90;0.85]; d = [-0.90;0]; Ea = [75;129] kJ/mol
Fe-based catalysts

1 (16]
1=k | PooPryo — Tas778_, Pco, Py,

e T

ko =5.06 x 10’ mol m3 bar?s?; Es =49.8 kl mol?; Pt/Ce-Al

Pcopg'zlo ( 1 PH2P602> (17]
~Tco = k > p

0.3 p0.15 T
PCOZPHZ Ky, PeoPh,o

ko=1.85x10° mol mts?Pa™; Ea=13.5 k) mol?*; Pd-Cu-Ni/Ni

c Pu,Pco [18,19]
= ikwaspgongzo(Pcozpyz) <1 —#> cat
KeqpcopHZO
kwes = 1.11 x e-62100/8.314T mol kpa©0-444 gcat-l 5!
a=0.38;b=-0.10; ¢ =0.082 ; pcat : density of catalyst
In(Keq) = 5693.3/T + 1.077 In(T) + 5.44x10*T - 1.125x107 T? - 49.710 T2 - 13.148

1855.5
r=185x10"°e"**""T peopu,0 <1

__Pu,Pco, ) [20]
KyPcoPh,o

Ka=1.77 x 105 e-88680/(8.314T)

kK PcoPH,0 1 PH,Pco, cr? (20]
waesBopt 1/2 “\ke S1
Pu, waesPcoPH,0

wgs = 5
* PcHioH « 1/2 «  PHyo
(1 +Kepor—172 - + KicoorPeo,Pu, + Kowr 72 )
sz Hy
k'wes = 5.9 x 1013 e87600/(83141) m2 5 mo|1; K* o = exp(-44.5/ 8.314+20000/ 8.314T) bar®S ;
Cls1 = [21]; K*cso = exp(-41.8/ 8.314+20000/ 8.314T) bar®*;

K*Hcoo = exp(-179.2/ 8.314-100000/ 8.314T) bar®>
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The kinetic constants (k) are obtained by Arrhenius type equations (Eq.4.3). They are defined by their
preexponential factor (A or ko, unit depends on reaction order) and the activation energy (E or E,, kl or
kcal/mol) [17,22]. Based on this equation, rate and thereafter conversion of CO are increased by

diminishing E, or increasing ko, being all kinetic parameters impacted by the temperature.

k= kyXx e_i_? Eq.4.3
The use of catalysts directly impacts the kinetic parameters of the reaction rate expressions. Noble
metals such as Pt with supports Al,03, TiO,, CeO,, Ce0,-Al,03, Ce0,-TiO; could reduce E, from 21.8
(91.2 kJ/mol, Ce/Al) to 15.7 kcal/mol (65.7 ki/mol, Ti) but could drop CO consumption rate from 21.1
(Ce/Ti) to 0.4 umol s g (Al) [23]. Pt/CeO; could also result in an E, of 78.4 kJ/mol (18.7 kcal/mol) and
ko of 1.4 x 10°. For other Pt catalysts promoted by Re or supported by Ce, Al, Zr, V or La, E, could range
from 39 to 91 kJ/mol [24,25].

Non-noble catalysts such as Ni catalysts supported by MgAl, Mg, Al and CaAl could catalyze WGS with
E. ranging 67 to 186 kJ/mol and ko ranging 5.4 x 10* to 4.3 x 102 Side reactions methanation and steam
methane reforming can be catalyzed simultaneously with E, ranging from 33 to 244 kJ/mol and ko from
5.5 x 10° to 1.2 x 10 for both reactions [25]. Over CuO/ZnO/Al,03 and depending on the equation
used to calculate initial rates, E, can range from 28.5 to 92.9 kJ/mol and ko from 2.6 x 10* to 5.8 x 10%°

[13].

A wide range of kinetic parameters can be found regarding Cu, Fe, Ru, Ni, Rh, Pd and Pt-based catalysts.
This includes values between 0.5 to 130 kJ/mol for activation energy and between 5.4 x 10”7 to 1.5 x
10%° for the pre-exponential factor [13,15,27]. This variability in values obtained for these kinetic
parameters stems from aforementioned promotion and support effects that decrease E, but can also
prevent the sintering of metal phases that could result in CO and H,0 reactivity loss. Additionally,
different catalysts react different with the gases and adopt specific reaction mechanisms (associative,
redox, Langmuir-Hinshelwood) that take in account their active sites and result in different methods
to determine kinetic parameters [15,27,28]. A high density of dispersed active sites could be quite
beneficial for WGS and result in faster kinetics at lower temperatures as the smaller active sites do not
require as much energy to activate [15,29,30]. These mechanisms could involve a redox couple of a
same metal that undergoes a switch from the oxidant to the reductant and inversely, which can be
facilitated also through promotion [15,31]. Including possible reducible active phases, the speciation
can determine WGS reactivity as a covalent bond could be less polarized and sources of electrons than
ionic bonds. Additionally, the engaged orbitals could limit the direction of reaction of gases, especially

for clusters that have less electron back-donation. As they can not densely engage electrons, this
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weakens its gas activation and consequently kinetic capabilities [15,28,29]. Other sources of
uncertainty were attributed to gas impurities, mass-diffusion limitations and the type of reactor
related to pressure gradients that locally affect kinetics and inhibit or poison WGS and active sites

[15,27,31].

Promoting Fe;03 with Cu allows reaching similar conversions to unpromoted Fe,03 but at much lower
temperatures, for example 70% at 200°C instead of 400°C [14]. Therefore, catalysts impact the kinetic

parameters, as well as the operating conditions which in turn affect the WGS reaction.

4.1.1.2. Temperature

The temperature influences WGS by providing energy necessary to the activity of catalysts and the
activation of carbon monoxide (CO) and steam. Based on thermodynamics and equilibrium principles,
an increase in temperature should decrease the conversion of the reaction due to exothermicity, but

this increase promotes reaction kinetics by increasing the kinetic constant (Eq.4.3).

Some examples from literature show that, when WGS is kinetically driven, catalysts require high
temperatures to convert CO and this conversion increases to 20% at 280-300°C where it shoots up to
at least 80% above 320°C and where the reaction becomes limited by thermodynamics [32]. An
increase in temperature from 180 to 340°C resulted in an increase of CO conversion from 5 to 90%.
However, according to thermodynamic equilibrium, a drop is observed at 280°C over Pt/CeFeAl, while
the increase was constant for Au/CeFeAl, Au/TiO;, Au/TiCesO, and Au/TiCe1s0, [22,33]. Conversion
increased from 10 to 80% from 350 to 550°C with Fe-based catalysts whose activity was ascribed to
electron hopping between Fe?* and Fe** sites facilitated by increasing temperature to reach reduction
points for Fe that can be reduced by promotion with Cr, Mn, Co, Ni, Cu, Zn, Ce [34]. At temperatures
reaching 700°C, the previously high conversion of CO at 90% at 300°C drops to 30% [35]. A maximal
conversion of 98% around 300°C was noted when the temperature varied between 250 and 400°C. A

compromise is therefore required to achieve maximal conversion [24].

Other factors complementary to the operating temperature can influence WGS. For instance, when
heating from 220°C to 350°C, the conversion of CO on a catalytic medium could spike from 0 to 100%,
more or less faster depending on the catalytic medium. In addition, catalytic supports can reduce
temperature gradients if they are highly conductive, resulting in lower temperature drops that could
reduce conversion [16]. This decrease was shown to be less important with smaller reactor sizes (less
than 10°C for less than 10 cm) [17], which points out the importance of considering heat transfer
limitations at larger scale. In the case of a WGS feed gas containing CO; and H,, in addition to the

reactive gases CO and steam, the conversion was restrained due to difficulty in displacing the
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equilibrium caused by the presence of the WGS products. This conversion could increase from 30% to

70%, from 140°C to 200°C [36].

4.1.1.3. Pressure

On the thermodynamic stand-point, pressure should not influence the equilibrium of the reaction,
according to Le Chatelier’s principle (2 moles of reactive gas for 2 moles of produced gas). The rate of
production and consumption can be influenced by partial pressure of gases and therefore by total

pressure (Table 4.2).

An increase in pressure from 3 to 6 bar can result in an increase in CO conversion of 10%. This increase
could be explained by the permeation and therefore removal of product gases (especially H,) from the
reaction chamber that shifts equilibrium towards products. This permeation is favored by high

pressures and high temperatures [20].

4.1.1.4. Gas hourly space velocity and contact time

Gas hourly space velocity (GHSV) and contact time have similar functions: providing sufficient time to
allow the gases to react with the active sites of the catalyst. These two parameters are however
inverted with more GHSV resulting in less contact time and less conversion of the reactant gases.
Longer contact time could however result in further downstream reactions such as methanation
affecting selectivity towards WGS. Additionally, low GHSV and prolonged contact, similar to high
pressure and temperature, facilitate permeation of reactive gases from the reactive chamber since it

allows more time for gases to permeate.

Anincrease in GHSV from 1275.5 h™ to 10841.5 h™ reduced CO conversion from 100% to 5% depending
on operating conditions [16]. With another type of reactor, an increase from 2000 to 8000 h* could
drop conversion from 99 to 83% [20,22]. With other reactor types this decrease was less than 4% when

increasing GHSV from 5000 to 17000 h* [22].

With a contact time above 0.4 s, CO conversion can increase from 0 to 80% where it seems to stabilize.
CH,4 seems to increase proportionally with contact time [37]. GHSV is affected by change in inlet gas
flow rate. Therefore, increasing steam to increase the steam to carbon ratio (S/C) can increase GHSV,

unless the inert gas flow rate is decreased accordingly.

