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Résumé

Ce projet industriel concerne I'étude de I'nydregiém catalytique sélective des huiles végétalagqlue soja
et huile de colza, et la validation de la techn@ate production, afin de maximiser la teneur edeaoléique et
d'élargir la gamme de ses utilisations non-comiestiitomme lubrifiant ou molécule plateforme dans la
production de polymeres et de plastiques. Cetteethépour but le développement de catalyseurs dlilgéaes
a base de métaux de transition (Cu et Ni) et d’éaimoble (Pd) supportés sur silice. Les principaljectifs
de ce travail sont la synthése (par deux méthodewparées) et les caractérisations de ces catasysdiar
d’identifier les interactions métal support, I'apisation des conditions réactionnelles a I'échaliéaboratoire
la modélisation cinétique et la transposition dealgseurs a I'échelle industrielle pour une diiign en réacteur
pilote (proposition d’'un schéma industriel, étudefaisabilité, bilans matiere et chaleur).

Résumé en anglais

This industrial project concerns the study of takestive catalytic hydrogenation of vegetable (slsybean oil
and rapeseed oil), and the validation of the prbdadechnology, in order to maximize the oleicdacontent
and widen the range of its inedible uses as bi@kire lubricant or platform molecule in the prddurc of
polymers and plastics. This PhD aims to developehafiic catalysts based on transition metals (coppé/or
nickel) and a noble metal (Pd) supported on sillde main objectives of this work are the synthésystwo
compared methods) and the characterizations ottbatalysts in order to identify the best metalpsup
interactions, the optimization of reaction condisoon a laboratory scale, the kinetic modeling &mel
transposition of the catalysts on an industrialeséar use in pilot reactors (proposal of an indastscheme

feasibility study, material and heat balances).
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|. Introduction au sujet et aux problemes de la rextteer

Dans le cadre d'un programme de doctorat indudinahcé (PON FSE FSESR 2014 2020 PhD with
Industrial characterization), les recherches prépssoncernent les themes de la chimie verte, riéinyier
I'étude de I'hydrogénation catalytique sélective ldailes végétales (huile de soja et huile de yoifan de
maximiser la teneur en acide oléique et d'élaeggdmme des utilisations non comestibles.

Cette étude se base sur l'intérét croissant des géyeloppés (Amérique du Nord et Europe) pour les
réglementations gouvernementales sur les compadségime biologique plus intensifs [1]. Parmi les
composants bifonctionnels commercialisés pour lestigues d'origine biologique, il faut égalemarntlire
I'acide sébacique et I'acide 11-aminoundécanoigues, deux issus de I'huile de ricin, ainsi quedesies
azélaigue et pélargonique dérivés de I'acide adéifimalement abordés dans ces travaux.

L'acide oléique, également appelé acide cis-9-éctbique, est un acide carboxyligue monoinsatdigé-a
huit atomes de carbone, il appartient a la séseoteéga-9. Il possede les caractéristiques requmesétre
utilisé comme lubrifiant biodégradable et constitmeclément de base dans la production de polyneéidss
plastiques a partir de ressources renouvelablegpaplacement et/ou en complément de ceux obtepasia

d'huiles minérales. Il est considéré comme un érde base de la chimie verte des polyméres et son



utilisation dans l'industrie devrait augmenter.2C&imule la R & D en vue de I'optimisation descgdes de
production. En Italie, il faut souligner I'engagearhde la CNR sur le sujet [2].

L'intérét spécifique pour I'acide oléique est fiistpar sa stabilité en présence d'oxygene, n®lgengrisant
pas spontanément, et le fait qu'il reste liquidamaé& basse température. Ces caractéristiquesefaciion
utilisation industrielle dans des processus desfcamation continue.

La production d'acide oléique est limitée et seglesques huiles a forte teneur en acide oléiquegg étre
utilisées (huile de tournesol ou huile de tourn€¥BM), ce qui limite la disponibilité de I'acidedaue sur le
marché. Une revue de la littérature a révélé commgpliquer I'nydrogénation sélective a touteshleises
courantes sur le marché. Les triglycérides etdeere méthyliques peuvent également étre hydrogénés
Le principal défi de cette étude est représentéggaplication d'un catalyseur hétérogene qui pedaesaturer
les doubles liaisons disponibles dans les acidesemn C18, tels que C18:2 (acide linoléique) etE(aide
linolénique), avec une faible formation de 'acédturé correspondant (acide stéarique C18:0) tndement
maximal de C18:1. Actuellement, les catalyseuraselde Ni ne permettent pas un faible pourcentage d
C18:0, ils sont couramment utilisés en hydrogénatimmpléte dans l'industrie alimentaire.

Nos activités de recherche ont porté sur |'étudle pfocédé catalytique sélectif pour I'hydrogématituiles
végétales naturelles et la validation de la teatgiel de production, toujours a I'échelle du lakmrat en
étudiant les techniques les plus récentes tantlpquiéparation que pour la caractérisation desdys®urs, en
particulier les catalyseurs non nobles (cuivre (€twickel (Ni)) et les catalyseurs nobles (Pd, Rinet Pt),
cités dans la littérature sur I'nydrogénation sélec

En outre, pendant la période industrielle du pnogne de doctorat, il était prévu de réaliser le t¥ppmement
et I'optimisation de I'ensemble du systeme de pmaced'innovation a mettre en ceuvre autour duenégct
I'évolution des utilités et des codts de productierthuile enrichie en acide oléique.

Dans le cadre d'une large étude sur I'hydrogéndisrhuiles végétales, Zaccheria et al. ont maoimément
I'nydrogénation des huiles de canola et de sojmgitait d'obtenir de faibles niveaux d'acides satiet
d'isomeres trans avec un catalyseur a base deequigparé par imprégnation sur un support de siticerphe
[3]. D'autres auteurs ont utilisé différents tyglescatalyseurs, a base de palladium [4] et de hjBkeen

jouant sur les conditions opératoires pour obtené faible teneur en produits indésirables.
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Matériels et méthodes

Dans cette these, un catalyseur commercial et fdlysaurs synthétisés ont été testés dans un wéacte

d'hydrogénation a I'échelle du laboratoire pourrbgdner sélectivement les huiles de tournesol eadela:

le catalyseur commercial est un catalyseur LindlarSigma-Aldrich, 4-5% Pd supporté sur du
carbonate de calcium, pour augmenter la sélectitatalyseur a été dopé avec de I'oxyde de plomb
gui modifie les sites actifs du catalyseur Lindlar;

un autre catalyseur a base de Pd, le Pd support§dotalcite (1% Pd/HT), a été synthétise
avec une méthode proposée par Di Nicola et at. §@hs cette méthode, la réduction du Pd
est obtenue en réagissant avec du cyclohexene;

deux catalyseurs a base de cuivre (5% et 10% eis)sur oxyde de silicium ont été
synthétisés par deux meéthodes de synthése propgsge¥'ujun et al. (Hydrolyse-
Précipitation notée - HP) [7] et par Liang-Fengket(Ammoniac-Evaporation notée - AE)
[8l;

afin d'améliorer l'activité des catalyseurs toutreaintenant la sélectivité a l'acide oléique, des
catalyseurs bimétalligues cuivre-nickel ou cuivedlgdium ont été synthétisés. Le nickel et le
palladium sont des phases plus actives dans I'bgdasion des acides gras que le cuivre. Les
échantillons bimétalliques de cuivre-palladiumetdivre-nickel ont été préparés par les deux mémes
méthodes que celles utilisées pour les échantiltensuivre : Hydrolyse-précipitation (HP) [7] et
évaporation d'ammoniac (AE) [8]. Il a également dtxidé de synthétiser des échantillons

monomeétalliques de palladium et de nickel pouctasparer avec des échantillons bimétalliques.

Les catalyseurs ont été caractérisés par anaksesataire (ICP), diffraction des rayons X (DRX)saigption

de N (BET), réduction programmée de la température {TBRectroscopie Raman, spectroscopie FTIR,

spectrométrie photoélectronique a rayons X (XP®)raacopie €électronique a balayage avec spectr@seéop

rayons X a dispersion d'énergie (SEM-EDS) et mmuwpge électronique a transmission (TEM). Les

catalyseurs réduits ont également été caractérisés.

Les essais d’hydrogénation sélective ont été effsctlans un réacteur de laboratoire, le coeur dgsteme

est un réacteur Parr Instrument 4560 (600 ml) fonoant en mode semi-batch, alimentant I'nydroggme




continu. Afin d'analyser la composition a différetémps de réaction, des échantillons ont étéy@gldans
le réacteur, transestérifiés par une méthode stdiséa [9] et analysés par GC-FID. Le chromatogeagn
phase gazeuse utilisé était un GC VARIAN 3400 éguijpn détecteur FID, d'un injecteur Split/Spldles
d'une colonne capillaire Supelco SP-2380 concue lfamalyse des esters méthyliques d'acides grelglEy

; 'analyse a été réalisée dans des conditionsasoes a 180 °C, avec un détecteur et un injeét@20 °C
avec de l'azote comme gaz vecteur. Le débit deltane Split/Splitless était de 25 ml/min.

Afin de développer la procédure d'’hydrogénatiofaenéthode d'analyse du produit, certains teststnt
effectués avec un catalyseur commercial, le catahisindlar (Pd réduit supporté par du carbonateadigum
empoisonné au plomb), normalement utilisé pourdestions d'hydrogénation. Des échantillons d’hdée
tournesol et d’huile de colza ont été utilisés cammactifs (voir tableaux 1 pour les compositionana
réaction).

Tableau 1 Composition de I'huile de colza de camtlde I'huile de tournesol.

Huile végétale C18:0% C18:t% C18:1% C18:2% C18:2isom% C18:3% Indice d'iode

Canola 1.3 67.8 0.0 20.5 0.1 10.3 121

Tournesol 2.8 325 0.0 64.5 0.0 0.2 140

Les performances de réactivité ont été évaluéesreres de conversion de l'acide linolénique (lecchgant),
de conversion de l'acide linoléique et de variatlerfindice d'iode. Afin d'évaluer la sélectiv@vers divers
acides, un simple schéma de réactions en sérieadwdp premier ordre, omettant l'isomérisation adeblks

liaisons, a été pris en compte [10].
lll. Caractérisation des catalyseurs

Pour le catalyseur Lindlar, I'analyse ICP-AES a&d@tné que la teneur en palladium avant le testedgbrme

aux valeurs indiquées par le fournisseur (Pd = 4,536 méme, les teneurs en plomb et en calcium sont
conformes aux valeurs précédemment indiquées ddit®tature [11-14].

Les courbes d'adsorption de permettent d'identifier un matériau macroporesgttierme de type Il). Les
isothermes ont une petite hystérésis de type H® fmme isotherme est rapportée dans la littéeatamme
pseudo-type II. Il a été possible d'évaluer uneldéasurface (&r 4,12+0,09 m2/g, ¥ 7,81+0,05 mrilg et

taille moyenne des pores 7,21+0,87 nm) par les odéth BET-BJH ; étant donné la macroporosité de ce
v
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matériau, la faible surface mesurée et la partitélde I'application de la méthode BET pour legériaux
meésoporeux, cette détermination de la taille mogeses pores peut étre considérée comme une estimati
indicative [15].

La principale phase cristalline identifiée par wiftion des rayons X est le carbonate de calciamaultres
phases contenant du palladium ou du plomb sontsgiples a identifier soit parce que les raies decreate

de calcium les recouvrent soit parce que la tedewes éléments est trop faible.

Dans les mesures ICP-AES effectuées sur des maté&yathetisés, la teneur nominale en Pd est désigar

la teneur en palladium métallique. En fait, la dknen étape de la préparation du Pd/HT est la réxfupar le
cyclohexene comme indiqué précédemment. Les vateursnales du rapport molaire Mg/Al et la teneur en
Pd sont confirmées. La présence de la phase hiadoquta a été confirmée par DRX.

Les courbes d'adsorption de permettent d'identifier un matériel mésoporeuatfisrme de type 1V). A partir
de la forme de la boucle d'hystérésis, il est jbesgi'établir une boucle d'hystérésis de type H3type
d'isothermes est généralement associé a des agd&gparticules en plaques, par exemple certangdsesa
mais aussi des réseau de pores qui consistenteéques macropores, non remplis de condensat. Lebe®
permettent d'évaluer unees 50.7+0.5 n¥g, un \ean 0.25+0.02 crilg, et une taille moyenne de pore de
19.92+0.32 nmEn étudiant le diagramme BJH, le catalyseur malgsepores dans la zone mésoporeuse mais
aussi quelques macro-pores (entre 50 nm et 100Biar).que certaines micro-porosités soient préseaties

ne sont pas significatives dans le volume des pores

Dans le tableau 2, les mesures de la teneur eruxpta ICP-AES sont comparées aux charges théarique
introduites lors de la synthése. Les teneurs ndesrdes métaux sont rapportées aux teneurs réallegtaux

des échantillons, les variations des teneurs riggiah peuvent étre attribuées a l'erreur expérahent

Tableau 2 Compositions élémentaires de catalysebwsse de silice.

Charges nominales Mesures ICP-AES
Echantillon

Cu [%] Ni [%] Pd [%)] Cu [%] Ni [%] Pd [%]
Cu5SiQHP 5 0 0 5.8t0.2 0 0
Cul0SiQHP 10 0 0 10.8t0.3 0 0
Cu5SiQAE 5 0 0 6.5t0.1 0 0




CulOSiQAE 10 0 0 11.#0.2 0 0
CulONi5SiQHP | 10 5 0 8.3:0.2 4.40.1 0
CulOPd1SiGHP | 10 0 1 8.5:0.2 0 0.790.05
CulONIi5SIQAE | 10 5 0 8.9+0.2 4.6¢0.1 0
CulOPd1SIiQAE | 10 0 1 8.7£0.2 0 0.59:0.04
Ni5SIOHP 0 5 0 0 3.9:0.1 0
Pd1SiQHP 0 0 1 0 0 0.66:0.04
Ni5SiGAE 0 5 0 0 4.7+0.1 0
Pd1SiQAE 0 0 1 0 0 0.58t0.02

Les courbes expérimentales d'adsorption et de pzorde N ont la méme forme pour tous les matériaux
synthétisés (tableau 3) : entre le type Il et IpetyV(a) de la classification IUPAC des isothernues
physisorption [15].

Tous les matériaux synthétisés dans ce travaieptést une boucle d'hystérésis, corroborant I'hégs® de

la présence de mésoporosité. La boucle d'hystégisiprésente des caractéristiques a la fois pe H2(a)

et du type H2(b) selon la classification de I'UIGRAt associée a des structures complexes dangllesql
existe un effet de réseau entre les pores. Cedigfpoucle d'hystérésis H2(a) est par exemple obgeEnr de
nombreux gels de silice, des verres poreux, aimsifpur la silice SBA-16 et KIT-5, tandis que H2és}
observé pour les mousses de silice mésocellulareceetaines silices ordonnées aprés traitement
hydrothermique [15].

La distribution des volumes de pores par rappdtattaille des pores (graphique BJH) montre queur pes
échantillons monométalliques, la majorité des posestrouve dans la zone mésoporeuse, pour les
bimétalliques, la majorité se trouve dans la zodsaporeuse avec un croisement de queue de 50 wahe la

limite méso/macro.

Tableau3 Mesure de la surface BETgES), du volume cumulé de BIJHsM,ded et du diametre moyen des poresy(fH pour les
matériaux synthétisés.

) SeeT VBIH des DavgiH
Echantillon
[m*g7] [cm®g7] [nm]

Vi



Résumé de la thése de doctorat

Cu5SiQHP 342 1.58 18.7
CulOSiGHP 359 1.71 20.3
Cu5SiQAE 208 0.55 10.6
CulOSiQAE 256 0.69 10.8
CulONi5SiQHP 277 0.59 10.0
Cul0Pd1SiGHP 225 0.81 14.9
CulONIi5SIQAE 263 0.53 6.41
CulOPd1SIQAE 194 0.61 12.3
Ni5SIOHP 332 0.69 14.2
Pd1SiQHP 321 0.95 10.8
Ni5SIO,AE 311 0.69 8.9

Pd1SiQAE 274 0.55 8.0

La fraction nominale des métaux étant égale, ledyts HP présentent une surface BET supérieustié c
des produits AE correspondants, ainsi que le voldesepores et le diamétre moyen. Les différentiasstae
pores peuvent jouer un rble essentiel dans la giliffu intraparticulaire pendant la réaction. La acef
inférieure dans le cas de I'AE peut s'expliquerlpaempérature plus basse maintenue pendantrfeafmm
du SiQ et aussi par le pH différent pendant la formatleria structure cuivre-silice.

Les diffractogrammes de rayons X montrent les phasistallines détectées dans les matériaux tets qu
synthétisés : tous les matériaux montrent la domion d'une phase amorphe. Cela se produit paredeq
support sur lequel les phases actives sont dépeségsincipalement composé de silice amorphe,, 30
deux méthodes de synthese donnent des diffractogearsimilaires (83.3.3). La phase qui pourrait sgipa
lors de la préparation des catalyseurs au cuivpaytir de réactifs d'oxyde de silicium sous folligaide ou
colloidale, peut étre un phyllosilicate de cuivdans lequel le cuivre est trés bien dispersé t@dieur de la
matrice de silice, formant des liaisons chimiquaseeSi et Cu. Les techniques FTIR et Raman sdligégs
pour confirmer la présence de phyllosilicates derelet essayer de mieux caractériser la majeuteuie la

phase amorphe.

Vi



La DRX (83.3.3.1) détecte avec difficulté les plsagei sont formées par la combinaison de Cu eti,deeS
probleme est finalement résolu par I'étude destigeETIR et Raman (83.3.3.2) identifiant les chogdles
(phyllosilicates de Cu). La méme tendance est égaie observée pour les catalyseurs monométallidees
Ni : apres le traitement thermique, on trouve wrenke particuliére de silicate de Ni (Pimelite) pdAE ;
dans les catalyseurs monomeétalliques le Pd esfeous d'oxyde. D'un point de vue morphologique deux
méthodes de synthése donnent deux structures egtdiffierentes, en particulier AE semble étre farmpar
des structures lamellaires lisses tandis que HPegstcoup plus poreuse comme cela a égalemertisee/é

le MEB (83.3.7.1). Les images MEB montrent en ret@que dans la synthese HP, certains cristaidltie t
moyenne inférieure a 5 nm sont identifiables, ledémaux AE sont plus uniformes et on trouve malas
structure. Une information essentielle a été dorsugda distribution des métaux qui semblent bigpartis

sur le support.

Les échantillons de catalyseurs ont été analysés agduction, les résultats de la TPR (83.3.5dntrent
que les matériaux présentent un seul pic de constiommde H pour tous les échantillons, indépendamment
de la méthode de synthése. Ce pic se situe darenkaindiquée dans la littérature pour la réductien
précurseurs d'oxydes métalliques. La surface de @& étudiée par chimisorption dgO\et a mis en évidence
une surface plus élevée, et donc une dispersian ipiportante, pour les échantillons HP que pour les
échantillons AE.

La DRX apres réduction des catalyseurs au cuivretmada présence similtanée de cuivre métalliqueeet
Cw0O, avec des proportions respectives différentesnskel méthode de synthése. En particulier, pour la
méthode AE, les matériaux contiennent une quaplité importante de Cu métallique. aprés réductem,
échantillons monométalliques au palladium et akatimontrent respectivement du Pd et du Ni métadig
Les mémes conclusions obtenues par la méthode BREtouvent également par la méthode XPS sur les
matériaux réduits (83.3.6) : différents rapportstsibservés entre le Cu métallique et le@a la surface des
catalyseurs.

La morphologie aprés réduction met en évidencepdgiss cristaux de phase active bien répartis et de
dimensions moyennes inférieures & 7 nm pour les sigtheses.

Les catalyseurs bimétalliques sont également etdigrésentent des caractéristiques intéressetniegjues

; les DRX des matériaux tels que synthétisés smnifagres aux matériaux monométalliques, avec une

Vil
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différence notable pour le Cu-Pd : les raies dieatifion X sont décalées sous l'effet de l'intraaucde PdO
dans la structure du CuO. Un effet similaire aoitgervé pour les échantillons réduits avec la foonale la
structure CuPd, il faut préciser que pour la méghaR, cette phase CuPd est plus facilement miéeidance.

Les températures de réduction des matériaux biliggies sont plus élevées que pour le catalyseur
monomeétallique au Cu correspondant, ce qui indiqueeplus grande interaction avec le support. Cegrend
les surfaces de cuivre sont conformes aux valebtenaes avec les catalyseurs monométalliques adease
Cu. Les catalyseurs bimétalligues partagent les eséroaractéristiques XPS que les catalyseurs
monométalliques Pd et Ni ; pour le Cu-Pd, la temeu€ par rapport au Clest plus évidente, probablement
en raison des structures CuPd.

Enfin, les caractéristiques morphologiques de cagraux ne s'écartent pas trop des caractéristijes
matériaux monométalliques ; il est important de djw'il est pratiguement impossible de différenCieret Ni

ou Cu et Pd par une analyse EDS in situ ou pacaratéristigue morphologique quelconque.

V. Tests de réactivité

Les tests pour la procédure d’hydrogénation avexaielyseur Lindlar ont été effectués en combirmizotx
niveaux de température de 60 °C et 180 °C sous nigeaux différents de pression d'hydrogene de 42ou
bars ; la quantité de catalyseur est de 4 mg @dysaur/ml d'huile, de I'huile de canola a étdadé. Un test
dans des conditions moyennes, 120 °C a 8 barsalanégnt été effectué. Des échantillons d'huileénat
prélevés toutes les 30 minutes pendant 6 heures.

Lors de tests successifs, on a également tes#@ralifes concentrations de catalyseur, a savoir 2leng
catalyseur/ml et 1 mg de catalyseur/ml.

Ces essais préliminaires montrent que la meilleoreversion des composés polyinsaturés a été
atteinte apres 1 h a 180 °C et 4 bars : ces emza@s 1 h ont permis d’atteindre un pourcentaggitel

de C18:1 de 87 %, et des conversions de C18:3 8t2QEspectivement de 42 % et 69 %.
L'augmentation de la pression améliore légerementonversions, mais davantage d'isomeres trans

ont été trouvés apres la réaction.




Les effets du recyclage du catalyseur, de la cdretgon du catalyseur et du type d'huiles végétales
ont été étudiés dans les mémes conditions de émmement (4 bars dexhet 180 °C) au cours de
tests sur cing cycles. Les tests cycliques monteet perte d'activité du catalyseur au cours des
cycles d’hydrogénation : un pourcentage relatiCd8:1 de 80%.

Les tests ont été effectués en utilisant une gigamiindre de catalyseur, 2 mg de catalyseur/ml et
mg de catalyseur/ml. Les résultats montrent gstip@ssible d'obtenir la méme conversion des huiles
végeétales polyinsaturées avec un temps de réal@dgarement supérieur (de 1h avec 4 mg de
catalyseur/ml a 2h avec 1 mg de catalyseur/ml).

Des essais ont été réalisés dans les mémes cosditie pour le catalyseur Lindlar avec le catalyseu
Pd/HT avec une quantité de catalyseur plus faidle 2 mg de catalyseur/ml a 0,5 mg de
catalyseur/ml), et en récupérant le catalyseursadprpremier cycle. Les tests montrent que I'aétivi
du catalyseur augmente apres le premier cycleyiceuggere une activation ou une modification du
catalyseur/support. Les résultats sont conformegesis avec le catalyseur Lindlar.

Les catalyseurs supportés sur silice, réduits a°€o®mnt été testés a 180 °C et 200 °C sous une
pression d'hydrogene de 4 bar ou 12 bar, la qéatditcatalyseur était de 4 mg de catalyseur/mL
d'huile, I'huile utilisée était de I'huile de camolLa méme analyse GC des échantillons d'huilé a ét
effectuée. Il apparait que lI'augmentation de laueen cuivre est favorable (180 °C/4 bar), puisque
les teneurs en acides linoléique et linoléique gratseespectivement de 53 % a 3 % et de 75 % a

moins de 10 % et de 60 % a 48 %, pour I'acidediqole (Figure 1).
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Figure 1 Conversion C18:2, conversion C18:3, isoménass et acide saturé total de I'hydrogénatior'deile de Canola sur un
catalyseur a base de Cu a 10% (4 mg de catalysewoifmldans le coin supérieur gauche Cu5SiO2AE, darein supérieur droit

CulOSiO2AE, dans le coin inférieur gauche Cu5SiO2H@ans le coin inférieur droit Cu10SiO2HP

Une augmentation de la température augmente légetdtactivité du catalyseur a base de Cu (10%yisa
gu'une augmentation de la pression entraine deloaatiéns plus marquée de la conversion, maisidas
formation d'isoméres géométriques a 4 bars. La eoagpn avec des essais a une concentration eheseél

de catalyseur (8 mg de catalyseur/ml) est préseméegure 2 et Figure 3.

[ 4 mg/mLT 180 °C P 4 bar [l 8 mg/mLT 180 °C P 4 bar
[ 4 mg/mL T 200 °C P 4 bar [l 8 mg/mL T 200 °C P 4 bar
100 o] 4 mg/mL T 180 °C P 12 barfllll 8 mg/mL T 180 °C P 12 bar
[]4 mg/mL T 200 °C P 12 bafllil] 8mg/mL T 200 °C P 12 bar |

%

Figure 2 Résultats des tests pour le catalyseur GIQRAE.
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[ 4 mg/mLT 180 °C P 4 bar [l 8 mg/mLT 180 °C P 4 bar
[ 4 mg/mL T 200 °C P 4 bar [l 8 mg/mL T 200 °C P 4 bar
[ 14 mg/mL T 180 °C P 12 barlllll 8 mg/mL T 180 °C P 12 bar

100 1] 4 mg/mL T 200 °C P 12 barfiml 8 mg/mL T 200 °C P 12 bar

80

60

%

40 -

20

Figure 3 Résultats des tests pour le catalyseur GiQRHP.

Les résultats des tests suggeérent une meilleuferpemce globale du catalyseur HP par rapport talyszur
AE, a une concentration de catalyseur plus éleRéar le catalyseur AE, la température et la pressant
toutes deux essentielles pour la conversion de2@t&18:3, tandis que pour le catalyseur HHet'efe ces

parameétres est moins important lorsque la condénirdu catalyseur est augmentée.

La caractérisation DRX indique la formation decsite de Ni, le cuivre étant sous forme de silicate
d'hydroxyde et le palladium sous forme d'oxyde al&adium.

Apreés réduction de I'échantillon, la formation d& &t de Cu+/CUest observée, la présence des deux éléments
et du silicate a également entrainé une augmenid¢ita température de réduction par rapportent@érature

de réduction des oxydes de Ni et de Cu (NiO et Cé@rs qu'en présence de Pd et de Cu, une raie de
diffraction a identifié la formation d'un alliages€d, il n'y a pas de différence dans la tempésataréduction

des différentes phases.

Des essais avec ces catalyseurs ont été effectl@3 2C et 4 bars, avec 4 mg de catalyseur/mL Id'lug

tournesol. Les principaux résultats sont résumésgure 4 et Figure 5.
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Figure 4 Conversion de C18:2 et pourcentage maximen@iB:1 a 180 °C et 4 bars.

100

{77 Total trans

BO

60

Figure 5 Sélectivité oléique Cis/trans et acidestfue a 180 °C et 4 bars.

Les résultats des tests effectués sur des écbastile Cu-Ni montrent que I'activité et la séletdides

catalyseurs étudiés sont liées a l'activité duldins le cas de la synthése HP, la faible activitddétait

probablement due a une réduction incompléte dedtédlon.

Pour le catalyseur Cu-Pd, par rapport au cataly@dumonométallique, les résultats indiquent guehiase

d'alliage trouvée aprés réduction n'est pas autsra-vis de I'nydrogénation de I'huile végétat8a°C et 4

bars.
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En conclusion, le catalyseur Lindlar commercideet% Pd/HT peuvent hydrogéner des huiles végétaies
peu de temps, en maintenant une bonne concentditicide oléique avec peu de formation d'isoméssest
Les catalyseurs au cuivre ont des propriétés isgarges, produisant de petites quantités d'isorrares et
d'acide stéarique. Cependant, pour atteindre umescsion élevée, la concentration de catalyseus tamile
doit étre augmentée. Dans I'ensemble, la méthodgrdbése HP conduit a des catalyseurs qui prégeige
meilleures performances que les catalyseurs isslesméthode de synthése AE.

Afin d'augmenter Il'activité du Cu, une autre phasive a été ajoutée mais les résultats suggereniag
seconde phase est trop active (Ni) ou qu'en séioamt avec le Cu, elle ne participe pas a la rda¢Pd).
Tous les résultats sont exploités pour les sirmariatila conception industrielle et I'optimisatia@oéomique
de I'ensemble du processus. Le meilleur catalyaeemsuite été choisi pour réaliser une conceptios p
détaillée du processus. Pour ce catalyseur, le SI@EP, une installation semi-continue a été congue pou
toutes les opérations : le réacteur fonctionne dassconditions discontinues alimentant la chasgpélrole
et les autres opérations telles que les échanguichaleur, la récupération de chaleur, la filbratdes
catalyseurs, les séparations gaz-liquide, foncgahen continu avec deux réservoirs de retenue pattole

est accumulé pendant le temps de réaction (3 bguexeption).

V. Application industrielle

Dans la pratique industrielle, la réaction d'hydnogtion est réalisée a la fois dans des réacteaantinus et
continus. Cependant, la majorité des installat@hgdrogénation, dans le cas de I'hydrogénationpteten
(IV finale < 0,5) comme dans celui de I'hydrogématpartielle (60 < IV < 85), sont généralement tariies

en configuration discontinue. Ceci est d0 a unie sBavantages opérationnels de I'nydrogénatiorbatmh
par rapport a I'hydrogénation en continu.

Le principal avantage de I'hydrogénation discoripar rapport a I'nydrogénation continue consistere
plus grand contrdle de la réaction et donc de tapasition du produit final ; une meilleure séleitévest
obtenue dans les unités a réacteur discontinufieiilité permettant de changer de matiére pggmbu de
produits en fonction de la demande du marché essilgle. Souvent, les installations d'hydrogénation

discontinue sont constituées d'unités de réactesrgrandes, ou la récupération de chaleur pouotupur
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n'est pas toujours simple a réaliser, par conséglesrcodts d'exploitation et d'investissement sapérieurs

a ceux d'un fonctionnement continu.

Il existe une autre possibilité de combiner l'urdig réacteur discontinu, et donc de maintenir latha
sélectivité de ce procédé, avec tous les autrapémeants (échangeur de chaleur, séparation gaizidigetc.)
fonctionnant en continu, ce qui permet d'avoir klleur des deux technologies, en récupérant faeirg la
chaleur des flux, ce qui réduit les colts opéraidts de cette application. Cela est possible disaitt
différents récipients de retenue.

L'application industrielle étudiée avec le partemandustriel du projet, Processi Innovativi Srl,ége
développée a partir des résultats obtenus powatédyseur CulOSigHP. Elle a notamment été réalisée a 200
°C sous 4 bar dedfivec 4 mg de catalyseur/mL et a 200 °C sous ddbk mais avec 8 mg de catalyseur/mL,
pendant 180 minutes.

L'installation d'hydrogénation concue est explojiéelots pour I'unité de réaction, bien que lecpd® semi-
continu ait été pris en compte car il permet deipécer de la chaleur et de réduire les colts daafibn
globaux par rapport a I'nydrogénation pure par, letsdonc les autres équipements de l'installaiomt
exploités en continu. En outre, afin d'amélioretréamsfert de masse, le réacteur en boucle a étéi,chour
assurer un mélange éleve entre la phase liquidepbiase gazeuse avec une faible consommatiorrgiéne
L'installation industrielle congue peut traiter sidsien des huiles végétales que leurs dérivésiéavinent,
dans le second cas, les bilans de masse chanbéoi)e végétale stockée est introduite dans Hitestion
dans des conditions de contréle du débit et eshprdfée jusqu'a 160 °C en récupérant une partee dwleur
de l'effluent hydrogéné.

La température de réaction finale est atteinteagsait recirculer le produit dans un dégazeurivésedans
un échangeur de chaleur. L'huile échange de l@ehalec de la vapeur.

La charge est envoyée au réacteur par lots etfementemps, la quantité requise de catalyseur dahgée a
une quantité préétablie d'huile fraiche, et intiteddans le réacteur, maintenu sous vide. L'hydreg&coule
ensuite dans le réacteur, sa masse étant réguléélpametre massique. Le réacteur est équipésysteéme
spécial de mélange catalyseur/produit hydrogenepguinet un transfert de masse efficace et un contac

hydrogéne/huile.
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La température de la réaction est controlée enffararefroidissant le produit dans un échangeuctdgeur.
Cette étape est réalisée en faisant circuler de 8epartir d'un tambour a vapeur. De cette fdeothaleur de
I'nydrogénation est éliminée, ce qui génere defgeur a basse pression.

Une fois le cycle d'hydrogénation terminé, le pibdat déchargé dans un réservoir a gouttelettesildest
extrait en continu et refroidi dans I'échangeurétripération de chaleur.

Enfin, le produit hydrogéné est filtré pour élimine catalyseur du produit hydrogéné.

La taille de I'installation pour cette applicatiétait de 2,4 tonnes d'huile végétale ou d'EMAG ‘agides
gras, ce qui a été choisi sur la base d'une uhyéicgénation de taille standard pour I'nydrogénatomplete
qui est d'environ 20 tonnes par lot avec une pridmuguotidienne de 100-120 tonnes de produitsiglurc
Comme le produit, dans ce cas, n'a pas de véritainigepartie sur le marché des graisses hydroggleée
conception a été faite sur la base d'une usineefl@etite échelle.

La réaction d'hydrogénation est réalisée, commeioreré ci-dessus, pendant 3 heures; toutes legguoes
secondaires de chargement/déchargement et de agtdy réacteur entre une opération d'hydrogénation
la suivante sont supposées prendre prés d'une Wénse le cycle d'hydrogénation prend pres deguaeures
pour étre achevé.

Les codts totaux de l'installation industrielle iik&cci-dessus ont été estimés a partir de la guiiwoeet des
spécifications de conception des différentes umptésentes (tableau 4). En ce qui concerne les ablés
recettes par lot de production unique, une estanatiété réalisée sur la base des bilans matiéreegie des
différents flux concernés (tableau 5). En utilidarfROI (retour sur investissement) modifié comndidateur
de la faisabilitt d'une installation présentant cesactéristiques, on a constaté que linstallagsh
parfaitement réalisable puisque le ROI est noneseeht faisable mais est égal a 1,79, ce qui sigqife le

retour sur investissement se produit au cours dedaiéme année d'exploitation.

Tableau 4 Répartition des colts d'investissemeatixoselon les régles de Timmerh§Le&]

Codt de l'investissement €

Codt de I'équipement (CE) 365000 €

Codt d'installation 36500 € 10% EC
Tuyauterie, instruments et controles 73000 € 20% EC
Systeme électrique 18250 € 5% EC
Total des codts directs TDC 495000 €
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Ingénierie, supervision, chantier 49000 10% TDC
Dépenses de construction 24750 5% TDC

Total des codts directs + indirects 570000 €

Honoraires du contractant 68500 12% TDC+TIC
Contyngencies 28500 5% TDC+TIC

Fonds de roulement (investissement total) 667000 €

Tableau 5 Calcul du retour sur investissement n®@OIm)

Entrées m.u.
Revenus des ventes 439200
Codts 3060000 €
R-C 1332000 €

Amortissement (linéaire sur 5 ans) 133400€

ROIn=

(Revenus Net)/CAPEX

1,79

VI. Conclusions

Parmi tous les catalyseurs, le catalyseur de caiwrsilice synthétisé par la méthode HP a étdifienomme

étant le meilleur candidat pour une applicatiorusidelle, ainsi un processus préliminaire et ungl€ de

faisabilité ont été réalisés.

Il a été choisi pour développer un procédé semiisorafin de bénéficier a la fois des avantagedade

sélectivité d'un réacteur discontinu et des col@sptbitation plus faibles d'un fonctionnement dount Le

réacteur d'hydrogénation était un réacteur a beuwtikcontinues qui convertit I'huile de colza osi deides

gras produits a partir de I'huile de colza. L'ofiéreest réalisée dans des conditions isothermsrpaintenir

la sélectivité du catalyseur, la chaleur de réaci@té utilisée pour la production de vapeur &dasession.

Comme premiére hypothese, le catalyseur est rée@pééutilisé en 5 cycles (un jour ouvrable).

La faisabilité économique du procédé a été déememtaéis ces conditions.

La these permet de mettre en évidence quelquetsgbintérét importants qui doivent étre étudiéssdas

travaux futurs :
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l. La réutilisation du catalyseur est un point géur la faisabilit¢é économique de l'ensemble du
processus, elle doit étre abordée et certains &sts le catalyseur CulOSIIP avec récupération seront
effectués ;

Il. Il est évident que l'augmentation du rendentntatalyseur permet d'augmenter encore les revenus
de ce procédé, 'augmentation du rendement duysatal au cuivre doit étre un point central de theeche
future ;

M. L'étude d'un catalyseur plus actif doit étreemde pour améliorer le processus : la synthése de
catalyseurs bimétalliqgues, bien que ne donnantlpasractéristique souhaitée, pourrait étre maogligé
introduisant peut-étre un par un les autres méaatres métaux devraient étre pris en compts;j gire le

Pd et le Ni utilisés en plus faibles quantitésrgipalement le nickel) ;

\VA D'autres supports devraient également étre gmiscompte, en particulier les zéolithes et d'autre
matériaux structurés qui pourraient étre intérasspour le catalyseur destiné aux applicationsgtréhiles

afin de surmonter les problémes de diffusion irgrapulaire.