4.1.1.5. Steam/carbon ratio

The presence of a reactant in excess, expressed as S/C, could result in better conversion due to
displacing equilibrium towards products according to equilibrium principles. Steam content but also

CO can be varied to modify this ratio.
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An increase in S/C from 3.25 to 5.41 could result in an increase of CO conversion from 90 to 95% but
might require favorable conditions, for example more reactor length and less GHSV [17]. An increase
in S/CO at maintained GHSV from 5 to 20 could increase the conversion from 50 to 98% but the
increase is slow above 10 [24]. The impact of S/C is even more noticeable at higher temperatures
where CO conversion decreases to 80% instead of 45% at 900°C when this ratio is at 7 instead of

equimolar [38]. Excessive steam could however lead to thermal deactivation above 250°C [36].

An increase of S/CO from 1 to 3 over a Pt/La,0s-SiO; catalyst at 400°C improved conversion from 30 to
50%. By removing H,, resulting in a displacement of the equilibrium, this conversion can increase from
80 to 97% with an increase in S/CO from 1 to 4 [22]. In the case of another reactor, conversion can
increase from 20% to 98% when increasing S/C from 0.2 to 3 but maximal H, yield is at 1 and increasing

S/C decreases maximal WGS reaction rate [39].

In the case of a WGS reactor following a steam methane reformer, this increase in conversion could
vary from 60 to 95% with an increase in S/C from 1.5 to 3.5 [20]. In cases of WGS reactors following
biomass (B/carbon based) gasification, the increase in S/B from 0.1 to 2 boosts the CO conversion from
25% to 90% [35]. An increase in CO molar fraction from 0.01 to 0.1 resulted in a decrease of CO
conversion from 100% to 30% [16]. From these examples, we can see the importance of the inherent

characteristics of the reactors on WGS.

4.1.1.6. Reactor configuration

The choice of reactor and its configuration can significantly impact the reaction. Using selective and
reactive membranes can facilitate the removal of produce gases such as H, (permeance through
porosity) or CO; (chemisorption) while catalyzing WGS [22]. The dimensions of the reactor including
the volume of the bed of the catalyst could result in better distribution of the reactive gases and
improved contact time. This contact can be further improved if the feed gas is counter-current to a

sweep gas outside of the porous membrane.

A conversion of 20% higher with a tubular membrane type reactor was observed than with a plate-
type catalytic reactor [22]. When the reaction is thermodynamically driven, external factors such as

outer cooling, with the lack of isolation, can contribute to increasing the conversion of WGS [20].

The use of a permeating membrane to remove H; allows displacing the equilibrium of WGS towards
H. production, and CO conversion can reach 97% at 450°C [22]. Pressure can influence this permeation.
The use of a membrane specifically for permeation could also allow an increase of CO conversion from
70 to 97% from 10 to 14.4 bar [23,27]. The membrane can also play a catalytic role if catalysts are

integrated into it or if composed of a reactive and microporous metal. This scenario was reported with
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a Pd membrane reactor with Fe or Pt based catalysts, where conversion can reach up to 98% at 450°C
(above equilibrium) with removal of H, of up to 92%. Additionally, the presence of CO; in feed gases
induces faster deactivation so its removal could help in maintaining the activity. However, the
conversion of CO over 50mg of Au/CeZrQ, in plug flow microreactor heated from 140 to 200°C could
increase from 30 to 90% with CO, removal while decreasing the deactivation 23 times [36]. A
combination of reactive membranes that remove H; and directing the gases produced by WGS to
chambers that purify CO, such as pressure swing absorbers or CO, chemisorbers before reintegrating
them into the reactor (looping) could amplify even further the reaction towards the production of
these two gases due to their removal. This effect could be additionally improved by the reduction of
temperature caused by this displacement of equilibrium and the catalytic properties of the membrane
with complementary catalysts [39]. The distribution of the catalyst is especially important with
membranes with a best configuration being before and aside the membrane to allow initial conversion
then filtration of the gases with simultaneous conversion: the catalyst needs to occupy space where

the reactant gases pass to allow sufficient time to react (and permeate via the membrane) [22].

Conversion increased from 16 to 98% with increasing reactor length from 1 to 5 cm [20]. Witha 9 mm
diameter tubular reactor, conversion can increase from 0 to 90% at a reactor length of 60 cm [18]. For
adiabatic reactors, conversion can reach 95% above 10 cm of reactor length [40]. Only 2 cm of a
reactive solid and thermally conductive foam (Pt/Ce impregnated on Al foam) was needed to reach
close to 100% CO conversion. In worse conditions, this conversion does not surpass 30% with 8 cm of

this foam [16].

Depending on operating conditions, counter-current flow (feed gas flow opposite to membrane sweep
gas) can result up to a 25% increase in CO conversion compared to co-current flow. On the other hand,
reactor length and relatively sweeping surface, can improve the conversion from less than 20% under
0.5 m to 90% at 2 m [17]. This shows that WGS is highly influenced by the reactor configuration and

characteristics, which determine if thermal or chemical limitations impact the reaction.

4.1.1.7. Summary of the impact of operating conditions on WGS

The selected operating conditions either enhance or hinder the performance of the WGS reaction
(Table 4.3). In this work, we chose to observe the impact of the catalyst, temperature, S/C when

possible, and indirectly GHSV.

The choice of the catalyst can determine the activity of WGS at low temperatures with high
performance being related to minimal E, and maximal ko. These values can span 0.45 to 244 kJ/mol

and 5.4 x 107 to 1.2 x 10 respectively. Temperature helps driving kinetics, favored by temperature as
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opposed to thermodynamics, and requires compromise when thermodynamic equilibrium is reached.
High pressure improves gas permeation, removing H, and CO; and driving the reaction towards an
additional production of these two gases to compensate their loss. More contact time between active
sites and reactant gases results from reduced GHSV and could cause byproducts formation, such as
CH,. S/C also requires compromise as increasing it can improve conversion but can also deactivate and
deteriorate catalytic systems. Its increase can also affect H; yield and reaction rate. The activity of
catalysts in WGS is also affected by the reactor configuration where equilibrium can be displaced
through use of membranes or adsorbers that remove selectively H, and CO, produced by WGS or use
of isolation (change in temperature). Additionally, a better contact of gas with catalyst can be achieved
by increasing bed length or inversing the flow of gases (counter-current). Finally, the performance of

the catalysts is highly dependent on the type of reactor relative to its ability to promote WGS.
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Table 4.3. Summary of the influence and impact of operating conditions on WGS

Global Operating
parameters conditions

Influence and impact of conditions on WGS

Catalysts: Mg, Fe,
Ni, Co, Cu, Ru, Rh,
Pd, Ag, Pt, Au

e Reduces need for temperature, lowers H, production costs

e Could catalyze side reactions producing CH, at expense of CO
e E, =[0.5;186] kJ/mol

e ko =[1.9 x 10%4.3 x 10*?] unit dependent on kinetic rate law

Promoters/co-

catalysts: Na, K,
Cr, Cu, Rb, Mo,
Ag, Cs, Ba, Pt, Re

e Helps catalyst be active at low temperatures

Metals
Supports: Al, S e Reduces E,, temperature gradients (conductive), prevents
Ti, Cr, Mn, Zn, Zr, ) ] ! !
Ce, V, La, Mg, Ca sintering
e High variation in kinetic parameters related to synergy
between metals, their mechanistic behaviour, the density,
Global dispersion, particle size and reducibility of active metals, and
their interaction with the reactive gases depending on their
electronic structure
¢ Provides energy for activation of chemicals and molecules
e Improves WGS kinetics but inhibits thermodynamic
Temperature equilibrium (exothermic)
e Facilitates change of electronic state of metals but could
sinter
Gas feed Presence of CO, e Inhibits WGS by presence of the products of the reaction
and H; e Deactivates catalysts faster
¢ Theoretically no influence (Le Chatelier’s principle)
Pressure e Can influence kinetic rates

e Facilitates gas (mainly H>) permeation shifting equilibrium

GHSV and contact time

e Affects duration of contact and reaction between gases and
active sites (negatively for GHSV)

e Facilitates permeation when contact is long

e Can prevent access to thermodynamic equilibrium if contact is
insufficient

S/C

e Displaces equilibrium by excess of one reactant
¢ Deactivates catalyst in high excess

Type and
accessories

e Tubular membrane converts better than plate-type reactor

e Lack of insolation can improve WGS

e Can prevent access to thermodynamic equilibrium if
configuration does not allow sufficient contact

Reactor
configuration Product gas
removal

e Permeation membrane to remove H; and CO; absorbers
(pressure swing): displaces equilibrium and catalyzes when
catalytic (improved by configuration)

e Lateral inert gas flow: improves contact if counter-current

Reactor length

¢ Allows more contact between reactive gases and catalyst
e Can prevent access to thermodynamic equilibrium if too short
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4.2. Materials and methods

4.2.1. Preparation and utilization of the biocarbon catalysts

In a first approach, fern and willow were selected as raw bioresources known for the ability to cumulate
heavy metals from soil by phytoremediation. Willow was harvested in the South of France in 2015.

Fern corresponds to shrublands mainly composed of fern harvested in Brittany (France) in 2019.

To mimic heavy metal content in phytoremediation, both biomass and resulting biocarbon were
impregnated with Ni and Fe nitrate (Ni(NOs),:6 H,0 and Fe(NOs)s-9 H,0) to reach a metal load of 30
mg per g of biocarbon. As a result, we obtained biocarbon catalysts impregnated before and after
pyrolysis. Biocarbon was produced by raw (RF and RW for fern and willow) or impregnated biomass
pyrolysis under 1 L/min nitrogen (N>) from 25°C to 800°C, at 2°C/min, followed by an isothermal step
at 800°C for an hour. Wetness impregnation (WI) was applied to raw biomass: 20 g of biomass was
submerged in different 1 L aqueous solutions containing Fe or Ni nitrates, stirred for 3 days and then
dried for 1 day at 60°C [9]. WI based on insipient WI (IWI) was applied to biocarbon: wettable volume
and amount of nitrate to attain a fixed percentage of metal in biocarbon helped determine a
concentration of nitrate to thereafter be replicated in 100 mL of water for 2 g of biocarbon [41]. The
solutions were stirred for varying amounts and time and then dried for 1 day at 60-105°C. The final

nickel and iron content of the biocarbon catalysts was measured by ICP-OES (Table 4.4).

Table 4.4. Biocarbon catalysts, names, impregnation conditions and metal content in biocarbon

Impregnation conditions Metal
BC: biocarbon; BM: biomass
Biocarbon catalyst Abbreviation con‘;er.\t
Raw Impregnation  Impregnated (wt% in
material method metal BC)
Fern biocarbon Before
impregnated with Fe FFe-B Fern pyrolysis (WI of Fe 13.17
before pyrolysis BM)
Fern biocarbon
. . . . Before .
impregnated with Ni FNi-B Fern rolvsis Ni 3.96
before pyrolysis PYroly
Fern biocarbon After pyrolysis
impregnated WIFh Ni after FNi-A Fern (WI of BC) Ni 1.43
pyrolysis
. Fern bloc;a!rbon . . Before Ni 3.08
impregnated with Fe & Ni FNiFe Fern .
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Biocarbon catalysts were then tested for WGS reaction in a fixed bed reactor (Top Industries (France),
8 mm diameter, 25 cm long, Fig. 4.1). The reactor was filled with the catalyst and an inert bed of
alumina (6-Al203, [42]), which allowed fixed catalyst position in the isothermal area of the reactor
[41,43]. Moisture was removed before reaction by flowing argon (Ar) at 120°C for 1h and samples were
then pre-reduced under 60%/40% H,/Ar at 500°C for 2h. WGS was operated from 180°C by intervals
of 20°C approximately every 1h30, at 3.0+0.2 bar relative. Flows used were 20 mL/min of CO, 150
mL/min of Ar and 0.08 mL/min of liquid distilled water. This corresponds to a ratio S/C of 5.5 and GHSV
of 30744 h’. In some experiments, water flow rate was additionally varied at 0.02, 0.04 and 0.30
mL/min resulting in S/C of 1.4, 2.8 and 20.7 and GHSV of 21686, 24705 and 63959 h! respectively. Both
gases and water were preheated at 180°C before being introduced in the reactor. Dried permanent
gases (CO, CO,, Hy, CH4) were analyzed every 5 minutes (30 minutes during the night) by online p-
GC/TCD (Agilent 990) connected after the reactor [44].
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[ [}
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Liquids UGC
HPLC Pump !

Manometer M
Balance

Fig. 4.1. Set-up for the Water-Gas Shift (WGS) experiments

Biocarbon catalysts were characterized in terms of organic element content (CHNS analysis), inorganic
element content (ICP-AES) and its dispersion on the carbonaceous matrix (SEM, TEM), thermal stability
(TGA-DSC), surface area (BET, N,), textural properties and surface chemical groups (TPD, TPR, TPO,
XRD). The changes in the structure of the biocarbon catalyst were analyzed before the chemical

reaction.
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4.2.2. Performance of the biocarbon catalysts

The performance of the biocarbon catalysts was estimated in terms of selectivity and conversion.
Selectivity (S) allows to compare produced molecules and identify, in this case, if CO forms
preferentially the main product CO, or the byproduct CHas. Therefore, selectivity was defined as the
ratio of the molar or volumetric flow (V) of the target carbon gases produced compared to the sum of

all carbon gases produced through the reaction (Eq.4.4 and 5).

— VCOZ
Sco, =y, i Eq.4.4
SCH4_ =1- SCOZ Eq45

The conversion of the limiting gas represents the CO consumption to form products. A higher
conversion represents a higher activity from the biocarbon catalyst. Conversion (X) was therefore
defined as the ratio between the consumed amount of CO, calculated by the difference of inlet and

outlet flowrate, divided by the inlet flow rate of the respective gas (Eq.4.6).

Vi -V
X — lnlet,(.,'O outlet,CO Eq46
co V;
inlet,CO

The rate of CO, production (rco,) was determined according to the variation in CO, concentration
multiplied by the total flow rate divided by the mass of catalyst, therefore it represents the flow of CO,

produced over the catalyst (Eq.4.7) [14].

__ ACOzVeotal

Tco, = Eq.4.7

Mcatalyst
4.3. Biocarbon-catalyzed WGS results: simulation, test and impact of
variation of temperature and water partial pressure

4.3.1. Kinetic and thermodynamic simulations of WGS reaction conditions

In this section, the set-up for WGS and the selected operating conditions are optimized thanks to
kinetic and thermodynamic simulations carried out on Aspen Plus. Initially, the preheating process was
simulated to determine the required preheating temperature to limit condensation of water before
the reactor, as too much liquid water could transport the catalyst downstream the oven. Based on this
simulation, the WGS process was added and oven temperature and inlet water flow (liquid) was varied

to determine their impact on WGS. The reaction was simulated kinetically and thermodynamically in
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experimental conditions to carry out the experiments in representative conditions, in addition to

defining the limits of our study.

4.3.1.1. Setting gases preheating temperature prior WGS reactor

First of all, gas preheating temperature prior their introduction in the WGS reactor was assessed. This
parameter was chosen based on Aspen Plus simulations in order to limit the condensation of steam
before the reactor that could cause transport of the catalyst downstream the oven. The impact of the
pressure was also tested. The reaction atmosphere (argon), as well as reactive and produced gases
were introduced as conventional components and the Peng Robinson — Boston Mathias (PR-BM)

thermodynamic method was selected [45].

The Aspen flowsheet was defined by three blocks: a mixer and 2 heat exchangers. The 1 heat
exchanger acts as the pre-heating temperature. It simultaneously defines the pressure before reaching
the following blocks which are dependent on this pressure. The pressure of the experimental device is
fixed by a back-pressure regulator located after the condenser that helps liquify condensable gases
from the reactor and this regulator fixes the pressure preceding it (Fig. 4.1). The 2" exchanger
represents the heat loss before entering the reactor (Fig. 4.2). The heat loss (Qioss) Was quantified by
convective exchange of the exterior of the tubing (28 cm long, 14 mm diameter) between the pre-
heater and the reactor with ambient temperature (Tams: 21°C). A thermocouple was used to estimate
the temperature of the exterior of the tube (Twse) at varying sections: 80°C for 2 cm, close to ambient
for the rest of the tube. To account for overheating, possible loss of isolation around the tube and
generally to overestimate the loss, half of the tube was considered at 80°C. The convective heat
transfer coefficient (h) was selected as 10 W m2 K (average value for natural convection) [46]. The
heat loss in these conditions was estimated at 3.93 W (Eq.4.8). Additionally, this worst-case scenario
considered a liquid water flow rate of 1 mL/min. This liquid water is then vaporized in the pre-heating

stage before being introduced in the reactor as steam.

Qioss = h X S X (Teupe — Tamp) Eq.4.8
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Fig. 4.2. Aspen Plus flowsheet for simulation of pre-heating temperature

A sensitivity analysis was performed on the temperature (100-200°C every 10°C) and the pressure (0-
3 bar every bar, relative) of the pre-heater block to observe the rate of vaporization of liquids (Fig. 4.3).
Under 140°C, the inlet stream to the reactor is mostly liquid. Therefore 180°C was selected for pre-
heating to have a safe interval to account for possible increase in pressure and possible drops in
temperature. This is what happens for example when significantly increasing water flow to guarantee

its delivery to the reactor.
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Fig. 4.3. Impact of pre-heating temperature and pressure on vaporization rate before entering reactor
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4.3.1.2. Kinetic and thermodynamic simulations of the WGS reaction

Following this preestablished flowsheet, the WGS reaction was simultaneously assessed in 2 scenarios:
kinetic-driven conditions using a plug flow reactor and thermodynamic-driven conditions using a Gibbs
reactor followed by a condenser at 10°C (Fig. 4.4). Conditions for pre-heating were established as 0.58
W, corresponding to the estimated heat loss (2 cm of the tube at 80°C), and 3 bar of relative pressure,
as with experimental WGS. The plug flow reactor represents the stoichiometric conversion according
to reaction kinetics. The Gibbs reactor calculates the composition at thermodynamic equilibrium of
outlet gas based on the minimization of Gibbs energy of the selected components at specified

temperature (varied) and pressure (isobaric) [3,9].
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Fig. 4.4. Addition of WGS reactors to preheating flowsheet

The plug flow reactor block contains a specified reactor temperature (varied), dimensions set at 6 cm
of length (estimate of catalyst bed length) and 8 mm of diameter, and a set of power law reactions
(Table 4.2, 2™ line, last r expression) to represent WGS and RWGS, and to introduce formation and
consumption of CH,4 via methanation (MET) and steam methane reforming (SMR) respectively (Eq.4.2,9
and 10) [19,20]. They were characterized by a specific set of parameters from the Arrhenius equation
(Eg.4.3, Table 4.5). For WGS, both constants are low relative to previously reported values (Table 4.2)
and could result in similar results due to the compensative effect of both constants. The other reactions
(RWGS, MET, SMR) have however more elevated constants which could result in them being less active
in WGS conditions. SMR could be the most active due to lowest activation energy and highest kinetic

constant of the 3 and RWGS being the least active inversely.
C0,+H, & CO+ H,0 Eq.4.9

CH,+ H,0 < CO + 3H, Eq.4.10
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Table 4.5. Set of parameters to kinetically simulate WGS process [25,45,47-51]

WGS 5.4 x 10 67.1
RWGS 6.4 x 10° 326.4
MET 2.8x 10" 243.9
SMR 1.2 x 10*® 240.1

A sensitivity analysis was performed on steam excess (S/C) and on the temperature of the selected
reactor (T) to observe their influence on conversion, selectivity and outlet gas composition. S/C was
observed from 1.4 to 20.7, with an increasing step of 1.4. T was varied from 180°C (pre-heating

temperature) to 400°C (high temperature WGS) every 20°C.