Bien qu'il ne soit pas extrémement actif, le cuipa ses caractéristiques intrinseques semblé&étreilleure
solution d'un point de vue économique par rappored

Les études futures devraient également se concentrda modélisation de la conception cinétiqueluet
transfert de masse du réacteur d'hydrogénatiorauthe point pourrait étre la modélisation CFD dactéur

en boucle validant les résultats du modéle avededgs effectués avec un réacteur en boucle alléatu

laboratoire.
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Abstract of the PhD thesis

Abstract of the PhD thesis

In the framework of a funded industrial Ph.D progmae (PON FSE FSESR 2014 2020 PhD with
Industrial characterization), the proposed reseactiterns the topics of Green Chemistry, in padicthe
study of selective catalytic hydrogenation of vebét oils (soyabean oil and rapeseed oil), in otder
maximize the content of oleic acid and expand #mge of non-edible uses.

Oleic acid, also known as cis-9-octadecenoic dsid, monounsaturated carboxylic acid with eighteen
carbon atoms, it belongs to omega-9 series. Itfeasuitable characteristics for use as biodegtadalbricant
and is a building block in the production of polyiand plastics from renewable resources, to read/or
alongside to those obtained from mineral oils.sliconsidered as a building block of the green pelym
chemistry and its use in industry is expected ge.rThis stimulates R & D towards the optimizatidrthe
production process. In Italy, must be emphasizectmmitment of the CNR on the subject [1].

The specific interest towards oleic acid is justifiby its stability in the presence of oxygen, not
spontaneously polymerizing, and it remains a liggnveén at low temperatures. These features faeilitzd
industrial use in continuous processes of transhtion.

The oleic acid production is restricted and onlyneooils with high oleic acid content can be used
(sunflower oil or OGM sunflower oil), limiting thavailability of oleic acid on the market. A review the
literature has revealed how to apply selective bgenation to all the common oils on the marketeriately,
the triglycerides and methyl esters can be hydraigeh

The main challenge of this study is representetthéywpplication of heterogeneous catalyst whiahwesl
to saturate the double bonds available in C18 fatigls, such as C18:2 (linoleic acid) and C1813o(&nic

acid), with low formation of the corresponding sated acid (stearic acid C18:0) and maximum yidld o
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C18:1. Currently, the Ni-based catalyst does riotnalow percentage of C18:0, they are commonly used
complete hydrogenation in the food industry.

Our research activities concerned the study olextee catalytic process for the hydrogenationatural
vegetable oils, and validation of the productiarht®logy, still at laboratory scale, studying thestrupdated
techniques for both preparation and characterizaidfccatalysts, especially non-noble catalysts eogu)
and nickel (Ni) and noble catalysts (Pd, Rh, RuRt)dcited in literature about selective hydrodema

In addition, during the industrial period of the.Phprogramme, it was expected to perform the
development and optimization of the entire innavagprocess system to be implemented around th&reac
the evolution of the utilities and production cost®leic acid-enriched oil.

In the framework of a wide literature about vegkalils hydrogenation, Zaccheria et al. [2] haveva
how hydrogenating canola and soybean oils canaehdsv levels of saturated acids and trans isomélsa
copper-based catalyst prepared by impregnatiomamerphous silica support. Other authors usedreifit
kinds of catalysts, both palladium [3] and nickg]l pased, playing on the operative conditions t@iobiow
content of unwanted reaction products.

In this thesis, both one commercial and 11 synskeelsicatalysts were tested in a hydrogenation
laboratory scale plant to selectively hydrogenatdlewer and canola oil.

The catalysts were characterized by elemental aisal\CP), X-ray diffraction (XRD), Nadsorption
(BET), programmed temperature reduction (TPR), Ranspectroscopy, FTIR spectroscopy, X-ray
photoelectron spectrometry (XPS), scanning eleatnamoscopy with energy dispersive X-ray spectrpgco
(SEM-EDS), and transmission electron microscopyMJEReduced catalysts have also been characterized.
Tests were carried out in a laboratory scale pkeanttor, the core of this system is a Parr Instra860 (600
mL) reactor unit operated in semi-batch mode, fegdhe hydrogen continuously. In order to analyee t
composition at different reaction times, sampleseweken from the reactor and transesterified with
standardized method [5] and analyzed by GC-FID. @a& chromatograph used was a VARIAN 3400 GC
equipped with FID detector, a Split/Splitless inggcand a Supelco SP-2380 capillary column desidoe
the analysis of Fatty Acids Methyl Esters (FAMB)alysis was conducted in isothermal conditions8ét°LC,

with detector and injector at 220 °C with nitrogencarrier gas. The Split/Splitless flow was 25 miky/
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In order to develop the hydrogenation procedurethagroduct analysis method, some tests were=daorit
with a commercial catalydtjndlar catalyst (reduced Pd supported on calcium carbonate paiswitlk lead),
normally used for hydrogenation reactions.

The tests were performed combining two levels ofggerature 60 °C and 180 °C under two different
levels of hydrogen pressure of 4 bar or 12 baratheunt of catalyst is 4 mgys{mLoi, canola oil was used
(see Table 1 for starting composition of vegetalillg). A test under middle conditions, 120 °C die8, was
also carried out. Oil samples were taken every Butas for 6 hours.

In successive tests also different concentrationcatalyst were tested 2 magysfmLoi and 1

mgcatalys(m Loil .

Table Abs- 1 Composition of canola rapeseed oilamtflower oil as received samples.

Vegetable oil C18:0% C18:1c% C18:1% C18:2% C18:2isom% C18:3% lodine Value

Canola 1.3 67.8 0.0 20.5 0.1 10.3 121

Sunflower 2.8 32.5 0.0 64.5 0.0 0.2 140

These preliminary tests show as the best convedipolyunsaturated compounds were reached after 1
h at 180 °C and 4 bar: these test’s results afterdached relative percentage of C18:1 of 87%,Xa8d
C18:2 conversions are 42% and 69 %, respectivetyeasing the pressure slightly increases the csioves,
but more trans isomers were found after the reactio

The effects of catalyst recycling, catalyst congagitn, and vegetable oils type were investigatatiex
same operative conditions (4 bar of&hd 180 °C) over five cycles tests. Cyclic tebtansa catalyst loss of
activity over hydrogenation runs: 80% of relativergentage of C18:1 with very close conversion 08:21
and C18:3.

Tests were carried out using less amount of cataymGaaysfMLoi and 1 MeaaysfMLoi. The results
highlight how it is possible to obtain the samewarsion of polyunsaturated vegetable oils withrglighigher
reaction time (from 1h with 4 agays{mLoi to 2 h with 1 MmegxeaysfmLoi).

Another Pd based catalyftgd supported on hydrotalcite (1% Pd/HT), was synthesized with a method
proposed by Di Nicola et al. [6]; in this methoe tleduction of the Pd is obtained reacting witHayexene.

Tests were carried out in the same conditions tbahindlar catalyst with a lower amount of catdlygom
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2 MQGaaysiMLoi to 0.5 M@aaysfMLoir), and recovering the catalyst after the first eydlests show that the
activity of the catalyst increases after the ficstle suggesting an activation or modification bé t
catalyst/support. The results are in line with lancatalyst tests.

Two copper-based catalyst§5% and 10% by weight) on silicon oxide were sgsthed by two
synthesis methods proposed by Yujun et al. (HydisHPrecipitation noted - HP) [7] and by Liang-Fengl.
(Ammonia-Evaporation noted - AE) [8].

These reduced catalysts were tested at 180 °C @hdQ under a hydrogen pressure of 4 bar or 12
bar, the quantity of catalyst was 4 ags/mL.i, the used oil was canola oil. The same analysi©f@e oil
samples was performed. It appears that the inciaasgpper content is favourable (180 °C/4 barn¢sithe
conversions of linoleic and linoleic acids fall pestively from 53% to 3% and from 75% to less thafo
and from 60% to 48%, for linoleic acid, by incremgthe copper content from 5 to 10% in AE synthasis

in HP synthesis, respectively (Figure 1).
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Figure 1 C18:2 conversion, C18:3 conversion, tramsriers, and total saturated acid of canola oil hygkotation on 10% Cu-
based catalyst (4 neglaysimLoi): on the left top corner CUSSH#AE, on the right top corner Cul0SI&E, on the left bottom corner
Cu5SiQHP and on the right bottom corner CulOgP

28



Abstract of the PhD thesis

An increase in temperature slightly increases thigity of the 10% Cu -based catalyst, while arréase
in pressure leads to more evident improvementsriversion, but also the formation of geometric iscsrat
4 bar. The comparison with tests at higher conaéotr of catalyst (8 mgays{mLoi) is reported in Figure 2

and Figure 3.

I 4 mg/mLT 180 °C P 4 bar [JJl 8 mg/mLT 180 °C P 4 bar
[ 4 mg/mL T 200 °C P 4 bar [I 8 mg/mL T 200 °C P 4 bar
100  [] 4 mg/mL T 180 °C P 12 barllll] 8 mg/mL T 180 °C P 12 bar
14 mg/mL T 200 °C P 12 baflg] 8mg/mL T 200 °C P 12 bar

%

Figure 2 Tests results for CulOSRE catalyst.

[ 4 mg/mLT 180 °C P 4 bar Il 8 mg/mLT 180 °C P 4 bar
[ 4 mg/mL T 200 °C P 4 bar [l 8 mg/mL T 200 °C P 4 bar
[ 14 mg/mL T 180 °C P 12 barlllll 8 mg/mL T 180 °C P 12 bar

100 1] 4 mg/mL T 200 °C P 12 barfiml 8 mg/mL T 200 °C P 12 bar

Figure 3 Tests results for Cul0SHP catalyst.

Tests’ results suggest an overall better performaf¢iP catalyst over the AE catalyst, at highéalgat

concentration. For AE catalyst both temperature @edsure are essential for the conversion of Cag®
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C18:3, while for HP catalyst the effect of theseapaeters is less important when the concentraticheo
catalyst is increased.

In order to improve the activity of the catalystaimaing the selectivity to oleic acid, copper-mck
or copper-palladiurbimetallic catalystshave been synthesized. Nickel and palladium are mctive phases
in fatty acid hydrogenation than copper. The birietaamples of copper-palladium and copper-nickete
prepared by the same two methods used for copp®ries: Hydrolysis-Precipitation (HP) [7] and Ammani
Evaporation (AE) [8].

It was also decided to synthesize monometallic $esngf palladium and nickel to compare them with
bimetallic ones.

XRD characterization indicates the formation ofgicate, with copper being in the form of silicate
hydroxide and palladium in the form of palladiurmidex

After sample reduction, the formation of°Nind C{/CL is observed, the presence of both elements and
silicate also led to an increase in the reductesnperature compared to the reduction temperatuné ahd
Cu oxides (NiO and CuO). While in the presencedfiRd Cu, a diffraction line has identified thenfiation
of a Cu-Pd alloy, there is no difference in theuetn temperature of the different phases.

Tests with these catalysts were carried out at°C38nd 4 bar, with 4 mgays/mLoi with sunflower oil.
The main results are summarized in Figure 4 andrgi§.
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727/ Maximum C18:1
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Figure 4 Conversion of C18:2 and maximum percentdd@18:1 at 180 °C and 4 bar.
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Figure 5 Cis/trans oleic selectivity and stearicchat 180 °C and 4 bar.

The test results for Cu-Ni samples highlight theg &ctivity and selectivity of the catalysts stadig
linked to Ni activity. In the case of HP synthesis low activity of Ni was probably due to an ingaete
reduction of the sample.

For Cu-Pd, in comparison to monometallic Pd, thgults indicate that the alloy phase found after
reduction is not active towards the hydrogenatiovegetable oil at 180°C and 4 bar.

In conclusion, the commercial Lindlar catalyst dmel 1% Pd/HT can hydrogenate vegetable oils intshor
time, maintaining a good concentration of oleicaaith little formation of trans isomers.

The copper catalysts have interesting propertiedyming small amounts of trans isomers and stearic
acid. However, in order to reach a high converdioa,concentration of catalyst in the oil musthaéased.
Overall the HP method shows better performances Altacatalysts.

In order to increase Cu activity, another activagghwas coupled with Cu, but the results suggéisted
the second phase is too active (Ni) or in combamatvith Cu, it does not participate to the reac(ied).

All results are exploited for simulations, induatrdesign and economical optimization of the whole
process, the best catalyst was then chosen torpedomore detailed process design. For this cdtalys
Cul0SiQHP, a semi-continuous plant was designed in allojerations: the reactor is operated in batch
conditions feeding the charge of oil and the otiparations such as heat exchangers, heat recoatajysts
filtration, gas-liquid separations, are operatedticoiously with two hold-up tanks where the oil is

accumulated during the reaction time (3 h by dgsign
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Future work on this subject must concentrate onetifgancement of catalysts activity and selectivity
which are strongly affecting the industrial perfamaes and the feasibility of a chemical plant figrdelective
hydrogenation of vegetable oils. One possible gmius the implementation of zeolites as suppdéitem the
active phase point of view for copper the reushilf the catalyst must be confirmed in multiplensecutive
hydrogenation tests studying the poisoning effemtshis type of catalyst. Poisoning has an impurtale in
the post-treatment of hydrogenated oils.

The introduction of a second transition metal mhestexploited more in details, also trying different
synthesis methods in which copper and the secona ere deposited in two different steps of thetlsgsis

or on different supports (alumina or zeolite).
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Chapter 1

Introduction to the research subject and

ISsues

This chapter gathers information about the subgddhis thesis, the selective hydrogenation of tzdge
oils and their derivates, providing background ahnigihlighting the significant issues faced in thextne

chapters.

1.1. Environmental issues of the planet

The impact severity of climate change on healtinéseasingly clear. Climate change is the greatest
challenge of the Zicentury, threatening all aspects of the societyhith we live [9]. The drivers of climate
change — principally fossil fuel combustion — padeeavy burden of disease, poverty and are a gnanace
to life as we know it.

The air pollutants which are causing ill-healthd éime greenhouse gases (GHGs) that are causinatelim
change, are emitted from many of the same sedtotgding energy, housing, transport and agricelt&hort-
lived climate pollutants (including black carborgtimane and ozone) have important impacts on biotfat

and health [10].
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The Paris Climate Agreement, signed at COP21glstzal safeguard for the planet and human heailth. |
specifies that “Parties should, when taking actmmaddress climate change, respect, promote argldesn
their respective obligations on the right to headthd recognizes the central role of “mitigatiortiaes and
their co-benefits for adaptation, health and soatale development” in enhanced action before 202D At
this date, 183 countries have signed the Parisehgeat.

Linked to climate change is also the increasindugioh registered; the products obtained by indalstr
activities often remain in the environment as wasied can persist for long periods, one exampabvgusly
plastics. More viciously often these wastes caacaffiealth and the environment aggravating thel@nmob

The issues of the planet are in a strong way dfectad by the continuously growing population, ipve
action on climate or environment “must last ariebtanto account also how this complex systemrikdd to
the vast increasing numbers of human being [12].

The environmental problem of earth is vast and iwippact every aspect of our future as a speciesand

address the problem a change in paradigm is negessa

1.1.1Climate change [13]

Earth climate has changed throughout the long efathe planet history. During the short period
(relatively speaking) our speciels.(Sapien} lived on the planet, about 130000 years [14]vesemajor
glaciations in the last 65000 years changed theatitemperature of the planet, the last abruptigieg 11500
years ago (Younger Dryas), leading to the modematé era and therefore to human civilization [15].

Nevertheless, the global warming trend measurezkdime second half of 2@entury is of noteworthy
relevance, as it shows an unprecedented rate egadds to millennia and is extremely likely theultesf
contribution from anthropogenic activities to theenhouse-effect [15-22].

The causality relationship between human actwiéied climate-warming trend over the past century i
acknowledged by the 97% per cent of climate s@&tiand most leading organizations worldwide have
endorsed this position [16-21,23], and also a lgrge of the population starts to accept the sifient
community view [24—26].

The greenhouse-effect (Figure 1-1) consists irtrdygping of light radiation in the 4-1Q0m longwave

field emitted by the Earth’s surface, mainly brougbout by water vapor, with a substantial contidyufrom
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CGO; and smaller contributions by other gases, e.g, GO, O; [27]. The presence in Earth’s atmosphere of
these gases, also known as greenhouse gases (d$@ade the planet habitable by life as we kngosirite
they raised the average global temperature by itlg®Bfh°C, as opposed to the estimated -15 °C witlaou

atmosphere [27].

SPACE INCOMING
SOLAR OUTGOING RADIATION
RADIATION Shortwave Longwave
100 8 17 6 9 40 20

44 ) !

/ |
ATMOSPHERE Backscattered Net E I
S oy &)
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/ Water Vapor,
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06727 Laten
Absorbed by Reflected Heat Flux
Clouds ) by Surface :E"S'Fble
Slitotbed LONGWAVE RADIATION | eat Flux
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Figure 1-1 Schematic representation of the atmosplmeat balance (unit are per cent of the incomsio¢ar radiation): the solar
fluxes are shown on the left-hand side, and thertakinfrared fluxes (long-wave) are on the riglatrd sidg27].

The problem here is the anthropogenic contributiiothe GHG concentration, which is the primary
cause of the current climate change [17-21,27} Tantribution consists of the augmentation of »,GTH;,
N2O concentration in the atmosphere, together teithission of synthetic GHG as chlorofluorocarborns@y
and fluorinated gases (F-gases) [27]. In FigureateZoresented the concentration trend for thrésegbrimary
GHG produced by human industrial activity in theipe between 0 AC to the 2014 AC, for the last fears

data from 2014 to 2019 are taken from [28].
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Figure 1-2 CQ, CHs and NO concentration series from Law Dome ice records diam CIDAC databasg9]

GHG have increased since the preindustrial erdaliaeége population and economic growth, and they
are now higher than ever, this atmospheric conagatris at least unprecedented in the last hunith@gsand
years [30].

Tangible phenomena related to climate changeewtiyroccurring on Earth, are:

36



Introduction to the research subject and issues

Global temperature rise: planet’s average surfaogerature has increased by 1.1 °C since thefat 19
century, the most in the last decades [27], anddhmperature increase, depending on the different
reaction scenario, is previewed to increase modeitanill arrive up to 4.8 °C in 2100 in the worst
scenario described by UN at the last COP24 [31];

Warming oceans: the oceans stores most of thesbgaltis due to greenhouse-effect, because of their
heat capacity (90% of the energy stored by theatknsystem between 1971 and 2010 [32]), which
directly contribute to their temperature increase mdirectly to their level;

Oceans acidification: because of carbon dioxidessimn in the atmosphere, oceanic uptake of CO
has increased resulting in the acidification of aste with a series of problems bonded to the
ecosystem and oceans food production [33-35];

Shrinking of ice sheets: Greenland and Antartieasheets have been losing mass in the last few
decades [36-38];

Declining Arctic sea-ice: its annual mean extens licreased over the period 1979 to 2012
accompanied by a thickness lowering [39];

Glacial retreat [40—42] and decreased snow co’jr [4

Sea level rise: it is primarily due to the addedev&om the melting of ice sheets and glacierg;[44
Extreme weathers or climate events: weather oraténevents considered rare events, at particular

places and time of the year, have increased ttegjuéncy and/or intensity [45,46].

1.1.2Pollution and the sustainability problem

Nowadays, the chemical industry produces billicitees per year of up to 70000 commercial subs&nce

that are used for diverse technical and econonmiogses [47]. Many of these chemicals and the bgymts

produced during their life cycle are stable andfbsoluble, causing them to persist in the envinent and

accumulate in food webs [48]. Long-lived pollutaate distributed long distances on currents of vand

water and have accumulated on a truly global §4Sis

The pollution caused by chemicals production ndy polluted the air with by-products as such as,CO

and NO, but also the waste produced at the end of clasrife cycle persists in the ecosystems sometimes

longer than their life use.
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Globally the production of waste in the year 201&svestimated to be near 2.01 billion tonnes, with
increment respect of 2012 of +45% (1.3 billion tesrin 2012). Rich and developed countries and ¢we n
great economies as China and South East Asia acémumore than 60% of the global waste generated.
Obviously, correlation exists between waste anduthanization of these areas, generally more atopism
urbanized and rich and more wastes are produceath KWanerica with the USA have the primacy of wastes
generated per capita. With the growing populatitite wastes are going to increase inexorably an2039
it will arrive at 2.59 billion tonnes produced [50]

Almost 12% of solid wastes are composed by plasticeh are the first contaminants present in the
oceans (if C@captured by the sea are not consider), 44% ofewast of organic origins.

The collection of these wastes is not completee@afly in poorer area of the world, and when cutd
almost 33% of them are stored in open dumps, 25mnidfills, and 2% in controlled landfills. It sumgp to
more than 60% globally untreated. The numberses® tragic for rich countries, but in the citedomp50]

neither the wastes fluxes from rich countries ameswered nor where and how they are treated.

1.2Green chemistry and renewable feedstocks

In the framework of the last COP24 Katowice Uniiation Climate Change Conference [51-54], the
green chemistry role on the circular economy, emtitigation of greenhouse gas emission becomategic,
on the reduction of waste production and management

In order to more fully appreciate how much Greee@istry pervaded thus far the chemistry production
towards the future potential of global sustain&ilit is necessary to review how Green Chemigirgistinct
from other approaches currently in use.

The definition of Green Chemistry: “ Green chenyistrthe utilisation of a set of principles thatluees
or eliminates the use or generation of hazardobstances in the design, manufacture and application
chemical products” [55], the principles at the bas&reen Chemistry are twelve.

The most relevant (for this thesis purposes ini@ader) between these principles are:

* Preventionpreventing waste formation is better than treating;

» Design for energy efficiencyenergy requirements should be minimized whenevessiple and

reaction condition lower than in standard procefises P and low T);
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* Use of renewable feedstoalenewable feedstock or raw materials are betternba-renewable ones;

» Catalysis catalytic reagents are better than stoichiome&agents, furthermore catalysis is a very
crucial point for green chemistry since new synhpath must be developed since the raw materials
are changing (more robust catalysts, differenttieas, etc.)

» Designed for degradatiorchemicals should not pollute the environment, wiheir life end they will
transform in harmless compounds.

Green Chemistry aims at designing the next gemerafimaterials pursuing the minimization of adbeer

consequences for human health and the environrdght [

One of the aspects of most interest in Green Chgmissthe change of the origins of feedstocks and
starting materials through all manufacturing. Tee of biomass to produce energy, chemicals andrislate
is one of the key issues of sustainable developrireged, bio-based resources are renewable apdéi@al
(in the best-operating conditions) in contrast viitssil fuels.

An advantage of renewable feedstock is the mot#estaost of some platform molecules derived from
carbohydrates or vegetable oils compared to theil floels and their price tends even to decreasaddy with
time.

As far as bioproducts are concerned, there areiadal benefits to using renewable feedstocksatt, f
the molecules extracted from bio-based resouraealegady functionalised so that the synthesihefmicals
may require a lower number of steps than from hyatoons, thereby using more efficiently the startin
biomass. Also, bio-based products may have unigyapties compared to hydrocarbon-derived prodiats,
instance biodegradability and biocompatibility degieg on the final molecules composition. Catalytic
processes implemented on biomass feedstocks menbyiproducts and fulfil at the same time multiBleen
Chemistry principles [56].

There is competition to produce food/feed, bio-picid (chemical and polymers) and transportation
biofuels (bioethanol and biodiesel) from agricudlusrops, for technical applications only a smalitfis used
although also this small amount is often perceivgdhe stakeholders. Conventional crops based walse
and seed oils could only be a partial answer tofubkissue, because of the huge needs at stakeeko
biofuels and chemicals demands in a more substargig it is recommended that also agriculturalt@asre

processed, new crops are grown on marginal lantb(asxample vegetable oils plants such as sunflawve
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rapeseed), and fast-growing vegetative biomassggraood, stems, leaves, etc.) consisting of asibnd
lignocellulose (cereals and vegetable ails) [57].
In this thesis the valorization of vegetable oilswzonsidered and their products represents arsalsa

alternative to petrochemicals and a renewable imgjldlock in industrial applications.

1.3Vegetable oils

Vegetable oils are the product obtained from tHd poessing or the chemical extraction of a liqaid
solid substance from the seed or less commonly fitimer parts of the fruit of some particular oleagis
plants as sunflower, rapeseed, soybean, oliveTh&y are primarily composed by triglycerides, esters of
glycerine, with different chains of fatty acids itnany carbon atoms whose number is usually coetpris
between 14 and 22 [58].

Since XIX" century, vegetable oils found widespread applbicatn chemical industry and transports,
then quite completely substituted by oil drillingpdoitation; nevertheless, the recent renewedéstas largely
addressed in diesel transport and as raw materi#hé production of fine chemicals [59]. Curreng$ % of
biodiesel is produced from edible oils via transgftation on different homogeneous and heterogese
catalysts [60,61], even if some attention is exkibiin implementation of most productive vegetahileas
Sapium tree oil [62] or non-edible oils [63] orather kinds of biofuels processes, such as deoxgenand
decarboxylation of oils [64].

Given advances in plant genetics and oil processirege is considerable interest in developingtpéa
for the manufacture of polymers such as polyurethapolyamides and epoxy resins [65,86]e versatility
of vegetable oils has been demonstrated as presusdhermosetting materials, with the developrmant
synthesis strategies leading to innovative andihigiondegradable polymeric materials [67].

In Table 1-1 the most common industrial uses of vegetabkari reported.

Table 1-1 Industrial applications of vegetable @ited derivative$68]

Food Application Oleo-chemicals Energy, Biomass & Mers
Cooking oi Surfactant Biodiese

Industrial frying fat Personal ca Charcoe

Margarine Cosmetic Pulp and pap:

Vegetable Ghe Agrochemice Animal feed
Confectionary fat Lubricant/greas Bio-compositr

Ice crear Soaj Fertilizel

Nonr-dairy crean Industrial cleanin

Salad dressir Printing ink
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Cheese analogL Polyols

Supplements/vitamil Polyurethane
Polyester
Polyacid:

Among the fatty acids, a specific interest exisfimgoleic acid is justified by its stability inghpresence
of oxygen, which avoids spontaneous polymerizatéom by the lower melting point in respect of satted
fatty acids (and corresponding trans fatty aci@gpse characteristics facilitate industrial useontinuous
processes of transformation [69].

For this reason, the oleic acid market availabistyot sufficient for all potential applicationgwadays
also in cosmetics and personal care, pharmaceutiodl food, growing in the developed countries {Nor
America and Europe), where governments’ regulatigmemote bio-based compounds during the
manufacturing of products [70]. Commercialized bitional building blocks for bio-based plasticslirae
sebacic acid and 11-aminoundecanoic acid, both &astor oil, and azelaic and pelargonic acids ddrftom
oleic acid. Currently, the oleochemical industrg isiajor producer of bio-based products, such saturated
oils (soybean, sunflower, and linseed oil, inclatle/d resins, linoleum, and epoxidized oils), segrtor bio-
lubricants, which low viscosity combined with higliidative and thermal stability [71]. Furthermotlee
researches of different groups reveal a growingr@dt in the reactivity of their double bonds taigathe
olefinic metathesis reaction which allows the dirggnthesis of a wide variety of monomers [72—73je
great potential of fatty acids for the polymeripativia olefin metathesis is also a reality of oaysl On the
other hand, the production of monomers and polynigrsthiol-ene coupling” (alkene hydrothiolation)
reactions with fatty acid derivatives is a rapighpwing area and will continue to be in the nedurfe due to
the considerable, and in part still unexploredeptality of thiol-ene / fatty acid combination [6However,
all this new application remain for the time bemtgaboratory scale since very often the oils fooncthe
market do not allow large-scale applications duth&sr chemical composition and their chemical-ptgls
properties.

The raw materials have an intrinsically variablenposition (Figure 1-3), but the components usuabiserved
in triglycerides are: oleic acid (C18:1), linoleicid (C18:2) and linolenic acid (C18:3), stearitdd€18:0)
[76]; other compounds could be arachidonic acid4(G)l. palmitic acid (C16:0), and in non-canola 1seed

oil also erucic acid (C22:0 and C22:1).
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Figure 1-3 C18 fatty acids composition of commamnpbils[76]

Mixtures derived from a natural vegetable oil camitay at least 72% by weight of oleic acid wererfdu
to be suitable for the synthesis of polyol esteiiset used in lubricating oils composition [77], lelithe quality
of polyol esters for casting and coating is veryclimproved when very high oleic, and low steaggetable
oils are used as a starting materials. The prefemege composition was 85-95% oleic acid, 2—8%ldin,
0.5-2.5 stearic, and 2-5% palmitic (as whole fatiiyls composition) [78]. The presence of poly-unsded
fatty acids determines the low viscosity and tlghhihermal instability, important properties foobubricants
and biofuels (low pour point) [79decreasing their content reduces their perisitalzihd improves the
oxidation instability [80,81]The relative oxidation rates of (C18:1):(C18:QL8:3) are 1:40:100, respectively
[82], and at the same time the fluidity dependsttom amount of saturated compounds and the extent of
isomerization, higher amount of these compoundérated to increasing viscosity of the oil and lretworst
scenarios they comport the formation of solid peabkefact, the difference in melting point betwexdn and
trans isomers is at least 15 °C [83].

To reduce the poly-unsaturated fatty acids towtresnonoenes production, the selective heterogesneou
catalytic hydrogenation of highly unsaturated aila key process addressed to a wide range of iojpatible
products (green chemicals, bio-lubricants, polg;odtc.) [1,84-87]. Nowadays, the industrial preessfor

their production are limited to high oleic vegetaldiils, due to technical constraints such as netjaalte
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selectivity of only one of the two double bonddinbleic acid (C18:2) to yield the cis- and tran$8Cl fatty
acids [88] or difficulties in solid catalysts re@ry [89]. On the other hand, the heterogeneoudysata a

fruitful solution, to easily recover catalysts frahe oil and reutilize them in further batch.

1.4Vegetable oils hydrogenation

The origins of the modern process of catalytic bgénation are found in the early 1800s. However, th
hydrogenation process did not begin before 18®t@cognized as one of the main new chemical igobs.
This was due to the studies of two French chenfggtbatier and Senderens, who are credited asuhddos
of the hydrogenation process. They did their ssithainly on organic vapours or vaporizable substanthe
low volatilization of liquid fatty acids and thegmtical impossibility of vaporizing the triglycegd themselves
prevented them from converting liquid oils intoiddiats by the addition of hydrogen in the preseota
catalyst. Sabatier's main interest was to findwa way to harden liquid oils for use in soaps andduoived
the Nobel Prize for his work on catalysis in 192Q][

The first actual catalytic hydrogenation of liqud to make solid fats, based on the preceding vadrk
Sabatier and Senderens, was accomplished in 198%lbgim Normann who patented the process one year
later [91].

Eventually, the process has been firstly commeeedlin England and then in America by Procter &
Gamble for the food industry, and it radically chad the eating habitudes of at least three humiagrggon.
Only after 1960 the scientists became aware ofdhdiovascular issues produced by the consumptilamge
amount of hydrogenated products. However, the nadificussion on hydrogenated fats (trans isomers in
particular) continued until 2000, when many devetbgountries start to ban the use of trans fatigsac
commonly found in partially hydrogenated vegetaiilg, in food products (causing the equally questhde
increase in the use of palm oil); the FDA ( U.8o& and Drug Administration) starts to ban thegreontent
in food products only in 2013 [92].

Although banned or restricted in food productst ass reported above, partially hydrogenatedfoilsmd
uses in oleochemical processes and could be tleeftwaa large number of bio-based compounds (palyme

soaps, lubricants, polyalcohols, etc.), with higheptial of exploitation in many industrial fields.
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1.4.1Reaction mechanism

It is now commonly accepted that the nickel-catdlybydrogenation of unsaturated fatty acids follows
the Horiuti-Polanyi mechanism [93]. According testmechanism, the molecular hydrogen is firstlyoadsd
on the catalyst surface and rapidly dissociatetvim hydrogen atoms (see Figure 1-4). Contempotaity f
acids, or the fatty acid chains in triglyceridesig@rparts, could be adsorbed on the catalyststig their
double bonds, and in a first step one atom of hyeinas added to the adsorbed C=C, and they foraifa h
hydrogenated compound. If the second atom of hyrag consequently attached to the double bonsl, thi
latter becomes saturated, and by the release dfdheof reaction (very high heat of reaction eqaal05
kJ/mol) it is moved away from the active site; Haturation of the double bond at the standard testyre
reaction conditions (110-200 °C) is irreversibleawéver, the addition of the first hydrogen is aemsible

step, so the half-hydrogenated intermediate candassociate [90].

1 2
H, =—= H,* a—= 2H*

c,c-D c,t-D tt-D

I [

coeD*+H* —= cDH*Z_ ¢ -D*s+ H* o—= t-DH* = (ED e

H* H*

lm LH

c-M -

1§ I
14 18

cM* H* 3= MH* =—— tM*+ H*

l 18
5

Figure 1-4 Hydrogenation reaction mechanism as diesd by Dijkstra[90] where *= adsorbed intermediates, c= cis isomers, t-
=trans isomers, M=monoene and D = diene, respebtive
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The above mechanism well explained some of thereaens made by the previous scientists on the
hydrogenation of vegetable oils or their derivagivlt is worth noting that the proposed scheme dwms
consider the triglycerides, but the single chamfhe presence of triglycerides the reaction ratedd be
modified by the steric effect. However, how theristdindrance affects the reaction mechanism aed th
kinetics is not known, as stated by Dijkstra [90].

In equilibrium conditions, it was observed that trens/cis-ratio is of 1 moles of cis isomer foesv3
moles of trans isomer. This ratio stems from thathaf isomerisation, which equals 4.1 kJ/mol [94].
Accordingly, Dijkstra has suggested that the attiveenergy of step 4 (hydrogen addition to c,adjeis
lower than the activation energy of step 5 (hydrogeddition to c,t-diene). This would cause theisigner to
reacts about three times faster than the transesamd eventually to lead to the cis, trans-equuii.

For nickel catalysts, observation on industrialiess accordingly to Applewhite [95], suggests tta
main route follows the steps 3, 4, and 10 and $idp<9 are less important. The main consequentaighe
main mechanism for elaidic acid produced during#aetion is not from the dienes (c,t-D, t,c-D,biX), but
the monoenes (steps 14 and 15).

The last reaction is the stearic acid formationNocatalysts, Dijkstra [96] suggests that theeexDf this
reaction depends on the concentration of atomicdygh on the catalyst surface. When this lattévis the
isomerization prevails and when it is high the sattan reaction prevails. He also observed thatttalyst
poisoning by sulphur results in lower [H*] conceation and therefore in higher isomerization anddow
saturation. This mechanism can explain how thetliaparameters as temperature, pressure, ratgtafian,
amount of catalyst and catalyst activity affect lyerogen concentration and then the isomerizatidex or
trans selectivity [90]. As an example, increasing pressure, the solubility of the hydrogen dissolin the
oil increases and thus its concentration on thalystt This promotes the saturation reaction aettpense of
the isomerization reaction. However, in the initr@ansient regime of a hydrogenation run, the cotragon
of hydrogen is so low that these factors are saliatly not so important; when the catalyst reattipartially
decreases, their effects become noticeable.

The above mechanism also explains why linoleic astbctivity depends on external factors. The
selectivity definition as the ratio of two rate stemts (see 8Chapter 2) implies that it shouldamstant itself

which is not the case. The same external fact@tsafiect the trans-selectivity also affect theol@ic acid
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selectivity in a similar manner. Process condititimst favour a high-trans-selectivity also favouhigh-
linoleic acid selectivity. In addition, catalystoperties are known to affect the linoleic acid stidty.

So far this reasoning is essentially for hydrogemnaof free fatty acids and fatty acids methyl este
(FAME); for the raw oil, it was observed that unsated fatty acids attached to the same triglyeesiffiect
each other’s reactivity, and so, for example, getion rates for triglycerides containing oleidanolecules
does not follow the same kinetics of oleic acidteahalone [95].

Generally speaking, authors agree with Dijkstraat¢oept for Pd and other noble metals, the reaction
mechanism proposed for Ni [97—-99].

The above description must be integrated with tdditeonal information:

* The above mechanism does not consider anotheresdgion that occurs during the hydrogenation
of both triglycerides, or the corresponding fattids, i.e. the double bond migration reaction iriclth
the double bond shift position on the fatty acideties chain;

* Not all the catalysts follow entirely this mechamjsut with some extent, some modification occurs.
Particularly copper shows different behaviour wekpect to Ni.

The first point is not addressed by Dijkstra orestbcientists because double bonds position seehas/e

a random pattern and cannot be estimatpdori from the catalysts behaviour [100-105]. In theentr state

of the art, the positional selectivity is not aslsid by any catalyst, and the results of each battchaction

could be different [90]. Nonetheless, the compositf positional isomers can be evaluated by GC-61D
GC-MS.

For the second point, copper has a different reagtathway than Ni or the other noble metals;érisial
to highlight that the noble metals share the saaetion mechanism, but with different reactivity.