For the plug flow reactor, conversion, selectivity and generally gas composition were unaffected by
increasing temperature. Conversion increased initially from 1.5% to 3.3% from (S/C=) 1.4 to 8.4 then
dropped to 2.7% at 0.30 mL/min (Fig. 4.5). The increase in S/C results in less water being vaporized
when reaching the reactor which may cause the conversion drop since the reactor cannot provide
enough energy to produce steam while maintaining the reaction. With this given set of kinetic
parameters, only WGS and RWGS are dominant resulting in a CO; selectivity of 100%. The experimental
gas composition takes in account the Ar as an inert sweeping gas and does not consider the
composition of water as it is condensed before arriving at the uGC, so to imitate this and facilitate
further comparison, the simulated results were corrected by accounting for presence of Ar and adding
it to the mix of reactive and produced gases, and by removing water content. The resulting simulated

gas composition follows the same trend as conversion (Fig. 4.6).

3.5
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CO conversion (%)
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Fig. 4.5. Impact of variation in S/C on CO conversion in plug flow reactor (no effect from T)
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Fig. 4.6. Impact of variation in S/C on outlet gas composition in plug flow reactor (no effect from T)

For the Gibbs reactor, conversion increased with increasing S/C and decreasing T (Fig. 4.7). It was still
above 99% and is coherent with thermodynamic calculations and equilibrium principles [52]. Inversely,
increasing S/C and T increased CO, selectivity (Fig. 4.8) and therefore decreases CHy selectivity. Values
for Sco,, remain above 75%, meaning WGS is favored compared to methanation and this is exacerbated
by the increase in VHZO that forces WGS towards the production of CO, and T that when increased
favors the least exothermic reaction between WGS and MET (MET: AHS% = —206.0 kJ/mol, [52,53]).
The gas composition (not represented) is also an illustration of the conversion, as well as the selectivity,
with mainly CO; and CH4 in proportion to the selectivity, little CO due to high conversion, and little H,

due to methanation.
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Fig. 4.8. Impact of variation in S/C and T on CO, selectivity in Gibbs reactor

Both scenarios tend to have opposite results, with conversion being either close to 100% when the
reaction is thermodynamically driven or close to 0% when kinetically driven. The methanation reaction
is also more or less dominant in terms of CO selectivity. Therefore, depending on experimental results,
operating conditions and the catalytic effect of the studied catalysts, the reaction can be either
kinetically driven, in which case the conversion should be low and selectivity high, or
thermodynamically driven, where conversion is high and selectivity is impacted but still directed
towards CO (>75%). The corrected simulated gas composition will be summarized after presentation

of these experimental results (Table 4.7).
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4.3.2. WGS reaction

Fern-based biocarbon catalysts were tested in WGS to observe the influence of the impregnation type
(before and after pyrolysis), the impregnated metal (Fe and Ni) and WGS operating conditions, namely
temperature and water flow. They were also compared to rust (Fe,0s) as a significant activity was
reported in the literature (around 10-20% CO conversion under comparable temperatures, pressure,
GHSV and S/C) and even higher activity when the catalytic metal is promoted and supported (reaching
70%) [34,54,55].

4.3.2.1. Influence of the temperature

The influence of the temperature was evaluated by the CO; production in WGS from 180°C to at least
280°C by increasing temperature in intervals of 20°C approximately every 1h30 for nickel and iron
biocarbon catalysts, as well as rust. The visualization of the impact of this increase in temperature (T),
and the modification of steam excess (S/C) on gas production is facilitated by the representation of the
time-dependent evolution of CO; production (Fig. 4.9). The experience was repeated for the most
active catalysts, which resulted in a relative standard deviation (RSD) of 9.6%. Additionally, the uGC

can detect gases up to 0.001 vol%.
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Fig. 4.9. Evolution in time of CO, production by catalyzed WGS, T and S/C varied but not represented

According to the results, Ni-based catalysts were shown to be more active, while rust (Fe,0s3) was the
least active. It showed the lowest activity with the maximum concentration of CO; being 0.04 vol% at
360°C (Fig. 4.9). In comparable conditions between the simulated results and reported values of
literature (S/C = 3.5, GHSV = 60000 h%, T = 400°C), the value for CO, concentration should be close to

2.2 vol%. This value was obtained as a result of a cross-multiplication between the maximal simulated
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CO; concentration (0.37 vol%, Fig. 4.6), the maximal reported CO conversion (20%) and the maximal
simulated conversion (3.3%, Fig. 4.5) [34,55]. The CO, concentration obtained in this study reached
0.20 vol% so the 11-fold difference in experimental and reported values could be related to a
difference in unmentioned operating conditions (pressure, presence of inert gas, bed size). The
quantity of produced CO; (max. 0.20 vol%) compared to that of the simulated results (kinetic: 0.37
vol%) shows the kinetically driven nature of WGS in our conditions. The limitations associated with
these conditions are therefore an important factor associated to these low values. This is however
accompanied by stronger kinetic properties on behalf on the biocarbon catalysts that outperformed
rust. Additionally, the observation of the temporal evolution of CO, concentration (Fig. 4.9) seems to
indicate a deactivation of the catalysts (decrease in value over time) that is steeper as the temperature

is increased.

To compare the performances of biocarbon catalysts, the maximum CO; production reached at each

temperature was represented (Table 4.6).

Table 4.6. Impact of reactor temperature on peak production of CO; (vol%) of biocarbon catalyst and rust

Rust FFe-B RF FNiFe-A FNi-A FNi-B FNi-A FNiFe
no red

180 0.007 0.008 0.001 0.006 0.003 0.012 0.047 0.013
200 0.004 0.004 0.005 0.008 0.029 0.010 0.028 0.022
220 0.004 0.005 0.006 0.009 0.019 0.015 0.046 0.041
240 0.005 0.007 0.008 0.013 0.021 0.026 0.069 0.076
260 0.006 0.010 0.011 0.018 0.028 0.046 0.102 0.128
280 0.008 0.015 0.015 0.027 0.041 0.090 0.136 0.204

Under 240°C, the activity of FNi-A (reduced or not), FNiFe and FNi-B appears to be slightly higher. This
points out a low temperature activity that might be related to the presence of Ni. At low temperatures,
the catalysts and the reaction are not stable due to activation required from both catalyst and reacting
gases, and so the reaction is sensible to the ability of the active sites to have an electronic activity. This
could be related to the ability to reversibily transform from an oxidated to a reduced state allowing
activity in WGS, which is supported by TPR results (Table 4.7) where weaker reducible sites are
represented by low peak temperature and the quantity of these sites is represented by the amount of
H, desorbed [34,56-58]. In this study, the biocarbon catalysts were reduced at 500°C which could
justify higher activity from FNi-A and FNiFe. This could also be correlated to the ability to easily adsorb
CO or steam where Ni catalysts showed stronger adsorbative capacities for NHs and CO; respectively
(Table 4.8). This is further amplified as Ni-based biocarbon catalysts present a higher amount of
reducible sites, evidenced by the quantity of desorbed H,, that once reduced are sourced of O

vacancies that complement and facilitate the adsorption and reactivity of O from CO and steam.
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Table 4.7. First H, peak from the TPR of the best biocarbon catalysts to determine their reducibility

Biocarbon catalyst Amount of H, (mmol/g) Temperature peak #1 (°C)

FNi-A 0.484 355
FNiFe 1.524 514
FNi-B 0.651 601

Table 4.8. Chemical surface groups versus specific surface area of the biocarbon catalysts before WGS

TPD-NH3 TPD-CO; TPD-H; .
Specific
Total Total Total
Sample adsorption Tmax adsorption T adsorption Tmax | surface area
oC oC oC 2
mmolfg) " mmoyg) Y tmmoyg (9| 7Y
RF 0.779 913 12.003 915 2.545 993 8.8
FFe-B 0.553 951 8.258 905 0.158 981 309.6
FNi-B 1.480 912 16.207 920 2.921 986 151.6
FNi-A 0.847 945 11.956 923 1.673 989 100.0
FNiFe 1.088 923 15.980 924 0.994 1000 367.9

Above 240°C, the catalytic activity in relation to the CO, production increases by approximately 50%
according to the following order: rust < FFe-B < RF < FNiFe-A < FNi-A not pre-reduced (no red) < FNi-B
< FNi-A < FNiFe. There are similar trends as for lower temperatures: Ni catalysts are generally more
active for WGS which could be related to their lower activation energies [59,60]. This activity is further
amplified when considering the presence of other metals with promoting and supporting effects (alkali
and alkaline earth metals, Co, Cu, Zn, Al, ...) that help reduce even further energy barriers. The
performance of FNi-A could be improved through reduction as the CO; production of the pre-reduced
FNi-A is 3 times higher than that of its not pre-reduced counterpart. This can be expected because
through reduction the biocarbon catalyst gains O vacancies which act as reaction sites for both steam
and CO [61,62]. On another hand, impregnation and pyrolysis could induce a loss of activity and specific
surface area due to blocking of the access to pores containing active sites, induced by the metals in
solution and carbon deposit respectively [63,64]. Here, pores and especially active sites are exposed
as the specific surface area increases but the unhindered metals maintain their respective activities
that are unaffected by this increase in surface area (Table 4.6 and 8). The high surface developed by
Fe-based biocarbon catalysts, possibly related to catalyzed graphitization, does not therefore benefit

its activity [65,66].

CO conversion was generally under 10% but seemed to increase by approximately 2% from 180 to
280°C (Table 4.9). Given the kinetic-driven nature of the reaction, an increase in temperature can only
increase conversion as the reaction has yet to reach thermodynamic equilibrium [23,24,33-36]. As
mentioned previously, in studies with similar operating conditions, rust can reach up to 20%
conversion but did not exceed 7% in this study. This is indicative of the dominance of the kinetic nature

of WGS in our conditions [34,54,55]. It also reflects the potential of the biocarbon catalysts who will
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and currently are able to compete with commercial catalysts [67]. Additionally, the biocarbon catalysts
outperformed rust with the most active being fern biocarbon impregnated with Fe and Ni before
pyrolysis (FNiFe) and reaching 10% conversion. This could be explained by the biomass inherent metals
that enhance the electronic state of reactive metals and improve their activity at lower temperatures

[68].
Table 4.9. Impact of reactor temperature on CO conversion of biocarbon catalyst and rust

Rust FFe-B  RF FNiFe-A FNI-A FNi-B  FNi-A FNiFe
no red

180 6.4 82 7.2 8.4 8.4 8.1 8.3 8.4

200 6.7 83 7.0 8.3 7.6 7.9 8.3 8.0
220 6.7 8.0 6.9 8.2 8.2 7.9 8.4 8.4
240 6.6 80 71 8.4 8.2 8.1 8.9 8.6
260 6.6 79 7.0 8.4 8.2 8.5 9.0 9.5
280 6.9 79 7.0 8.5 8.5 9.0 9.6 10.3

Selectivity towards CO, was globally above 85% and nearing 100% when performing the reaction at
high temperatures (>240°C) with active catalysts (Table 4.10). This proved that the conditions were
favorable to inhibit the side reaction producing CHs. Thermodynamically, methanation is more
exothermic than WGS so increasing temperature should be more inhibiting to the formation of CH4

[25].
Table 4.10. Impact of reactor temperature on CO; selectivity of biocarbon catalyst and rust

Rust FFe-B RF FNiFe-A FNi-A FNi-B  FNi-A FNiFe
no red

180 100.0 100.0 22.6 96.7 100.0 100.0 100.0 100.0
200 100.0 93.8 84.6 95.8 100.0 95.8 97.3 100.0
220 96.0 981 100.0 921 89.6 923 92,6 100.0
240 100.0 100.0 98.2 92.2 90.0 86.8 94.8 100.0
260 97.0 88.9 100.0 100.0 95.8 93.7 951 100.0
280 100.0 100.0 96.7 100.0 97.3 943 985 99.7

4.3.2.2. Influence of the steam excess

S/C was varied between 1.4 to 20.7. This variation was carried out at the end of the experiment for RF

(360°C) and FNi-A not pre-reduced (280°C, Table 4.11).
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Table 4.11. Impact of steam excess on peak production of CO,, CO conversion and CO; selectivity of biocarbon catalyst

R FNi-A no red R FNi-A no red R FNi-A no red
RF (360°C) (280°C) RF (360°C) (280°C) RF (360°C) (280°C)
1.4 0.039 7.4 99.1
2.8 0.031 8.0 100.0
5.5 0.048 0.038 7.6 8.4 100.0 98.7
20.7 0.056 0.041 7.7 8.5 98.3 97.3

It was observed that the production of CO,; increased by approximately 20% with increasing S/C. This
is coherent with literature as an increase in S/C shifts WGS towards the production of CO; and H, due
to the excess of one reactant (steam in this case) and the resulting displacement in equilibrium. This

increase continues at higher values of S/C but the increase lessens above 10 [18,23,24,37,39,40].

The water flow rate seemed to slightly increase conversion by 2.5% (<RSD) which could be due to the
displacement of equilibrium. A peak of CO, production and therefore CO conversion should be
observed at S/C = 8.4 based on the simulated kinetic results (Fig. 4.5 and 6), but this was not the case

with the experimental results since the increase continued at 20.7.

According to the literature, an increase in flow rate reduces contact time allowing formation of CH,4
and an increase in S/C drives the consumption of CH4 through SMR [69-72]. Therefore, CO; selectivity
should improve with excess steam and high GHSV. In our case, the variation in flow rate did not show
an influence on the selectivity. However, selectivity was close to 100% which is comparable to the

simulated kinetic results (Fig. 4.5 and 6).

4.3.2.3. Reaction performances

The performance of the biocarbon catalysts was evaluated in WGS reaction through CO conversion
and selectivity towards CO, and CH4. The results obtained at 280°C and S/C = 5.5, in terms of
concentration of reactive gases (CO) and product gases (CO,, H, and CH4) was indicated (Table 4.12),
and facilitated comparison between the previously simulated results (Fig. 4.5 and 6) and the
experimental results (Table 4.6, 9 and 10). This temperature is the highest studied for all catalysts and
for which the CO, production and CO conversion are sufficiently high to allow a more precise

comparison.
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Table 4.12. Summary of averaged values of concentrations, selectivity and conversion for all trialed catalysts

Outlet gas composition (vol%) Conversion Selectivity (%)
:280°C,S/C=5.5
Cco COZ Hz CH4 XCO (%) SCOz SCH4
Initial
. 11.76 - - - - - -
. composition
Biocarbon catalysts and rust —
WGS kinetic
. . 11.35 0.37 0.37 <0.00 3.1 100 <0.0
simulation
Impregnation Outlet gas composition (vol%) Conversion Selectivity (%)
Sample Biomass Metal before/after
. Cco COZ Hz CH4 XCO (%) SCOZ SCH4
pyrolysis
RF fern - - 9.70 0.01 0.01 <0.00 7.0 96.7 3.3
FFe-B fern Fe before 9.69 0.01 0.02 <0.00 7.9 100 <0.0
FNiFe-A fern Fe,Ni after 9.63 0.02 0.03 <0.00 8.5 100 <0.0
FNi-B fern Ni before 9.57 0.08 0.09 0.01 9.0 94.3 5.7
FNi-A fern Ni after 9.52 0.12 0.14 <0.00 9.6 98.5 1.5
FNiFe fern Fe,Ni before 9.46 0.17 0.21 <0.00 10.3 99.7 0.3
FNI-A Fern Ni after 9.64 004 004  <0.00 8.5 97.3 2.7
no red.
Fe,0s3 - Fe - 9.67 0.01 0.01 <0.00 6.9 100 <0.0

To summarize, CO, and H; gas production and inversely CO consumption is higher with Ni-biocarbon
catalysts than with Fe-biocarbon catalysts or rust. The most performant catalyst FNiFe combines the
properties of both metals. Ni-based catalysts in particular are functional for low temperature WGS as
then can alternate between reduced and oxidized states at low temperatures with little energy [34,56—
58]. CO conversion is improved as CO consumption is increased and follows this same tendency. CO,
selectivity decreases as CH4 production increases. This is mostly the case with Ni-based biocarbon

catalysts but CO selectivity in this instance is above 94%.

When compared to the kinetic simulation results, experimental gas production shows to be lower. This
is at most 0.17 vol% CO, and 0.21 vol% H, experimentally (reminder: uGC sensitivity = 0.001 vol% and
RSD = 10%) compared to 0.37 vol% simulated for both gases. The difference in gas production could
be due to lower WGS activity as the kinetic parameters used in the simulation (Table 4.5) are based on
highly efficient and optimized catalysts such as Pt based catalysts [25,45,47-51]. Additionally, it is
possible that some gas is adsorbed by the biocarbon and the moisture trap [73]. The experimental CO
conversion, of at least 6.9%, is however higher than the simulated one of 3.1%. The difference in kinetic
and experimental conversions could be due to lower values of CO concentration (11.35 compared to
9.70 vol% respectively) for which the variation of content, that is consequently higher as values are
lower, results in higher conversion (Eq. 4.6). This conversion is low compared to other reported values
of at least 10%, but similar trends have been identified where Ni-based catalysts are more active at
lower temperatures than Fe-based catalysts [67]. This conversion can be improved further by changing
the kinetic parameters (catalyst) and displacing equilibrium through increase of temperature and

steam excess (operating conditions). This increase in temperature will however be limited by
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thermodynamic equilibrium (Fig. 4.7) that diminishes as temperature increases, in addition to the loss

of catalyst stability. Also, the impact of excess steam stagnates as it is increased [24,36,37].

These results differ from previously studied RWGS where the reaction was partially
thermodynamically-driven (namely at 400°C, Chapter 3). In this work, rust was the most active but
least stable catalyst whereas biocarbon catalysts performed well as high conversions were maintained
for the duration of the experiment (72h) and the catalyst did not suffer deactivation. The most active
catalysts were fern-based catalysts which contained both Fe and Ni. Their activity was related to the
synergetic effect of inherent metals with O vacancies resulting in improved electronic properties. In
the case of WGS, inherent metals allow minimal activity but are confronted to energy barriers that
limit their activity. Therefore, a low-temperature functioning metal that can overcome these barriers
easily (Ni) is not as limited as other metals (Fe). In both RWGS and WGS, biocarbon catalysts presented
interesting properties that resulted in high performance, stability and selectivity. Further modifications

may help to improve their performance respective to the tested reaction.

4.3.2.4. Kinetic parameters

Kinetic parameters were estimated via power law and Arrhenius equations (Table 4.2, Eq.4.3 and 7).
By assuming nearly constant partial pressures and high CO selectivity, equations were obtained

(Eq.4.11-12) and kinetic parameters were deduced (Table 4.13) [33].