With respect to the mechanism of the hydrogenaBantion using copper catalysts, it was proposée qu
early [106] that the actual species being hydroggehaould be a conjugated polyene and that conpmgat
should precede hydrogenation. This assumption @wssdon the observation of conjugated dienes smby
formation during the reaction, and the reluctanéecapper-based catalyst to hydrogenate methylene
interrupted fatty acids. Always in the same wotkyas observed that both the conjugated 9-11-13tlaad

non-conjugated 9-12-15 linolenic fatty acid are fogtnated at the same rate when hydrogenated tepara
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but the first one reacts more than 200 times faktan the second when both are hydrogenated aathe
time. Koritala et al. concluded that the “conjughktiéene completely dominates the surface of thelyst”.

A first mechanism for the conjugation was suggeste®igneron et al. [107]: he supposed the addition
of hydrogen atom to the double bond following a hadsm equal to the Horiuti-Polanyi mechanism.
However, a similar mechanism has some difficultgxplain the effect of pressure on the hydrogenatio
conjugated dienes of different fatty acids as Wwighlighted by Dijkstra [108]. Therefore this lateggested
a different mechanism in which the first step of #onjugation is not hydrogen addition, but hydroge
abstraction, followed by the hydrogenation of tlellle bonds. This assumption is effectively in adaace
with many works on copper catalyst, in particulaexplains why the pressure increase does notttead
proportional increase of hydrogenation ratestdat maximum value followed by a decrease [109,1T0¢
abstraction/addition mechanism proposed by Dijkisti@nsidered the most probable between the two.

Since methylene interrupted fatty acids are notlyeaaturated, it follows one of the most interegti
properties of Cu in catalysed vegetable oils hydnagion, namely the almost complete impossibilitioa
pressure for this kind of catalysts to convertokgid into stearic acid. Furthermore, this phenommewas

supported by many results [109,111-115].

1.4.2Mass transfer effect in vegetable oils hydrogematio

Hydrogenationof edible oils or fatty acid methyl esters (FAMEs)ishree-phases process in which
several transport steps can be distinguished. drstandard hydrogenation process, thegék is used as
reducing agent of the double bonds. The situa@thematized in Figure 1-5. The hydrogen ffigx)(can
be written as a function of different resistandbg resistance from the bulk of the gas to theligagd
interfaceRcL, the resistance from the liquid to the solid-limterfaceR s and the resistance inside the catalyst

due to diffusion mechanisRs(Equation 1-1 to Equation 1-4) [116].

He(pu,) Equation 1-1
R. — 1 Equation 1-2
L= ka
1 Equation 1-3
Ris =
gSkSaS
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He(pw,) Equation 1-4

&sPsT| 7w, |

wherek,a is the mass transfer coefficient in liquid phase grea of transfeksas is the mass transfer in the
liquid to solid interface for the areandes is the void degregs is the density of the solid catalybte(Ry) is
a function of the partial hydrogen pressuyris, the effectiveness factor which depends fronrélaetion kinetic

andry; is the rates of consumption of hydrogen.

G L S

Figure 1-5 Concentrations profiles for hydrogen dats in the agitated batch stirred reac{ari 6]

Mass transfer limitations have a strong influence¢h® linoleic selectivity [95,117,118] and on tlauble
bond migration [119].

Mass transfer of hydrogen from the gas into thaidigs often the rate-controlling step [90,103].eTh
volumetric mass transfer coefficigag can be obtained by two methods:

* In aslurry reactor, directly from gas adsorptiaterin absence of reaction;

* From flux measurements, at sufficiently high cagalgoncentrationRs>>RstRs), and the data

obtained with this method are more precise [120].

Many correlations were proposed for the estimatbrkia by many authors [121-124]. Available
experimental data on the external catalyst massfigaresistance support the assumption that eatteatalyst
transfer limitations can be neglected in comparteamass transfer limitation from the gas phage¢diquid

phase [125].
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At last the transport limitation inside the catalgse also important, because it generates intiajear
gradient inside of the pores of the catalyst. Assult, the available catalyst activity is not yulltilized. In
order to demonstrate that the intraparticle rescgas negligible, it is possible to evaluate tiéele modulus
@. If the kinetic law is not known, a priori the diggtion of the Weisz-Prater [126,127] modulus barused
(Equation 1-5):

— d3psTrac u, -1 Equation 1-5
rae DTAG,effC/il

whered, is the particle sizgs is the density of the solid catalystsc andry are the rates of reaction of TAG
and H respectivelyDrac erriS the effective diffusivity of the oil (TAG) inde the pore or of Flandc, is the
concentration of the component TAG or. H

It is usually considered that for catalysts witterge pore diameter larger than 10 nm, ten times th
diameter size of the TAG molecules which it israstied has a length of 10 A, intraparticles magsstex
limitations are negligible [125].

Although the mass transfer is of great importatiee core of the process remains the catalyst oohathie

reaction products depend.

1.4.3.Hydrogenation catalysts

As already mentioned, the catalyst is a fundameguat@meter for catalytic hydrogenation of vegetailke
It is worth mentioning that the different reactipathways are also reflected by the different redodtth in
correlation to activity and selectivity. Although absolute agreement was not achieved in the fitadgn
of the most active or selective toward isomersvactihase, Veldinsk et al. [103] proposed an attemhpt
classification of the principal catalytic activegse, by combining the observations of many scisntithe

results are reported in Table 1-2.

Table 1-2 Ranking of the active phases

Characteristic

Activity Pd>Rh>Pt>>Ir>Ru=Ni>>Cu
Selectivity Cu>Pd>Rh>Pt>>Ir>Ru=Ni
Cis/trans selectivity CwPd>Rh>Ru=Ni>>Ir>Pt
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Also, Numwong et al. [128] found a similar trendreoyears later among Pd, Pt and Ni: for activity
Pd>Pt>>Ni and for trans selectivity Pd>>Ni>Pt, phacthe Pd as the best alternative for both agtivit
and selectivity. As it is expected, there are marycles that contradict this statement, finding

condition in which Ni is also considered selective.

1.4.3.1. Homogeneous catalysis

It is worth noting that also homogeneous solutiarese studied over the time for the selective
hydrogenation of vegetable oils to increase thecseity by means of metal carbonyls, platinum-tin
systems or catalysts of Ziegler-type (Fe, Co ansilMs activated by tri-ethyl aluminum). Also nelitr
precious metal-phosphine complexes such as Wilkinsatalysts (RhCI(PRJs, or cationic
complexes ([Rh(cod)(PRBJ)a]BPhi) were tested, but only with moderate success [B&mising
results were achieved using Pd nanoparticles, pemtifrom palladium dichloride [129,130]. In the
attempt to lower the trans fatty acids, the comtoomaof both heterogeneous, industrial Ni catalyst,
and homogenous catalysis, complexes of Ru or méthlytoate Cr(CQ)was tested [131,132] with
mixed success, identifying a region of work in whithe activity and selectivity of the Ni are
improved compared with Ni alone. These studiealgh interesting from the research point of view,
never have found industrial interest because ofctst of the homogenous catalysts used and the

inherent difficulty in the separation of the cattl/and the products.

1.4.3.2. Heterogeneous catalysis: Ni catalysts

Several industrial catalysts for hydrogenation psscuse transition metals as supported active
phaseFor hydrogenation of vegetable oils mainigkel on silica, on silicate, on alumina, on kieselguhr
or on zirconia support, loaded with 18-25,%00f Ni were studied. Raney nickel, a nickel catalys
produced from the decomposition of Ni-Al alloys kvgéodium hydroxide attack, was also used [92].
The principal obstacle when Ni is used is the adm®nt of a high concentration of trans-isomers,
with selectivity isomers index (SlI) for selectiraaction conditions between 1.51 and 1.88 for @anol

oil, and the formation of saturated fatty acid (@l8tearic acid). The selectivity isomers index is
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defined as the ratio between the trans isomersddmhring the reaction and the drop in lodine Value
it is a measure to evaluate how much trans isoarerebtained per double bond reacted (§Chapter
2).

However, several tests were made with Ni tryindind selective conditions in which operates
industrial available catalysts. Ni catalysts opagpat 160-230 °C and 2— 5 bas &te by far the most
commonly used in margarine production [125]. Défeir22-23% Ni-based catalysts, commonly used
in the percentage of 0.02% Ni content by weighoigfat 180 °C and 50-200 kPa yields very low
saturated compounds, but very high trans levelse Wersa low temperature (120 °C) at 3.5 MPa
results in lower trans, but higher saturation [128]higher pressure the hydrogenation rate was als
higher as reported by other authors, maintainimg Isielectivity towards oleic acid cis-isomers in
accordance with Food and Drugs American (FDA) lagjen [134,135] with SlI ranging from 0.30
to 0.62. Ni catalysts, well known from the readtivpoint of view, are used in many cases in
modelling of the process as standard template (221B6—138].

In order to reduce the content of unwanted by-pctglas trans-isomers and also stearic acid,
research in this field proceeds following two diéfet paths: the use of noble metal catalysts, yainl
Pd and Pt for the properties reportedamle 1-2.

, or the use of Cu, that is less noble and cheapéwyith a lower activity towards complete satimat

[92], or eventually by addition of solvents (crélc- near-critical) or additives [96].

1.4.3.3. Heterogeneous catalysis: Pt catalysts

Platinum commercial catalysts, with Pt loadings frofodw to 5 %ww, tested at 80-130 °C and
1 atm, show low reaction rate for the linoleic teat to form monoenes unlike the reaction to
complete saturation that is generally faster deylethe reaction media from oleic acid [139].
However, in other conditions, Pt shows good agtjvit correlation with more reactive catalysts (Pd,
Ru, Rh) with a low formation of trans fatty acidsiD,141], despite the lower interaction energy

between H and the active site of the catalySbme Pt catalysts showed excellent selectivity iand
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different conditions [142] can have an isomerizaselectivity index (SII) of 0.31 at 100 °C and®at 170
°C under 3 bar of hydrogen against 0.46 at 100rfeCa57 at 130 °C achieved with a Pd catalyst supgo
on the same support (alumina) and with comparaialdihg (nominally 2%w). These values are interesting
for the selective hydrogenation point of view, @garted by Veldinsk [125].

Bi-metallic Pt-Ni were also tested; McArdle et[d43] proposed an innovative approach to synthd3ize
Ni catalysts supported on mesoporous silica usiagtirface redox reaction (Srr) technique whichlted in
better activity and lower selectivity towards trassmer than the traditional successive impregnatand co-
impregnation techniques. The Pt-Ni catalysts (Pi<%nd Ni 1%w) was prepared with these techniques, but
also with consecutive impregnations and co-imprégns. They concluded that the introduction of iioi
the palladium catalysts have a beneficial effecthenhydrogenation selectivity, Sll index changirgm 0.6
with Pt to 0.34 with Srr catalyst, the other Ptddtalysts are between these two values. Furtheriaesrr
technique led to more active catalyst than therati@e classic synthesis methods, where Ni woudlbthe

Pt catalytic sites. It is worth noting that the @ of stearic acid is high (1743%-25%ww).

1.4.3.4. Heterogeneous catalysis: Pd catalysts

Pd-based catalysts have often been proposed dueitaatttivity at lower temperature (120-140
°C) and their lower cis/trans isomerization activ#y (0.18-26), compared to Mo (0.33), Ni (0.375),
Co (0.69), Ru (0.45), and Sr (0.6) estimated fratadeported by Belkacemi et al. [144][104]. The
Pd catalysts showed in many cases an higher satedtiwards the oleic acid formation (monoene)
compared with Ni industrial catalysts. However, odi and Pd catalysts show a rather low
diene/monoene selectivity, in comparison to copgpéalysts, thus giving early formation of saturated
compounds if the reaction conditions are not wetitoolled. In this field of selectivity towards ade
acid in the cis configuration, the use of more rsetas additives, is a recurring strategy. More
complex catalysts Pd-based enhanced with Mo, Nj, Rlg and Sr were considered [144]; the
introduction of Co, Sr, and Ru enhances the agtniitthe catalysts and, in particular, Ru has some
promoting effect on the cis/trans ratio, with a &lue of 0.45 at the same conversion for sunflower

oil.
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The deep interest on Pd-based catalysts is jubtifjeits reusability, stability and high catalytic
activity with appreciable monoenes selectivity §1I43-148]). Several supporting materials have
been investigated Sp143,146,148], AIO3 [128,146], TiQ [143], carbon [148], etc. To enhance
catalyst recovery after reaction, magnetic suppeéie also implemented [149]. Mesoporous silica
exhibiting high surface area, uniform pore sizeatle, and surface functional groups [150,151] was
studied and it was indicated that the support isftmadamental and does not increase significantly
the activity compared to Pd/Si(145].

Numwong et al. [152] studied palladium catalystspsrted on silica concentrating their work on
catalyst pore size for hydrogenation of rapesekedesived FAME; it was found that these catalysts
have a good partial hydrogenation activity, resgltin an improvement of oxidative stability.
Moreover, the pore size of SiCsupport had a significant effect on the catalystivdy.
Hydrogenation activity shows that Pd/SMdith ~45 nm pore size exhibits the highest hydrogenation
activity. Furthermore, the cis—trans selectivitplpability depends on the contact between reactant
and catalyst then on the steric hindrance. Thecteky toward cis-monounsaturated FAME was
found to be high for Pd/Swith ~2 nm and~68 nm pore sizes, the authors claiming that to the
reason is the low contact probability between FAMElecules and active sites in very small and
large pores. They suggested two possible waygitaceeselectivity toward trans-isomers:

» use of nonporous materials as support;
» use of a large pore size support in order to redheecontact probability between the
reactant and catalyst surface.

As already done for Pt, Pd was also tested in coatioin with Ni trying to improve the cis/trans
selectivity of the Pd. However, Albright et al. fl5lemonstrated extensively that the introductibn o
Ni in small (100 ppm) or large amount (1000 ppmjhe oil does not give substantial modification
of the Pd activity and that the slight improvemeathieved were related to the Ni that acts as a

sponge for poisons present in the oil, diminishiimgPd poisoning.
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Finally, the introduction of Pb in the Pd catalykismulation increases the selectivity towards
monoenes, lowering the hydrogenation activity [188]): Pb enhanced Pd/Si@atalysts, prepared
with catalytic reduction were tested at 40 °C, gthanol as a solvent medium [145]. Another Pd-
Pb supported op-Al20s has been synthesized starting from tetra-bugd-heith a supported Pd/
Al203, and, in this case, the reaction has been caouedt 100 °C and 0.41 MPa [154]. In these
studies, selectivity towards monoenes and cis/tiem®erization increases, Sll change from 0.75-
0.85 with palladium to 0.70-0.76 when lead is addbed the overall rate of reaction decreases.én th
first study the sintering of the Pd particles afetuction with Pb was observed [145], in the fatie

changing in the interatomic spacing occurred [154].

1.4.3.5. Heterogeneous catalysis: Cu catalysts

Cu-based catalysts were also tested because, as shothe previous section, they provide
peculiar reaction results in terms of monoenes &bion [108]. The first copper catalyst tested was
copper chromate, this catalyst was extensively istudoy Koritala and his collaborators
[100,109,110,113,155-160], they tested the effdctdifferent reaction parameters (pressure,
temperature, agitation, catalysts concentration,),eproved the reusability of the catalyst after
multiple tests and also the poisoning effect. Thpper-based catalysts proved to work at higher
temperature than the nickel one and with lowewdgtiselectivity, on the other hand, was proved to
be dependent on the reaction pressure, regardengghrans selectivity with Sll values rangingiro
0.2 to 1.5 depending on hydrogen pressure. Howeogper never found a spread use as nickel
probably due to being less robust than nickel, tiedhydrogenated products obtained with similar
characteristics were more expensive for the foddsiry.

In the last two decades, it was observed a resoegei Cu catalyst for vegetable oils
hydrogenation, with the particular interest towatdsproduction of lubricants or other productdwit

application beyond the food industry. The produtitained [84] are liquid down to -15 °C, and so
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they can be used as lubricant oils for most ofsfa@dard conditions, but other applications in the
production of new chemicals could be relevant dustrial level.

Cu supported on Si0and Cu-Zn-Al oxides showed activity and seletyivinked to copper
dispersion and to porous structure of the supfwtrly dispersed Cu catalyst presents inactivity
towards soybean oil hydrogenation; at the same tianeower pores also imply more difficult mass
transport and so lower activity [84]. Among all thepported catalysts reported in the literature, Cu
on silica showed the best catalytic performancethénhydrogenation of both high linolenic and
linoleic oils [161,162].

Since copper catalysts have such interesting pieperelated to activity and selectivity in this
thesis we focused on this kind of catalysts. I, fdeey present the wanted properties for the final
hydrogenated products because the reaction is ediopgfore the production of stearic acid, and a
high cis/trans selectivity and linoleic selectivéye obtained. Additionally the copper silica shdwe
the best performance comparing to other classip@tp as alumina, titania, Zn-Al oxides, and so

on.
1.4.4Copper supported on silica synthesis in literature

Many different techniques exist for the preparatidrcopper supported on silica, some of these
are: incipient wetness impregnation (IWI) [163],eofisorption-hydrolysis method (CH) [164],
ammonia-evaporation (AE) [165-168], precipitatiah method (PG) [169], hydrolysis precipitation
method (HP) [7], urea hydrolysis deposition-pretefpon (UHDP) [170]. InTable 1-3the synthesis
parameters are reported.

All these synthesis methods try to produce Cu#S¥ih high copper surface and high dispersion
of the copper active phase on the support. Sortteesé techniques use silica precursor in solid form
(IWI, CH, PG), some silica in colloidal phase (ABHDP) and one uses tetraethyl orto-silicate
(TEOS) as precursor (HP). The surface area of btaeireed catalysts is high for all the synthesis

methods and depend on the precursor: colloidalT&@S tend to produce silica with surface area

55



Chapter 1

between 250-400 fig (BET surface) while for solid precursor, thécsilsurface area depends on the
surface area of the precursor itself, varying frd0 nt/g to 500 ni/g or more.

One characteristic obtained for most of the catalpsoduced with liquid precursor (TEOS or
colloidal silica) is a particular form of coppenpliosilicate called chrysocolla. The chrysocolla
well found by the most used characterization temhes since it is well dispersed in the silica nxatri
However, many authors suggested an interpretafiofR®, FTIR and Raman spectra, combining
the results with TEM images and XPS spectra inramdighlight the presence of this phase [165—
168,170-180]. The copper phyllosilicate ensures@glispersion of copper onto the support after
reduction since it is dispersed in the silica nxatri

Although all the cited articles claimed a high cepgispersion the metallic copper area obtained
from N0 titration and TEM images indicate the best raswith ammonia-evaporation (AE) [165-
168] (45 ni/gcy and crystallite size lower than 7 nm), and hydsyprecipitation (HP) techniques
[7] (72 nf/gcu and crystallite size lower than 10 nm). They wtben chosen as synthesis methods to
prepare Cu/Si© catalysts for hydrogenation of vegetable oils his tthesis work. It is worth
highlighting that AE technique changes from auttoauthor, sometimes suggesting introducing a

hydrotreatment step. In this work, the techniquesdudo not reckon such synthesis step.

Table 1-3 Synthesis conditions of copper silica

Copper Catalyst precursor Support precursor Synthesis Ref.

loading conditions

(%)

10%, 120 °C evaporation
SiO; Hisil

20% and Cu(NQs). 400 °C, 10°C/min, [163]
110 nt/g

30% 4 h calcination

8% Copper ammonium nitrate Grace Davidson 110 dpenation [164]
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Cu(NQs)2 in NH4OH solution 400 rfig 350 °C, 10°C/min,

4 h calcination

Cu(NGs)2 120 °C evaporation
5% - Silica sol
ammonia agueous solution 450 °C, 10°C/min, [165]
30% Quindao Chem (25%)
25% 4 h calcination
Silica 120 °C evaporation
10, 15% Cu(NGs)2
Degussa A200 450 °C, 10°C/min, [169]
and 30% NaOH solution
200 nt/g 4 h calcination
10%,
20%, 120 °C evaporation
30%, Cu(NGs): TEOS/EtOH/water 400 °C, 10°C/min, [7]
40% and 4 h calcination
50%
Silica sol 120 °C evaporation
15% and
Cu(NGs)2 Quindao Chem 400 °C, 10°C/min, [170]
30%
JA-30 (30%) 4 h calcination

1.5.Thesis outline

This thesis was carried out in the framework of B@N 2014-2020 “PhD with industrial
characterization” with financial contributions hiyet Italian Ministry of Education, University and
Research (MIUR) and the Processi Innovativi Srimpany. The project saw the collaboration of
three entities: two Universities of two differemuntries and one Italian company in the development
of the research theme:

* University of Strasbourg with the ICPEES laborasrcommitment where the catalysts

were synthetized and characterized. Also the ICHM®ratory of the University of
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Strasbourg was involved for the TEM characterizatMost of the characterizations were
carried out in Strasbourg: ICP-AES, BET, XRD, XPEM, TPR, TPD-NO, Raman

spectroscopy;

* University of L’Aquila in the laboratories of DIlIIEwhere the reactions system was

assembled and the tests performed and analyzedheithelp of the gas chromatography
experts of DSFC (Chemistry department). Also sohagacterization of the catalysts were
performed with the help of laboratories technicdfBIR in the DIIIE laboratories and

SEM Microscopy at the Microscopy Center in L’Aquila

* Processi Innovativi Srl which dealt with the desmnthe industrial process and which

provided useful information for the developmentled tests, given its long experience in

the project and construction of vegetable oils bgénation plants.

Research issues are tackled in the next chaptéingssahanuscript, organized as follows:

Chapter 2 “Materials and methods”, describing nmalrsynthesis procedures, employed
characterization techniques, as well as the hydatyen test procedure with equipment
description and data elaboration for the laborabatgh reactor;

Chapter 3 “Catalysts characterization” summarizialj the results collected from
characterization of fresh commercial Lindlar cadglyand as synthetized for Pd supported
hydrotalcite, Cu silica catalysts and bimetallitatygsts as well;

Chapter 4 “Reactivity tests”, presenting all expemtal results collected by hydrogenation
test in a semi-batch reactor;

Chapter 5 “Industrial application”, where betweée different applications proposed for
industrial hydrogenation process, one is takenastmunt and feasibility study is carried out;
General conclusions, containing a general sum aptabain achieved results, points needing

more efforts and suggestions for future work.
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Chapter 2

Materials and methods

This chapter reports the methodology of the expamtal work, with regards to the following major ase
» Catalysts and synthesis methods;
» Catalysts characterization technigues;

» Catalytic tests procedure, sample analysis and datglysis.

2.1. Catalysts studied

During the development of this doctoral thesis ssveatalysts were tested for the selective hydnatjen
of vegetable oils. The attention was focused orfdhewing different classes of catalysts:

* Lindlar catalysts, a Pd-based commercial catalgsd as reference catalyst;

» Palladium supported on Mg-Al hydrotalcite;

o Copper catalysts supported on silica;

* Monometallic Ni and Pd catalysts supported onailic

» Bi-metallic copper catalysts, Cu-Ni and Cu-Pd sufgzbon silica.

2.1.1.Lindlar catalyst

Lindlar catalyst is a common commercial heterogeseoatalyst, mostly employed in selective

hydrogenation of alkynes to cis-alkenes [181-188] diso in other reactions [182,184,185]. Lindlarai
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palladium-based catalyst supported on calcium ceatey associated to lead oxide in order to incréase
catalyst selectivity. Lindlar catalysts bought fr&igma Aldricf have a nominal Pd content around,a%
The common synthesis starts from a slurry of Rd@i calcium carbonate (Cag)Oand by the addition
of lead acetate (Pb(OCOGKH) or lead oxide (Pbg). It could be also further associated with ammioes
sulphur to reduce the formation of alkanes in tkgrees hydrogenation reaction. However, the martufac
does not give any clues about this step neithdrarsecurity sheet of the sample nor in the tecthiata.
This catalyst was used as reference catalystpirlaminary series of tests carried out in a labmsa

scale reaction system.

2.1.2.Palladium supported on hydrotalcite

Palladium catalyst, Pd nominal loading J:% supported on magnesium-aluminium hydrotalciteduse
in reaction as hydroarylation [6], was tested is thesis for the hydrogenation of vegetable oils.

This catalyst was produced in a three-step syrgh&gsynthesis of hydrotalcite (HT) prepared by lo
oversaturation precipitation with a Mg/Al molaricagqual to 2:1, 2) Pd impregnation of HT with DVj,
palladium reduction from Pd (ll) to Pd (0) at loentperature with cyclohexene. All the reactants were
purchased from Sigma Aldri€h

More precisely, a solution containing Mg(R)@6H0 and Al(NQ)s- 9HO in 125 mL of de-ionized
water was prepared. This solution was slowly drdppeer 250 mL of a N&O;s solution, pH 10 at 60 °C
under vigorous stirring. The pH was kept constanadhding appropriate volumes of a NaOH (1M) solutio
during precipitation. The suspension thus obtaimaslikept at 80 °C for 24 h, after which the solabwiltered
and washed with 1 L of de-ionized water.

The solid was dried in a stove at 110 °C overnighe solid was re-suspended in a solution contginin
N&CQOs in 200 mL of de-ionized water at 100 °C for 2 krihvacuum filtered, washed with 200 mL of de-
ionized water and dried at 110 °C.

Part of the obtained HT was then treated with Nidathylformamide and Pd(Ng- H,O for a final
Pd content of 1%.. The suspension was then stirred at room temper&iu24 h, the solvent was evaporated
and the residual powder dried in a stove at 116V&night. The resulting solid, Pd (I1)-Pd(0)/HTaswreated
with cyclohexene at 83 °C under reflux for 1 h (Fig2-1). The mixture was then cooled, and thelystta

(PP-Pd/HT) was filtered and washed with cyclohexeng methanol.
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Figure 2-1 Pd(Il)-Pd/HT after impregnation with Pg((on the left-handside) and reduction with cycbodree (on right hand-

side).

2.1.3Copper on silicon oxide

As reported in literature, copper and, more spealiff, copper supported on silica shown good
performances towards hydrogenation of FAME and tadge oils [1,84,90,96,108,111,162,186,187].

Among all synthesis methods reported in 8Chaptén 1his work, hydrolysis precipitation [7] and
ammonia evaporation, as reported by Li-Feng efl&6], were chosen. These two methods produce high
dispersion of copper species on the support sigfaith a small dimension of the active phase, anthey
are considered particularly suitable for the hyéragion of oils.

Both methods start from the “liquid” silicon oxiderecursor, the silica is formed during the
precipitation of the copper species. As reportetlifiyeng et al. [166], copper and silica can fowme copper
phyllosilicates that increase copper dispersiothesilica matrix (Figure 2-2). The support and #etive

phase are both precipitated at the same time dthisngynthesis.
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Figure 2-2 Structure of copper phyllosilicate (cbogolla) as reported by Li-Feng et fl66] structure adapted frof165]

Catalysts with two different copper contents (5% 46% by weight) were prepared using the two

synthesis methods (Hydrolysis precipitation (HR) ammonia evaporation (AE).

2.1.3.1.Hydrolysis precipitation method (HP)

The employed precursor salts were CugNBH,O (Sigma AldricH purity 99% degree of hydratation

determined by TGA measures) for copper, and tatrg-erthosilicate (TEOS Sigma Aldri€hpurity 98%)

for silica, and ethanol (purity 99.9%), and dei@dizvater were used as solvents.

HP synthesis steps are the following:

Preparation of A mixture: a required amount of CO{NEBH.O is dissolved in deionized water, the
solution is then added to a solution of TEOS. Thwant of TEOS:EtOH:kD must respect the
proportion 1:1:1 by weight. The mixture is thenrstil for 1.5 h at 400 rpm until a single phase is
obtained;

Preparation of (NE.CQO; solution: a solution of ammonium carbonate in wéde25M) is prepared.
Since (NH)2CQsis not stable and can start to decompose, the gHeo$olution has to be checked
before the following step near 9.5;

Mixture A and the (NH)>.CO; solution are simultaneously added dropwise to degshwater, with
vigorously stirring, 500 rpm, at 80 °C, and the ighnaintained between 7 and 7.5;

After precipitation, the resulting suspension igatl at 80 °C, with an oil bath, for 18 h;

The precipitate is separated by filtration and vealsWith deionized water checking the conductivity

of the permeate;
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The recovered solid is dried for 24 h at 105 °C #msh calcined at 550 °C under static air, with a

heating rate of 5°C/min, and 6 h of dwell.

2.1.3.2.Ammonia evaporation method (AE)

Copper precursor salt was Cu(§y$BH,O (Sigma Aldrick purity 99% degree of hydratation determined

by TGA measures), silica precursor was LUDOS ASSRigma Aldrict silica concentration 30%.), and

ammonia solution in water concentration was 2@%Sigma Aldricl?).

AE synthesis follows these steps:

Cu(NG;)2[3H0 is dissolved in distilled water adding ammonidugon; the resulting solution
presents a pH between 11 and 12. The solutiofiriedstit room temperature for 30 minutes, in this
step the tri-ammonium copper nitrate is formed,

After stirring, the correct amount of silica presoiris added to the copper ammonia complex solution
and stirred for 4 h at room temperature;

The suspension was then heated in an oil bath &390 evaporate the ammonia and the process is
terminated when the pH reaches a value betweed &;an

The precipitate is separated by filtration and vealswith deionized water checking the conductivity
of the permeate;

The recovered solid is dried for 24 h at 105 °C #reh calcined at 550 °C under static air, with a

heating rate of 5°C/min, and 6 h of dwell.

2.1.4Bi-metallic (Cu-Ni and Cu-Pd) and monometallic @yid Pd) catalysts

In order to increase the activity of copper catalynli or Pd were added to the copper catalyst&{iw

or Pd 1%w). The same two synthesis methods, HP and AE, wsaréd for the synthesis of bimetallic catalysts

Cu-Ni and Cu-Pd. Employed precursor salts were QgJdBH.O (Sigma AldricKk purity 99% degree of

hydratation determined by TGA measures) for CUN®i).[6H,0 for Ni, and Pd(NG).2H.0 for Pd (Sigma

Aldrich® purity 99% for last two).

The synthesis was changed accordingly to the nésvissed. The following changes were implemented:

In both syntheses, the two salts were added sinmedissly during the solution preparation;
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* In HP method, the pH precipitation was changedgire@ment with literature [188-192] between 7
and 8 for Cu-Ni nitrates solution and between 6 @ador Cu-Pd nitrates solution.
To compare performances, both activity and seliggtiof Cu catalysts and bimetallic ones, mono-iieta
Ni and Pd catalysts were also prepared with botlRPAE methods. The syntheses conditions werssime
as for the bi-metallic catalysts with a single niiedtion in HP method. To start the hydrolysis &QJS, the
pH of starting solutions was adjusted to bimetalise values previously indicated, with few dropdiloted

HNO; (1:200 Sigma Aldrich concentrated nitric acid solution 65%and deionized water).

2.1.5Nomenclature and list of materials

Table 2-1 lists all materials synthesized or uddgddlar and Pd/HT), with their nominal composition.
From here on, the following nomenclature appliegiieir identification:

» Lindlar and Pd/HT maintain their names in the faflog discussion;

» Copper catalysts are nam€dxSiQXX, wherex is the nominal weight percentage of Cu present in
the sample, andXis the name of the synthesis (€Cgi5SIQAE nominally contains 5%. of copper
supported on silica prepared by AE method);

* Nickel and palladium catalysts respect the sameenafature (e.gNi5SiQGAE nominally contains
5%.w Of nickel supported on silica prepared by AE mdjho

* Bi-metallic catalysts are nam&lxMeySi@XX, whereMe can be Ni or Pdx is the nominal weight
percentage of Cu nominally present in the sanydkethe nominal weight percentage of Ni or R¥,
is the name of the synthesis (e6Cgil10Pd1Si@QAE nominally contains 10%. of copper and 1%, of

Pd supported on silica prepared by AE method).
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Table 2-1 Lists of studied materials

Nominal Cu Nominal Ni Nominal Pd
Name Nominal phase loading loading loading

[% w/W] [% w/W] [% w/W]
Lindlar Pd-calcium carbonate 0 0 5
Pd/HT Pd-hydrotalcite 0 0 1
Cu5SiQHP Cu-silica 5 0 0
CulOSiQHP Cu-silica 10 0 0
Cu5SiQAE Cu-silica 5 0 0
Cul0SiQAE Cu-silica 10 0 0
CulONi5SiQHP  Cu/Ni-silica 10 5 0
CulOPd1SiHP Cu/Pd-silica 10 0 1
CulONi5SIQAE Cu/Ni-silica 10 5 0
CulOPd1SIQAE Cu/Pd-silica 10 0 1
Ni5SiOHP Ni-silica 0 5 0
Pd1SiQHP Pd-silica 0 0 1
Ni5SIGAE Ni-silica 0 5 0
Pd1SiQAE Pd-silica 0 0 1

2.2Characterization methods

Characterization techniques used for the studitalysts are:

e ICP-AES (Inductively Coupled Plasma — Atomic EnassBpectroscopy) for the quantification of:

o0 Pd, Ca, and Pb in Lindlar cataysts;

o Pd, Al, and Mg in Pd/HT;

0 Cu, Pd, and Ni in mono-metallic and bi-metallicteyss supported on silica;
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* Nz physisorption associated to BET (Brunauer-Emmettef) multipoint method for surface area
quantification [193], and BJH (Barrett-Joyner-Halah estimation of pore distribution and pore
volume for mesoporous materials [194];

« XRD (X-ray Diffraction) for crystalline phase idéfitation;

« Raman spectroscopy and FTIR-ATR (Fourier-Transfinared spectroscopy) for Si-O-H highlight
in silica supported catalysts;

« TPR (Temperature Programmed Reduction) to studykesmeducibility and reduction temperature
of silica supported catalysts;

« TPD- NbO chemisorption of BOD for copper surface determination of copper donasénd bi-metallic
catalysts;

« XPS (X-ray Photoelectron Spectroscopy) for bothesfigial elemental composition and electronic
state for silica-supported catalysts;

* SEM (Scanning Electron Microscopy) and TEM (Trarssiun Electron Microscopy) both combined
with EDS (Energy Dispersive X-ray Spectrometry)faorphological, textural, and chemical surface

analysis.

2.2.1lon Coupled Plasma — Atomic Emission Spectroscopy

Mass concentration of elements are measured by RIAMA 720-ES ICP-AES. Solid samples are
dissolved with a concentrated strong acid solutioen diluted in deionized water. A peristaltic gudelivers
the diluted solution into a nebulizer and it isramuced inside the plasma flame. Collisions witaspia
electrons and charged ions break the moleculd®etoespective atoms. Atoms repeatedly lose electod
recombine, giving off the radiation at the specifiavelength of the elements involved. These wayghen
are then collected by the atomic emission spectitem&he instrument is equipped with a custom desig
Charge Coupled Device (CCD) detector, a highly iseasphoton detector. An estimation of detectionits
for the quantified metals are: Cuw®/L, Ni 5 pg/L, Pd 50ug/L, Pb 50ug/L, Ca 5ug/L, Mg 5ug/L, Al 20

ug/L [195].
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2.2.2Surface area and porosity analysis

A MICROMERITICS ASAP 2420 surface area and porosityalyser records Nadsorption and
desorption isotherms at:Nvoiling point -196°C, and performs calculationsBiT and BJH methods with
ASAP 2420 software v2.09.

Samples consist of 50-100 mg of powder (average &izhe powder between 1@@n and 125um).
Degassing of the powder is performed before thiysisaunder a high vacuum, with 10 °C nineating ramp
until 250 °C and dwell overnight (at least 8 h).

Considered measures are BET surface d&a)( BJH cumulative pore volume¥d), BJH pore
volume distributions with respect to pore sizes] 8&IH averaged cylindrical pore diametBeJgsy). BET
isotherms assumes that:

» the heat adsorbed by the first layer is constant;

» the interaction between adsorbed molecules indheedayer can be neglected;

» the adsorbed molecule can form a new absorbingaairhaking the process continuous;
» the heat of adsorption for all other layers, afiterfirst, is equal to the heat of liquefaction.

For the determination @erthe BET isotherm in linear form (Equation 2-1@nmonly used:

P/Py 1
n(1—P/Py) n,C

c—-1
+ (P/Py) Equation 2-1
n,C

where:P andP, are the equilibrium and the saturation pressurétadgen at the temperature of adsorption,
is the quantity adsorben;, is the monolayer adsorbed gas quantity, @mslthe BET constant of the material

(Equation 2-2):

E,—F
m L) Equation 2-2

C =

exp ( RT
whereEn is the heat of adsorption for the monolay&rjs the heat for the second and higher layers and i
equal to the heat of liquefaction or heat of vagation. Equation 2-2 is an adsorption isotherm ¢laat be

plotted in linear fashion for a restricted portwithe ‘BET plot’ (0.05<P/#0.3) (Figure 2-3):
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Figure 2-3 ‘BET plot’ for the catalyst Cul0Si@P

Finding the intercept and the slope values of thear ‘BET plot’, it is possible to calculate the
monolayern,, quantity adsorbed and the BET constant. BET sarfadhen obtained from the monolayer
quantity adsorbed, with the knowledge of the aveirrga occupied by the adsorbate molecules irothelete

monolayertom (also callednolecular cross-sectional argeby using Equation 2-3:

nnloy,

SpeT = Equation 2-3

where:om is the molecular cross-sectional area (0.162 famN,), L is the Avogadro number, amdis the
mass of the sample.