E
ln(rco ) = —=2+1In(k,) + constant Eq.4.11
2 RT
ko,bioso;:rced catalyst _ eln(rcoz,biosourced catalyst)_ln(rcoz,rust) Eq412
0,rust

Table 4.13. Estimated kinetic parameters for biocarbon catalysts and rust in pre-established decreasing order of performance

FNiFe 59.5 5.6 x 10° = e™®
FNi-A 26.8 1.8x 10% =8
FNi-B 92.1 2.2 x 108 = 192
FNi-A not pre-reduced 22.1 1.4 x 10t = e?7
FNiFe-A 43.3 1.3x10*°=¢"?
RF 7.5 39x101=¢e?0
FFe-B 5.2 2.2x101=¢??
Rust 9.5 1=¢°

The most performant catalysts present relatively high kinetic constants, which is beneficial for kinetic-
driven WGS, but also present high activation energy. This phenomenon is inversed for the least

performing catalysts and indicates the importance of the dual effect from both parameters. No
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immediate conclusion can be drawn based on a comparative factor accounting for the contribution of
both parameters (such as comparing rates). However, this underlines the importance of the intrinsic
characteristics of the biocarbon catalysts that have no immediate catalytic impact (thermal, electric
and electronic conductivity). Regardless, the experimental values obtained for the activation energy
and the preexponential factor, compared to literature, are of the same order of magnitude [13,15,27].
Furthermore, the assumptions to obtain these parameters are insufficient to completely describe the
rate law, for example the orders for each reactant and product were not determined. Indeed, CO
formation rates are highly dependent on the partial pressures of formed gases and their respective
orders, and do not consider possible methane production (Table 4.2) [13—-21]. Nevertheless, the
comparison between the obtained results for WGS simulation and experiments was summarized

(Table 4.14).
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Table 4.14. Synthesis of the comparison between the obtained results for WGS simulation and experiments

Simulated
plug flow
reactor

Simulated
Gibbs
reactor

S/C

Kinetic

(global)

164

Kinetic simulations result in low
conversion (<3.3%) with maximal
conversion reached at specific value
of water flow and nearly 100%
selectivity; no impact from T

Thermodynamic simulations tend
towards high conversion (>99%) and
selectivity (>75%)

eBiocarbon catalysts are more
active than rust and when reduced
eNi-based biocarbon catalyst are
more active especially at lower T
¢11-fold difference between
experiments and literature
e|nstability below 240°C

eIncrease in conversion and high
selectivity

eIncrease of CO; production
eIncrease in conversion even at
higher S/C values (20.7)

elittle influence of selectivity but
close to 100%

*The reaction is kinetically driven
with high conversion (<10%) and
selectivity (>85%)

eBiocarbon catalysts outperformed
rust

Kinetic simulations are regulated by the set of
kinetic parameters resulting in WGS being
dominant but not quite active; too much liquid
water results in use of reaction energy to form
steam, optimum at S/C=8.4

Conversion increases with excess steam but
decreases with temperature and inversely for
selectivity: equilibrium principles and
exacerbation of CH, producing reactions (more
exothermic than WGS) by steam

O vacancies caused by reduction of O-
containing biocarbon surface groups could
improve CO and steam uptake and reactivity;
other inorganic element namely AAEM and co-
catalytic metals may help reduce energy
barriers

eNi may be active and accessible at low T
thanks to low T reversibility and to sufficiently
developed porosity

eDifference experiment-literature could be
related to not addressed studied operating
conditions

eInstability may be related to -electronic
sensitivity and competition between activation
of catalyst and reacting gases

ePromotion of kinetics by T increasing
consumption of CO and inhibiting of
methanation as it is more exothermic than
WGS

eDisplacement of equilibrium towards the
products of WGS due to excess of steam
eContradiction with simulation as maximum
observed at 8.4 S/C but coherent with
displacement of equilibrium

eCoherent with simulation, excess steam that
promotes CH4 reforming and increase in GHSV
that limits time to form CH4

eInherent metals, facilitated reducibility and O

vacancies could improve biocarbon
performance but a change in operating
conditions could enable thermodynamic
equilibrium

*E, = 5.2 kJ/mol and ko/ko, rust = 2.2 x 108 for
biocarbon catalysts compared to 9.5 kJ/mol
and 1 for rust, respectively: high kinetic
performance observed at low T (<400°C) for
biocarbon catalysts in WGS



4.4. Conclusion and perspectives

Biocarbon catalysts from fern were tested in original WGS conditions with increments in temperatures
ranging 180 to 400°C and in S/CO from 1.4 to 20.7, every 1h30. Results showed that WGS is kinetically-
driven: conversion increased as temperature increased. Biocarbon catalysts outperformed rust, which
shows promising results compared to commercial catalysts. Ni-based biocarbon catalysts showed the
best activity. This could be attributed to their activation from lower temperatures. This is especially
the case of the fern catalyst impregnated with Ni and Fe before pyrolysis, which resulted in a
conversion above 10%. CO conversion and consequently CO; and H; gas production increased with
S/CO ratio due to improved kinetics and displacement of equilibrium, respectively. Selectivity was
above 85% and was slightly affected by temperature and S/CO, where their increase inhibits the side
reaction producing CHa. Kinetic parameters were determined for the biocarbon catalysts relative to
rust and are comparable to literature values. No explicit relation between the order of the biocarbon
catalysts’ activity and these parameters was established. Characteristics with subtle impact on the
kinetics may therefore need to be brought to light. Future work should observe these characteristics
and optimize operating conditions to direct WGS towards thermodynamic equilibrium, as well as
analyze the impact of biocarbon catalysts on other environmental applications. Additionally, further
tests should be performed to precise the kinetic laws (including power law) that apply to these
catalysts, and their respective parameters, by modifying the gas flows and the contact time between

the gas and the catalyst bed.
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General conclusion

The Paris Agreement, signed in 2015 by 195 nations, aims to limit global warming to 2°C and decrease
greenhouse gas emissions, primarily carbon dioxide and methane. Nitrous oxide, a minor greenhouse
gas, contributes to environmental issues and is responsible with nitrogen oxides for health-related
problems. Hydrogen, produced through carbon-neutral thermal processes like biogas reforming, may
also help reduce GHG emissions. These processes however requiring catalysts that are currently
expensive and environmentally and sanitarily damaging. This work therefore aims at producing
biocarbon catalysts from bioresources that contain metals with a catalytic capacity for three reactions:
water-gas shift, reverse water-gas shift and direct decomposition of nitrogen oxides (WGS, RWGS and
deNOy respectively). The catalysts can be produced by thermal treatment that could enhance catalytic

properties.

Fern and willow were selected as feedstocks for the biocarbon catalysts. They were impregnated
before and after pyrolysis through wetness impregnation of iron and nickel nitrates. Optimal
conditions for heating rate and pyrolysis operating temperature were determined through literature,
thermogravimetric analysis and thermodynamic simulations. Both unimpregnated and impregnated
biomass were pyrolyzed and the resulting biocarbon were tested for reverse and direct water-gas shift
and direct decomposition of nitrogen oxides. Optimal preheating temperature for water-gas shift was
simulated. The biocarbon catalysts were characterized in terms of organic element content (CHNS
analysis), inorganic element content (ICP-AES) and its dispersion on the carbonaceous matrix (SEM,
TEM), thermal stability (TGA-DSC), specific surface area (BET, N3), textural properties and surface
chemical functions (TPD, TPR, TPO, XRD). The changes in the structure of the biocarbon catalyst were
analyzed before and after the chemical reaction to determine the influence of these properties of the
reactions. Two set-ups, for deNOy and for WGS/RWGS, were respectively completely developed and

assembled during this PhD thesis, in addition to being optimized through on-line gas analysis.

Fern and willow catalysts impregnated before pyrolysis were tested for deNOx. NO was decomposed
by these catalysts and better removal was observed as temperature was increased from 200 to 500°C.
The removal ratio, a criterion defined by observing the removal of NO, reached 31% in presence of Ni-
impregnated willow biocarbon at 500°C and in presence of Fe-impregnated willow biocarbon at 200°C.
This NO reduction may be facilitated by the presence of reductive and basic functions that enhance
NO adsorbability and reactivity in coordination with high specific surface area that allow further

dispersion of active sites. High amounts of metal impregnated may decrease the performances of the
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catalysts due to pore blocking. A production of N, and O, was detected, as well as CO and CO; that may
result from the degradation of the biocarbon catalysts and could lead to selective reduction of NO.
Mass loss was indeed reported, but it was not correlated to deactivation as the removal ratio was

maintained for the duration of the experiment.

The produced biocarbon catalysts were tested in RWGS at 400°C with a ratio H,/CO; of 3 and compared
to rust and Fe-doped alumina. This resulted in highly stable conversion (little deactivation over 72h)
with high selectivity towards CO (>84%) on behalf of the biocarbon whereas rust was more active with
conversion reaching equilibrium (30<35%) in less than 24h followed by deactivation due to carbon
fouling. Fern biocarbon were reported to impact more RWGS than willow biocarbon. This was
attributed to higher inorganic content especially K, Mg and Ca that have known promotion effects on
catalysts and may diminish energy limitations for the adsorption and transformation of reactive gases.
This complements the high CO, adsorptive properties of the biocarbon as this can enhance adsorption
of CO; and facilitate its reaction, due to electron transfer, with proximate reactive sites. The best
performing biocarbon was tested for long-term stability (288h) and little deactivation was observed
with a slight increase in conversion. This contrasts with rust and reported catalysts that are more active
for RWGS but cannot sustain this activity for long periods. The highest time over stream reported was
at most 120h, and rust did not last more than 24h in our conditions. Similarly, the impact of
prereduction on the best performing reducible biocarbon catalyst was assessed and had a negative

impact on reactivity related to increase in particle size and loss of active sites during reduction.