N2 desorption data are recommended for BJH meso-pyrassessment/g;w andDavgs, as they are
representative of a reversible liquid-vapor traasitn the case of capillary condensed moleculpgcdy of
mesopores [196-199]. BJH method is an iterativehatktit is possible to obtain pore diameter distiiin
starting from Kelvin equation. This equation lirtke pore radius with the relative pressure respiagd the

nitrogen adsorption or desorption in the poisdre. L'origine riferimento non é stata trovata.):

p 2yV, .
— = Equation 2-4
NPy T T TeRT quatl

wherey is the surface tensioN, is the molar volumeR is the universal gas constaiitis the temperature of
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the adsorption/desorption measuggs the Kelvin radius.

This model is based on two assumptions: (i) al pores have cylindrical shape, (ii) there are no
interconnected pores. Varying tRéP,, the relative adsorbate volume is recorded, oltgithe adsorption
isotherm. By the Kelvin equation and BJH methodrdegral (i.e. cumulative) V=f(d) results. This earis
then differentiated so to get the correspondemnéiar distribution curve. All these calculations performed

by the software routine.

2.2.3X-ray diffraction

XRD spectra are acquired by an X-ray diffractom@RUKNER AXS D8 ADVANCED. It uses the
CuKao; radiation to detect crystalline phases, with aggrBrentano geometry (Figure 2-4 Bragg's Law

Reflection) following the Bragg Law (Equation 2-5).

Diffracted X-ray

Wad
T ~&

d Atomic-scale crystallattice planes

Incident X-ray

Figure 2-4 Bragg's Law Reflection

This happen when radiations, with a wavelength aaigle to atomic spacings, are scattered in a pecu
fashion by the atoms of a crystalline system, ardktgoes constructive interference:
2dsinf =ni Equation 2-5
Whered is the distance in between different atomic plafids the scattering angl#,is the wavelength
of the incident wave, arnl is a positive integer. Powdery samples (averagicfgadimensions < 7(m) are
distributed on the central zone of a quartz disna-holder then are dispersed using pure ethdtalH
99.9%) to form a thin layer.
XRD spectra are recorded in a Bragg angle ranga ##0° and 90° for all samples at 0.0158° scanning

step and a sampling time of 1s per step. Somecpkatianalysis is also performed for these othempdes:
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* For Pd/HT, since Mg-Al hydrotalcites possessestibst intense ray at 12° the spectra are recorded
between 5° and 90°;

* For samples with copper and silica, since amorphahases are present, in order to improve the
resolution of spectra, they are reacquired in #mge between 20° and 50° at 0.0158° scanning step
and a sampling time of 3 s per step. In this raitge possible to observe the main rays for thasels
previously detected on standard spectra.

Phase identification is performed with the propuigtsoftware environment EVA, by comparison with
PDF (Powder Diffraction Files) from the databasehaf ICDD (International Centre of Diffraction Data
formerly known as JCDPS (Joint Committee on Poviifraction Standards).

Acquired spectra are also used, when the mainaaylsl be separated, for the estimation of average
crystallite sizes (L) of the main detected phabgsscherrer equation (Equation 2-6)[200,201]:

L= K Equation 2-6
= Bcos(26/2) quation <
Constantd( (dimensionless shape factor of the crystallite) & (wavelength of CuKl radiation) are
set equal to 0.9 and 1.5406 nm, respectivdy(FWHM Full Width at Half Maximum, in radian), arib

(Bragg angle in radian) of the main less overlappsdtalline rays. Estimation of these quantitiessw

performed manually using the tools of the EVA saiite:

2.2.4Raman and FTIR-ATR Spectroscopy

The Raman spectroscopy is based on the principlleeoinelastic scattering of the light in a process
The sample is exposed to a laser. Raman spectracgréred by an HORIBA JOBIN YVON LabRam
ARAMIS equipped with two lasers at 532 nm (greem) &85 nm (red), 6 Raman filters of different types
used to prevent undesired light from reaching pezsometer and drowning out the relatively weaknia
signal, and four different gratings 600, 1200, 180&d 2400 grid mrh Raman spectrometer is coupled with
an optical confocal microscope for non-destructbaracterization of the molecular composition amel t
structure of a material. Moreover, by focusing ldmer beam via an optical microscope, it can bedale
properties of the material superficially by mappargl in a volume of somen?®.

The coupled confocal microscope has six differensés: x10, x50, x50 LWD, x100, x100 LWD, x10

for oil immersion and is motorised in XYZ stage.

70



Materials and methods

The sample, around 20 mg, is deposited on a glaksand flattened with ethanol. The glass slide is
then positioned on the motorised stage and theedkkins is chosen (manually done), the stagejistad
mechanically and then regulated and the lenseséacwith a joystick.

For copper silica catalysts, both calcined andcedcatalysts are analysed with the apparatusidedcr
above. In particular, due to instability of the*@@iLP superficial layer that is oxidized by the lased dme air
in the chamber, only the low energy laser (532 mmised for both samples. Accumulation time of aigs
set equal to:

* Calcined samples: 1 minute, 2 minutes and 3 minutes
* Reduced samples: 1 minutes (same instability detemter longer time acquisition).

Signals are acquired from 200 ¢ro 1850 crrt.

The spectra acquired are compared to literatungitsefor copper [202] and copper silica catalysts
[165,168,176,178,179] and with online databasdedeld by RRUFF Project [203], the WURM Project for
theoretical calculations on Raman spectra [204],tha database of University of Parma [205].

Fast Fourier Transform Infrared Spectroscopy Attéed Total Reflectance (FTIR-ATR) measures are
performed on prepared catalysts to integrate tfugriration obtained by Raman Spectroscopy, in pagic
trying to better understand the presence of boetlgden Si-OH, Si-O-Si, and Cu-OH.

The instrument used is a FT-IR NEXUS 870 THERMONLED. The IR sources were: a white
incandescence tungsten Globar lamp. FT-IR measwges obtained in the medium infrared field, rangeé 4
cnrt up to 4000 cm, utilizing the ATR sampling technique which enabte analyse the samples directly

without further preparation. The ATR crystal isiardond.

2.2.5X-ray Photoelectron Spectroscopy

The measures are performed in a THERMO VG MULTIL2E0. An aluminium anode is used as a
radiation source. The principle is based on thesamesment of kinetic energy emitted from the povaianple
under the impact of a photon beam energy of X-na&y. Any core or valence electron having a bindingrgg
less than 1 may be ejected from the sample and acquired aalsighe binding energy is characteristic of the
atomic energy levels of different elements. Thdymiadepth is lower than 10 nm, and detectiontliimi the

instrument is 0.1%m The instrument can be operated with powder ualiex-high vacuum.
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Both X-ray photoelectron spectroscopy and Augectsda, in particular of the LMM typology, are
interesting in the CUCL® ratio determination, Cu chemical state as repoireliterature, but also in the

interaction of copper with Ni and Pd [175,180,2082]2

2.2.6.Temperature programmed reduction

Temperature Programmed Reduction (TPR) is carngdn a MICROMERITICS AUTOCHEM I
2920 chemisorption analyser. The sample of 100ataj\cst, with particles size between 108 and 125um,
loaded in a Flow-Thru “U” shaped fused quartz t{®enm ID), placed between two quartz wool flocks to
form a packed bed. This reaction cell is placetlana furnace controlled by internal thermocouple.

Before TPR, a TPD (Temperature Programmed Desajpisooperated to eliminate all the possible
absorbed gases on the catalyst surface, with a or@p °C mint up to 450 °C, a dwell at 450 °C for 30
minutes, and cooling down to room temperatureyradler Ar stream of 50 Nml nifn After this, actual TPR
starts with a 10 °C mihramp heating up to 450 °C, a dwell of 2h at 450 u@der 50 Nml min flow of
reducing gas (10% Hz in Ar).

Downstream the reaction cell, a cold trap retaiegitroduced steam then a TCD (Thermal Conductivity
Detector) measures;Htonsumption, and then recorded together versupaeature and time. The data are
saved by AUTOCHEM Il software v4.02.

The reduction degree (R in Equation 2-7) of thedamis evaluated by reducibility of the single\aet
phase present in the catalyst, which is calcul&tmd H, consumption measured divided by theoretical H
consumption needed for the reduction of the metaldes, obtained by ICP-AES measures.

_ Hyconsumption from TPR

= 100 Equation 2-7
theoretical H,consumption g

2.2.7Temperature programmed desorption witON

The metallic copper surface is characterized b® N'emperature Programmed Desorption. The
MICROMERITICS AUTOCHEM Il 2920 chemisorption anadysis also used for these experiments in
continuous flow conditions [213,214]. The &hd H signals are measured by TCD.

Firstly 400 mg of sample is charged in the Flowd'iy” shaped fused quartz tube (9 mm ID), then

the catalyst is reduced under 1Q261; in Ar (50 Nml min* flow rate) at 300 °C overnight with 3 °C mlin
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rate. Before the YO TPD, a flow rate of 2% D in Ar (50 Nml mint) is sent to the TCD detector; TCD signal
is acquired until a stable signal is reached. Dop was therefore purged with Ar and then it igd@ad by

the same flowrate of 2%29 in Ar (50 Nml mint) for 1 hour at 50 °C. The reaction which takesels the

following (Reaction 2-1):

2Cu+ N,0 - Cu,0 + N, Reaction 2-1
In Figure 2-5, a curve of J0-TPD produced with the AUTOCHEM Il 2920 apparaiasgported for

a copper catalyst:

— Calibration curve —— TPD N,O

0.006
0.004—-
0.002—- ‘
0.000—- i

-0.002 4

(a.u.)

-0.004 4 \/

TCD signal

-0.006 )"
-0.008 4 |
-0.010 | ’

00124 ——

-0.014 T T

Time
(min)

Figure 2-5 TCD signal overtime for the®TPD of a copper catalyst with MICROMERITICS AUTOCHERB20

After calculating the area under the curve (in Feg2-5), it is possible to calculate the moles ef N
formed during the reaction and then to deduct molé&O consumed. With the assumption that the area per
copper surface atom in the Cu planes (100), (Jdf,(111) are 0.065, 0.092, and 0.0563, maspectively.

An equal abundance of these three planes giveseaage 0.0711 nfnequivalent to 1.480'° Cu atoms per
square meter. By assuming a spherical shape abibyger metal particles, it is possible to exprhsssurface
of Cu as in Equation 2-8:

vV  6.022-107%3
S e A Equation 2-8
Cuo(m gCu ) Vm 146 i 1019 Mey q

73



Chapter 2

where: 2 is the stoichiometric factor for Cu (ReatP-1) ,V is the adsorbed volume ot®, Vmis the molar
volume, 6.02210% is the Avogadro number, 1.6 are the number of Cu atoms per square metersnand

is the mass of Cu in the sample measures by ICP-AES

2.2.8Scanning electron microscopy

SEM images are recorded by EISS GEMINISEM 500 device for synthetized catalysts. Operative

conditions are: high tension 15 kV, detector BSEdBScattering Electron) Z-contrast mode, and vawciu
control-pressure mode.

Samples in powder form are observed on their eatesurface. At first samples were not metallized
with a thin layer of gold on the surface in ordeetiminate Au signal from elemental analyses.

Elemental analyses are performed by in-situ EDS& ZBISS GEMINI SEM 500 is equipped with an
OXFORD ENERGY 250 INCAXx-act detector. EDS spectma aquired both on spots or zones of external
surfaces. Also, some topography analysis is matte thvé instrument on the surfaces of the sampheset

kinds of maps give qualitative information abouw thistribution of copper.

2.2.9Transmission electron microscopy

TEM images are acquired by JEOL 2100 k@Rnthanum hexaboride filament), operating a 2490 k
with punctual resolution equal to 0.2 nm in patatfode and 2-3 nm in STEM (Scanning Transmission
Electron Microscopy) mode, equipped with a SDD ckete(30 mnd) for elemental analyses by in-situ EDS.

About 5 mg of powder is dispersed in pure ethandlsonicated for 5 minutes, so to obtain a suspensi
2 or 3 drops of this catalyst suspension is deposith the sample-holder, a polymeric membraneisestay
copper grid. After ethanol evaporation the par@dépowder are dispersed on the membrane.

Because of the sample-holder contains both C anth€se two elements easily appear on STEM-EDS
elemental analyses as contaminant agents. Howaéerjn some catalysts Cu is present as activeeptias

when possible, the elemental analyses are perfommealisolated location in a membrane void hole.
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2.3Reaction tests

2.3.10iIl tested

Two different kinds of commercial vegetable oilsreveised during the development of this thesis:
Canola rapeseed oB( hapu$ and sunflower oilfl. annuu$. The oils used have been previously de-odorized
and bleached.

Canola rapeseed oil was chosen because it is mpleitable at the industrial level. On the other
hand, sunflower oil allows obtaining higher C1&trement during the reaction starting from a reddyi low

initial percentage of C18:1 and higher contentaypnsaturated compounds (mainly C18:2).

2.3.2Catalysts reduction

Before each hydrogenation test, the catalytic samplst be reduced as reported in literature
[4,92,111,139,143,186,215-218]. Except Lindlar lyataalready bought in reduced form and HT-Pd ygatal
reduced by means of reaction of PdO with cyclohexduring the last step of the synthesis, all otlagslysts
were reduced by ex-situ dry reduction, followingligations about copper catalysts reduction indiiae
[109,111,160,162] and the results of TPR experimeifitthis work. The core of the reduction apparagus
AISI 316L stainless steel fixed bed reactor in ieattconfiguration, ¥2” nominal outside diameter.cAib 6 g
of granular sample, particle size betweernu#and 10Qum, constitute the bed to be reduced. The reactor is
located inside a CARBOLITE MTF cylindrical furnace.

Available inlet gases arexldnd N, their flowrates are regulated by BRONKHORST Eleftige mass
flow controllers controlled by PC proprietary sofie Flow-DDE2 and Flow-VIEW. A flow of
200 NmL.mint (30%.,y of Hy) is fed into the reactor.

Downstream the reactor, a GC-filter charged withlize spheres captures water. Overall dried gas
flowrate passes through a BRONKHORST mass flow mated then access an ABB online system equipped
with ADVANCE OPTIMA CALDOS 17 module, measuring Molumetric concentration by TCD. Since ABB
system requires a minimum inlet flowrate of abo@® SNml min! for optimal measures, an additional N

dilution stream is needed.
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An automated control/acquire system, developed emstomized by DigiPower S.r.l., records
volumetric concentrations and overall dried gaw/flies, samples were stored under nitrogen atmospie

avoid reoxidation.

2.3.3Reactivity tests

In Figure 2-6 the laboratory-scale test apparaiusdgetable oils hydrogenation tests is schentharel
in Figure 2-7 a photo of the setup is shown.

The core of the system is a Parr Instruments batttor model 4560 with a volume of 600 mL. Reactor
heating is provided by the electric furnace mandmeithe proprietary Parr Instrument 4840 automadirol,
associated with a thermocouple (type L) plungethénreaction volume. The reactor is stirred emplgyParr
magnetic drive; it uses completely enclosed magregiuplings. The magnetic agitator is composednof a
external drive and an inner drive (driven); theyéna neodymium-iron magnets epoxy bonded to iroasco
These components cannot reach 130 °C, temperathieh wwould destroy the bonding of the magnet
assemblies resulting in leakage of the systemraewtiiect functioning of the stirring. In order teepent this
possibility the magnetic drive is cooled by a coutius flow of water; a peristaltic membrane pump
STEMPDOS FEMO3 provides the flow rate of distilledter (for tests with a temperature higher thaf@0

Two feeding lines provide continuously the gasesalb operative steps: Nflow for pressuring and
purging the reactor, and in cooling operatioa fladw used during reactivity tests. Flowrates agulated by
already mentioned BRONKHORST EL-Prestige mass ftontrollers controlled by PC proprietary software
Flow-DDE2 and Flow-VIEW. During all steps, gas fiate is set to 200 NmL.min

Pressure inside the reactor is controlled with ®BIRHORST Back Pressure Regulator (250 NmL:min
!maximum flowrate), that acts also as precision maeter.

The reactor is loaded with 200 mL of oil and thduwed catalyst in the chosen amount (see operating
conditions in Table 2-2). Type of oil and amountatalyst depend on the specific test carried Duen the
reactor is closed and purged for 30 minutes wititinaous nitrogen flow. When the operative condisi@re
reached and stable, the inlet flow is switched fidnto pure H: this is the starting time of hydrogenation.

During tests, sampling frequency is usually 30 r@sdbut higher sampling frequency is adopted inesom

tests. During sampling, the flow in the reactainierrupted closing the inlet valve and openingsampling
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valve. One millilitre of oil is taken from the rdac, both the oil and the catalyst are sampled. Sdraple is

then centrifuged to remove the catalyst and catbat vial in order to perform the successive asialgteps.
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Table 2-2 Reactivity test conditions: catalyst anteation in oil, temperature, pressure, test léngampling frequency, and number of cycles

Catalyst concentration Temperature Pressure Testlength Sampling
Test number Catalyst Qil Cycle number
(mg/ml) (°C) (bar) (min) frequency (min™)
Test 01 4 60 4 360 30 -
Test 02 4 60 12 360 30 -
Test 03 4 120 8 360 30 -
Test 04 4 180 4 360 10/30 -
Test 05 4 180 12 360 10/30 -
Test 06 2 180 4 120 15 -
Canola
Test 07 Lindlar 1 180 4 120 15 -
Test 08 4 180 4 60 15 I
Test 09 4 180 4 60 15 Il
Test 10 4 180 4 60 15 [l
Test 11 4 180 4 60 15 v
Test 12 4 180 4 60 15 \%
Test 13 Sunflower 4 180 4 360 30 -
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Table 2-2 Reactivity test conditions: catalyst eanteation in oil, temperature, pressure, test léngampling frequency, and number of cycles (casjin

Catalyst concentration Temperature Pressure Testlength Sampling
Test number Catalyst Qil Cycle number
(mg/ml) (°C) (bar) (min) frequency (min™)
Test 14 0.5 90 8 120 15 I
Test 15 1 180 4 360 30 I
Test 16 1 180 4 120 30 I
Test 17 1 180 4 120 30 Il
Test 18 1 180 4 120 30 v
Test 19 1 120 4 240 30 I
Test 20 1 120 4 240 30 I
Pd/HT Sunflower
Test 21 1 120 4 120 30 Il
Test 22 0.5 120 4 240 30 I
Test 23 0.5 120 4 120 30 Il
Test 24 0.5 120 12 240 30 I
Test 25 0.5 120 12 120 30 Il
Test 26 2 120 4 240 30 I
Test 27 2 120 4 120 30 Il
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Table 2-2 Reactivity test conditions: catalyst eanteation in oil, temperature, pressure, test léngampling frequency, and number of cycles (casjin

Catalyst concentration Temperature Pressure Testlength Sampling
Test number Catalyst Qil Cycle number
(mg/ml) (°C) (bar) (min) frequency (min'?)
Test 28 4 180 4 240 30 -
Test 29 4 180 12 240 30 -
Cu5SIiQAE Canola
Test 30 4 200 4 240 30 -
Test 31 4 200 12 240 30 -
Test 32 4 180 4 240 30 -
Test 33 4 180 12 240 30 -
Cu5SiQHP Canola
Test 34 4 200 4 240 30 -
Test 35 4 200 12 240 30 -
Test 36 4 180 4 240 30 -
Test 37 4 180 12 240 30 -
Test 38 4 200 4 240 30 -
Test 39 CulOSIiQAE | Canola 4 200 12 240 30 -
Test 40 8 180 4 240 30 -
Test 41 8 180 12 240 30 -
Test 42 8 200 4 240 30 -
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Table 2-2 Reactivity test conditions: catalyst eanteation in oil, temperature, pressure, test léngampling frequency, and number of cycles (casjin

Catalyst concentration Temperature Pressure Testlength Sampling
Test number Catalyst Qil Cycle number
(mg/ml) (°C) (bar) (min) frequency (min™)

Test 43 8 200 12 240 30

Test 44 2 180 4 240 30 -
Test 45 Canola 2 180 12 240 30 -
Test 46 2 200 4 240 30 -

CulOSiQAE
Test 47 4 180 4 360 30 -
Test 48 Sunflower 4 180 12 360 30 -
Test 49 4 200 4 360 30 -
Test 50 4 180 4 240 30 -
Test 51 4 180 12 240 30 -
Test 52 4 200 4 240 30 -
Test 53 4 200 12 240 30 -
CulOSiQHP | Canola

Test 54 8 180 4 240 30 -
Test 55 8 180 12 240 30 -
Test 56 8 200 4 240 30 -
Test 57 8 200 12 240 30 -
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Table 2-2 Reactivity test conditions: catalyst earteation in oil, temperature, pressure, test léngampling frequency, and number of cycles (cas)in

Catalyst concentration Temperature Pressure Test length Sampling
Test number Catalyst Qil Cycle number
(mg/ml) (°C) (bar) (min) frequency (min?)
Test 58 2 180 4 240 30 -
Test 59 Canola 2 180 12 240 30 -
Test 60 2 200 4 240 30 -
Test 61 Cul0SiQHP 4 180 4 360 30 -
Test 62 Sunflower 4 180 12 360 30 -
Test 63 4 200 4 360 30 -
Test 64 CulONi5SiQHP | Sunflower 4 180 4 360 30 -
Test 65 CulOPd1SiHP | Sunflower 4 180 4 360 30 -
Test 66 CulONi5SIQAE | Sunflower 4 180 4 360 30 -
Test 67 CulOPd1SI@AE | Sunflower 4 180 4 360 30 -
Test 68 Ni5SiOHP Sunflower 4 180 4 360 30 -
Test 69 Pd1SiQHP Sunflower 4 180 4 360 30 -
Test 70 Ni5SiGAE Sunflower 4 180 4 360 30 -
Test 71 Pd1SiQAE Sunflower 4 180 4 360 30 -
Test 72 CulOPd1SIiQAE | Sunflower 4 120 4 360 60 -
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Table 2-2 Reactivity test conditions: catalyst earteation in oil, temperature, pressure, test léngampling frequency, and number of cycles (cas)in

Catalyst concentration Temperature Pressure Test length Sampling
Test number Catalyst Qil Cycle number
(mg/ml) (°C) (bar) (min) frequency (min'®)
Test 73 4 120 12 360 60 -
Test 74 4 120 20 360 60 -
Test 75 4 180 4 360 60 -
Test 76 4 180 20 360 60 -
CulOPd1SIi@AE | Sunflower
Test 77 4 240 4 360 60 -
Test 78 4 240 20 360 60 -
Test 79 4 200 12 360 60 -
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Figure 2-6 Schematic view of semi-batch hydrogenadjgparatus for hydrogenation reactivity tests.

Figure 2-7 Photo of the laboratory scale setup.
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2.3.4Transesterification and GC-analysis

All oil collected samples during the hydrogenatieactivity tests are transesterified by a standedi
transesterification method, AOAC 969.33 [5] spesifiy developed for the preparation of samplesattyf
acids methyl esters to be used in GC analysis. mbtod uses as reagents: collected samples of oils,
methanolic solution of BF14%.,, (Sigma Aldrictf =<14%,), NaOH solution 0.5 M in methanol (NaOH
ACROSS ORGANICS899.9%, Methanol Dry Sigma Aldriér99.9%), n-Hexane (n-Hexane Sigma Aldfich
GC-grade 99.5%), NaCl saturated solution (Sigmai&d 99%), and Nz5Q, for drying (Carlo Erba 98%
pure).

350 mg of sample is loaded in a 50 mL flask withl6 of NaOH methanolic solution, then a condenser
is connected to the flask and the mixture is boileder reflux since fat globules disappear. Fomtiost of
the samples, 10 minutes are needed for this stiggr. that, 7 mL of BEsolution is added from the top of the
condenser and the solution is boiled for 2 othemutds. Then, 5 mL of hexane are added through the
condenser and boiled 1 minute longer. The heatagthe condenser are removed, a saturated soloftion
NacCl is then added under vigorous agitation to isgpdhe organic phase by decantation into the oktiie
flask. About 1 mL of the upper hexane solutionamsferred in a 2 mL vial and dried with a smalbamt of
anhydrous N5

Trans-esterified samples are analysed by GC-FID witVarian 3400 GC equipped with Flame-
lonization Detector (FID) and with a Sup€elc8P-2380 GC capillary column (30 m x 25 pm) compasie
stabilized 90% bis-cianopropyl/10%cyanopropylphesildxane. Injection are made with a D manual
syringe HAMILTON®.

Gas chromatography runs were conducted in isotHeramalitions at 180 °C during 25 minutes with
N2 carrier (injector at 220 °C; detector at 220 °€amples were analysed in split mod analysis wihli
flowrate of 25 mL/min. Identification of FAME pealkare achieved by comparison with commercially
available standards reported in Table 2-3, bougt fSigma Aldrich and Supelct Data acquisition of the
chromatographic peaks is automatically performethbyacquisition software VARIAN Star v6.02; theake
areas were calculated with the Software VARIAN SEE-MS v6.02. An analysis with the standards is
periodically performed for external calibration.dBasample is analysed at least two times in theesam

conditions.
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Table 2-3 List of samples used in the identificatid different peaks

Standards

Canola Oil

Sunflower Oil

F.A.M.E. Mix C14-C22

Linolenic Acid Methyl Esters Mix

Linoleic Acid Methyl Esters Mix

Supelco 37 F.AM.E. Mix

The retention time for the different componentitdrest are listed in Table 2-4. As found amdreg t
retention times, the peaks of trans oleic acid ylethter (elaidic acid methyl ester) and the pgadisoleic
methyl acid are very close and when the conceatrasi high (large peak at the bottom) this coultkdeine
the overlapping of the two peaks. In order to sdhis problem and give an evaluation of elaidicdattie
deconvolution instruments of the software Star Glatmgraphy Workstation Version 6 (previously VARIAN
now Agilent) is used. Since the deconvolution feetkd by error in 8Chapter 5 the elaidic and cdeicl are
given as C18:1 together. To calculate the specseners index (Sl see §2.3.5 for the definitiohg t

evaluation of elaidic acid are reported in Appenilix

Table 2-4 Retention time for the most interestidd/iE individuated by gas chromatography

Component Retention Time
Myristic FAME 4.12
Palmitic FAME 5.23
Stearic FAME 6.81
Elaidic FAME 7.33
Oleic FAME 7.62
t,t Linoleic FAME 8.23
c,t Linoleic FAME 8.58
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t,c Linoleic FAME 8.70
c,c Linoleic FAME 9.12
Behenic FAME 9.65
Linolenic FAME 10.81
Erucic FAME 15.22

As an example it is reported one gas chromatogvhere the overlapping is visible (Figure 2-8).

0.2 4
=
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k=
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| T
Time
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Figure 2-8 Gas Chromatogram of test 07 at 180 °C &ibar with 1 mentalysfmLoi, the specific chromatogram obtained for the
sample at 90 minutes, the C18 zone highlighted, fedinto right: stearic FAME (C18:0), elaidic FAME&C18:1), oleic FAME (c-
C18:1), isomers of linoleic FAME (iso -C18:2), linnle FAME (C18:3)

2.3.5Reactivity and Selectivity

Reactivity performances were evaluated in term$inaienic acid conversion (Equation 2-9, when

applicable), linoleic acid conversion (Equation®;land lodine Value variation.
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(C18:3), — (C18:3),
Xcie:3 (C18:3),

100 Equation 2-9

where(C18: 3), and(C18: 3), are the relative percentage of linolenic acichéiail time (t = 0) and at

given time t.

%;(C18:2)o — %;(C18:2),

2 = 100 ' -
Xc1s:2 ¥,(C18:2), Equation 2-10

where};;(C18: 2), and };(C18: 2), are the relative percentage of linoleic acid aadsomers at initial
time (t = 0) and at given time t.

lodine Value (V) is defined as the mass of iodimgrams that is consumed by 100 grams of a chémica
substance, it is used to determine the amountsdturations in fatty acids. The higher the IV vathe more
double bonds are present in the oils. IV can beutatled using the indication in the internatiortahslard ISO
3961:2018 from GC composition [219] (Equation Zfrbre. L'origine riferimento non é stata trovata.):

IV = (xc161° 0.950) + (X181 - 0.860) + (Xc1gip - 1.732) + (xc1g:3 - 2.616)
Equation 2-11
+ (Xc20:1 - 0.785) + (x¢22.1 - 0.723)
wherewc,., are the percentages of the different unsaturatetpounds normally found in vegetable

oils.

In order to evaluate the selectivity towards vasiagids a simple pseudo-first order scheme of serie

reactions, omitting isomerization of double bonslas taken into account [116] (Equation 2-12):

(€18:3) “ (C18: 2)’3 (C18: 1)’3 (C18:0) Equation 2-12
The scheme reported can be used because testeameigcted under mild pressure and temperature
conditions. When higher pressures were imposeegidrydrogenation of C18:2 to C18:0 and C18:3 t8:C1
should be taken into account as reported in liteeg220-222].

This system can be described by a series of fidgralifferential equations:

d(Cclif: 3) _ k- (C18:3) Equation 2-13
d(C18:2 i
% — ks~ (C18:3) — ky - (C18:2) Equation 2-14
d(C18:1 i
% — ky- (C18:2) — Ky - (C18:1) Equation 2-15
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This set of differential equations was analyticalbved by Bailey et al. in [222]; in this manugtriit
was employed the software MAPLE®L®r the integration of the differential equatioysem (see Appendix
A).

Instantaneous selectivity is the production rateoné component per production rate of another
component. Overall selectivity is defined as thenber of moles of desired product per the numbenaks
of undesired product (Definition 1). However, thediditions of the total amount of reactant to faumproduct
per total amount of reactant consumed is used i(iDiefi 2) as well as the total amount of desireddpict
formed per total amount of limiting reactant conganDefinition 3)[223].

According to literature [116,222], selectivity dfidlenic acid (&) (Equation 2-16) and of linoleic acid
(Se) (Equation 2-17) and selectivity towards geomasamers of C18:1 expressed by the specific isomers
index (SII) (Equation 2-18) were defined as:

Sin = k3/k; Equation 2-16

Sie =Ky /kq Equation 2-17

_ (trans), — (trans),
h 1V, — 1V,

S Equation 2-18

wherelV, andlV; are the iodine value at initial time (t = 0) antdjeven time t.
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Chapter 3

Catalysts characterisation

This chapter reports the characterisation resultsdach catalyst used or synthesised during thsishe
These characterizations were performed to evaltla¢eelementary composition (ICP-AES), the textural
properties (BET/BHJ from adsorption isotherm), plesence of crystalline phases and their crystslgize
(XRD), the morphology and topography (SEM/EDX and/&M), the silicium environment (FTIR and
Raman), the reducibility of metal oxides (TPR), phases present after reduction and their crygtslisize
(XRD), the metallic surface (chemisorption), aine vxidation state of metals (XPS).

Each paragraph contains the results for each onil@m in the following order:

» Lindlar catalyst characterisation;
e Pd/HT characterisation;

» Silica supported catalysts characterisation.

3.1.Lindlar catalyst characterisation

In the following, all information on Lindlar catay are reported. Since the catalyst is of commiercia

origin, just the essential characterisations werfopmed.

3.1.1Lindlar elemental analysis

Lindlar catalyst ICP-AES elementary results areorggg in Table 3-1. The actual Pd load is less than

nominal Pd content (Pd5%).
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Poisoning with lead is confirmed. Lead conteninigccordance with previously reported literatureada
on synthesised or bought samples of Lindlar, odlanlike catalysts [181-184].

Calcium content is in line with the assumption aliccum carbonate support.

Table 3-1Elementary composition of Lindlar catalyst

Sample Pd (%) Ca (%) Pb (mg/kg)

Lindlar 2.03:0.07 4¢1 0.3%0.03

3.1.2Lindlar textural properties: BET-BJH results andsé of adsorption

isotherms

N2 adsorption curves (Figure 3-1) permitted to idgntiesoporous material (isotherm type IV) and to
evaluate low surface area, pore volume and poeg(Sizr 4.12+0.09 /g, Vein 7.81+0.05 mrfig and average
pore size 7.21+0.87 nm) by BET-BJH methods. Thdaiva surface area is in line with the results/prasly

obtained [224]. Probably the specific surface isa¢tp the surface area of the low porosity calcaarbonate

substrate.
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Figure 3-1BET Isotherms (left) and BJH adsorption and desorppore size distribution (right).

Analysing the cumulative pores volume and the peoésme distribution (Figure 3-2), it appears that
the catalyst presents very few micro-porositiets ttould be beneficial in order to avoid diffusiorass-
transfer limitation during the reaction. Overak ttatalyst presents porosities that well represesoporous
materials, since the majority of the pores ardhnrhesopores range with few smaller (below 2 nrd)vaemy

few larger pores in the macro-pores area.
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Figure 3-2 Desorption BJH porosity assessment ofllar catalyst.
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3.1.3Lindlar crystalline phases analysis

XRD spectra of Lindlar catalyst (Figure 3-3) shgwsdominance of calcium carbonate in crystalline
form (crystallite size around 9 nm calculated fréime more intense ray at 29.4°) associated to neetall
palladium. In particular, two rays of calcium canlate cover the most intense ray of Bti39.8°, and Pd ray
may be the cause for the deformation of the Ca@@at 40°. The secondary rays of Bk partially covered
or are not found. Moreover, XRD spectra did nohpeto detect any trace of PdO since the principgé of
this phase (at 34°, 54.9°, and 71.2°) are not ptesad cannot overlap with the much more inteags of
calcium carbonate support.

Since a minimal amount of lead is found by ICP-AlESs also impossible to individuate any ray

correlated with lead crystalline phases (Figurg.3-3

| « caco, « Pd’ + PdO|

XRD intensity a.u.

*
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T «ﬁ.)__J l"\__ﬁ,J‘ U 7 M ‘}’LLQ\_,L L.-‘.kih' J-,k ) },\« .Itﬁj,": LA
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Figure 3-3 XRD spectra of Lindlar catalyst with Ca&®©d°, and PdO principal rays reported.

3.2Pd/HT catalyst characterisation

In the following section all the information accedr for the Pd/HT catalyst about its elementary

composition, textural properties, crystalline phase morphology are collected.
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3.2.1Pd/HT elemental analysis

As a starting point for the evaluation of the ollesgnthesis of Pd/HT, it is important to quantthe
content of Pd, Al, and Mg by ICP-AES. Since ICP-A8asures are performed on as-synthesized materials
the nominal content of Pd is referred to metaliigdium. In fact, the last step in the Pd/HT pragian is
the reduction by cyclohexene as previously reparieg®.2.2. The nominal value of the Mg/Al molatioas
equal to 2:1.

ICP-AES elementary results, for Pd/HT, are repoitefiable 3-2. Pd load has a slightly higher value

than the expected one. That could be ascribedgerewental variability in the synthesis.

Table 3-2 Elementary composition of Pd/HT catalyst.

Sample Pd (%) Al (%) Mg (%) Mg/Al

Pd/HT 1.18:0.06 14.40.4 24.%#0.6 1.9

3.2.2Pd/HT textural properties: BET-BJH results and €hapadsorption

isotherms

N, adsorption curves (Figure 3-4) permit to identifgsoporous material (isotherm type 1V). From
the form of the hysteresis loop it is possible stablish, following the indication of IUPAC [199.2R an
hysteresis loop of H3 type with the two common abteristics: (i) the adsorption branch resemblégpe
isotherm (i) the lower limit of the desorption bch is typically located at the cavitation-indud®@. This
kind of isotherms are usually associated with plif&de particle aggregates, e.g., certain clays,ds in the
case of pore network which consists of some maores) not filled with condensate. In the specibse;
hydrotalcites are composed of planar laminar stirest

Since the Madsorption curves in the P/P0=1 is not flat butergmilar to isotherms of type I, this
hinders the reliability of the pore volume calcidat and therefore thB., gsn calculations indicate an average

pore diameter value.
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The structures of the pores network could be owgitiied as larger macro-pores with a broad inlet

pore distribution and connected slit-shaped pofeecreasing diameter [225].
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Figure 3-4 BET adsorption curves for the Pd/HT tgda

Figure 3-4 curves permit to evaluate a+$0.7+0.5 n¥g, Ve 0.25+0.02 crfig, and an average
pore size 19.92+0.32 nm. The available surfaceianedine with the results previously obtained?85] and
is in line with normal surface area obtained fdrent2:1 Mg-hydrotalcites [227-229].

Studying the BJH diagram (Figure 3-5), the typehy8teresis is confirmed, the catalyst shows pores
in the mesoporous zone but also some macro-paeésgbn 50 nm and 100 nm). Albeit some micro-pdessit

are present, they are not significant in the poodsme.
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Figure 3-5 Desorption BJH assessment of Pd/HT gatal

3.2.3Pd/HT crystalline phases evaluation

The following Figure 3-6 reports the X-ray diffremt spectrum for Pd/HT. The spectrum analysis

allows highlighting the presence of a substantiailgnophase characterized by the presence of boamal
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Mg in a molar ratio 2:1. This crystalline phas&lentified as hydrotalcite with some carbonatesigsgpresent

inside the structure. The presence of metallicadalim in a little amount could be determined by the
enlargement and shift of the two rays of the hyaloite at 40° and 46°.

If analysed, these two rays are the only isolatgd 0f hydrotalcite that have an enlargement of the
FHWM. This could be related to the presence ofeddht phenomena: (i) presence of multiple rays of
hydrotalcite crystalline phase at this angle (npidtiplanes with similar plane distance, ray at d&@je a less
intense ray at 39.6°) , (ii) orientation of cry$tae phase, (iii) presence of the main rays dfiRdhe same @
position of the hydrotalcite. Moreover, the caltaa of Scherrer equation, for all the isolatedsr¥1.6°,
23.4°,60.7°, and 62.1°), gives an average valuzyatallite size between 18 nm and 25 nm, ongQdtand
46° this value drops below 6 nm.

Reasonably the deformation of this ray should beetated with the overlap of the rays of more

crystalline planes of the hydrotalcite phase.
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Figure 3-6 XRD spectra of Pd/HT catalyst with hydicite phase (G167Al0.333Vgo.e6703.001)) and Pd rays highlighted.

3.2.4Pd/HT morphology and topography

SEM micrograph, coupled with the EDS spectra, alosomprehending the morphology and

elementary topography of the synthesized Pd hyiditsa
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Figure 3-7 reports an image of a hydrotalcite prtiThe sample is heterogeneous and is formed of
some patrticles attached to bigger, smoother, arré hhmmogenous particles. Moreover, since the imege
produced with BSE electron, some surfaces are terighan others highlighting a higher amount ofviera
elements. However, both surfaces contain the sdereeats (Mg and Al), in similar relative amounts,
probably indicating that different colors are lidk® sharper surfaces of the sample. Overall theeBths well
dispersed on the surface because the same amoRdtisfdetected in different points on the surfaicthe
catalyst (point 35 and area 36, for example).

Traces of Cl were also detected and are linketi¢cstotch tape used during the analysis to fix the

powdery sample onto the sample holder.
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Figure 3-7 SEM image (on top) and relative EDS gsial (on bottom). Site 35 point analysis and Siter@a analysis.
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3.3.Silica supported catalysts characterisation

In the following section are reported the charazétion results for the silica-supported catalysts
produced with the two synthesis methods, hydrolgstsipitation (HP) and ammonia-evaporation (At
bimetallic and corresponding monometallic catalyate reported to compare results of these various

syntheses.

3.3.1Catalysts elementary analysis

As a starting point, in order to evaluate the sgsih results, it is possible to compare the ICP-AES
metal content measures with the theoretical loadingoduced during the synthesis. Using ICP-AEBas
possible to quantify the content of Cu, Ni, and IRdTable 3-3 the nominal contents of metals aferred to
the metal contents inside the samples.

Table 3-2 reports the elementary analysis forasiiapported catalysts.

As it is possible to see:

I.  The amount of copper is often higher than the naiaading introduced during the synthesis.
In AE synthesis method, the measured copper loadirglightly higher than for the HP
method. It is probably due to the synthesis prome=das a hypothesis, not all silica could have
been wholly precipitated after the synthesis whilgart is washed away during the filtering;

II.  The Culoading in bi-metallic catalysts is gengrldwer than expected. However, this can be
explained considering that pH during the synthesa® different (5.5 for HP and 5 for AE -
§2.2.3.1). The new value is not optimum precipitatipH for both metals, but it is a
compromise value;

M. In correlation of the previous point also, the mead values for Pd and Ni bi-metallic
catalysts are slightly lower than the nominal caotdgrobably for the same reasons;

V. The content of Pd and Ni for HP mono-metallic ot are, as expected, in line with the
value of bimetallic catalyst contents.

V. In the case of AE bi-metallic variations can beribgtd to the experimental error but are in

line with the values of Ni5SI£AE and Pd1SiQAE.
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Table 3-3 Elemental compositions of silica-suppbratalysts.

Nominal loadings

ICP-AES measures

Sample
Cu [%] Ni [%6] Pd [%)] Cu [%] Ni [%] Pd [%]

Cu5SiQHP 5 0 0 5.8t0.2 0 0
Cul0SiQHP 10 0 0 10.8t0.3 0 0
Cu5SiQAE 5 0 0 6.5:0.1 0 0
CulO0SiQAE 10 0 0 11.#0.2 0 0
CulONi5SiQHP | 10 5 0 8.3t0.2 4.40.1 0
CulOPd1SiGHP | 10 0 1 8.5t0.2 0 0.79t0.05
CulONi5SIiQAE | 10 5 0 8.9t0.2 4.6¢0.1 0
CulOPd1Si@AE | 10 0 1 8.70.2 0 0.59t0.04
Ni5SIOHP 0 5 0 0 3.9t0.1 0
Pd1SiQHP 0 0 1 0 0 0.66t0.04
Ni5SIGAE 0 5 0 0 4.7+0.1 0
Pd1SiQAE 0 0 1 0 0 0.58t0.02

3.3.25i0,-supported catalysts textural properties: BET-B#duits and

shape of adsorption isotherm

As already performed for Lindlar and Pd-HT catadysihe adsorption and desorptionisbtherms are

reported in the form of adsorbed per unit of degassed solid mass (mass of the samaftier heat treatment

at 200 °C for one night under vacuum), as a funatioequilibrium relative pressure (ByPlsotherms shape

with possible hysteresis loops are observed.

Experimental Madsorption and desorption have the same shapdl the materials synthesised (Table

2-2): a case between Type Il and Type IV(a) frorRAC classification of physisorption isotherms [19%]

which the features are reported in §Chapter 2.

All the materials synthesized in this work haveyatéresis loop, corroborating the hypothesis of

mesoporosity presence. The hysteresis loop thatlmamcteristics of both hysteresis type H2(a) pe
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H2(b) according to IUPAC classification, is assteisto complex structures in which there is a netvedfect
between the pores. For this specific form of locle to a pore-blocking effect or cavitation-induced
evaporation, the difference between H2(a) and H&(liked to the neck size of the pores; for theomd one
the neck distribution is much larger. This kindhgkteresis loops H2(a) are for instance observedtémy
silica gels, porous glasses, as well as SBA-1&diheb silica, while H2(b) is observed for mesocédlusilica
foams and some ordered silica after hydrotherreattnent [199].
At high P/R values, a difference appears between monometgliticire 3-8 and Figure 3-9) and bi-
metallic catalyst (Figure 3-10 and Figure 3-11):
« monometallic catalysts, independently to the actsugpported metal, presents the flat line
characteristic to mesoporous materials;
» instead, at P{close to 1, bi-metallic catalysts do not end uthvei flat line; the adsorption curves
have a nearly vertical segment reveling the presefsome macroporosity. This reduces, as for Pd-
HT catalyst, the significance of average pore sa@eulations.
Pores volumes distribution with respect to pore sianfirms deductions collected just above for both
monometallic and bimetallic catalysts: for the mmatallic ones, the majority of the pores is initiesopores
range, for bimetallic ones, the majority is in m@s@us zone with a tail crossing of 50 nm, the mmaacro

border value.
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Figure 3-8 BET adsorption/desorption isotherms ol CSiQHP.

»— Cumulative Pore Volume
Pore Volume Distribution

*-20000 O S L L T,
8,

T
L
o

y

T
w
o

- 25

- 2.0

- 1.5

- 1.0

-0.5

00

—

10
Pores size, D [nm]

Figure 3-9Desorption BJH assessment of CulGHiP.

100

Pores vol. distrib., dV/dlog(D) [cm’g

450

400 4

300 4

250+

200+

1504

100 1

0.0

T T
0z 04 0.6 08

Relative Pressure
(PP

Figure 3-10BET adsorption/desorption isotherms of CulQ3iE)

1.0

101



Chapter 3

* — Cumulative Pore Volume
Pore Volume Distribution

15

1.5

-
=
|

Cumulative pores volume, V [cm®g™]
o
(%]
1

o
o

-1.0

- 0.5

0.0

Pores vol. distrib., dV/dlog(D) [em’g ]

10 100
Pores size, D [nm]

-

Figure 3-11Desorption BJH assessment of CulQ3iE

Table 3-4 reports experimental measures of BETasarfGer), BJH cumulated pores volume
calculated for the desorption brandfzti,¢ed, and the estimation of pore diametBe(g;y). Consequently, to
the previous considerations, BET surface values ratiable, while BJH ones could be affected by

macroporosity and network effects.

Table 3-4 Measured BET surface aresefp BJH cumulative volume §%4,de9 and average pore diameters (Dav,BJH) for as
synthesized materials.

SeeT VBJH des Dav,iH
Materials

[m?g] [cm®g] [nm]
Cu5SiQHP 342 1.58 18.7
CulOSiQHP 359 1.71 20.3
Cu5SiQAE 208 0.55 10.6
CulOSiQAE 256 0.69 10.8
CulONi5SiQHP 277 0.59 10.0
CulOPd1SiGHP 225 0.81 14.9
CulONi5SIiQAE 263 0.53 6.41
CulOPd1SIQAE 194 0.61 12.3
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Ni5SiOHP
Pd1SiQHP
Ni5SIGAE

Pd1SiQAE

332

321

311

274

0.69

0.95

0.69

0.55

14.2

10.8

8.9

8.0

An increase in the copper load seems to have dibi@heole in the surface area of the catalysts.

Being the nominal metals fraction equal, HP proslusitow higher BET surface area than the

corresponding AE ones and also, the volume of tinegand then the average diameter.

The different pore sizes can have an essentiaimdlee diffusion into the pores during the reaatio

So, the AE catalysts could have lower activity sitlte reagents, and the reaction products couédrtaich

time to diffuse inside and outside the pores ofdaalyst, representing a further barrier to trectien. The

lower area in the case of AE can be explained byawer temperature maintained during the,Sa@mation,

in AE the silica formation happens during the pp#ation and growth at room temperature, againét Il

for HP, and also the different pH during the forimatof the copper-silica structure could have dieatf

Moreover, the different structures observed withDXBnd FTIR, and also by Raman spectroscopy for

monometallic copper catalysts could influence telrBurface area. However, the materials obtained ha

surface area values in line with the literatureieal[7,166,168].

The lower surface area for bimetallic catalystslddae explained by the lower pH at which the

formation of silica and the precipitation of coppecurred; the same trend was found by Dong ¢23Q]

and evaluating different synthesis techniques émper supported on silica [231].

3.3.3As-synthesized materials

3.3.3.1. Crystalline phases (XRD results)

X-ray diffractograms (Figure 3-12, Figure 3-13, afigure 3-14) show crystalline phases detected in

as-synthesized materials: all the materials shoandgribution of an amorphous phase. It happensusectne

support on which the active phases are deposediigyntomposed of amorphous silica, gi@oth synthesis

methods give similar diffractograms.
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As far as monometallic copper catalysts are comek(Rigure 3-12), the calcination of the samples
should more probably produce phases as copper osigvely to the calcination temperature (550 &8)
reported in the literature about calcination of mepcatalysts [232—-236]. In Figure 3-12, the ragfative to
this phase are covered by the shoulder of amorpsitina (between 20° and 30°), the other peaksnate
detected, this could happen when Cu and silicodesxare involved. As previously stated in thisithg§2.1.3
[166], the phase that could appear during the patioa of copper catalysts, starting from silicaxide
reagents in liquid or colloidal form, can be a cepphyllosilicate, in which the copper is very waibpersed
inside the silica matrix, forming chemical bond$a®en Si and Cu.

Whereas sometimes oxides and hydroxides are deagkldpring the thermal treatment, the high
dispersion of Cu in the phyllosilicate promotes thenation of tiny crystallites of Cu phases (<B)mot
easily detected by XRD. In particular, from thepee of the catalysts prepared with HP method (fe@412)
at around 32° and 37°, two changes can be foundgpdrce et al. and Dong et al. related similar bielndw
their catalysts to the presence of a particulapeophyllosilicate called chrysocolla [174,237]isltrucial to
indicate that contingent chrysocolla and coppertyide, sharing the same orthorhombic crystal systean
be ascribed to the calcination of the sample témdiure, both structures are found together simesynthesis
of pure chrysocolla is a difficult task, and sommis the copper hydroxide could be reformed by the
decomposition of the copper phyllosilicate [173,174,177].

FTIR and Raman techniques are used to confirmrgsepce of copper phyllosilicates, and better try
to characterize the bulk of the amorphous phaseHsere. L'origine riferimento non é stata trovata. and
Figure 3-18 explained in the following section).

For monometallic Ni catalysts, the synthesis metlafi@cts the structure after calcination. In
particular, HP method produces NiO (bunsenite famnfrigure 3-13) whereas by AE synthesis, a nickel
hydroxisilicate (pimelite = a synthetic form of \einseite where Mg is not present) is formed. One ca
hypothesize that the calcination temperature ishight enough to completely expel the @oups from this
structure, as also reported in literature [238].

The pimelite structure is also observed in coppekeat bi-metallic catalysts Figure 3-13, presumably

in combination with chrysocolla or copper oxide gesfed by the position of the broad peak at 35& Th
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simultaneous presence of both copper and nickeal Single structure cannot be excluded from thetspec
Figure 3-12 and Figure 3-13.

Finally, in the case of monometallic Pd catalysts, principal ray detected is that of PdO phase (at
34.6°). In bimetallic Cu/Pd catalysts, this ralsfted at 34.9°. Christensen and Langell [20&higir work
on CuO and PdO solid solution reported that*@andomly substitutes Pdin the lattice of PdO, this also
affects the XRD with shifting to highe®2More C#" is in the structure of PdO higher is the ray sft

Table 3-5 reports the average crystalline sizésmagtd by the Scherrer equation (Equation 2-2ein
an amorphous phase constitutes the support of témslysts and not isolated rays are found, Scheguation

acquires a merely indicative value.

Table 3-5 Average crystalline sizes (L) estimabgrscherrer equation (Equation 2-2) for calcinedenials phases.

Material CuO Cu(OH), Chrysocolla Pimelite NiO PdO
Cu5SiQHP n.d.* n.d.* n.d.*
Cul0SiQHP n.d.* n.d.* n.d.*
Cu5SiQAE n.d.* n.d.* n.d.*
Cul0SiQAE n.d.* n.d.* n.d.*
CulONi5SiQHP | n.d.* n.d.* n.d.*
CulOPd1SiGHP | n.d.* n.d.* n.d.x
CulONIi5SIQAE | n.d.* n.d.* n.d.x
CulOPd1SIiQAE | n.d.* n.d.*

Ni5SiO:HP

Pd1SiQHP

Ni5SIOAE

Pd1SiQHP
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Figure 3-12 X-ray diffractograms of Cu/Si®upported catalysts.
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Cu10Ni5SIO_ AE —— NisSIO AE Cu10Ni5SIO HP —— NisSIiO HP

¢+ NiO + Pimelte a4 Cu(OH), » CuO

(a.u.)

XRD intensity

20 30 40 50
20

Figure 3-13 X-ray diffractograms of Cu-Ni/SiCatalysts.

70

107



Chapte

r3

—— Cu10Pd1SiO,AE —— Pd1SiO,AE —— Cu10Pd1SiO,HP —— Pd1SiO,HP
+ PdO & Cu(OH), v CuO

%
Y
LA
b esy .
. ! i + ‘?‘ ‘
>
= L
w i
E = ] E m
=] :

o [l : :
o i :
> !

:I T T I T T

20 30 40 50 60 70 80
20

Figure 3-14 X-ray diffractograms of Cu-Pd/Si€atalysts.
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3.3.3.2. FTIR results for as-synthesized samples

The infrared spectra recorded between 4000 and 400 cm (Errore. L'origine riferimento non &
stata trovata. for each as-synthesized sample are very sinvlaach other, the only characteristic peaks
detected in all samples is associated to silicavéver, the presence of Cu, Ni, and Pd alters theelgagth
of these bands of silica.

These bands were assigned in literature [239-24thjis way:

« at 450 cm and 800 cm is the symmetric stretching of siloxane groups@Ssi);

« at 1060 crt there are the asymmetric stretching of the salneasie groups;

» the shoulder at 960 chis related to the angular deformation of the Si<ileinol group; some
samples lack this shoulder.

In the spectra presented there is no other baradivelto organics phases, this is of particular
importance for HP produced catalysts becauselitibigts that during the synthesis all the TEOSoiswerted
in Si0y.

With modified silica, the most significant variatito the spectra described above should appehein t
region between 400 ctmand 2000 cm. Both copper [166,176,242] and nickel silicate43R in a similar
way, change the spectra lowering the 1112 band to 1080 for nickel and 1060 for copper. Meegpin the
presence of copper phyllosilicate and other strechonded to silica, as for examples, Ni silicatemther
band at 1630 crhappears as illustrated in Figure 3-17 [166]. fitemsity is linked to the amount of active
phase bonded to the support of the silica.

With only copper catalysts, curves (a) and (btirore. L'origine riferimento non é stata trovata.,
the infrared bands characteristic of CuO at 578,&00 cm! and 460 cm are overlapped with the intensive
band at 450-460 cthof Si-O-Si stretching and is only recognizable @ghoulder at 580 ctn one can
hypothesize that, in as-synthesized samples, #igcealcination temperature was also of 550 °Cctpper
phyllosilicate and CuO co-existed. Furthermore,lyaiag the spectra, it is not possible to indivitkughe
bands at 938 cthand 694 cm, typically correlated to Cu(OH)Li et al. [166] suggest that this indicates the
absence of copper hydroxide. However, the absalosence of copper hydroxide is not entirely suregus

FTIR-ATR characterization.
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If a confrontation between the HP catalysts andABecatalysts is carried out, one can see thdien t
latter, the shifting of the 1112 chiband is more evident and the band is shifted & bdn*; this can be related
to a lower amount of CuO produced by calcinationhese AE catalysts. Higher content of CuO shoeld b
formed after calcination with HP synthesis procedur

As far as Pd monometallic catalysts are concemedes (g) and (h), no particular change is debéeta
Comparing these results with other Pd supportesilara, analyzed by FTIR or FTIR-ATR techniquebge t
band at 2236 crh found by Cheng et al. [244] with lower contentRaf (0.1%u)is not detected. For these
materials, the spectrum is identical to S@e, and any difference is found.

FTIR-ATR spectra of CusSipIP and Cu5SieAE show spectra similar to silica with minor

modifications due to the lower amount of activegghpresent, they are not illustrated in this paalgr
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Figure 3-15 FTIR-ATR spectra of : Cul0gHP, Cul0Si@QAE, CulOPd1SigHP, Cul0Pd1SieAE, CulONi5SieHP,CulONi5SI@AE, PA1Si@HP, PA1SIQAE, Ni5SiQHP, Ni5SIQAE.

(o)
wybusjanepp

FTIR-ATR signal (a.u.)

1 " 1 " 1 " 1 M 1 M 1 M 1 N 1 1 1

N
5 ‘
S e [9) 9 9) o) (@) o) o = |2

1 < < c c c c Q. a > =
N e - - - - e - T & A
NI o o o o o o %) ) D |&
(= ()] %) T T Z pd [®) [e) \ (@) (©)
o o o o = | N N

1 2 O o 7 & ) s [“> L >
N T 3 %) %) o o 5] m | = |m
8 . & ¢ ) m o No N) M> |

] o o > L ‘
o T m o m \
® |
o
o
5] | | |
o
. |
B
o ‘ P
o o

) ‘ J 2
] | 74 7 L
8 / // . P / (/// §
2 O I \ """""""""""""""""""""""""""""""""""""""""""""" SN T g
(oo I S~ o I ) N S5 W, 5SS NS SN 53 IO ;e ol - PN S B -G S B W [S I
© \ A\ \ \

1 ) \ ) ) ) 3
-3 . N o S NN S S B SN S 0 . N A8 T . N N N O N A S WY 5 ®
® | { ; / y ¢ .
= \ \‘ \ =3

S i sraimt et o e, ) A e e S G Ao st sttt it s e o e e e e
3 | / J ] / ,,
= / / y / f /

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, /// L N i RO W1 S e e T S T

3 S ; < <
3 &
o

111



Chapter 3

FTIR-ATR signal (a.u.)

(CUNIES O AR —

Ni5SIO,AE -

Ni5SiO.HP

Pd1SiO,AE ‘

Pd1SiO,HP

L N R

Cu10Ni5SIO,AE

Cu1ONi5SIOHP

——EZ_‘R_:_I_M
Cu10Pd1SIOAE

=

I
—t
I

Cu10Pd1SIOHP

e N

Cu10SIOAE

e

|Cu10Si0,HP

T
1800 1700

T
1600

Wavelenght (cm™)

T
1500

T T
1400 1300 1200

Figure 3-17 FTIR-ATR spectra details at 1630%m

3.3.4Raman Spectroscopy results for monometallic samples

In order to complete the analysis of the amorphphsse of as-synthesized catalysts the

characterization with Raman techniques was alsgechout. Raman spectroscopy is sometimes combined

with FTIR analysis to integrate the informationveeén the two technics for copper-based catalysts.

In Figure 3-18, the Raman bands relatives to diffephases are highlighted. In as-synthesized

samples, the presence of copper phyllosilicat@miened, the presented Raman bands are thosetwhha

chrysocolla (copper phyllosilicate).
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In reduced samples, the bands of chrysocolla aeeiféense and bands relative to" Gxide appear,
as illustrated in literature [1,7,166], formed froine reduction of chrysocolla or phyllosilicatdseliphases. In
Figure 3-18 the bands colors are referred to theegaas indicated in Table 3-6, the bands valudaaned

from the reported literature.

Table 3-6 Raman bands position for Cu and Si phdked)and positions are taken from the literatugéerences

Phase Bands position References

[202,203]
[166,202,203]
Cu.0 330, 342, 628 (violet) [202,203]

Cu(OH)» 292, 488 (blue) [202,203]

Intensity (a.u.)

T T
500 1000 1500
Wavenumber [cm™]

—— Cu10 Si02 HP —— Cu10 Si02 AE —— Cu10 Si02 AER —— Cu10 SiO2 HPR‘

Figure 3-18 Raman spectra for Cu based catalystis lighlighted bands SiJorange), Copper phyllosilicate (green), £u
(violet), and Cu(OH) (blue).

On the other hand, by reduction of copper oxide Gbh®preeminent phases formed is metallic Cu and

CwO as it will be shown in the next section.
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3.3.5.Reducibility properties

3.3.5.1. TPR and chemisorption results

TPR data interpretation follows the principle thatks of hydrogen consumption depict a chart of the
interactions energies between the active phaggh@ses) and the surroundings, the support. Theggrahe
interactions, the higher the reduction temperatunessured. The nature of the support, its affimitih
reducible species and the synthesis methods haerearkable effect on the reducibility of samples.

In Table 3-7 is gathered all the results of TPRuotidn temperature for the as-synthesized samples.
The temperatures in the table are the reductiopeeature peaks when more than one value is replamketi
to the fact that in bi-metallic catalysts both ptmare reduced at different temperatures.

Temperature Programmed Reduction withindicates that the active copper phase is not glyon
bonded to the silica substrate because no inciieadee reduction temperature (232-242 °C) is obsgrv
compares compared to CuO bulk reduction temperébateveen 220-250 °C) reported by different authors
[166,214,245,246]. The presence of chrysocolla dussaffect the reduction temperature of the sample
[7,166,176] and only a single reduction peak withshoulders was observed. HP samples exhibit light
higher reduction temperatures linked to higher eogpspersion due to the use effect of the diffe&i,
precursors.

Ni catalysts prepared by HP and AE methods extiffgrent reduction temperatures as one can also
expected from the XRD results. The samples whe@ ibliobserved, i.e. in the monometallic Ni HP sampl
show a lower reduction temperature (383-411 °Cjvaig that in this case, free NiO is present onsiingport
surfaces (temperature reduction of free NiO is radiymbelow 400 °C). For AE samples, the peaks are
individuated in the region between 400-450 °C (4@Bwhere moderate interactions with the supparfoa
Pimelite or other Ni silicates, are found [247].

However, the simultaneous presence of both Cu andebleases the reduction temperature of Ni
species (from 383-411 °C to 356°C for HP samplesfeom 443 °C to 362 °C for AE samples) and inceeas
the reduction temperature of Cu species (from Z3%°260 °C for HP samples and from 235 °C to 2B5 °

for AE samples) [248-250]. It is worth to stresatttihe reduction temperature is very similar irhbdP and
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AE samples. The reduction of NiO at lower temperathan in bulk form can be attributed to the poesi
reduction of copper oxide.

As far as CulOPd1SEIP catalyst is concerned, it keeps the reductionp&gature of the
monometallic catalysts prepared with the same igaks, both monometallic Cu (245 °C compared to 242
°C) and Pd (87 °C compared to 88 °C), the slighitjher value can be related to the alloy format®imilar
considerations stand for the AE catalyst (244 °@uared to 235 °C) and Pd (89 °C compared to 90 °C).

The copper surface area of bimetallic Cu-Pd does amange comparing it with the copper
monometallic materials synthesised. Pd does nag kasignificant impact on the copper surface, tyba
also because of the amount of Pd, in respect dflileéfect. The copper surface area is lower, satijgg that

the presence of Ni alter the surface propertighe@tupported copper.

Table 3-7 Reduction temperatures for the reduditleNi and Pd species, and metallic copper surtaea.

Cu surface*
Material Cu Tred (°C) Ni Treqa (°C) Pd Treq (°C)
(mZCu/gCu)

Cu5SiQHP 242 - - -
CulOSiQHP 239 - - 55
Cu5SiQAE 232 - - -
CulOSiQAE 235 - - 41
CulONi5SiQHP 260 356 - 31
CulOPd1SiGHP 245 - 87 51
CulONi5SIiQAE 265 362 - 28
CulOPd1SIQAE 244 - 89 38
Ni5SiOHP - 383, 411 - -
Pd1SiQHP - - 88 -
Ni5SIOAE - 443 - -
Pd1SiQAE - - 90 -

*reduction at 300 °C, ramp 1°C/min, 4 hours
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The copper surface area of bimetallic Cu-Pd (53.igv. for HP and 38 raJ/geu for AE) does not
change compared to the copper monometallic maggBal ntc/ge, for HP and 41 fxy/geu for AE). Pd does
not have a significant impact on the copper surfpoabably because of its low loading.

The copper surface area of bimetallic Cu-Ni (F¢Jgcy for HP and 28 rfxy/geu for AE) is lower than
the copper monometallic materials, suggesting tih@tpresence of Ni alters the surface propertiethef

supported copper.

3.3.5.2. Crystalline phases after TPR

XRD analysis on silica-supported catalysts afteRTédnfirms the reduction of all the reducible
species (see Figure 3-19, Figure 3-20, and Figi##) 3In Cu supported on silica catalysts, botharn@ AE
present metallic copper Cu and-QuAs indicated by Hope et al. [176] and by Yun@irl. [7], the formation
of metallic copper is related to the reduction of0C and of CeO to the reduction of copper phyllosilicates.
The observed rays, as in the case of as-synthes@egdles, are not well separated from the backgrand
are broad, this highlights that the crystallite®ss very small for both phases. Moreover, ongyrttost intense
peak of CuwO at 36° is differentiable from the spectra, an€afat 42.3°. In fact, the principal ray for Gs
covered by the SiOshoulder at 22°. It is barely distinguishable &amples with 10%. then almost
impossible to find for 5% catalysts Figure 3-19.

In Cu-silica AE samples, the ray relative to;Ous more intense than the ray of’O0omparing these
results to as-synthesized catalysts, one can hgpiaththat the materials synthesized by AE corgamore
significant amount of chrysocolla phase than theddfs, the reduction of the sample giving placentoe
copper oxide. Instead, more metallic copper is tmmeducing HP samples.

Bi-metallic Cu-Ni catalysts also present both Cud &@wO, but in this case, the principal rays of
metallic Ni are also present due to the reductioRimelite or NiO. The peaks of metallic Ni aredastense
and defined than for monometallic Ni catalystss telated to the overlapping of Ni phase raysheyrays of
Cu and CeO (Figure 3-20).

In monometallic Pd catalysts, metallic Pd are fafrdaring TPR. It is interesting to focus attention
on what happens for bi-metallic catalysts (Figw2l} As already said in section §3.3.3.1, Pd tioguced
in the structure of CuO when reduction happensniftg a combined CuPd phase. As indicated by Norhona

et al. [251] and by Spee et al. [210], the potéfdranation of CuPd alloys with different Cu/Pdicat happens
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when CuO and PdO phases are involved. For 9:1 Conéldr ratio and below, these phases are highly

crystalline and so easily detected with x-ray difion technique. A detail, easily found in Cul08id:HP,

is the duplication of the peak relative to CuPdllas also reported for reduced samples in lileegd210].
Table 3.5 summarizes the average crystalline sg@mated by Scherrer equation, whenever possible,

for samples after TPR. The overall broad peaksatgarmit an accurate estimation of the crysta#itee.

However, more than for as-synthesized samples;rifgalline phases are better described by thimigoe.

For CuO or CU the peaks are too large, and the values are batkhe predicted value is smaller than 3 nm

which is the limit of accuracy of Scherrer equatibar this phases, a better evaluation of averagsatlites

size could be obtained by TEM observation, as tepdvelow in section §3.3.7.2.

Table 3-8 Average crystallite size for samplesraftduction by H.

Material CuPd [nm] Pd[nm] Ni[nm]
Cu5SiQHP n.d.* - -
CulOSiGHP n.d.* - -
Cu5SiQAE n.d.* -
CulOSiQAE n.d.* -
CulONi5SiQHP n.d.* --
CulOPd1SiGHP 3.5 -
CulONi5SiQAE n.d.* -
CulOPd1SIiQAE 4.1 -
Ni5SIO:HP - 10
Pd1SiQHP - -
Ni5SIOAE - 11
Pd1SiQHP - -
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Figure 3-19 X-ray diffractograms of Cu/Si€atalysts after TPR.
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Figure 3-20X-ray diffractograms of Cu-Ni/Siatalysts after TPR.
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XRD intensity
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Figure 3-21 X-ray diffractograms Cu-Pd/SiCatalysts after TPR.
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3.3.6Surface oxidation state

The surface chemical states of the reduced cotalysts were detected by XPS and X-ray induced
Auger spectra (XAES) measurements (Figure 3-22darE 3-27). Figure 3-22 and Figure 3-24 preseat th
XPS spectra relative to as-synthesized Cul@SOand CulOSigHP samples, respectively. For these
catalysts, the peaks at 942.5 eV and 962.4 e\Wardifiable as CuO peaks, and the#Qairong satellites are
also present and probably linked to phyllosilicate.

After reduction (Figure 3-22 and Figure 3-24 folO8iQGAE and Cul0SieHP samples, respectively),
the intensity of the Cu satellites decreases, and the main peaks areveliser 938.6 eV and 960.1 eV for
HP and 938.1 eV and 959.5 eV for AE. For CulQ8iD catalyst, weak satellites are also observed afte
reduction, and this happens when@is formed in large quantities on the support. ot 0SiQAE catalyst,
the satellites are less intense after reduction thevas assumed that the Luis less concentrated at the
surface of this catalyst, and so more® Guexposed. However, it is crucial to point outttthe possibility of
CwO in HP is not excluded, as also reported in tieediure about the two synthesis methods [7,166].

In order to quantify the two low valence phases'(@u CJ9), one cannot only rely on the XPS spectra,
because of the similar Binding Energy betweeh & Cd species. LMM peak produced by the Auger effect
must be studied.

As shown in Figure 3-26 and Figure 3-27, the twolNLpectra present an asymmetrical and broad
peak, suggesting the coexistence of both &l Cd as stable species. The two symmetrical peaksrautai
by deconvolution with the software CasaXPS wengbatied to C species for the higher peak, and td Cu
species for the other one. In Table 3-9, the tagioveen Ct/(Cu'+CLP) species is reported to identify which
catalysts present the strongest interactions betwiiea support and copper species. It is evideat AE
catalyst presents more futhan HP catalyst after reduction by. lAs previously observed by XRD, this
difference can be linked to the reduction of coggeyllosilicate. Although, in HP there are freer@an the

surface and then, after reduction, more metallfpeo is formed onto the surface.
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Figure 3-24 XPSof Cu10SiG;HP Cu 2p regio.
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Figure 3-23 XPSof reducelCul0SiC;AE Cu 2p regio
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Figure 3-26 XPSof Cul0SiCAE reducecCu LMM. Figure 3-27 XPSof Cu10SiCGHP reducedCu LMM.

Monometallic and bimetallic nickel XPS spectra grate difficult to read since multiple peaks are
present for both metallic Ni and Ni bonded to otblements in the 2p region for this element. Topdiiythe
analysis, and since reduced nickel samples wekfoseeactivity tests, the XPS analysis was pentat on
reduced samples. As shown in Figure 3-28 and Figi@, the peak at 864.5 eV associated to the2j3
single peak and not a doublet composed by two gkrse peaks as individuated in the literature fa® N
species [252—-254]. This characteristic suggestedh®lete reduction of Ni species. In HP catalyst,peaks
are less intense, it is related to the contentiahat is of 3.9%w for HP material against 4.7% of the AE
material (see elementary analysis Table 3-3).

Ni 2p region for the bimetallic catalysts is equévra to the monometallic one, the same single péak
Ni 2p 3/2 is individuated (Figure 3-30 and Figur813 and can be related to the absence of NiOepec
other species containing Ni, O, and Si.

Studying the behavior of Cu 2p in bimetallic Cuiditalysts, the XPS measurements show similar
results than those obtained for monometallic copgiewing little interactions between copper arakeli, at
least on the catalyst surface.

At last, the measurements performed on the mondingtalladium catalyst could not give crucial
result on the Pd oxidation state. For palladiura,rittost used Binding Energy value of Pd3d(5/2) tarel is
the most widely used region to compare differesteays [255,256], but here the peaks are confusticting

measure error, probably due to the low contentdofuid to the metal dispersion onto the catalysasar
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Figure 3-31 XPSCul(Ni5SiC2AE reduced 2p regic.

As for bi-metallic Cu-Ni, Cu-Pd materials also hdkie same trend for Cu 2p peaks and that confirms

the coexistence of Cand Cd species. In Table 3-8, the results of Auger xel@gtron study are presented.

Table 3-10Copper Cti and C{ distribution obtained by deconvolution with softw&asaXPS.

Material (Cu*/Cu®+Cu*)*100
CulONi5SiQHP 41.210.3%
CulONi5SIQAE 40.5+£0.2%
CulOPd1SiGHP 20.9+0.2%
CulOPd1SiQAE 68.4+0.4%
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Bi-metallic samples containing Cu and Ni show alimibe same amount of Cu in Ctorm after
reduction, although there is a significant diffarerbetween the Cuwspecies in Cu-Pd catalysts. As XRD
reveals the formation of CuPd combined speciesctBlysts contain these species showed by theatypic
overlapped peaks (Figure 3-21). For the AE samphespeaks of GO are more significant, see in Figure
3-32 and Figure 3-33, as already mentioned andapiglalue to higher interactions with the suppoodoicing
more chrysocolla or phyllosilicate.

As observed by XRD, it is possible to conclude thaarger quantity of copper is in Cstate when
more CuO is free in the as-synthesized sample ame minteraction CuPd are formed after

calcination/reduction.
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Figure 3-32 XPS CulPd1SiC-AE reducecCu LMM. Figure 3-33 XPS CulPd1SiC2HP reducecCu LMM.

3.3.7Morphology and topography

In the following, morphologic and topographic evides observed by SEM and TEM are reported.

3.3.71. SEM

SEM coupled with EDS elementary analyses, allowetteb understanding of the morphology and
elementary distribution of synthesized materials.
Figure 3-34 and Figure 3-35 show the external potentures of CulOS¥BIP and CulOSieAE,

respectively. The CulOSH¥RE material (Figure 3-35) has a much smoother serfath the presence of some
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aggregates, however these aggregates have siteitaertal composition than the bulk of the homogeseo
support (see analyses spectra 14 to 16).

EDS on the same samples (Figure 3-34 and Figul 8e3ects elemental Cu and Si with similar peak
intensity in different spots over the surface. tc@dance with all the previous discussions, tai €an be

related to the good distribution of copper overghegace of the catalyst.
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Figure 3-35Cul0SiQAE secondary electron images with EDS analysis.

Figure 3-36 reports EDS maps over the surface @DSIOHP and confirms the excellent distribution

of copper over the silica support after calcinati®milar results were obtained for AE catalyst.
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Figure 3-36 Cul0SigHP EDS elementary distribution maps.

Moving the attention to bimetallic catalysts, theages for CulOPd1SHE is reported as an example
(Figure 3-40). This material presents similar moitphy than the monometallic copper, exposing some

granular particles attached to a very homogenoppasti The EDS results (Figure 3-37) do not show
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difference with the monometallic material (Figur8%), and only traces of palladium can be foundFe 3-

38) due to its small load (less thanddtneasured by ICP-AES).
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Figure 3-37 CulOSieAE secondary electron image.
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Figure 3-38Cul0SiQAE EDS scan punctual and area.  Figure 3-39Cul0SiQAE EDS scan punctual and area focused
on Pd identification.
The catalyst was also observed in its reduced foronder to see any differences after reductio wit
H.. The introduction of second metal salt during skiathesis does not cause a significant alteraticthe
structure of the catalyst (Figure 3-39), in comgamiwith Cul0SIiQAE.
As shown by EDS, Pd was only found at the tracelland well dispersed on the support corroboréttiieg

hypothesis of a good dispersion of the metallicsse
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Figure 3-40 CulOPd1SHAE reduced EDS maps.