Fern-based biocarbon catalysts were tested in WGS. Operating conditions were modified
approximately every 1h30 with 20°C increases in temperature from 180°C and S/C was adjusted to 5.5,
1.4,2.8,20.7 with a resulting GHSV of 30744, 21686, 24705, 63959 h! respectively. WGS was simulated
by process software Aspen Plus with representation of thermodynamic and kinetic phenomena. It was
determined that the reaction was kinetically driven by comparison of experimental results with
simulated results and literature, and Ni-catalysts were more performant than their Fe counterparts
namely rust. The presence of other inherent metals in the biocarbon catalysts such as K allowed activity
by promoting electronic properties and the facilitated reducibility of Ni catalysts allowed them to be
the most active. Therefore, more energy could be provided to react with steam and carbon monoxide,
who were additionally adsorbed and activated by the high quantity of O deficient sites provided by
reduction of the functional groups of biocarbon. The combination of these biocarbon catalytic
properties resulted in their higher activity and selectivity compared to rust (least active and reference
catalyst). All catalysts were highly selective of CO (>95%). Variation of temperature allowed the
determination of kinetic constants through Arrhenius law equation and no explicit order was

determined implying influence of other properties on kinetics. Despite this, they are coherent with
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values reported in the literature, where the activation energy varies from 0.5 to 186 kJ/mol and the

kinetic constant figures between 1.9 x 10 and 4.3 x 10%2.

Biocarbon from phytoremediation plants combine and group extremely interesting properties for
catalysis. The presence of inherent metals influences the catalytic metals by providing sites that further
the adsorption of reactive gases and could facilitate the dispersion of electrons due to difference in
charge, resulting in improved activation of these gases. This is further amplified as the biocarbon can
develop high specific surface area that disperses active sites and basic, acidic and oxygen functions
that once reduced are a source of active sites that also help adsorb and transform the reactants. These
properties make heavy metal-loaded biocarbon an effective biocarbon catalyst in deNO,, RWGS and
WGS. Biocarbon catalysts show potential as substitutes for commercial catalysts. Indeed, their
production and use are directly inscribed in a circular economy approach due to the reuse of biocarbon
and metals as catalysts. That is the reason why they would require further studies to improve this
potential. Once perfected, this could be a means of limiting and even reducing the environmental and
health problems that are raised by extraction of commercial catalysts as well as greenhouse gas

emissions.
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Perspectives

As mentioned, biocarbon catalysts and the processes in which they were involved require further
studies to further adjust the properties of these catalysts towards its given application, and to improve

the understanding of how they behave during these processes.

Future studies could observe more in depth the catalytic impact of a selected property on a selected
reaction. For instance, the presence of inherent metals was able to improve RWGS and WGS.
Therefore, testing biocarbon with high inherent ash content and without metal-loading could be a
means of identifying the exact nature of the metals that impact these reactions (K, Ca, Mg, Fe, Ni) and
the type of biomass that should be searched for catalytic applications. In the case of deNO,, the specific
surface area and high gas adsorption properties allowed better performance of the biocarbon catalyst.
While studying varying bioresources, looking at these properties could allow identification of
interesting resource types for this process. Additionally, the carbon structure behavior may vary
depending of the presence of metals, inherent or incorporated. Coupled with life cycle analyses, it may
be possible to identify the most interesting bioresources in terms of environmental and financial
impact and with activity in reaction identify the most environmentally friendly and cost-effective
catalyst. This has already begun as newer catalysts, such as algae and mine residues, are starting to be

tested in both set-ups that were finalized during the thesis.

Given the complex nature of bioresources, attributing improvement of the processes to only one
characteristic might deter from other equally interesting properties. Ergo, further characterizations
are needed, such as FTIR that could provide additional information on the surface functions in
conjunction with gas desorption during TPD, Raman for more information concerning the nature of
the bonds between metal and biocarbon surface or OSC and XPS measurements that could provide
more insights on oxygen vacancies and their nature. This includes in situ techniques (ex. DRIFTS) that
could allow determination of the mechanistic phenomenon that occur during the process and observe
real time degradation or deactivation of the catalysts. Once determined, it may be possible to isolate
the characteristics that constitute good catalytic properties and seek these in future biocarbon

catalysts.

Currently, the biocarbon catalysts are stable at 500°C, limiting possible use for high temperature
reactions such as reforming of CHa.. To stabilize them, many axes could be considering such as post-
treatment activation using a none O, oxidizing gas (H,0, CO,, ...) or modifying the conditions of

production of the biocarbon (graphitization, gasification, ...). This would allow for a little degradable
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catalyst but could be source of potential deactivation in case of sintering or carbon fouling. Studies
could therefore test progressively the change in production conditions of an identified active catalyst
and observe how the modifications affect activity. Once high temperature stability is established,
studies could research the regenerability of the biocarbon catalysts. In absence of high temperature
stability, it is also possible to study lower temperatures processes such as FTS or CAMERE. In a factory
approach, it is also possible to identify the most performant catalysts for a given application and then
integrate these applications together to achieve a common objective, such as improving and purifying

biosourced H, production.

Finally, some model-based studies such as DFT focus on the interaction between metals or metal and
support, how they react with gases and how they affect these reactions, as well as the hydrodynamic
to better understand the flow regime of the reactor. Additionally, iso-selectivity or -conversion
experiments could be performed to isolate the intrinsic influences of the catalysts on the reactions.
New studies could go more in depth about the electronic state of metals on biocarbon, especially
during the reaction. This is the case with reactions with in-situ techniques such as XANES, EXAFS and

DRIFTS.
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Appendix A

Non-retained biocarbon: preparation and characteristics

A.1. Operating conditions, description and initial choice

The different impregnation as well as their conditions are reminded in the following tables (Table A.1-
3). The biomass that were impregnated before pyrolysis are mentioned along with the impregnation
conditions and the content in the impregnation metal after pyrolysis (Table A.1). This is followed by
the conditions and metal content of biocarbon (BC) impregnated after pyrolysis (Table A.2). The last
table contains information about mass loss of impregnated biomass during pyrolysis with relative
standard deviation (RSD) (Table A.3). An objective of 3 wt% of metal in biocarbon was selected to
imitate phytoremediation conditions [1].

To decide the concentrations necessary for the 1 batches, conditions are derived from preestablished
protocols [2,3]. Fern was impregnated first then willow was impregnated based on the results obtained
for fern. To initially impregnate biomass, in Said’s thesis, it was found for 1 wt% Ni in solution, there
was 0.36 mol of Ni per kg of willow. For 3 wt%, this was 0.95 mol/kg. This content was then converted,
2.11 wt% of Ni in biomass was obtained for 1wt% Ni in solution, 5.58 wt% for 3 wt% in solution. Using
a linear regression between these 2 values, for an objective of 3 wt% of Ni in biomass, 1.5 wt% of Ni in
solution was required. This same percentage was used for iron. 750 mL then 1 L of distilled water were
used for these impregnations. To first impregnate biocarbon, calculations based on insipient wetness
impregnation was used: wettable volume of biocarbon was determined by adding drops of water on a
known mass of biocarbon until water was no longer adsorbed. The difference in mass divided by
density of water is then equal to the wettable volume. To reach an objective of 3 wt% in biocarbon,
the mass of metal nitrate (powder) to add was determined considering that metal content in the
biocarbon remained the same because the effect of leaching is limited (Eq.A.1). From this, a
concentration of powder in the solution was deduced by dividing this mass by the wettable volume.
Wetness impregnation was then realized in this same concentration and at first for 3h. At first, 100 mL
of distilled water was used for these impregnations due to limited quantities of biocarbon, this was
then increased while conserving the concentration of biocarbon and nitrate in water. Solubility was

not an issue due to the high solubility of nitrates in water.

Mpowder added XWt%metal in powder T Mmetal in biocarbon Eq Al

3 wt% of metal in biocarbon =
Minitial of biocarbontTMpowder added
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Once the first batches were complete and characterized, the following impregnations were then
optimized following time of contact and quantities of sample and metal nitrate in solution. The samples

which were chosen for deNO,, RWGS and WGS reactions are in bold writing.