3.3.72. TEM

TEM micrographs of monometallic copper catalystdoth as-synthesized and reduced forms are

presented in Figure 3-41.
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As-synthesized sample of CulOSAE presents a lamellar structure were any crysgléitructure is
observed (Figure 3-41a and Figure 3-41b), suggestit copper is integrated inside the matrix. Muez a
difference between HP and AE materials standsiodéed for the HP material (Figure 3-41c and Figure
3-41d) some crystals were observed, in particutathe border of the materials, this crystallineictures
could be associated with CuO crystals becauseeafdmall size (3-5 nm), observed by XRD.

Another difference between the two syntheses isgmtan the arrangement of the silica matrix. FBr H
sample, the surface seems much smoother thandofAEhcatalyst, which is composed of small lamellar

structures.

Figure 3-41 TEM micrographs of as-synthesized CiQ#%E (a) and b)), and Cu10SiBP (c) and d)).

The reduced samples micrographs (Figure 3-42) tewege evident crystalline structures. This was
also evident by XRD with some & and Cf detectable peaks. The EDS analysis suggestshiaanall
particles observed (for both HP and AE sampleskallemthan 7 nm) are composed of metallic copper or

Cw0, also confirming XPS results.
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Figure 3-42TEM micrographs of reduced Cul0SKE (a) and b)), and Cul0SiBP (c) and d)).

At last, since reduced samples shown better imaigsspossible to identify some crystalline phases
in the silica matrix of the reduced bimetallic CusiNaterials observed by TEM. As an example, thegiesa
for CulONi5SiQHP sample and for its relative monometallic Ni5$i® are presented (Figure 3-43). The
two materials share characteristics with the monahiecopper HP catalyst: in the monometallic Idtalyst
the metallic Ni small size particles (3-5 nm) argliwdispersed, in the bimetallic catalyst on thieeothand, it
was impossible to discriminate copper and nickeliglas, since their sizes are very close and EB8yais
showed both elements.

The other bimetallic materials showed similar cheeastics.

131



Chapter 3

Figure 3-43 TEM micrographs of reduced CulONi5$iP (a) and b)), and Ni5S#BIP (c) and d)).

3.3.8.Conclusions

Different materials were characterized before grativity tests as shown in this chapter. The major
results obtained for Lindlar and Pd/HT, the materiharacterized with less techniques, are theviatig:

I.  For Lindlar catalysts, a small surface area reltatetie low pore area of the support calcium
carbonate is observed. Calcium carbonate by XRihasonly phase that it is possible to
establish the presence;

II.  The Pd/HT catalyst method proves to be reliabléha synthesis of palladium supported
hydrotalcites with the wanted content of Pd (ICPS)Ehe materials have the BET surface
area, and the shape of isotherms characteristihi®fkind of materials. As in the case of
Lindlar, for Pd/HT it is not possible to identifipid Pd phases by XRD, due to the low Pd

content.
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HP and AE synthesis methods are generally capalpl@tuce Cu-silica catalysts, and with less extent

it is also proved that Ni and Pd catalysts are ipyssynthesized by the same methods as shown dy th

following results:

With the exclusion of some singularities with NdaPd, ICP-AES (83.3.1), results acceptably
match the desired amount of metal content fohallmaterials;

Texture (83.3.2) is a common characteristic amongametallic catalysts prepared with HP
and AE methods, all the materials present feath@sare ascribable to mesoporous materials
with large surface area. Although the surface afaaaterials produced by HP method are
higher than those produced by AE, this is alsoeotdfld by pores volume and averaged
diameters which are lower for the AE catalysts;

XRD (83.3.3.1) detectsith difficulty phases which are formed by the canation of Cu and
Si, this is eventually resolved by the study of REhd Raman spectra (83.3.3.2) identifying
chrysocolla (Cu phyllosilicates). The same trendaliso observed for Ni monometallic
catalysts: after the heat treatment, a particalanfof Ni silicate (Pimelite) for AE is found;
Pd monometallic catalysts present the Pd in itdeform;

From a morphological point of view the two syntisesiethods give two different external
structures, in particular AE seems to be formedrpoth lamellae-like structures while HP
IS much more porous as also observed by SEM (8§3)3.TEM images on the other hand
show that in HP synthesis some crystals with awesize lower than 5 nm are identifiable,
AE materials is more uniform and less structufeismd. An essential information was given

on the metals distribution which appears to be smiead on the support.

The catalysts samples were analysed after reduatidriead to the following results:

TPR (83.3.5.1) results show that the materialsguies single Elconsumption peak for all the
samples, independently of the synthesis methods peak is in the range reported in the
literature for the reduction of the metal oxide qumsors. The Cu area was studied by
chemisorption of BD and highlighted higher area, and so higher dsspey for HP samples

than for AE samples;
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XRD after reduction of copper catalysts, show thatemporary presence of both metallic
copper and GO, with different respective proportions dependimgn the synthesis method,
in particular AE method materials contain higheroamt of metallic Cu. Monometallic
palladium and nickel samples show, after reductioetallic Pd and Ni,respectively;

The same conclusions obtained from XRD is alsoddynXPS on reduced materials (83.3.6):
different ratios are observed between metallic @li@uyO on the catalysts surface;

After reduction morphology highlights small crystabf active phase which are well

distributed and have average dimensions lower Tham for both syntheses.

Bimetallic catalysts are also studied and giveraggting and unique features:

ICP-AES results for bimetallic materials indicatleat the Cu content is lower than expected.
This is associated with the different conditiongdisluring synthesis of monometallic Cu
samples and bimetallic ones, in particular the pehiosen as a compromise between the best
pH value for the two metals;

XRD of as-synthesized materials are similar to mienometallic ones, with a contingent
difference for Cu-Pd:the XRD ray are shifted by #ifect of PdO introduction in the CuO
structure. Similar effect was observed for the oedusamples with the formation of CuPd
structure, it must be specified that for HP mettiosl CuPd is more evident;

Reduction temperatures of the bimetallic mate@aéshigher for Cu than the corresponding
monometallic Cu, indicating higher interaction witle support. However, the copper surface
areas are in line with the values obtained with omoetallic Cu catalysts;

Bimetallic catalysts share the same XPS featurds ®d and Ni monometallic ones; for Cu-
Pd, the content of Cwver Cu is more evident probably due to the CuPd strusture

At last, the morphological characteristics of thessterials do not deviate too much from the
features found in monometallic materials; it is ortpnt to say that it is practically impossible
to differentiate Cu and Ni or Cu and Pd with intdiDS analysis or by some morphological

feature.
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Chapter 4

Reactivity tests

This chapter reports the activity test resultstfue tests performed as indicated in Table 2.5; testilts
follow the same order of Chapter 3:
» Lindlar catalyst reactivity tests;
» HT-Pd reactivity tests;

» Silica-supported catalysts reactivity tests.

4.1.Lindlar catalyst reactivity tests

Before the hydrogenation reaction campaign, blastst without catalyst were carried out under the
corresponding conditions for six hours, in ordeet@luate some possible homogeneous phase readtions
all these preliminary cases, the oil was analyzethe end of the test, indicating no homogenouss@ha
reactions occur, and detected composition’s chaagewithin the range of the experimental errothefgas
chromatography analysis.

All the results of catalytic activity tests perfaethwith canola rapeseed oil were reported in tcsicn.
Selectivities and conversions were detected depgrah different reaction conditions, and the evohlubf
the composition of fatty acids during the reactiome was evaluated. The most significative tessults are

reported in Table 4-1 and Table 4-2.

136



Reactivity tests

Table 4-1 Test results, isomer index SlI index @m/ersions calculated when the highest amounteid€ akid was observed

Sin Se
Entry Oil T* (min) Sl yc1s3(%)  xcis2(%)  (C18:1)**(%)
(%) (%)
Test 03 Canola 120 1.3 23.9 0.7 84.6 60.8 82.6
Test04 | Canola 90 14 33.6 14 90.1 84.6 88.4
Test 05 Canola 60 1.3 20.2 1.2 92.7 84.3 86.0
Test 06 Canola 120 1.7 35.8 15 92.1 514 83.2
Test 07| Canola 120 2.2 37.3 1.8 90.6 51.0 84.4
Test 08 | Sunflower 240 - 13.9 2.3 - 98.7 83.0

*Time corresponding to the maximum relative peragetof C18:1
*Maximum C18:1 relative percentage obtained duttimg test
The linolenic acid selectivity Sresults are in line with literature values [92,RB&tween 1 and 3%, but

for the linoleic selectivity S values are higher (at 180 °C for Test 04 at 4dvat Test 05 at 12 bar) or
comparable (120 °C for Test 03) to the threshotticeited for selective reaction conditions as regzbhiy
Simakova [104]. The § values suggest that the reaction rates of linoland linoleic fatty acids are higher
than the formation rate of stearic acid (consunmptib oleic acid) and so the reaction is halted teetbe
complete saturation of double bonds. The reactioogeds after the hydrogenation of polyunsaturtety
acids with the conversion of C18:1 in stearic atith possible to conclude that the scheme ofetheaction
in series proposed in §2.3.5 explains what happadsthe direct hydrogenation to form stearic aoinf
polyunsaturated compounds occur only in very saralbunt. However, not only stearic acid is formedrayu
the conversion of oleic acid but also his geomeas@ner is rapidly formed when the more unsaturated

compounds start to disappear from the reaction unedi
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Table 4-2 Test results, Sll and IV at 50% conversiblinolenic and at 50% conversion of linoleic

Linolenic yc1s:3 50%

Linoleic Yc18:2 50%

(C18:1) (C18:1)
Entry t (min) v Sl t (min) v Sl
(%) (%)

Test 03 40 109.7 0.32 73.1 90 86.28 0.43 78.3
Test 04 40 102.52 0.44 81.3 50 89.79 0.50 83.8
Test 05 15 111.8 0.40 73.2 30 88.43 0.42 81.8
Test 06 30 111.22 0.64 72.4 100 87.08 1.77 83.2
Test 07 35 108.5 0.68 71.1 110 83.27 1.73 82.5
Test 08 - - - - 75 1151 0.80 62.1

From hydrogenation runs conducted at 60 °C und®rdnd 12 bar (Tests 01 and 02 in Table 2-2) even

after 6 hours of reaction, a negligible conversibhoth linoleic and linolenic acids was observad ao they

are not reported in Table 4-1.

At higher temperatures, conversions of linoleic &indlenic fatty acids increase, until nearly costgl

saturation of double bonds. At 120 °C and undearB(best 03), the polyunsaturated compounds aresilm

entirely converted in C18:1 and C18:0 compoundsy &bur hours of test (Figure 4). Besides, we pleséhe

rapid isomerization of oleic acid in elaidic acabout 67.0 %) of the global monoene concentra®@ms(%

at the end of the test). This value is below theildgium value reported in the literature [96,258} 120

minutes the maximum concentration of C18:1 washedd82.6 %), with a corresponding stearic acid

composition is 7.8 %. At this reaction time, 8.1084.18:2 and 1.6 % C18:3 remain unreacted (Figete 4
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Figure 4-1 Test 03 Hydrogenation results at 120 fid 8 bar: on the right-hand side relative percerag C18 compounds vs time,
on the left-hand side the conversions of linolamd linoleic acid and iodine alue vs time

Similar behavior was observed for the Test 04 @ 18 and 4 bar (Figure 4-2): after 120 min,
polyunsaturated compounds are less than 3%. Ati6Qtes, the composition is 85.1% and 4.5 % of €18:
and of stearic acid, respectively, with a small amf elaidic acid (estimated below 15%, see ApipeA
for elaidic acid, t-C18:1, estimation during thets, and with better results comparing Sll, 0.5%his
conditions, with experimental data obtained in otherks for palladium catalysts where the Sll ituady in
the range 0.8 and 0.85 for Pd alone and in bet@&tand 0.75 for Pd combined with lead [145,258fven
60 minutes and 90 minutes, C18:1 faster reacts mrolgenating and isomerizing simultaneously: SlI
increased up to 1.4 when maximum C18:1 concentragioeached. In this case, we observe 88.4% ofiC18
after 90 min of reaction, compared to the 82.6%hef previous test obtained after 120 min. When the
maximum was achieved the relative percentage afielacid increases.

It is interesting to compare the results in Tablé when C18:3 and C18:2 are half reacted. In these
conditions, 81.3% (50% conversion of C18:3) an@&30% of conversion of C18:2) of C18:1 are reached

respectively, and a high amount of linolenic amaliic acids is still available to react.

139



Chapter 4

= Conversion C18:2 4 Conversion C18:3 *
100

lodine Value

100
‘ o C180 x ¢cC181 v iso-C18:2 ¢ C182 4 C183 4 - - 7 1 L 120
# <
* # « « 1« «
* X * * n
¥ ]
80 - * s0{ ¥ k100
* * afr
* *
1% (]
3 * «
c * = % L 80
S
2 60 e P« 0
=4 15 ] =
é"_‘ o (B L = T
E = o * g < - * * r 6o E
Z S T
= 40 4 404 4 =
o #
. o = ¥ Lao
o
20 o 20
000 o i 20
L] <o o =
<|<J og o .
0 ]Evﬁﬂa fa pad g Pl 2 £t a Ft x 0 r 1 1 0
0 50 100 150 200 250 300 350 400 0 100 200 300 400

Time
(min)

Time
(min)

Figure 4-2 Test 04 Hydrogenation results at 180 fid 4 bar: on the right-hand side relative percerag C18 compounds vs time,
on the left-hand side the conversions of linolemd linoleic acid and iodine value vs time

An higher pressure of H12 bar) involves a higher concentration of molecti, solubilized in the oil.
Thus, the reaction rate increases and the compbeteersion of C18:2 and C18:3 is achieved aftey 60l
minutes (Figure 4-3). However, at this reactioretithe competitive hydrogenation of C18:1 to CE0 the
isomerization of the monoene also increase the ata@f undesired products: trans isomers less 50&6
and C18:0 is 11.1% when C18:1 reaches the maxinalative percentage. Since a high concentration of
monoene is desired, preferably in the cis configomawhile keeping a low concentration of steawed and
trans isomer, it is necessary to stop the readt@fare the complete conversion of the polyenesrdier to
identify the best reactions conditions and rateference was made to the greatest conversion of
polyunsaturated fatty acids, the highest conceatraif C18:1 fatty acid, the lowest concentratiérCa8:1.

By evaluating these parameters, the hydrogenatisults observed at 180 °C (Test 04 and Test 0F)edter
than that obtained at 120°C (Test 03, Table 4itgesthe same degree of conversion is obtainedshiinter
reaction times and higher amounts of C18:1.

It is worth mentioning that, when results at theasaonversion are evaluated with higher pressowesi
amount of trans isomers is found, this affectddier Sll index as reported in Table 4-2. This efffis in line

with similar behavior for other palladium catalyatsreported by Hsu et al. [64].
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Figure 4-3 Test 05 Hydrogenation results at 180 i@ &2 bar: on the right-hand side relative percegygaf C18 compounds vs

time, on the left-hand side the conversions ofdimic and linoleic acid and iodine value vs time

The lower pressure test seems to be slightly b@ftst 04 Figure 4-2 at 90 minutesTest 05 Figure 4-3

at 60 minutes) from the point of view of the maximamount of C18:1 (88.4 #s86.0 %) and less efficient

from the point of view of the corresponding C18r2i&£18:3 conversions (84.6 ¥684.3 % and 90.1 %s

92.7 %, respectively). From the point of view ofative percentages of elaidic acid and stearic, dudter

results in the maximum C18:1 concentration wereeaeldl at lower pressure.

The effect of catalyst’ recycling, catalyst coneatbn, and vegetable oils type was investigatethet

best operative conditions of 4 bar of pure hydroged 180 °C. Repeated tests of 1h were conducted to

evaluate the efficiency of the catalyst after salveycles. The conversions and the selectivities dvcyclic

tests were calculated with the Eq.2-13/18 and eperted in Table 4-3 and Table 4-4. Tests resaltshie

composition after 1 h are reported in Figure 4-4ilevC18:3 and C18:2 conversions are reported gurei

4-4,
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Table 4-3 Test results for the cyclic test at 18Quhder 4 bar pressure. Sll, conversions and sefies calculated at 1 h.

Entry Oil Stn Se Sl ycis2(%)  ycis3(%)  (C18:1) (%)*
Test09| Canola 1.21 47.8 0.40 42.8 65.8 86.6
Test 10| Canola 1.24 40.8 0.76 55.2 80.8 86.2
Test11| Canola 1.05 39.3 0.93 54.2 75.1 83.8
Test 12| Canola 1.01 26.0 0.94 49.2 67.7 81.4
Test 13| Canola 1.11 20.5 0.75 42.8 65.8 80.7

*Maximum C18:1 relative percentage obtained at &Qubes

Table 4-4 Test results for the cyclic test at 18Quhder 4 bar pressure, Sll and IV at 50% conversibimolenic and at 50%
conversion of linoleic.

Linolenic yc1s:3 50%

Linolenic yc1s:2 50%

(C18:1) (C18:1)
Entry | t (min) \Y Sl t (min) \Y Sl
(%) (%)

Test 09 23 110.0 0.41 73.4 a7 99.99 0.40 83.5
Test 10 25 108.5 0.42 73.5 53 97.01 0.66 85.3
Test 11 30 106.9 0.37 77.1 53 97.51 0.69 83.4
Test 12 36 103.2 0.64 74.2 62 93.46 0.86 81.2
Test 13 39 106.4 0.67 73.2 73 96.08 0.82 81.0

142



Reactivity tests

C18:00\ C18:1

iso-C18: 2= c18:2|[[|| C18:3|

100
\ N\ \

= | AN N\ N N 8
5]
£ 1« Y Y Y ) N
S 609 N\ \ N\ \ X i
= \ N\ N\ \ \
§E 1N\ N\ N\ X \
S N N \ \ \
AN N R R
S 404 \ N\ Y X\ \
o N N N\ N\ N\

X X N\ N\ X
o N\ N\ N N\ N\ N\
2 N\ \ N \ N N\
- X \ \ X \ \
) X \ N\ N N
r 209\ N\ \ \ N\

\ \ N\ N\ \

\ N\ \ N\ \

[ VBl e \o g g \E
0 Lz PN T=T =P =M\ =M\ =
ko™
ratie® N S N . Sl S

Hydrogenation run

Figure 4-4 Hydrogenated oil composition at 1h ofree cyclic tests at 180°C under 4 bar pressurst(@9-13)

\W% Conversion C18:2:%%%5 Conversion C18:3

&

K

R

RS
5

K
0
QR

&
27
%5

X
:’:

(XD
(X

9

P

c XS

o 8t Ts!

) GO

2 QIR

) ofalelsl R
> O S0l
E ates 335
o KRR 3505
'S) GRS XS

3]
o0
o
o
2%

%

O
LXK
S G0

o
K5
RS
wiass;

%
0%,
&%
000,
i

2
<P

1st run 2nd run 3rd run 4th run 5th run
Hydrogenation run

Figure 4-5 C18:1 and C18:2 conversions at 1h owes fiyclic tests at 180°C under 4 bar pressure (18st3)

143



Chapter 4

Cyclic tests show a slightly progressive loss alsdic activity over hydrogenation runs and thegble
explanations are:

— the poisons present in the oil (sulfur and phospis compounds or heavy metals traces) couldtaffec
the catalytic properties, lowering conversions ananging selectivities [156,260,261];

— some complex molecules naturally present in \adgewils, such as chlorophyll, also if they noedily
poison the Pd, can occlude the pores of the catgiges/enting the access for reactants;

— some Pd leaching may occur [262]: however, pestiCP-AES analysis on recovered catalyst washed
with acetone, and n-hexane shows a loss of PdHassl Qyww;

— deactivation of the catalyst due to the formatibisoke or carbon monoxide: this effect is repaite
literature and it could occur in continuous op@nmaibr for long-time reaction[263].

The catalyst deactivation could be solved by makipdhe appropriate amount of fresh catalyst.

In order to test the efficiency of the fresh caslytests were carried out using less amounttafyct (2
MGcatalys{MLoil, and 1 Meghtays{ MLoir).

= Conversion C18:2 4 Conversion C18:3 # lcdine Value
100 100

O C180 K Ci81 v iso-Ci82 & C182  C18J b L 120
4
* o < «
* 3 * #*
80 1 * ¥ 80 3 L 100
* * =
¥ * =
k 4
s < L 80
= 60 60
(7} [
I+} ;‘; S >
s B . reo @
H S B
& 404 40 < =
[ ]
©
< . k40
20 20 -
< & = " k20
< o -
d 4 B X } .
¥ g 4
0 2 - ; g 4 <1 o . 0
0 30 60 90 120 o 100

Time

Time (min)

(min)

Figure 4-6 Test 06. Hydrogenation results at 180ahd 4 bar with 2 mgiayysfmLoil Of Lindlar catalyst: on the right-hand side
relative percentage of C18 compounds vs time, enefitthand side the conversions of linolenic andleic acid and iodine value vs
time
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Figure 4-7 Test 07. Hydrogenation results at 18 4 bar with 1 mgtaysimLoi Of Lindlar: on the right-hand side relative
percentage of C18 compounds vs time, on the lefi-ba@le the conversions of linolenic and linolei@dzand iodine value vs time

The tests with different catalyst concentrationgyFe 4-6 and Figure 4-7) show only a slight deseca
the hydrogenation rate. Comparing the lcgagimLoi test with 2 mgaaysfmLoi Oneafter 2 h of reaction,
almost the same conversions for linolenic (22.4 %vs 90.6:0.5 %) and linoleic (51#D.5 %vs51.Gt0.3
%) acid were observed in both tests. So, we caairobbmparable results using a quarter of the atmfithe
initial catalyst (1 MguaysfMLoi VS 4 M@amysiMLoi), but with longer reaction time than the case with
MQeataysfMLoi (Test 04 Table 4-3 and Figure 4-2).

Although for SlI, it was observed almost the saemilts, with lower amount of catalyst less steacid
was formed comparing with the results achievedmdpifiest 04 (4.5 % in Test 04 and 6 % in Test 06Taul
07, see Figure 4-2, Figure 4-6, and Figure 4-paesvely) but also less C18:1 (results in Tab® 4-lowever,
comparing Sll index with higher concentration ofatygst (Test 04), it is possible to highlight thait a longer
time of reaction higher Sll are reached, and sddiigamount of trans formed from the double bond
hydrogenated (see Table 4-3 and Table 4-4).

Considering all the tests carried out, the bestitimms are 180 °C under 4 bar of pure hydrogem it
mg of Lindlar catalyst of 1 mys. Besides, comparable results were obtained wsih denount of catalyst, but
at longer reaction time.To prove the versatilitythod catalyst, a test was carried out at 180 °Cdapalr (Test
08 Figure 4-8) using commercial sunflower oil, withwver initial contents of C18:1 and C18:3, andheig

content of C18:2.
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Hydrogenation results for Test 08 are shown in Feg48. The conversion of C18:2 is almost quamiat
after 4 hours. At the same time, we observe a maxirim the production of C18:1 (83 %). Low amount of
C18:0 (12 %) were also detected. Nevertheless, ¢ogitents of C18tl(about 51 % after 4 h) is presently
showing a low selectivity towards the cis isomepezially if compared to hydrogenation of canoldrothe
same reaction conditions (about 5 % of C1)8:30, the comparison with canola rapeseed oitatds that in
an oil having significant content of C18:3, the togknation of polyenes is favoured over both the
isomerization and hydrogenation of monoene.

This is probably due to the different reactivityfafty acids. It is reported that polyenes reacteveasily
in correlation with the number of double bonds presn the fatty acids chain: generally C18:3 ai8:2
react with similar rates, but the reaction rateGa8:1 is of one order of magnitude lower thandtier two,
as reported in the following scheme [31] (Equaded):

C18:3 > (C18:2 > (C18:1 Equation 4-1
In the case of sunflower oil, it was observed thhe C18:2 hydrogenation and C18:1

isomerization/hydrogenation happen simultaneoudtyvever, when canola rapeseed oil is considered, th

combined presence of C18:3 and C18:2 with moretured#ons react more easily because more doubléson

are available in the chain that can be adsorbeth®mratalyst surface. C18:1 would react in a sedine

when the C18:2 and C18:3 are consumed and solisisrved less C18:And C18:0 formation.
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Figure 4-8 Test 08 Hydrogenation test at 180 °C arxhr with 4 mentalysimLoil with sunflower oil : on the right-hand side relative
percentage of C18 compounds vs time, on the lefi-ba@le the conversions of linolenic and linolei@dzand iodine value vs time

146



Relative composition

(%)

Reactivity tests

In the case of canola rapeseed oil, the proposedein@Chapter 3, fits well (see Figure 4-9) the
composition data for C18:2 and C18:3, for C18:% thbdel gives a discrepancy between the measuhegl va
and the predicted one. For sunflower oil hydrogenathe first reaction (from C18:3 to C18:2) waglected,
because the initial concentration of linolenic a@d® % percentage of C18:3), and so, the relatar&tion
were low. The model predicts the compositions d:Cnd C18:2 with an error less than 3 %. Two gtam
of the fitting data, for the best tests’ conditipase shown in Figure 4-9, on the right the fittmgdel for Test
04 with canola rapeseed oil (stopped at 120 mictiad and the second one on the left for sunflosieMest
13. The discrepancies, mainly observed for C18mpmsition trend for canola oil, between the experital
data and the calculated results from the modetjtaicceptable, could be correlated to both a physgifferent

order of reaction and a more complex reaction masha
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Figure 4-9 Experimental and calculated compositiforsest 04-canola rapeseed oil (left) and tess08flower oil (right).

4.2 Pd/HT catalyst reactivity tests

4.2.1Pressure, temperature and concentration effect

Since few data were found in the literature desagilthe behavior of hydrotalcites-supported catalys
the hydrogenation of vegetable oils, a prelimirtast (Test 14) was performed for this catalyst0at® under
4 bar of H and with 0.5 mgcays{mLoi, Operating conditions milder than for the Lindatadyst. It is important

to remember that Pd/HT is not doped with Pb akenctise of Lindlar.
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The conditions of this preliminary test were chofalowing the indications of Fernandez et al. [],46
who individuate low temperature and pressure taaipewith Pd ory-Al0Os when using sunflower oil. In
Figure 4-10 the results for Test 14 are reportesitést indicated that in these conditions thddic@onversion
reaches just 31%, an interesting result in thivigcof the catalyst at low temperature. After thia was
decided to increase the temperature and catalysiseatration in order to compare different catalyst
performance under the same operating conditiongiorm tests reaching higher conversion anddowery

and reuse the catalyst after test at the best tipgi@onditions, as already done for Lindlar cagaly
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Figure 4-10Test 14. Hydrogenation results at 90°C and 8 bah Wit mgatays{mLoil of Pd/HT

The results of the tests at different temperatanespressures are summarized in Table 4-5:
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Table 4-5Test results, Sll index and conversions calculatkdn the highest amount of oleic acid was observed

Cat.conc.| T P T ¥C18:2 (C18:1)
Entry See Sl

(mg/ml) | (°C) | (bar) | (min) (%) (%)
Test 26 2 120 4 210 32.3 0.98 96.0 89.3
Test 15 1 180 4 270 31.2 0.44 891 85.8
Test 19 1 120 4 240 27.5 0.22 29.0 51.2
Test 22 0.5 120 4 240 36.75 0.23 136 40.9
Test 24 0.5 120 12 240 18.8 0.53 316 51.2
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Only at the highest temperature (Test 15, see Taleand for high concentration at 120 °C (Te9t 26
the relative percentage of C18:1 reached a valytechithan 85% and C18:2 conversions higher than 90%

As it is expected, comparing Test 15 at 180 °Cufagi-11) and Test 19 at 120 °C (Figure 4-12k it i
evident that increased activity and higher coneersi linoleic acid are reached, as it also hapgéoeLindlar
catalyst. From the selectivity point of view, the, @nd so the SlI, increased with temperature, shgpwin
decreased selectivity towards trans isomers whercdkalyst was more active. The values @féBe higher
than the data found in the literature at 160 °Cdimmina supported catalysts and ZSM-5 catalyst§][1
evaluated between 7 and 15 depending on the ciasalgport, and palladium supported on diatomitet]26
where the calculated Sis at around 17 (the comparison was made at the sanversion level. However, it
is worth noting that these catalysts work bettantthe Pd/HT at lower temperature (below 120°)cheay
high linoleic conversion after 3 h reaction wittagsenable values of linoleic selectivity.Shetween 30 and
35 (comparable with Pd/HT values), but the Sl ctiliy is above 0.6-0.8. In the end, the Pd/HTwshdetter
performance than the Lindlar, since comparablelteare obtained with less amount of catalyst.

Similar results are obtained with the data in theditions carried out by McArdle et al. [265] at0O1TC
and 170 °C under 3 bar of pure tdaintained continuously during the reaction, wiiialyst concentration of
1.5 m@ataysfmLoii. In the work of McArdle, a Pd (1) supported on ADs reaches high conversion (>85%),
with calculated & of 25 and a value of Sll equal to 0.65 [265], leigthan Pd/HT, (Sll= 0.44 in Test 15),
showing lower selectivity than Pd/HT synthetizedur laboratories.

The reaction time at the same conversion of 25%@1&:2 is reported in Table 4-6: as already observed
the slowest reaction is also the most selective Almost the same relative percentage of C18:btained,
but with lower content of elaidic acid (2% vs 4%jdaregarding trans isomers in general, 7.6% vs 23%
(combined elaidic and trans isomers of linoleicda@re detected value. This fact suggests thatghieh

temperature also the reaction isomerization ofidiiccacid happens more frequently.
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Table 4-6 Test results, Sl and IV at 25% conversiblinoleic at different temperature 180 °C teStahd 120 °C test 19

Linoleic Yc18:2 25%

(C18:1)
Entry t (min) v Sl
(%)
Test 15 110 123.4 0.25 50.2
Test 19 325 124.7 0.22 49.3
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Figure 4-11 Test 15. Hydrogenation results at 180ahd 4 bar with 1 mgaysimLoil of PA/HT bar: on the right-hand side relative
percentage of C18 compounds vs time, on the lefi-b@le the conversions of linolenic and linolei@aand iodine value vs time
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Figure 4-12Test 19. Hydrogenation results at 120 °C and 4 bain Wi mgatalysfmLoi of Pd/HT bar: on the right-hand side relative
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150



Reactivity tests

Pressure effect was studied at 120 °C. Changingpithgsure from 4 bar to 12 bar, the conversion of
linoleic acid significantly increased, although tfeemation of trans isomers is affected: after 4urisoof
reaction, relative percentage of elaidic acid wasu&2% at 4 bars and 10% at 12 bars, respectively.

The results at 25% of linoleic acid conversion anhdifferent pressures are reported in Table 4hésé
comparison gives an important overview on the selgcof the catalysts; at 25% of conversionsipjossible
to say that the increase of pressure has a positiget on the global trans isomers, lowering theintent,
although this comports the formation of a highemteat of stearic acid. It is worth noting that tiedative
percentage of elaidic acid is practically unaffdcby the change of pressure, the higher amountaoft

isomers it is related to the isomers of linoleidd@2.7% at 12 bars2.4% at 4 bar), as shown in Figure 4-13.

Table 4-7Test results, Sll and IV at 25% conversion of okt different pressures

Linoleic yc18:2 25%

(C18:1)
Entry t (min) v Sl
(%)
Test 22 345 132.08 0.37 47.3
Test 24 325 122.7 0.25 48.5
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Figure 4-13Hydrogenation results at 120 °C and 0.5ca8s/mLoil and different pressures (4 and 12 bar) linolerécgentage is
omitted since lower than 0.5% (Test 22 and Tese2geactively)

The effect of pressure on the trans isomers seigetBll) is in line with the results described Ygldinsk
et al. [94] for different Pd catalysts. Veldinskagtcorrelated the effect of pressure on trarectigity to how
strongly the polyunsaturated semihydrogenatedrirgdiates formed during the reaction are attachedeto
active phase. In particular at lower pressure,esthe H coverage on Pd is also lower, the effect is that t
C18:2 interact more with Pd and monopolize thesmafof the catalyst, substantially decreasing tbeaane
on the catalyst. This is reflected by the higher & shown in Table 4-5, but it also involves lanjae in
which the C18:2 is attached on the catalytic serfaed so possible secondary reactions.

In the end, the effect of catalysts concentratias studied. The decrease in the catalyst's corat@nir
has a drastic effect on both activity and seletstiviests 19, 23 and 25 are compared togetheigur&i4-14
and Table 4-8, showing how a decrease of the dyanitcatalyst changes the catalyst reactivity twatverts

a lower amount of linoleic acid; this happens veithimproving of the selectivity.
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At 25% conversion of linoleic acid, the resultddal the same trend as reported in Table 4-8. Tleeef
of concentration is of extreme importance for attj\yprobably it is also due to the mixing of tiede phases
during the hydrogenation, with higher dispersionhef catalyst when the concentration is higher.

In these conditions, it was obtained a slightly ensignificant amount of both elaidic and trans isesn
of C18:2 as the results in Figure 4-14 indicateth&tsame conversions the catalyst is still seledti all three
tests, the differences of SIl must be ascribedchéocontent of linolenic acid isomers (Figure 4-fa)ging
from 2.5 (Test 22) to 5 % (Test 19), and the canvéelaidic acid for Test 26 (46.8% vs 44%). Olmsly, as
the linoleic conversion increases and the reagifogeeds, also the formation of trans isomers asgeand
the trans isomers selectivity decrease considet@tyease in Sll in Table 4-5 test 26). It seetrat any
appreciable differences were found when differenicentrations of catalyst are tested, but as Téi8e

highlights the results are obtained at differemiets.

Table 4-8Test results, Sl and IV at 25% conversion of okt a different catalyst concentrations

Linoleic Y c18:2 25%

(C18:1)
Entry t (min) v Sl
(%)
Test 19 325 124.7 0.32 49.3
Test 22 345 132.08 0.37 47.3
Test 26 50 108.2 0.46 52.7
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Figure 4-14Hydrogenation results at 120 °C and 4 bar with défe catalyst concentrations(0.5, 1 and 2:5ags{mLoi); linolenic

percentage is omitted since lower than 0.5% (testex® 19 and test 26 respectively)

4.2.2Cyclic tests

As reported in Table 2-2, the catalyst was recavdrem the reaction medium and reutilized in
consecutive runs. Relating to the quantity of thlyst and the amount recovered, one or more tests
carried out at the same conditions: the repeattd &e: test 15 (4 cycles), test 19 (3 cycles) 22 (2 cycles),
test 24 (2 cycles) and test 26 (2 cycles).

In consecutive cycles after the second one, theitgodf the catalyst first increases in the secapdle
and then start to decrease from the third cycleandwprobably for some activation mechanism already
discussed in the case of Lindlar catalyst in 8ddisoning with components of the oil, formationcoke on
the palladium catalyst, recovery not complete avgs lin catalyst mass. The post characterizatiothef
samples was not possible since the reacted hydategeoil remains inside the catalyst also afteraahing

protocol with different solvents (toluene, exanegtane, and chloroform) for three times.
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Table 4-9Test results for the cyclic test at 180 °C. SIhwarsions and selectivities calculated at 2 h.

Entry Ste Sl ycis2(%) (C18:1) (%)
Test 15 31.2 0.44 34.02 53.5
Test 16 353 041 82.8 82.8
Test 17 395 0.32 68.5 74.1
Test 18 20.7 0.2 56.8 67.1

Table 4-10Test results for the cyclic test at 180 °C, SlI &t 50% conversion of linoleic

Linolenic yc1s:2 50% *

(C18:1)

Entry t (min) \Y Sl
(%)

Test 15 160 110.3 0.33 63.4
Test 16 70 109.1 0.28 62.9
Test 17 85 110.5 0.31 63.5

Test 18 110 110.8 0.32 63.2

*Data obtained from the fitting model §2.3.5

Results in Table 4-10Figure 4-14 suggests thasétectivity to cis/trans isomers of the Pd/HT ramsai
more or less the same at 50% conversion of lin@leid. On the contrary, the activation after tstfcycle is
evident; the catalyst converts the 50% of linobsidd after only 70 minutes in the second cycle carag to
the 160 minutes required to reach the same vatugb ifirst one.

In comparison to this test with catalyst recoveing results for the repeated test at 120 °C, 4abdrl
MGeatalysfMLoi are reported in Table 4-11 and Table 4-12.

The activation is observed also in this case dfierfirst cycle, but the successive cycle the #gtiv

continues to increase slightly; it was hypothesiteat at 120 °C the phenomena, who contribute ¢o th

activation, have a less impact on the catalystirec
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Table 4-11Test results for the cyclic test at 120 °C. SIhwarsions and selectivities calculated at 2 h.

Entry | Sie Sl yc182(%)  (C18:1) (%)

T'test | 27.5 0.22 29.0 51.2
2dtest| 29.6 0.37 33.2 52.8
dtest| 30.5 0.42 37.5 55.7

Table 4-12 Test results for the cyclic test at 420SII and IV at 50% conversion of linoleic

Linolenic ycis:2 25%

(C18:1)
Entry | t (min) v Sl
(%)

1s'test 325 125.1 0.13 49.7
2nd test 80 125.1 0.34 48.2

39 test 65 123.4 0.37 49.0

All these tests share one characteristic, actimgplbenomena after the first reaction cycle. Thetmos
representative of this activation mechanism is1&sat 180 °C.

It is possible to hypothesize two different meckars:
» The hydrogen present in the reaction medium alter®xidation state of the superficial layer of;Pd
» The combined effect of high temperature and pressiters the hydrotalcites, also changing the

characteristics of the catalyst, as XRD resultéligit.

The two mechanisms can also work together to imgtbe activity of the Pd/HT catalyst. In both cases
it is difficult to remove the oil from the catalgsin order to characterize better the catalystr &fie
hydrogenation, for example, performing XPS. XRDcipen and BET results of washed catalyst shown no

apparent differences from the reduced material.
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4.3Silica-supported catalysts reactivity tests

4.3.1Content of copper load

The first investigated parameter is the copper loadhe silica-supported catalysts. Both AE and HP
catalysts were tested at the same conditions ierdodunderstand how the synthesis affects theigctind
selectivity of the catalysts. In order to underdtarich catalysts convert more C18:2 and C18:3rélalts
at 3 hours reaction for the four copper catalystsaaalyzed: CuSSKAE (Figure 4-15) CulOSiAE (Figure
4-16), Cu5SiGHP (Figure 4-17), Cul0S#IP (Figure 4-18), tests studied were made with leaoib and 4
MQGeataysfMLoi. The relative percentages of C18 components, esioves of C18:2 and C18:3, lodine Values
trend, fitting model results and kinetic constaats] elaidic acid evaluation are presented in a&rmomplete

form in 8Appendix A, all tests are reported by temine as in Table 2-2.

It is decided to shows the results at 3 hours bez#usy are somehow representative of the behavitredfcatalyst” as a group.
The results after 3 h of reaction give essentitdrimation: overall, for both synthesis methods, itfteasing on copper load have a
beneficial effect on the activity of the catalystdch results larger amounts of linoleic and lindeacid converted, obviously at the

expense of selectivities (SEable 4-13and

Table 4-14).

As already highlighted for Lindlar and Pd/HT,@ls this case, copper silica catalysts are matieeac
at higher temperatures, the kinetic constant faligwan Arrhenius type law. The effect of temperatis
already visible with a little increase in temperatfrom 180 °C to 200 °C. 200 °C is the maximumgenature
carried out because of the decomposition temperafuCanola oil is around 210-220 °C [266].

The effect of the temperature is always relevamtpbth syntheses at all pressures (all four csisly
share this trend). On the contrary, the pressusehly a stronger effect on conversions at 18tha@ &t 200
°C, for 5%w copper load catalysts for AE. For 1Q%HP, CulOSiGHP, catalyst have a slightly worse
activity than the corresponding Cul02A®, but this last exhibits a better selectivityeaf8 hours reaction.
Furthermore, the pressure effect is more evidertherconversion of linoleic acid than linolenic dicihis
happens because the linolenic acid is more redtiarethe linoleic acid (see §1.4 about mechaniamaztion
for Cu catalyst), since is more simple to form tbejugated diene as reaction intermediate.

Concerning the selectivity, it is more difficultéompare results, since fewer data are presentbe in
literature, mainly produced by Koritala et al. [],JRavasio et al. [22] and Zaccheria et al. [23théugh the

catalyst Cu/Si@produced by Ravasio et al. [22] shown almost ceteptonversion after 3 hours reaction
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with similar conditions (Test 36 and Test 50 at 280and 4 baws 180 °C and 6 bar of Ravasio et al. [22])
their catalyst concentration in the reaction medisirfive times higher 20 mgaysf/mLoi, high enough to be
near mass transfer limited conditions, althoughcthygper load is similar 8% vs 10%ww.

The Cu/Si@synthesized by Ravasio et al. has a drop of IV50fMV) and obtained almost 20% of
trans isomers, by using rapeseed oil with a comipassimilar to the Canola used in this work; tla¢calated
Sl of 0.44 is compatible with the values obtaifedboth Cul0SiGHP and CulOSie\E (Table 4-13 and
Table 4-14) catalysts.

By comparing the results obtained for Lindlar cggglit is possible to see how in this case thesS
higher and this parameter can be correlated withdifferent mechanisms of the reaction as described
Dijkstra et al. [90,108], since the preliminary ¢gan could be the formation of conjugated diersda the
polyunsaturated acid chain, and so the fasteriozaof linolenic acid. The selectivity,Svalues are in line
with the results found by Koritala et al. [109].€l'tynthetized copper catalysts are less activettigahindlar
catalyst, although, their linoleic selectivity igyher (see Table 4-13 and Table 4-14) and compatriwih
the values presented in section §84.1 (Table 4-ITate 4-3).

When the HP catalysts are used (both 5% and 10&wsea Figure 4-15 and Figure 4-16) under more
severe reaction conditions of 12 bars and 200 fiGther significant result is the small amount ebsic acid
formed during the reaction, up to a maximum 5%tnedgpercentage; on the other hand, in the woRaxfasio
et al. [22] a lower amount of stearic acid was fednor none at all as presented by Koritala [113,113

The kinetic constantikof Equation 2-12 of oleic acid found by Koritaliaad [113] was zero, giving
very high $e and any increase in stearic acid, throughout ¢laetion, was reported by Koritala [113] and
Ravasio found only small increase less than +0stét{ng from 3.0 % up to 3.7 %) [22]. In the prassork,
the kinetic constantlof oleic acid consumption is three order of magtethigher thanjof Equation 2-12 ,
value not equals to zero but very near (compriséaden 0.0000101-0.0000289 see Appendix A forhall t
constants values), furthermore there is a formatibrstearic acid which reaches 7% for test 43 with
CulOSIiGAE at 200 °C and 12 bars which it is the highestease observed, but in all other cases the irereas
of stearic acid raging from +62 % (from 1.28 % t68% at the end of the reaction) up to +421% (fdo28

to 6.74%.
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Table 4-13Test results, Sll index and conversions calculafiter 3 h test for CUSSHBE (tests from test 28 to test 31) and for
Cul0SiQAE (tests from test 36 to test 39), both catalgsts mgataysimLoi concentration with Canola oil

Entry | Stn = Se S jycis3(%)  xcis2(%)  (C18:1) (%)
Test28| 6.7 - 0.18 15.8 7.3 70.1
Test29| 6.1 - 0.13 30.8 15.5 71.4
Test30| 6.9 - 0.26 76.7 26.8 79.1
Test31| 6.8 - 0.17 78.5 30.4 78.5
Test36| 6.9 - 0.32 23.4 10.2 66.9
Test37| 6.0 - 0.39 52.7 12.7 68.2
Test38| 6.3 - 0.35 80.2 31.2 78.3
Test39| 6.7 - 0.42 81.3 40.7 78.6

Table 4-14Test results, Sll index and conversions calculafitet 3 h test for CuSSHBIP (tests from test 32 to test 35) and for
CulO0SiQHP (tests from test 50 to test 53), both catalsis® mgatays{mLoil concentration with Canola oil

Entry | Stn = Se S jycis3(%)  xcis2(%)  (C18:1) (%)
Test32| 6.1 - 0.32 65.3 20.5 68.3
Test33| 6.5 - 0.35 66.3 23.5 69.7
Test34| 6.1 - 0.31 82.3 36.7 79.1
Test35| 6.5 - 0.35 83.1 38.9 80.2
Test50| 6.3 - 0.41 69.0 22.0 745
Test51| 6.8 - 0.48 71.5 27.3 76.2
Test52| 6.6 - 0.5 86.1 42.5 81.5
Test53| 6.5 - 0.55 86.5 45.4 83.1
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On the basis of the data presented in Figure 4rbbn(test 28 to test 31), Figure 4-16 (from test36
test 39), Figure 4-17 (from test 32 to test 35yuie 4-18 (from test 50 to 53), it was decidectép she tests
on catalysts with 5 % of copper and concentrate the work on Cul@&Eand Cul0SieHP. With these
two catalysts it is possible to achieve the reductf C18:2 and C18:3 fatty acids in the oil proetliafter

hydrogenation, with high conversion of both dieaed trienes.

4.3.2Effect of catalyst concentration parameter

Tests with higher concentration were only carriad with 10%w/w catalysts; to complete the
information acquired also tests with a lower comicdion of catalysts were carried out.

Starting from the tests at lower concentratiori &t °C practically any evident activity is found fmth
CulOSIiQAE (test 44 at 4 bar and test 45 at 12 bar) andSI:HP (test 58 at 4 bar and test 59 at 12 bar),
the C18 components graph are presented in Appéndix

At higher temperature of 200 °C the conversionCb8:3 start to rise, after 4 h it reaches 53.2M®#% f
CulOSIiQAE (test 46) and 37.48 % for CulOSHIP (test 59), in test 59 also the conversion of:8i8more
significative and 26.24 % of linolenic acid is cemted. In these conditions, small amount of traomiers are
formed hence the small Sll calculated (Table 441 Bable 4-16).

As expected, the increase in catalyst concentréiésnan essential role in the conversion of moxdic
acid and almost complete conversion of C18:3 fetsterith 8 MegataysfMLoi With Cul0SIiQAE reaching 1.22
% of linolenic acid (test 42 and test 43) and @tiL.OSIQHP 0.75 %, at 200 °C (test 56 and test 57). Altfoug
this second catalyst converted more C18:2 in etestycarried out (see Table 4-15 and Table 4-16,FEigure

4-19 and Figure 4-20).
As an example, in the Table 4-15 and Table 4-¥5rabults of selectivity and activity at 180 °C & °C at the same pressure 4
bar (for CulOSIiQAE: test 36, test 38, test 40, test 42 and tesadé for Cul0SieHP test 50, test 52, test 54, test 56, test 6Bet t
three different levels of concentration) are sumigett, for Cu10Si@AE Table 4-15and Cul0SieHP catalyst respectively.

Table 4-16
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Table 4-15Test results, Sl index and conversions calculafiéer 3 h test for AE catalysts at 2 @agysimloi (Test 44 and 46)
4 mgatalysfmLoil concentration (Test 36 and 38) and at &#mags/mLoil (Test 40 and 42).

Entry Stn Se Sl ycis3(%)  xc182(%)  (C18:1)max(%0)
Test36| 6.9 - 0.32 23.4 10.2 66.9
Test38| 6.3 - 0.35 80.2 31.2 78.3
Test40| 7.0 - 0.56 66.2 40.7 76.3
Test42| 6.8 - 0.58 65.4 51.6 77.4
Test46| 7.5 - 0.15 52.3 12.1 68.2

Table 4-16 Test results, Sll index and conversoahsulated after 3 h test for AE catalysts at 24ags{mLoi (Test 44 and 46)
4 mgatalysfmLoil concentration (Test 36 and 38) and at &#mags/mLoil (Test 40 and 42).

Entry Sin Se Sli yc183(%)  ycis2(%)  (C18:1)max(%)
Test50| 5.3 - 0.41 69.0 22.0 74.5
Test52| 5.6 - 0.50 86.1 42.5 81.5
Test54| 5.8 - 0.75 89.1 73.6 88.5
Test56| 5.5 - 0.82 91.6 76 89.7
Test60| 6.0 - 0.20 37.2 26.2 72.3

The increase of the temperature has a positieetesh the conversions of polyunsaturated compounds
(see also 84.3.1), at 8 wagysimLoi and 200 °C for CulOSHBIP it was reached the highest conversions of
C18:3 and C18:2 (see Table 4-16 and Figure 4f20\ever, for Cul0SieAE one test is in contrast with
this observation (Figure 4-19): test 38 at 180 A@ 4 bar, at 4 mgays/mLoi Shows the best performances for
conversion of linolenic acid, 81.26 % conversion Qit8:3, higher than the values obtained at higher
concentration (8 mgaysfMLoi).

At higher concentration of both catalysts, therapee parameters less affect the results. Theass
in C18:2 conversion was by far more evident at losascentration than at higher ones and at &&ygmLoi,
linolenic acid conversion has almost the same gdloreall the operative conditions for CulOgHP (Figure
4-20); although for CulOSHBE, the pressure has an essential impact on theecsions also at higher
concentrations (Figure 4-19), at 8 4g,s/mLoi C18:3 conversions changes from 66.2 % up to 8GIZAr8:2

40.7 to 51.6 at 200 °C.
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On the other hand, selectivities after 3 hours8fong.aays{m follow the trend already observed at 4
MQeataysfMLoi, @and only linolenic selectivity $changes when the catalyst concentration is loweiade the
final concentration of stearic acid is always lowen 3% in the three conditions tested (test4€38,42 and
test 46 of Table 4-15 And test 52, test 56 and@@$able 4-16).

At the highest temperature 200 °C and pressuread,Zte total trans content reaches 23% of relative
percentage: this represents the worst case, wkearel6% of product is elaidic acid, and the renmgjriaction

percentage consists of isomers of linoleic acithwWliti10SiGQHP.

test 36 4 bar 180 °C 4 mg/mL|
test 40 4 bar 180 °C 8 mg/mL|

100

test 37 12 bar 180°C 4 mg/mL test 38 4 bar 200 °C 4 mg/mLJJll test 39 12 bar 200 °C 4 mg/mL
test 41 12 bar 180°C 8 mg/mLI test 42 4 bar 200 °C 8 mg/mLJJll test 43 12 bar 200 °C 8 mg/mL
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Figure 4-19 Tests result for Cul0SAE catalyst at two different catalyst concentrai@ghmgcatalyst/mLoil (test 36, test 37, test 38,
test 39 with black border), and 8 magysimLoi (test 40, test 41, test 42, test 43 with red borden) levels of temperature 180 °C
(test 36, test 37, test 40, test 41) and 200 &&t @8, test 39, test 42 and test 43) and two diitdevels of pressure 4 bar and 12

bar, test results presented after 3 h of reaction
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test 50 4 bar 180 °C 4 mg/mL|
test 54 4 bar 180 °C 8 mg/mL|

100

test 51 12 bar 180°C 4 mg/mL0 test 52 4 bar 200 °C 4 mg/mLJJill test 53 12 bar 200 °C 4 mg/mL
test 55 12 bar 180°C 8 mg/mLII test 56 4bar 200 °C 8 mg/mL [l test 57 12 bar 200 °C 8 mg/mL
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Figure 4-20 Tests result for Cul0SHP catalyst at two different catalyst concentrati@nsgatays{mLoi (test 50, test 51, test 52,
test 53 with black border), and 8 mgysimLoil (test 54, test 55, test 56, test 57 with red bgrdeso levels of temperature 180 °C
(test 50, test 51, test 54, test 55) and 200 é&t 82, test 53, test 56 and test 57) and two diftdevels of pressure 4 bar and 12 ba,
test results presented after 3h of reaction

The changes in the catalyst’s concentration madsilple to achieve a linolenic acid conversion highe
than 50%. In Table 4-17 and Table 4-18 the redoitsAE and HP catalysts at 4 wagysimLoi and 8
MQgeataysfMLoi @are summarized and their comparison gave an @i how the selectivity is affected by the
catalyst concentration change during the reachtsuo if the amount of catalyst is doubled, it i4 necessary
to increase too much the amount of catalyst, ingammon with the amount described by Ravasio §242].

20 mg:atalys(m Loil .

Table 4-17Test results, Sll and IV at 50% conversion of kmit for Cul0SiO2AE at 4 mguysimLoii and 8 Megatalys{MLoil

Linolenic yc1s:3 50%

(C18:.0) (C18:1)
Entry t (min) v Sl
(%) (%)

Test 36 - - - - -
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Test 37 237 110.2 0.25 1.8 67.5
Test 38 223 109.4 0.26 2.0 68.3
Test 39 175 1113 0.17 1.8 66.0
Test 40 155 110.5 0.35 2.5 67.4
Test 41 134 110.0 0.27 3.1 67.8
Test 42 122 109.7 0.40 4.3 68.9
Test 43 105 109.4 0.36 3.7 69.1

Table 4-18Test results, Sl and IV at 50% conversion of kmat and at 50% conversion of linoleic for Cul0%i@ at 4
mg:atalys{ml_oil and 8 mgatalys{ml_oil

Linolenic ycis:3 50% Linoleic yc1s:2 50%

t (C18:0) (C18:1)| t C18:0) (C18:1)

Entry v Sl v Sl
(min) (%) (%) | (min) (%) (%)

Test 52| 165 109.2 0.26 1.5 69.0 - - - - -
Test 53| 152 108.9 0.17 1.8 69.3 - - - - -
Test54| 132 109.6 0.31 1.6 68.1 - - - - -
Test 55| 124 108.6 0.24 2.0 67.9 - - - - -
Test56| 95 109.2 0.45 3.0 69.7 122 8791 0.50 5.1 77.8
Test57| 96 110.3 0.41 2.8 69.9 114 85.46 0.58 4.7 77.2

For Cul0SIiQAE and CulOSigHP catalysts, the isomerization selectivity dutimg hydrogenation run
increases with temperature (test@Zest 39, test 38stest 40 Table 4.17 and test\2est 54, test 58stest
55 Table 4-18) and decreases with pressure (tesd @6t 38, test 39stest 40, test 4¢stest 42 Table 4-17
and test 5%stest 53, test Sdstest 55, test 5@stest 57 Table 4-18), but at the cost of a higmeownt of
stearic acid produced. It is also highlighted thatreactivity of the catalysts increases changhegoperative
parameters since the reaction time needed to réach of conversion of C18:3 (and 50 % C18:2 for
CulOSiQHP at 8 mgraysfmLoi) augments accordingly to the parameters’ decread®th temperature and

pressure.
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The SlI calculated values at the same conversidmaltenic acid show clearly that the HP synthesis
produced a more active catalyst with similar s@ldgt However, since the HP catalyst is more aatiit
produce for the same reaction time higher amoutraas isomers and stearic acid due to conversibGi 8:2

and C18:3 bringing to lower final selectivity.

4.3.3Sunflower oil tests

In addition, CulOSIieAE (see Table 2-2 test 47-49) and CulQ8iP (see Table 2-2 test 61-63) are

tested with sunflower oil.

77777 tet 47 4 bar 180 °C 4 mg/mL===test 48 12 bar 180 °C 4 mg/ #7777 test 61 4 bar 180 °C 4 mg/mL== test 62 12 bar 180 °C 4 mg/
; est 49 4 bar 200 °C 4 mg/mL : est 63 4 bar 200 °C 4 mg/mL
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Figure 4-21 Total stearate, total trans, C18:2 aB#i8:3 conversion, after 6h with Cul0SIiO2AE (left) @l 0SiO2AE (right) at 4
M@atalys!MLoil: in order test on the right-hand side test 47t %8 and test 49, and on the left-hand side téstést 62 and test 63
respectively

In Figure 4-21the attained results are in line with sunfloweradabtained with the Lindlar catalyst
(84.1) and with the results obtained with coppdalgats when the amount of linolenic acid reachés (n
reality the behaviour of the catalyst when onlyl@ic acid is present is already visible when Ci8:Below
1%) in section 84.3.2. In details:

e The CulOSiGHP HP exhibits a slightly higher linoleic conversithan the CulOSKAE at a
comparable degree of hydrogenation (i.e. 43.3%mofdic conversion on Cul0OSH#®E versus 50.2%
on CulOSiGHP at 6 h of reaction time, 180 °C and 4 bar ),shlectivity towards the trans isomers
is higher for Cu10SigHP.

» The Sl selectivity is higher for Cul0SiBP, the elaidic acid content is not so differestyeported
in Figure 4-21 for 180 °C and 4 bar, but higherteahof C18:2 isomers are produced for CulQ8E

catalyst. This could be related to the formatiorafjugated diene as reported for the mechanism of
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reaction [108], on reduced copper catalysts whHerdnydrogenation of polyunsaturated oils proceeds
through conjugation of the methylene interruptedide bonds, in turn caused by hydrogen abstraction
and sequent hydrogen addiction (Horiuti Polanij haegsm [108]). Therefore, the hydrogenation
observed for oils with high linolenic content likenflower oil is much faster [111]. Furthermore,
Dijkstra [96] suggested that the higher contentirahs isomers observed are linked not to the
isomerization of cis-monoenes but to the conjugatieaction. Taking into account the literature
interpretation of hydrogenation data, CulO0$i® catalyst is more active towards the reduction of
conjugated double bonds, at least when a low anafuirtolenic acid is present. The higher activity
could be related to the different oxidation on tiaalyst surface, but in the literature there ae n
further data which support this hypothesis andweatalg the post reaction oxidation surface staus i
almost impossible since the solvent used durinchimgssteps of the catalyst (in order to remove oll
before characterization) becomes trapped insidedtadyst and the application of vacuum (BET, XPS
or TEM-SEM low or high vacuum) release the solwisking to ruin the apparatus.

S.e results for all sunflowers tests are higher thanrapeseed case, reaching\&lues higher than
1000, closer to the hypothetical infinite seledtiviound by Koritala [155,157] than the selectiegi

values of the two catalysts when the reaction mmadiwas rapeseed oil.

4.3.4Bimetallic catalysts

The bimetallic catalysts were tested at 180 °C udd®ar and 4 mgeaysimLoi with sunflower oil and the

duration of each test was set at 6 hours.

In Figure 4-22 the conversion of linoleic acid dhd maximum concentration of C18:1 are presented

and in Figure 4-23 total stearic acid and tranmis formed during the reaction are provided. Hsellts

are provided for bimetallic catalysts and monontietahes.
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Figure 4-22 C18:2 conversion and maximum C18:1 redapercentage achieved during hydrogenations airi80 °C and 4 bar
pressure with sunflower oil and 4 mgys{mLoi catalyst concentration, data are reported at whesmaximum C18:1 is reached for
mono- and bimetallic catalysts (see Table2-2)

The conversion data give an overview of the agtioftthe catalysts. Figure 4-22 indicates that:

» Catalysts containing 1% Pd, Pd1$AE and Pd1SieHP, are largely more active than the other
catalysts;

» Copper-palladium catalysts show an interesting/aigtialthough lower to both monometallic copper
and palladium catalysts; probably this worst béahanis related to to the CuPd phases formed during
the synthesis in the reduction step;

» CulONi5SIQAE reaches C18:2 conversions of 92.5%. The actioftyhis catalyst is practically
comparable (see Figure 4-22), to the results obtamith Ni5SIQAE, 93.4% conversion of C18:2 ,
and it is superior to that achieved with Cul0®ib of 42.7%, therefore the improving on the acivit
should be ascribed to Ni active phase (see Figi22)4lt is interesting to noticed that the sebatti
of CulONi5SIQAE, represented in Figure 4-23, are better thamtbeometallic Ni5SIQAE since

lower relative percentages of trans isomers aratate are produced,
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* As far as it is concerned bimetallic CulONi53H#P catalyst (test 64), the result underlines lower
conversion and this also happens for the correspgrdi monometallic catalyst, Ni5SYEIP (test
68). As already shown in 83.3.5.1, the Ni catalpsépared with the HP methods present the reduction
temperature at 450 °C, so probably the Ni HP catadynot completely reduced because the reduction
is carried out in a fixed bed in which the temparatis controlled externally by the furnace
thermocouple. In this case possibly the temperataehed by the furnace (485 °C on the furnace
wall, checked with external thermocouple on thetdébe reaction wall 475 °C in the bed zone) is not
high enough to allow the complete Ni reductiorh@ligh the reduction temperature of this Ni catalys
was already near 450 °C in the u-shaped bed reastor for TPR measures;

* By comparing the bimetallic catalysts regardingo iwwestigated synthesis methods, on the contrary
of the monometallic copper where HP method presethie best performances, when a second metal
is introduced AE synthesis seems to produce maieeazatalysts. For Ni catalyst it is probably letk
to the higher temperature reduction of HP as almmaeribed. On the other hand, for palladium
catalysts it is more complicated to understand thig/happens, in fact, it was observed that the ICP
AES content of AE is lower than HP, and the sardaced CuPd are formed as shown in XRD spectra
of these materials, 83.3. However, XPS spectradificed catalysts pointed out that the ratio between
Cu' and Cd is different for the two syntheses, probably HRtkgsis producing more interactions
between Cu and Pd as shown previously in Chapteee83.3.1 for ICP-AES results and 83.3.6 for
XPS results).

It was not possible to conclude all the tests siwith Pd1SiQAE, Pd1SiQHP and Ni5SIiQAE
monometallic catalysts, it happens that the samgplalve was clogged before the end of tests beaause
almost solid product was obtained from the hydragjen (high content of stearic and trans isomers).

In Figure 4-23 the results for the selectivitiewaods stearic acid formation, indicated as toedistte
formed, and the total content of trans isomerseperted. These data are important to make a cosopar
of the obtained results at the same degree of e¢siove It is chosen 25% conversion of C18:2, inlega
to Pd/HT results and because this conversion i@stimeached by all the catalysts studied (excapt fo

Ni5SiOHP see Figure 4-23).
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Figure 4-23 Total stearate and total trans produetdhe maximum C18:1 for mono and bimetallic catistest 36, test 50 and

tests from 64 to 71 of Table 2-2)

Table 4-19 Selectivities at 25% conversion linoka, C18:0 and C18:1 content for test 36, tesabl tests form test 64 to test 71,
data for Ni5SiGHP are omitted since the conversion is below 15%

Linoleic Y c18:2 25% *

(C18:0) (C18:1)
Entry Sie t (min) v Sl
(%) (%)
Cul0SiQAE >100 137 2.50 127.1 0.85 47.00

CulOPd1SiQAE | 37.35 335 3.0 125.1 0.1 45.67

CulONi5SIiQAE 13.1 37 3.18 1242 031 46.04

Pd1SiQAE 4.5 52 4.0 1248 1.75 45.62
Ni5SIGAE 6.9 21 4.81 1247 0.25 43.64
CulOSiGHP >100 126 2.85 127.3 0.68 45.94

CulOPd1SieHP 36.5 376 5.20 125.7 0.26 45.60
CulONi5SiQHP 28.6 369 6.01 125.2 0.26 46.80

Pd1SiQHP 3.9 15 3.05 126.4 2 45.18

* Data are obtained from model results §2.3.5
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An interesting point for the monometallic palladiwatalysts is that the catalysts are very activarem
active than the Pd/HT or the Lindlar catalyst whielve higher Pd (2% from ICP-AES) content as measured
by ICP-AES. Between the two catalysts, PdL&i®shows the highest activity, reaching 25% conearafter
only 15 minutes of reaction, associated a paeraBid Sll. The obtained values for the linoleic sty
suggests a rapid growth of the oleic acid contéety converted in stearic acid. The trans seldégtinticates
that the catalyst promotes not only the converswmstearic acid of the oleic acid but also the sdaoy
reactions of isomerization. The trans isomers avieed equally in elaidic acid and trans isomeréiralenic
for both Pd1SIQAE and Pd1SieHP. This activity is probably linked to the goodpiersion of Pd active phase
on both catalysts.

Ni5SIiOAE and the bimetallic CulONISSH¥AE have analogous behaviours if confronted in ttared
conditions (180 °C and 4 bar with 4 mgys/mLo.i), the different reactivity, highlighted by the tyar time
required to reach the 25% linoleic conversion, 2dutestvs 37 minutes, is probably due to the copper which
lowers the activity of the nickel and modify thdesivity towards the stearic acid formation, butlees not
change significantly the trans selectivity (Tabl&9).

At last, the reactivity of the CulOPd1SAE and of CulOPd1SKBIP seems to be interesting. The
catalysts present utterly different behaviourshi® ¢orresponding monometallic ones. As already thaisle
catalysts are less active, although the CulOPdRE® is more active, reaching the target conversid@85
minutes of reaction and the HP in slightly morentl30 minutes. Comparing the results, it seemstheat
catalysts behave rather like copper catalyst tiadlagium (longer reaction time, similar conversiansl better
trans selectivities to Cu monometallic catalyséd)hough the catalysts presented worgf Bith respect to
monometallic copper ones, they give the best resmftong the bimetallic materials synthesized. Betwhe
Cu/Pd catalysts, CulOPd1SAE also has the best selectivity towards trans esnwhich relative percentage
of elaidic acid is near zero and so all the transners are due to the isomerization of the diene.

As already mentioned, the operative parametershaag a strong influence over the reactivity of the
catalyst during hydrogenation, and so it was detidetest the most promising bimetallic catalystem
different reaction conditions. Since Cul0PdL®iP shown the best selectivity it was the catalysisen for
the last campaign of tests. Table 2-2 reports dmelitions of the tests from test 72 to test 7%articular, it

was established to test the catalyst at high teatyer over 200 °C (240 °C, temperature compatilidle tve
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limit decomposition temperature of the sunflowé2&5 °C as the producer labelled on the produstesthe
catalyst seems to have activity related to coppkich (as already described in the section 84.8dadted
to sunflower hydrogenation with Cu) is less actiwwards the hydrogenation of dienes.

First, three tests at 120 °C were carried out andamversion of C18:2 linoleic acid was found afier
hours of reaction. These tests have been takerfaemnce for the next ones at 180 °C, 240 °C, and a
intermediate temperature of 200 °C; the pressutkeotests was varied between 4 and 20 bar.

At 180°C,the pressure growth from 4 to 20 bar dustshave a significant effect on conversion which
essentially remains the same; The selectivitiga&d Sl also are constant, at 37.5 (37.4 at 2Q$H3ar.5 at
4 bar) and 0.11 (calculated at 25% conversion & 2)]1respectively. The intermediate point at 20Quhder
12 bar of H does not point out different behaviour than th@ 48 tests (test 75 and test 76), the selectivities
are analogues with a linoleic selectivity of 35m1 &Il of 0.19 (always at 25% conversion of C18:2).

The temperature increase gives a crucial boostaaonversion of the CulOPd1SKE which after 3
hours reaches almost complete hydrogenation tiallienes (see Figure 4-24 and Figure 4-25 )atsudthe
effect of pressure becomes visible. As for thegquesby ranging its value from 4 bar to 20 bar fanmation

of trans isomers after 2 hours is almost reducexto and consequently the stearic content is asee:
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Figure 4-24Hydrogenation results at 240 °C and 20 bar with 44mg{mLoi of Cul0SIiQAE (test 78)
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Figure 4-25Hydrogenation results at 240 °C and 4 bar with 44ags{mLoi of Cul0SIQAE (test 77)

During the reaction a noteworthy thing happensgctient of oleic acid remains the same during the
reaction or varies slightly at higher pressure, thiecelaidic acid also follows well the trend ofiglacid when
formed. On the contrary, the stearic acid is forroaastantly during the hydrogenation and not ornthemthe
oleic acid start to react. Therefore, from theseds the catalyst follows a pathway slightly difer which
allows us to formulate the hypothesis is the dihbgairogenation of linoleic acid to stearic acidagidition to
the standard way described in chapter §1.7 and5$213is probably due to the temperature at whtah
reaction is carried out; in fact, at this tempemtit seems evident that the CuPd, or the Pdérisithecomes
active. There is probably a synergic effect betwisenCu and the Pd at 240 °C, multiple double baraofs
react at the same time on the catalyst surface.

The selectivities are quite different from the #st80 °C and 4 bar (test 72) (Table 4-19), witheuals
of 9.2 at 4 bar and 2.2 at 20 bar and SlII rangetgveen 2.9-3.0: this means the catalyst is no rselextive
in the conditions of test 75 and test 76.

The comparison between the tests at 180 °C and°@0@ith the tests at 240 °C suggests that an
intermediate condition in which the conversion dB@ are quite high during the 6 hours tests cafoined,

but probably the catalyst would begin to losed@lity in a narrow range of temperature.

4.4Conclusions

As far as Lindlar catalyst is concerned, the maatires are:
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It is active at 180 °C with high formation of C1§Hboth elaidic and oleic) and low formation of stea
acid (less than 10% at the maximum C18:1 relataregntage);

The catalyst loses its selectivity at high presglifebar) and high temperature (180 °C).

Compared to other palladium catalysts in the liteey the Lindlar catalyst is more selective tovgard
the formation of trans isomers and stearic acitkast in the tested conditions;

The activity of the catalyst was tested in cyaéists, and although it decreases by every cycla, avit
catalyst make-up it is probably reusable over mldttycles. The mechanism of deactivation of the
catalyst must be ascribed to a poisoning linketiéonatural poisons found in vegetable oils ortdue
a loss of catalyst between one cycle and the ssigegs

The versatility of the application was tested vaitimflower oil, and although the Lindlar showed good
activity in 6 hours of the tests, it had quite veoslectivity; it can be related to the differezdation

velocity of linolenic and linoleic acid reactionea

A synthetized Pd/HT catalyst was tested under ¢mmdi similar of the Lindlar catalyst test campasg

the Pd/HT shown different features:

Pd/HT had lower activity than Lindlar catalyst, ¢@m reaction times were required to obtain the same
degree of hydrogenation (IV or conversion of C1&2high temperature;

At 120 °C the catalyst presents a good combinatfdioth activity and cis/trans selectivity;

For this catalyst cyclical tests were also invesd and, unlike Lindlar, during the first repeatests,

the catalyst underwent an activation mechanismaiiybrelated to a change in the structure of the
hydrotalcites as also found by XRD characterizatinduced by the combined effect of temperature
and pressure, or to an activation of the palladsumiace. Post-test characterization does not peovid

a definitive statement about the real mechanisrterAhe first test, the catalyst is deactivatedenor

quickly than the Lindlar;

Another family of catalyst-containing Cu on Si®upport was studied, and two different materials’

syntheses were investigated: the AE (Ammonia Eatfmor) and the HP (Hydrolysis Precipitation) method

Between the two syntheses, the HP synthesis gaveettt results both in activity and in selectivibder all

tested operating conditions, due to more metallipf@sent. Main features of these materials are:
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Compared to Lindlar catalyst, in all tested cowaii, an overall lower conversion, better cis/trans
selectivity and higher linoleic selectivity weretalmed, due to different reaction mechanisms;

The effect of temperature was important in bothlsgsized families, and a slightly higher tempematur

than 180 °C was required to increase the catalgtbtity. However, the pressure effect was not
extremely relevant, at least for HP catalyst. Thékes possible to work at lower pressure (4 bat) an
still obtain conversion of linoleic higher than 75%

The conversion reached high values (up to 90% fi@:&and 80% for C18:2) when the amount of
catalyst was increased, the required reaction tionearry out the tests were compatible with

hydrogenation time of industries processes [260];

The maximum observed amount of t-C18:1 was at ZD0rfder 12 bar of purezHind it was about

23% of relative percentage.

At last, the bimetallic and the corresponding moatatlic catalysts were tested, but the desireccamse

in activity was not obtained. The main results barsummarised as:

Both Pd1SIiQAE and Pd1SieHP were largely more active than Pd/HT and Lindkaalyst, at the
cost of worse selectivities. Hydrogenation ratebnafleic and oleic acid were very close, givingeri

to large amount of both elaidic and stearic acid,;

Ni5SiO,AE was subject to the same problems of PdiSEDbowever after the reaction lesser amount
of trans isomers was found, but greater amounttearg acid. The bi-metallic Cu-Ni had
characteristics similar to the monometallic ones;

Ni and Cu-Ni catalysts, synthesized via HP metivede not active, probably due to not complete
reduction in the fixed bed reactor;

Eventually, Cu-/Pd catalysts produced conversionget than the Pd and Cu ones; nevertheless,
CulOPd1SI@AE had a good selectivity to cis/trans isomersiamas tested in a wider experimental
campaign. The results of the campaign highlighted the catalyst had similar characteristics at 180
°C and 200 °C, but the increase in temperature 2d® °C led to a change in the catalyst mechanism,
producing large amount of stearic acid and elaadid in a short time reaction, losing the selettivi

recorded at 180 °C and 4 bar.
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Two catalysts shown the best performances for #talytic hydrogenation of vegetable oils: Lindlar
catalyst and Cul0S#BIP. The best operative conditions for Lindlar cagaln terms of selectivity are 180 °C
under 4 bar with 4 mgaysimLoi the reaction carried out for 1h or the reactio arwith 1 megataysfmLoi; for
CulOSiQHP the operative conditions individuated are 200 &@ 4 bar with 8 mgaysfmLoi the
hydrogenation run length of 3 h.

It was chosen the Cul0SiEP to study an industrial solution since the palladis more expensive and
is price is growing for the effect of commoditiggesulation that the market of this metals has ladfatted
as shown in Figure 4-26. Also if it is a “bubblelue to speculation) as some experts suggest shibre and

long term this metals (and also all the productsiokd) experienced a high price volatility.

|| Price of palladium

100000

80000 -

60000 -

$/kg

40000 ~

20000

0 y | ' T ' T ' | ' |
N P [\ X I\
QN N N Y N
631 q(v Q’ Q‘b’ ,\6’
A

Figure 4-26 Price of palladium $/kg in the last3€ars (from 1977 to 2019) [285]
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Chapter 5

Industrial application

This chapter reports a short introduction on thestnmommon implemented technology of hydrogenation
of fatty acids and fats, the methodology of theigtidial work carried out at NextChem (ex Procegsidvativi
S.r.l.), the design of a semicontinuos plant, dreléconomics of the case studied. This versioneofiiesis

part of the work is omitted since copyright owngrsf NextChem.

5.1.0verview of industrial hydrogenation reactors

The core of a hydrogenation plant is the hydrogenatactor. In section §5.1.1.“Batch vs contindpus
it will be discussed the different kinds of reastased to carry out this reaction discussing thamtages and

the constrains of batch or continuously operatedtoes.

5.1.1.Batch vs continuous

As already reported in 8Chapter 1, hydrogenatioregetable oils is a long-time exploited react®imce

1911 when Procter & Gamble started exploiting tagepted process by Normann [91]. Although, vegetabl
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oils hydrogenation has a very long history, natnsmy changes to the basic process were achievedListrial
applications.