Table A.1. Impregnation of fern and willow before pyrolysis, conditions and content after pyrolysis

Impregnated BC (before
pyrolysis)

Abbreviation

Impregnation conditions
Powder = nitrate

Metal
content
(wt%, BC)

Fern BC impregnated

2 days stirring, 38.884+19.738g powder

with Ni before pyrolysis FNi* and 51.984g biomass (BM) for 500+250mL 37.96
#1 distilled water
Fern BCi ted
.;:nN‘ b |]rcnpregna le . ENi-B2 3 days stirring, 20.873g powder and 20.51
i r - .
Wi e;ze PYFOTysis 21.329g BM for 1L distilled water
Fern BC impregnated
wifr:nNi belfoFr)e & rolvsis ENI-B 3 days stirring, 9.838g powder and 21.790g 3.96
3 Pyroly BM for 1L distilled water '
Fern BC impregnated
wifr:nNi belfoFr)e & rolvsis ENi-BA4 3 days stirring, 4.757g powder and 21.830g 3.84
pyroly BM for 1L distilled water '
#4
Fern BC impregnated
wifr:r;:e belfoFr)e & rolvsis FEe* 3 days stirring, 55.446g powder and 64.17
i pyroly 21.942g BM for 500mL distilled water ’
Fern BC impregnated
wi;:r;:e belfoFr)e . rolysis FFe-B 3 days stirring, 25.669g powder and 13.17
i pyroly 21.666g BM for 1L distilled water ’
Fern BC impregnated 3 days stirring, 28.360g (Fe) & 21.615g (Ni) 19.34 &
with Fe & Ni before FNiFe-B1 powder respectively and 21.865g BM for 1'7 81
pyrolysis #1 500mL distilled water '
Fern BC impregnated 3 days stirring, 12.748g & 10.404g powder
with Fe & Ni before FNiFe respectively and 21.373g BM for 1L 10.30 & 8.08
pyrolysis #2 distilled water
Willow BCii ted
'Ithon/' b f|mpregnT e, WNI-B 3 days stirring, 4.397g powder and 21.626g 91
with 1 e;re PYFOlySIS BM for 1L distilled water '
Willow BCii ted
,IthO;N b f|mpregrnaln e_ WFe-B 3 days stirring, 4.112g powder and 20.378g 4.6
with e e:lre pyrolysis BM for 1L distilled water '
Willow BC impregnated 3 days stirring, 3.346g & 4.342g powder
with Fe & Ni before WNiFe-B1 respectively and 21.276g BM for 1L 2.97 & 3.00
pyrolysis #1 distilled water
Willow BC impregnated 3 days stirring, 6.674g & 8.552g powder
with Fe & Ni before WNiFe-B2 respectively and 21.891g BM for 1L -

pyrolysis #2

distilled water
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Table A.2. Impregnation of fern and willow after pyrolysis, conditions and content from BC

Impregnated BC (after
pyrolysis)

Abbreviation

Impregnation conditions
Powder = nitrate

Metal
content
(wt%, BC)

Fern BC impregnated

3h stirring, 9.107g powder and 1.998g

. ) ) FNi-Al biocarbon (BC) for 100mL distilled 0.35
with Ni after pyrolysis #1
water
Fern BC impregnated ENI-A2 6 days stirring, 3.067g powder and 6.64
with Ni after pyrolysis #2 2.005g BC for 100mL distilled water
7 days stirring, 1.340g powder and
Fern BC impregnated . 2.004g BC for 100mL distilled water
with Ni after pyrolysis #3 FNi-A . Then 143
7 days stirring, 8.043g powder and
12.031g BC for 600mL distilled water
Fern BC impregnated ENi-A4 10 days stirring, 0.666g powder and 594
with Ni after pyrolysis #4 2.036g BC for 100mL distilled water
Fern BC impregnated FEe-Al 3h stirring, 13.466g powder and 1.990g 0.64
with Fe after pyrolysis #1 BC for 100mL distilled water
Fern BC impregnated FEe-A 13 days stirring, 13.469g powder and 0.51
with Fe after pyrolysis #2 1.986g BC for 100mL distilled water
Fern BC impregnated FFe-A3 3 days stirring, 4.436g powder and 0.59
with Fe after pyrolysis #3 2.004g BC for 100mL distilled water
Fern BC impregnated FFe-Ad 7 days stirring, 4.422g powder and 0.31
with Fe after pyrolysis #4 1.996g BC for 100mL distilled water
Fern BC impregnated FEe-AS 10 days stirring, 4.423g powder and 0.25
with Fe after pyrolysis #5 2.012g BC for 100mL distilled water
Fern BC impregnated 3h stirring, 6.685g (Fe) & 4.583g (Ni)
with Fe & Ni after FNiFe-A powder respectively and 1.997g BCfor 0.76 & 0.36
pyrolysis #1 100mL distilled water
Fern BC impregnated 7 days stirring, 4.770g & 1.665g
with Fe & Ni after FNiFe-A2 powder respectively 2.010g BC for 0.31&0.02
pyrolysis #2 100mL distilled water
Willow BC impregnated WNi-A 10 days stirring, 1.311g powder and 181
with Ni after pyrolysis #1 2.016g BC for 100mL distilled water
Willow BC impregna.ted WEeAL 3 days stirring, 4.435g.po.wder and 0.06
with Fe after pyrolysis #1 2.003g BC for 100mL distilled water
Willow BC impregnated WEe-A 10 days stirring, 4.812g powder and 0.23
with Fe after pyrolysis #2 5.003g BC for 250mL distilled water
Willow BC impregnated 10j, 2.102g & 1.355g powder
with Fe & Ni after WNiFe-Al respectively and 2.050g BC for 100mL 0.51 & 0.06

pyrolysis #1
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Table A.3. Mass loss after pyrolysis of the aforementioned impregnated biomass

BC Mass loss
Average (wt%) RSD (%)
FNi* 72.0 0.8
FNi-B2 66.4 0.8
FNi-B 66.7 1.7
FNi-B4 68.0 2.1
FFe* 69.7 0.3
FFe-B 67.0 1.5
FNiFe-B1 66.7 6.2
FNiFe 67.4 0.2
WNi-B 71.2 2.2
WFe-B 72.1 6.4
WNiFe-B1 72.1 -
WNiFe-B2 - -

A.2. Conclusion

The selected biocarbon catalysts are presented in bold. The tables represent the different steps which
created the catalysts used in this thesis. This optimization of operating conditions attests the difficulty
to impregnate biocarbon versus biomass, biocarbon requiring on average 10 days compared to 3 and

3 times the quantity of metal nitrate in solution.
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Production de catalyseurs biosourcés pour élimination de NOx, WGS et RWGS

Ce travail propose une approche innovante pour la production, caractérisation et utilisation de
catalyseurs biosourcés pour des applications dans les domaines de I'énergie et de I’environnement,
afin de réduire le colt et I'impact des catalyseurs commerciaux actuellement utilisés. Le travail
développé ici promeut une approche d’économie circulaire dans la mesure ol des plantes issues de la
phytoremédiation ont été employées pour la production de catalyseurs biosourcés, respectueux de
I’environnement. Ces catalyseurs ont été utilisés pour produire des vecteurs énergétiques tels que
I’hydrogéne a partir des réactions de gaz a I'eau direct (water-gas shift, WGS) et indirect (reverse
water-gas shift, RWGS), et pour la décomposition des polluants de NOy (deNOy). Les catalyseurs
biosourcés ont été produits a partir de saule et fougére avec un contenu contrélé en métaux introduit
par imprégnation avant ou apreés pyrolyse a 800°C afin d’imiter I'hyperaccumulation (>3 g métal /kg
biocarbone) dans un support carboné poreux. Les catalyseurs ainsi produits ont été testés pour les
réactions de deNOy, ainsi que dans WGS et RWGS, et les dispositifs expérimentaux associés ont été
développés et optimisés pendant la these. Ils ont été caractérisés en termes de composition, structure
et stabilité thermique, ceci avant et apres utilisation. Pour les trois réactions, les catalyseurs ont
montré une sélectivité et une conversion élevées et maintenues dans les conditions de réaction,
facilitées par le contenu en métaux catalytiques dont l'activité a été renforcée par les métaux
inhérents. La présence de fonctions oxygénées de surface et d'une surface spécifique élevée (<419
m?/g) ont amélioré I'adsorption et la dissociation des gaz réactifs grace a des sites supplémentaires
formés par réduction et a une meilleure activité électronique. Avec ces caractéristiques, les catalyseurs
biosourcés ont montré des performances meilleures que celles de catalyseurs références de la
littérature en raison d’une meilleure stabilité ou activité catalytiques (conversion maintenue pour plus
de 120h, énergie d’activation entre 0.5 et 186 kJ/mol, constante cinétique entre 1.9 x 10° et 4.3 x 10%?).
Le catalyseur de saule imprégné au Ni avant pyrolyse et le catalyseur bimétallique (Ni/Fe) de fougeére
ont montré les meilleures performances pour les réactions de deNO,, et RWGS et WGS,
respectivement.

Mots clés : Catalyseurs biosourcés, Nickel, Fer, Pyrolyse, Réaction de gaz a I'eau, Elimination d'oxydes
d'azote

Production of biocarbon catalysts for NOx decomposition, WGS and RWGS

This work proposes an innovative approach to the production, characterization and use of biocarbon
catalysts for energy and environment-related applications, in order to reduce the cost and impact of
the commercial catalysts currently in use. The work developed here promotes a circular economy
approach in the way that plants from phytoremediation have been used for the production of eco-
friendly biocarbon catalysts. They were used for the production of energy vectors such as hydrogen by
direct and reverse water-gas shift reaction (WGS and RWGS respectively), as well as for the
decomposition of NOx pollutants (deNOy). Biocarbon catalysts were produced from willow and fern
with a controlled metal content introduced by wet impregnation before or after pyrolysis at 800°C to
imitate hyperaccumulation (>3 g metal/kg biocarbon) in a porous carbon support. The resulting
catalysts were tested in deNOy, as well as WGS and RWGS reactions, and the associated experimental
equipments were developed and optimized during this thesis work. They were characterized in terms
of composition, structure and thermal stability, before and after use. For the three reactions, the
catalysts showed high selectivity and conversion, facilitated by the catalytic metals whose activity was
enhanced by the inherent metals. The presence of surface oxygen functions and a high specific surface
area (<419 m?/g) improved adsorption and dissociation of reactive gases thanks to additional reactive
sites formed by reduction and enhanced electronic activity. With these characteristics, biocarbon
catalysts showed better performances than literature-based reference catalysts as they were either
more stable or active (conversion maintained for more than 120h, activation energy from 0.5 to 186
kJ/mol, kinetic constant between 1.9 x 10 and 4.3 x 10%?). Willow biocarbon impregnated with Ni
before pyrolysis and bimetallic (Ni/Fe) fern biocarbon showed the best performances for the deNO,,
and RWGS and WGS reactions, respectively.

Keywords: Biocarbon catalysts, Nickel, Iron, Pyrolysis, Water-Gas Shift, Nitrogen oxide decomposition