In the industrial practice, this reaction is catraut both in batch and continuous reactors. Howehe
majority of the hydrogenation plants, as in caseahplete hydrogenation (final IV < 0.5) as for tjzr
hydrogenation plants (60 < IV < 85), are commonlyitin batch configuration. This is due to a sera
operative advantages of batch hydrogenation overemus one. In Table 5-2 and in Table 5-2 prak@mns

of both technologies are indicated.

Table 5-1 Pros and cons of batch vegetable oil bgdnation technologip2]

Batch hydrogenation process

Pros Cons

+Greater control in the final composition -Big rems
+Higher selectivity because more parameters| -No easy recovery of
controlled heat

+Flexibility of the feedstock used in the same| -Difficult mixing

plant
+Flexibility in the production -Smaller production
scale
Table 5-2 Pros and cons of continuous technolo@2k
Continuous hydrogenation process
Pros Cons
+Stable production with standardized product -Badking problems resulting in low
selectivity
+Smaller reactor units -Problems in the controlst@nging the

products specifications may result in a large

amount of off-grade products
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+Heat of reaction recovered for the heating of -The time to reach a stable product could be
the feed large

+More interesting for products where selectivityOff-grade products must be blended with fresh
and isomerization are less important oil (not always easy to do)

-Poor mixing (or contacting) between the oil and

the hydrogen throughout all the reactor

The main advantage of batch hydrogenation overrmeooiis hydrogenation consists in a greater control
over the reaction and so on the final product caitjom; better selectivity is achieved in batchctea units
and the flexibility switching the feedstock or theducts following the market demand is possibl@niyl
times batch hydrogenation plants consist of biggactor unit, where heat recovery for a pure batatot
always simple to achieve, consequently, the operand capital costs are greater than continupasation.

For continuous hydrogenation, two consideratiores iavolved: the possibility to readily obtain the
reaction conditions required for an optimal techhigpecification of the product, i.e. the seletyivf the
catalyst permits to obtain little formation of umvted products when the production is changed foeréod
of time. Secondly, there is the point of view oé throduction program of a particular product thaistrbe
sufficiently constant to afford economical unintgited operations from a reasonably consistent feeklsin
continuous operated hydrogenation plants changdowara product to another should not give rise targe
amount of intermediate, and this is not often thgeowith vegetable oil hydrogenation.

If these two highlighted conditions can be metntseveral advantages in operative cost reductpaces
reduction (reactor smaller than the batch count®rnd labour cost can be achieved [92]. Havaid this,
nevertheless the vast majority of vegetable oildrbgenation is carried out in batch reactors bath f
triglycerides and their derivatives, and little icetion is shown that this situation is about tarufe [92,267—
269]; this is mainly due to the greater flexibiliof this kind of industrial plants, whereas the tommus
hydrogenation, where selectivity is less criticalguite popular.

It exists another possibility to combine the bateactor unit, and so maintaining the high seletstiof

this process, with all the other equipment (heaharger, gas-liquid separation, etc.) operatedroomisly,

180



Industrial application

this allows having the best of the two technologéssily recovering the heat from the streams, tmgehe

operative costs of such application. This is pdeditilizing different holdup vessels.

5.1.2.Industrial hydrogenation processes

On the batch kind of reactors three main reacfoolbgies find common use in batch hydrogenation:

» Dead end reactor with mechanical mixing:a batch reactor with mechanical agitation which is
charged with oil, catalyst and which is fed wittdhygen following the reaction trend [92];

+ EKATO blade mixing reactor: similar to the previous typology of reactors isl@aspecial impeller
blade; this kind of blades have many shapes ané sha feature of a cave throughout the hydrogen
is distributed [270]. This highly improves the dmasfid mixing. Desmet-Ballestra sells a
hydrogenation process under the name of Hydroth¢2# @

* Loop reactor: a particular family of reactors vessel in which #uggtation is made up of a high-
performance gas/liquid ejector to achieve high nrassfer rates; between the three kinds of reactor
this one has the best mass transfer per poweicangumed with low energy consumption and not
special sealings are required concerning mechaaggttion.

Over the years many continuous applications weveldped, but in many cases, they are just utiliped
produce low selective products as shortenings (LRirgcess). In this case, the reactors are of colypes
with multiple hydrogen ingress points at differttels in the column to assure the good mixinghefdlurry
and high contact of the three phases. Also Pr&ct@amble developed one of this application butube was

limited to one product [260].

5.2Case of study

The industrial application studied with the indigtpartner of the project, Processi Innovativi, 8ras
developed from the results for the Cul0$i® catalyst. In particular, the tests 52 and 56&ctvigive the best
results in terms of activity of the catalyst antesgvity (see 8Appendix A) were considered. Teatvias
carried out at 200 °C under 4 bar of With 4 mgataysfmLoi and test 56 at 200 °C under 4 bar efddt with
8 M@aaysfMLoi. IN the end, it was chosen the test 56 becausesaloomplete conversion of both linolenic

and linoleic acid was achieved after 180 minuteststresults are presented in Figure 5-1.
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At 180 minutes and 240 minutes, the relative comtipos of C18 compounds (for trans elaidic
composition see 8Appendix A) is reported in Tabl®. 5ince the differences between the reactior8ét 1
minutes and at 240 minutes are negligible and ¢laeiation of reaction time comports an increasene t
productivity, it was decided to perform the hydmoggon plant design on the basis of three hours of

hydrogenation reaction.
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Figure 5-1 Hydrogenation results at 200 °C and 4 Wéth 8 mgataysfmLoi of Cul0Si@HP: on the right-hand side relative
percentage of C18 compounds vs time, on the lefi-b@le the conversions of linolenic and linolei@deand iodine value vs time

Table 5-3 Relative composition for C18:0 componahtee hydrogenation start of the reaction and ai80 and 240 minutes

Time (min. C18:( t-C18:1 C18:1] isc-C18:2 C18:z Ci18:c
0 13 0.0C 678 0.1 206 1G.3
18C 3.7 13t 90.2 2.6 22 09
24C 3.€ 17.] 921 2.C 1.2 0.&

The above information (Table 5-3 and Figure 5-X)mbined with the analysis of the saturated
components not involved in the reaction (C14:0,:G1€20:0 and C22:0), forms the basis of the malteri
balances developed for the industrial applicatinder consideration. In particular, the tests’ ressate used
to determine the mass composition of the vegetaEbénd the vegetable oil mass flow after reactiondition.

The hydrogenation plant designed is operated basehfer the reaction unit, although as described in
85.1.1 the semi-continuous process was taken ououmt since it allows to recover heat and to redhe

overall operative costs compared to pure batchdgairation, and so the remaining equipment of taetps
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operated continuously. Furthermore, in order toroap mass transfer, the loop reactor was chosessare
elevated mixing between the liquid and the gas @k&s.1.2) with low power consumption.

The hydrogenation process description of eachfofidws in 85.2.1; the layout of the process is not
reported in this text (copyrighted by NextChem) ibis based on a common hydrogenation procegsisn

case, it was adapted to the selective hydrogenati@anola oil with copper on silica catalyst.

5.2.1Process description

It can process both vegetable oils or their deikreat (obviously in the second case the mass batance
changes). The vegetable oil from storage is fatieéqglant under flow control conditions and is @ated up
to 160 °C recovering part of the heat from theueffit hydrogenated product .

The final reaction temperature is reached recitmgathe product inside a degasifier/tank in athea
exchanger. The oil exchanges heat with steam.

The charge is sent to the reactor batchwise atid aame time, the required quantity of catalystiied
with a prefixed amount of fresh oil, and fed ite reactor, kept under vacuum. The hydrogen tloavsf
into the reactor unit, its mass regulated by a nflags controller. The reactor is equipped with a&aial
catalyst/product hydrogen mixing system that allefiient mass transfer and hydrogen/oil contact.

The reaction temperature is controlled by heatmgling the product in an heat exchanger. This step
realized by circulating water from a steam drumthis way, the heat of hydrogenation is removategaing
low-pressure steam.

After the hydrogenation cycle is completed the patds discharged into a drop tank from which it is
continuously extracted and cooled in the heat regogxchanger.

Finally, the hydrogenated product is filtered thgbdilters to remove the catalyst from the hydmated

product.
5.2.2Plant size choice & Mass balances
The plant size for this application was of 2.4 temof vegetable oil or FAME or fatty acids, thisswa

chosen on the basis of a standard-size hydrogenario for complete hydrogenation which is of ardu®

tonnes for batch with a daily production of 100-%80Anes of hardened products. Since the produc¢hisn
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case, does not have a real counterpart among thredsnated fats market, the design was made basad o
pilot-short scale plant.

The hydrogenation reaction is carried out, as maetl above, for 3 hours of reaction; all the seaond
procedures of reaction charge/discharge and reatt@aning between one hydrogenation run and the
successive is hypothesized to take almost one Baythe hydrogenation cycle takes almost four sitmbe
completed.

The catalyst filtered could be recovered, usingdéia obtained by Ravasio et al. [1] and by Kaaitt
al. [156], and reused for almost 10 cycles witHosing activity.

In one 24 hours day, 6 hydrogenation runs can beptied and the production in a working day is of
14.4 tonnes of hydrogenated product. Also, a vgninthe system must be considered in order to vemo
possible unwanted gases accumulated inside vessels.

The mass balances expressed in kg/batch are régartBable 5-4, the mass flowrates for gases are
reported in NA The oil/FAME physical properties were taken fr@ahasrabudhe et al. [271]. In this
document not all the mass flows are reported bily: oregetable oil inlet in the system, vegetable oi
hydrogenated outlet from the reactor, and finatpm. All the other streams are omitted as wethasname

of the streams for copyright reasons.
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Table 5-4 Mass balances for process stream
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(kg/batch
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5.2.3Units designs

In the following sections (from §5.2.3.1 to 85.3.8) the design or the specification for each angt
reported.

For the materials used in the construction of thasies Austenitic Stainless Steel of 316 grade was
hypothesized, in calculations for vessel and hecttangers as well as pumps and other equipmentlidiee
of these alloys essentially eliminates the possibif iron and other metal contaminations whichyneéther
degrade the product or catalyze undesirable oxidand other side reactions. With certain exceptigrhas
been found that Type 304 stainless steel may be insatty chemical processing at temperaturesoub0

°C and Type 316 stainless steel for tanks and igedssigned for use above that temperature [273].

5.2.3.1. Hydrogenation reactor

The loop reactor was designed following the indarabf PED directive of EU [274] and the ASME rules
for pressure vessel and boilers design [275,278f fleactor is substantially a cylindrical vessethwi
ellipsoidal 2:1 heads, the Height/Diameter (H/Djaas related to the value of a similarly shapedator
designed for the complete hydrogenation of vegetalts.

The thickness valuesfor the cylindrical mantle and for the elliptida¢ads are given in

. P *ID _
PP FtP Equation 5-1

P*ID )
Equation 5-2

t=2*z*f—0.5P
Wherez is the weld joint efficiencyf is maximum allowable stresif) the internal diameter, ariRithe
design pressure. Also, the corrosion allowanceasasidered for the wall thickness, and it was chaspial
to 1 mm. In first approximation, the same valuedgindrical wall thickness and for the heads thieks was
used. In order to be in conservative conditionsstfety reasons the temperature is taken abovwe#otion
temperature and the pressure is taken 10 bar.

In Table 5-5 the data for the reactor unit aretist
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Table 5-5 R-1 designed characteristics

P T Volume H
Height Diameter t Volume Weight
Name design design liquid liquid
(mm)  (mm) (mm) (md) (kg)
(bar)  (°C) (md) (mm)
Reactor 5252 955 7 10 250 4.02 1107.223.02 4026

For the jet-mixer inside the reactor some spedifica are given to the producer who will designfthal

object. These specifications are reported in Takgdesign pressure and temperature are equs teactor

unit R-1):
Table 5-6 J-1 specification for the jet mixer produ
Specific Catalyst
Viscosity Operating P Operating T
Name Weight concentration
(cP) (bar) (°C)
(kg/ms) (gcatalyst/ml-oil)
Jet mixer 806 [271] 10-12 [271] 8 4 200

At last for the recirculating pump (P-1) specifioat of flowrate, pump power required and NPSH
available are shown in Table 5-7:

Table 5-7 Pump specification

Name Flowrate Pump power NPSH available
(m3/h) (kW) (m)
P-1 15 3.5 100

5.2.3.2. Catalyst charge vessel

A vessel is used to prepare the catalyst charged@ introduction in the reactor. In standarthptete
hydrogenation, the catalyst is mixed with hydrogedaroduct and then sent to the reactor; the elfoicthis
chemical plant is different and the catalyst is edixvith fresh oil, the mixer has the purpose opsus the

catalyst in the oil and facilitating the pumpingtie reactor.
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The vessel is maintained under vacuum in orderdugmt air contact with the oil and the cataly$te T

design of this vessel followed the indication fessel subjected to external pressure found in Bi2 fales

[275].
Table 5-8 Catalyst charge preparation vessel
T Liquid Liquid
Height Diameter H/D t Volume Weight
Name design volume height
(mm)  (mm) ratio (mm) (m3) (kg)
4 (md) (mm)
950 475 2 4 100 0.19 58.66 0.012 515

For this application, to perform the agitation anstardised mechanical stirrer, pitched-blade, le@s b
considered [277]. The power required to mix catadysl the oil was evaluated with the definitionpofver
number P) Equation 5-3:

P=kxpxn3D> Equation 5-3
where k is the constant relative to the specifipetter (1.37 for the pitched-blade)is the density of the fluid,
n is the rotation velocity of the impeller in rpormdiD is the diameter of the impeller in this case veken
0.5 ID of the vessel. The required calculated pomes 0.12 kW, assuming 80% efficiency of the matue,
required power is 0.15 kW.

It is essential to highlight that for all the vesagnder vacuum the thickness was in first atterafutulated
without considering the introduction of the so-edlistiffening ring. The stiffening rings are almaditthe
times used in vacuum operation happens becausehwethse of stiffening rings with different geonnesr
(welded completely or not on the mantle of a vgssed possible to reduce the thickness of the aradl so
reduce the cost of the unit. Although, at this peirthe design of the hydrogenation processunisecessary
to enter in a so advanced design, and the evahsatitade are conservative for a point of view ofdbst of

the vessel.

5.2.3.3. Hold-up vessel

The hold up vessel/degasifier purpose is to elitgimaoisture and air trapped inside the oil; the imi
operated under a vacuum.
The amount of water inside the oil is taken eqoad.6% of the mass of oil from literature data: on

bleached oils, oxygen content from [58] is 200.g{kdoi. The amount of gas to separate from the oil is
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equal to 4.03 kg/h of mixed oxygen and water, batdir re-entered from the sealing must also bsidered
using the empirical equation commonly [278]:

F =k+V/s Equation 5-4
whereF is the flow of re-entered air inside the vessekilngrammes per houk is a constant equal to 0.8
(value come from the sealing used for the vacuwgsgure 100 mbar), aivds the volume of the unit. Equation
5-4 comes from practical experience of industredigner, and the results are just a conservattimatfon
of the real quantity. The re-entered air insidevidgsel is estimated to be 2.33kg/h. The total flem the oil
is 6.36 kg/h at 200 °C and 100 mbar.

Vapor Liquid separators are one of the most comiyyoes of process equipment. Vapor liquid separation

occurs in three stages:

» The first stage: primary separation uses an inletrter so that momentum of the liquid entrained in
the vapor/gas causes the largest droplets to ireginghe diverter and then drop by gravity;

* The next phase: secondary separation is gravitgragpn of smaller droplets as the vapor flows
through the disengagement area;

» The final stage is mist elimination, where the dasaldroplets are formed which will separate by
gravity.

For maximum allowable gas/vapor velocity) (it was used the Sounders-Brown equation[279]:

PL—Pyv
Py

V=K =x Equation 5-5

wherepy andp, are the density of the vapor and of the liquidpestively anK at pressure of 0 bar is 0.107
m/s, and so the vapor velocity in the studied coonlis 8.74 m/s.

From the velocity the minimum internal diametecadculated, the vessel is also the holdup vessetde
the reactor. The vessel thickness was calculatéalviog the rules for the design of pressure suljgdo

external pressure (pressure inside 100 mbarRE®. rules [275].

189



Chapter 5

Table 5-9 Design of separator/hold-up vessel

Height  Diameter t T design  Volume Weight
Name H/D ratio

(mm) (mm) (mm) (°C) (md (kg)
Hold up 950 475 3 9 250 5.62 1371.11

vessel

The different levels inside the degasifier wereed®eined following information reported by the Gas

Processors Suppliers Association (GPSA) in theiigeging Data Book [280], see Figure 5-2 and Takl@:5

With Without

rrrrr

Mist Eliminator Mist Eliminator
h7 & Y
v
he — [
D
h5 > h5
\ 4 Y
h4 | ha
h3 h3
\ 4 \ 4
—1-
h2 h2
I A vy
hi __ | )

- ot

Figure 5-2 Gas-Liquid separator height with demistéminator and without demister

Table 5-10 Liquid separator with levelsi(HL.L) low-level liquid, H(HH) hold up, H3(HS) surge gasattiin)inlet height, H(Hois)
disengage height, Hwist) demister height, HHrop) from demister to top.

Hiot Hi=H.u H>=HH Hs=Hs H4a=Hn Hs=Hpis He=Hmst H7=HTop
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
3900 150 2000 200 600 500 150 300
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5.2.3.4. Filters

The F-1 unit, represented HErrore. L'origine riferimento non e stata trovata., consists of two so-
called Cricketfilter® [279], filters commonly usedfiltration of vegetable oils, since the commaonadl size
of the catalyst commonly used. This kind of filteeguired a short time of regeneration undgathosphere,
and have higher filtration areas per volume offilti@tion equipment due to the shape of the filter

This unit is bought from the manufacturer, the lgatacake is removed by pulsing nitrogen backward (

2 pulses). Some specifications for the manufactarer

Table 5-11 Cricket filters specifications

Design Pressure Max oil contentin

Name Feed Nitrogen pressure
(bar) catalyst

F-1 9 Oil+8mgataysfmLoii  20%wmw 6 barg

Nitrogen is also used for the cleaning and dryihthe filter in between each filtration. Buffer taof

nitrogen and the nitrogen heater are also bought the apparatus manufacturer.

5.2.3.5. Vacuum system

The vacuum system maintains all the necessaryatid®0 mbar, in order to remove gas and vapors. ilt
was decided to use a vacuum pump of liquid ring pugpe. The fluid that should be evacuated are

summarized in Table 5-12:

Table 5-12 Gas flowrate to be evacuated in PV-1

Flowrate
Fluid

(kg/h)
Oxygen 0.48
Water 3.15

Unreacted Hydrogen Negligible
Air inlets 2.47

Total 6.10
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The specifications for the manufacturer of the pargpfound in Table 5-14, the specifications comes

from the plant parameters:

Table 5-13 Flowrate description of vacuum system

Normal Design Suction Discharge Suction
Name Flowrate Flowrate Pressure Pressure Temperature

(kg/h) (kg/h) (mbar) (mbar) (°C)

6.10 8.35 60 200 100

5.2.3.6. Heat exchangers

The heat exchangers Errore. L'origine riferimento non é stata trovata. were designed and rated
using the package utility CC-Therm of the softw@ieemCAD in combination with the standards of the
tubular exchanger manufacturers Association [28he four heat exchangers are all of tubes and shell
typology (T&S):Bonnet one pas shell with fixed tsheets (BEM) configuration (see Figure 5-3) for
accessibility of the heat exchanger in case ofifigul

Heat Exchanger reoval of reaction heat

This heat exchanger is designed to maintain throuigtme reaction the reactor at 200 °C; to evaltise
heat duty to eliminate, it was used the iodine @alitend. It was used the empiric correlation foimnidst et
al. [92] and of common use in the hydrogenatiomezfetable oils: for a drop of IV equal to 1 therease in
temperature is equal to 1.5 °C. From this dataguBigure 5-1 results for IV the heat produced dytime
reaction was calculated to 30935 kcal/h.

The steam produced is at low-pressure 4 bar at@4Superheated steam).

The heat exchanger was then designed on thesesydéihgeresults for the heat exchanger are in Table
5-14:

Table 5-14 Design details for heat exchanger fact®n heat removal

Name

Q (kw) 35.97
U (W/m?K) 196.38
A (m?) 15
Over design 25%
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Low-pressure steam 10 kg/batch
Exchanger Type BEM

Exchanger orientation Vertical

Shell size (mm) 150

Shell in series 1

Number of tubes 19

Tube length (mm) 2000

Number of tubes passing | 2

Material AISI AS240-Gr316

Heat Exchanger maintain reaction temperature

This heat exchanger is designed to bring the ofbupe reaction temperature of 200 °C, and to taain
this temperature at 200 °C when D-3 is filling lref@ hydrogenation cycle. This operation is madé wi
medium pressure steam at 17 bar (around 205 °€)hélating of the oil is made with the latent hefat o

evaporation of the steam.

Table 5-15 Design details fo heat exchanger

Name

Q (kw) 108.46
U (W/mZ?K) 414.23
A (m?) 7.29
Over design 25%
Medium pressure steam used | 50 kg/h
Exchanger Type BEM
Exchanger orientation Vertical
Shell size (mm) 150
Shell in series 3
Baffles 7
Number of tubes 15
Tube length (mm) 2500
Number of tubes passing 4
Material AISI AS240-Gr316
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Stationary Head Types

Shell Types

Rear Head Types

One-Pass Shell

Fixed Tube Sheet
Like "A" Stationary Head

=

Two-Pass Shell
with Longitudinal Baffle

Fixed Tube Sheet
Like "B" Stationary Head

Integral With Tubesheet
Removable Cover

Fixed Tube Sheet
Like "C" Stationary Head

B

=

Outside Packed Floating Head

Channel Integral With Tubesheet
and Removable Cover

Divided Flow

Special High-Pressure Closures

T T

Kettle-Type Reboiler

Pull-Through Floating Head

1

Cross Flow

U-Tube Bundle

Externally Sealed
Floating Tubesheet

Figure 5-3 TEMA representation as in TEMA standda$d]

Heat Recovery and cooling

A first heat exchanger is the heat recovery unéxchanges heat between the fresh oil aliment&&0n
°C) and the hydrogenated product (200 °C), it ergka in both shell and tubes the sensible he&edit as
highlighted in the global coefficient of heat tréersU that in comparison to all the other casdswser (due
to the properties of the oil). In order to perfdims operation, it was required to design many @ges on the

tubes side and more than one shell were carefalligded to be in series.
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The last heat exchanger is a cooler: the purpogelising down the temperature from 95 °C to 50 °C,

cooling water was used as service fluid at 30 R€ design results are indicated in Table 5-16.

Table 5-16 Design details for heat recovery excleang

Name

Q (kw) 63.55
U (W/m?K) 109.05
A (m?) 5.06
Over design 25%
Cooling water 0.5 n/h
Exchanger Type BEM
Exchanger orientation Vertical
Shell size (mm) 175
Shell in series 2
Number of tubes 18
Tube length (mm) 2500
Number of tubes passing | 1
Material AlISI AS240-Gr316
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5.2.3.7. Pumps systems

All the pumps can be of centrifugal types, andrtigevalence, flowrate and power pump are reported

in Table 5-19:
Table 5-17 Liquid pumps specifications

Name Flowrate Pump power NPSH available

(m3/h) (kW) (m)
P-1 15.2 3.54 100
P-2 1.09 0.52 23
P-3A 6.05 1.82 45
P-3B 1.23 1.06 33
P-4 0.89 1.12 28
P-5 15.1 2.87 100
P-6 1.09 1.02 25
P-7 0.12 - 35

5.2.4Economic evaluation

With the help of NextChem - Processi InnovativiZP8&xpertise on chemical plant design, estimations
of the CAPEX costs, OPEX costs, and COP for thégded plant were realized. The reliability of such
evaluation is normally affected by an error80% and it is necessary to study in deep some ts{sch as
insulation, thickness, cladding, etc.) in the latevelopment of industrial design.

At this point, in the design a reliable estimatemuld be carried out.

5.2.4.1. CAPEX evaluation

CAPEX estimation of vessels was made on the basihecuros per kilogrammes of stainless steel AISI
SA-240-Gr.316. The cost of this material is abdu€lkg [282]. For mechanical agitator cost for Bsid D-
6 the Timmerhaus [283] estimation rules and amnriiretedatabase were used [284].

The cost of the vessels is then calculated, reatdtgiven in Table 5-18:

Table 5-18 Reactor and vessels cost

Name Weight (kg) Cost (€)
Reactor 1107.22 25000
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Cat. mixer 58.66 10000
Buffer vessel - 10000
Hold-up vessel 1371.11 22000
Drop tank - 15000
Other vessel 328.63 12000
Other vessel 1076.6 20000
Total 114000 €

The cost of S&T heat exchangers is related to tisé per square metres of exchange surface; folpwin
Table 5-19 provided by the industrial partner ip@ssible to calculate the cost for heat exchakgebde

5-201)[282]:

Table 5-19 Cost per exchange surface area for S&at bxchanger

Exchanger area Exchanger area cost
5-20 nt 2500 €/m
20-25 nt 1800 €/nd
25-50 nt 1000 €/m

Table 5-20 Heat Exchangers cost

Name Exchange Area ()  Cost (€)

Reactor 15 37500

Other 7.9 20000

Cooler 5 12500

Heat 314 32000

recovery

Tot 102000 €

*cost of the impeller estimated with Timmerhausretations
[283]

The cost of the filters, the jet mixer, the vacusystem and for the pumps is reported in Table;5-23
the cost of the recirculation pump is much highemtthe other pumps because this pump requirescasp

anti-explosion double sealing since hydrogen isrieitie system through this pump.

Table 5-21 Other equipment costs

Name Cost (€)
Filters 55000
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Jet mixer 15000
Vacuum 20000
P-1 20000
pP-2 5000
P-3A 7000
P-3B 5000
P-4 5000
P-5 7000
P-6 5000
pP-7 5000
Tot 149000 €

The total direct costs for the equipment is 36590the cost of the investment is evaluated with th
methods present in Timmerhaus et al. [283]. Inipaler, all the other indirect costs are expresasda

percentage of the equipment cost (Table 5-24).

Table 5-22 Total investment costs distributiondiwing Timmerhaus rulg283]

Investment cost €

Equipment cost (EC) 365000 €

Installation cost 36500 € 10% EC
Piping, Instruments and controls 73000 € 20% EC
Electric system 18250 € 5% EC

Total direct costs TDC 495000 €

Engineering, supervision, site 49000 10% TDC
Construction expenses 24750 5% TDC
Total costs direct + indirect 570000 €

Contractor’s fee 68500 12% TDC+TIC
Contyngencies 28500 5% TDC+TIC
Working Capital (Total Investment) 667000 €

5.2.4.2. OPEX estimation

In order to estimate the operative costs due tedmsummation of utilities some data are reported:
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Table 5-23 Costs of utilities

Utility Cost m.u.
Electricity 0.054 €/kWh
Vapor 0.02 €/kg
Hydrogen trough electrolysis 4 €/kg
Catalyst 50 €/kg
Cooling water 0.03 €/

To calculate labor cost the number of operatorsired was estimated considering 2 operators foryeve
work shift of 8 hours, for 245 shifts/operator/yead a 300 working days/year, 3 shifts/day. Esiimgathat
each operator will receive a salary of 2200 €/ mdoiti2 months/year, the cost of labour is evaldiaterable

5-24.

Table 5-24 Labor cost in one year

Labor Cost Cost m.u.
Labor 200000  €lyear
Labor costs per ton produced 55 €/ton

On the same yearly basis the cost of raw matesiatsestimated [282] and equal to:

Table 5-25 Raw materials costs

Raw material Cost m.u.

Canola oll 650 €/ton

The costs of utilities per ton of hydrogenatedpodduced are:

Table 5-26 Product costs

Product costs Cost m.u.

Electricity 1.62 €/tORoduct
Vapor 2 €/t0Broduct
Hydrogen trough electrolysis 30 €/t8uct
Catalyst 100 €tqhbduct
Cooling water 0.09 €MQRduct
Total 150 €/t0Mproduct

It is worth noticing that the production costs iable 5-26 are conservative values, and the totalymt

cost is 850 €/tofduct
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For the hydrogenated oil, it was taken as referéimeerice per ton of high oleic sunflower oil witimilar
oleic content of fatty acid that is the only protiimat shares the same market role. The cost®ttrihmodity
is actually 1400 €/ton[285], it was decided to 860 €/ton as the selling price of the product.

The total revenues produced by the plant andataé ¢osts in one-year activity are listed in Table

29:

Table 5-27 Calculation of the modified return oe thvestment (R@)

Entry m.u.
Sell revenues 4392000€
Costs 3060000 €
R-C 1332000 €
Depreciation (linear 5 years) 133400 €
ROl =

1.79

(Net Revenues)/CAPEX

The modified return on the investment of 1.79 d®®%7n a year of plant working, this means thatiss!
than one year the revenues of the hydrogenation ptever the capital costs (CAPEX) of the plantisMalues

are in line with other hydrogenation processes.

5.3.Conclusions

In this chapter, it was presented the resultsefissign and of the economical evaluation analgsithe
production of an oleic acid-enriched oil produceshf commercial canola oil. The design developedyces
yearly 3600 tonnes of enriched vegetable oil anthfthe economic evaluation results, it was guaeshtee
profitability of this process.

The oil produced contains a blend of fatty acidsctvitan be used in the production of azelaic a€id o
high purity or in the production of fatty acids mgtesters for coatings or surfactants. Althoughpuwe oleic
is produced, the oil have a technical grade of CI8tty acid considering fatty acids mixture86%awmw
concentration of oleic acid).

From the economic evaluation, apart from the cbéshe raw materials which depends on the market
selling price (about 50% of the final cost), theiimeosts are related to the used catalysts, ie.htgh

concentration of catalyst/oil. To improve the prafhility of the hydrogenation plant, the main resitb reduce
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the cost of the catalyst: this can be done by impgpthe reusability of the catalyst between defgrbatch

cycles and the performances of the Cu catalyst.
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General Conclusion

In this PhD thesis, a study on the selective ctitahydrogenation was carried out; the objectivehef
work was to develop a catalyst and to design aga®dor the production of high oleic vegetable twlde
used for many different industrial applications;isas production of lubricants and coatings optteeluction
of azelaic acid, reducing the formation of unwartgeproducts.

Many different catalysts, both commercial and sgh#ted in the laboratory, were characterized asigte
in different operating conditions; an overview log tmain results for each catalysts is summarizeg he

For the commercial Lindlar catalyst it was foundtt(83.1 and 84.1):

I.  Asmall surface area related to the low pore af#i@ecsupport calcium carbonate is observed. Calciu
carbonate by XRD is the only phase that it is gadedb establish the presence;

Il. It is active at 180 °C with high formation of C1§Hboth elaidic and oleic) and low formation of stea
acid (less than 10% at the maximum C18:1 relateregntage); at lower temperature (120 °C), it is
less active and more trans C18:1 was formed;

lll.  The catalyst loses its selectivity at high presgligebar) and high temperature (180 °C).
\VA In one hour of reaction, it is possible to achienae than 85% of oleic acid relative percentagé wit
content of trans isomers comprised between 10%5%ad1

V.  The activity of the catalyst was tested in cyaddists, and although it decreased by every cyclé, avit

catalyst make-up it is probably reusable over rpldtcycles;
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VI.

The versatility of the application was tested vatimflower oil, and although the Lindlar shows good

activity in 6 hours of the tests, it has quite vemsslectivity related to the different linolenicdimoleic

acid reaction rates.

Laboratory palladium supported on hydrotalcite/(Ad was then produced and characterized (§82.2 and

§3.2) and tested (84.2):

The Pd/HT catalyst method proves to be reliabt@énsynthesis of palladium supported hydrotalcites
with the wanted content of Pd (ICP-AES); the malserhave the BET surface area, and the shape of
isotherms characteristic of hydrotalcites;

Pd/HT has lower activity than Lindlar catalyst, ¢@n reaction times are required to obtain the same
degree of hydrogenation (IV or conversion of C1&2high temperature;

At 120 °C the catalyst presents a good combinatfdioth activity and cis/trans selectivity;

Cyclical tests are also investigated and, unlikedldr, during the first repeated tests, the catalys
undergoes an activation mechanism probably relatedchange in the structure of the hydrotalcites,
induced by the combined effect of temperature ams$gure, or to an activation of the palladium
surface. Post-test characterization does not peongtiable results and a definitive statement about
real mechanism is not achieved. After the first, tge catalyst is deactivated more quickly tham th

Lindlar.

Two different syntheses of silica-supported catalygere carried out, overall ten different catedysere

produced: hydrolysis-precipitation (HP) and ammesiaporation (AE) synthesis methods. These syrghesi

are generally capable to produce Cu-silica catalymtd with less extent it is also proved that hd &d

catalysts are synthesizable by the same methadisnasnstrated:

With the exclusion of some singularities with Ndaad, ICP-AES (83.3.1), results acceptably match
the desired amount of metal content for all theamais;

Texture (83.3.2) is a common characteristic amongometallic catalysts prepared with HP and AE

methods, all the materials present features tleatscribable to mesoporous materials with a large
surface area. Although the surface area of masepiadduced by HP method are higher than those
produced by AE one, this is also reflected by pe@ame and averaged diameters which are lower

for the AE catalysts;
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XRD (83.3.3.1) detectwith difficulty phases which are formed by the conabion of Cu and Si, this

is eventually partially resolved by the study oflRTand Raman spectra (83.3.3.2) identifying
chrysocolla (Cu phyllosilicates). The same trenal$® observed for Ni monometallic catalysts: after
the heat treatment, a form of Ni silicate (Piméglite AE synthesis is found; Pd monometallic cattdy
present the Pd in its oxide form;

From a morphological point of view the two syntlsasiethods give two different external structures,
in particular the AE synthesis seems to be formedrbooth lamellae-like structures while the HP
one is much more porous as also observed by SEM.{BB). TEM images, on the other hand, show
that in HP synthesis some crystals with averagelsi@er than 5 nm are identifiable, AE materials is
more uniform and less structure is found. Essemtfairmation are found on the metals distribution
which appears to be well spread on the support.

The catalysts are analysed after reduction andtéettte following results:

TPR (83.3.5.1) results show that monometallic nigepresent a singlesidonsumption peak for all
the samples, independently of the synthesis mefftdd.peak is in the range reported in the litexatu
for the reduction of the metal oxide precursorse Tlu area was studied by chemisorption 9 ldnd
highlighted higher area, and so higher disperdmmiP samples than for AE samples;

XRD after reduction of copper catalysts, showsdhetemporary presence of both metallic copper
and CuO, with different respective proportions dependimgthe synthesis method, in particular AE
method materials contain higher amount of metélic Monometallic palladium and nickel samples
show, after reduction, metallic Pd and Ni, respedyi

The same conclusions obtained from XRD are alsaddoy XPS on reduced materials (83.3.6):
different ratios are observed between metallic @li@yO on the catalysts surface;

After reduction morphology highlights small crystalf active phase which are well distributed and
have average dimensions lower than 7 nm for batthsges.

Bimetallic catalysts are also studied and giverggtng and unique features:

ICP-AES results for bimetallic materials indicatattthe Cu content is lower than expected (83.3.1).

This is associated with the different conditionsdiduring synthesis of monometallic Cu samples and
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bimetallic ones, in particular the pH is chosea@®mpromise between the best pH value for the two
metals;

XRD of as-synthesized materials are similar torttenometallic ones, with a contingent difference
for Cu-Pd: the XRD rays are shifted by the effddPdO introduction in the CuO structure. A similar
effect was observed for the reduced samples watliditmation of CuPd structure, it must be specified
that for the HP method, this CuPd is more evident;

Reduction temperatures of the bimetallic materiaie higher for Cu than the corresponding
monometallic Cu, indicating higher interaction witle support. However, the copper surface areas
are in line with the values obtained with mononiet&u catalysts;

Bimetallic catalysts share the same XPS featurds ®d and Ni monometallic ones; for Cu-Pd, the
content of CBiover Cu is more evident probably due to the CuPd strusture

At last, the morphological characteristics of thesserials do not deviate too much from the feature
found in monometallic materials; it is importantsay that it is practically impossible to differené

Cu and Ni or Cu and Pd with in-situ EDS analysibypsome morphological feature.

All these catalysts being tested, and some coratidas are extrapolated (84.3):

In all tested conditions copper catalysts shownseaconversion of linolenic and linoleic acid,
although better results in terms of selectivityhbiot oleic acid production (high.§ and cis/trans
isomers obtained (84.3.1, §4.3.2 and §4.3.3);

The effect of temperature is important in both bgstzed families, and a slightly higher temperature
than 180 °C is required to increase the catalytstigc However, the pressure effect is not extrgme
relevant, at least for Cul0SIE@P. This makes possible to work at lower pressdrbat) and still
obtain conversion of linoleic higher than 75% (§24)3

The conversion reaches high values (up to 90% i& Eand 80% for C18:2) when the amount of
catalyst is increased from 4 gagys/mLoii t0 8 M@awaysfMLoi, the required reaction time to carry out
the tests is of 3 hours (84.3.2);

The amount of elaidic acid for all the conditioaddwer than 23%, and for a lower pressure 4 bdr an

high temperature 200 °C its maximum is at 13%.
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General Conclusion

At last, the bimetallic and the corresponding moatatic catalysts were tested, but the desireccanse

in activity for which they were developed is notaibhed. The main results can be summarised as.484.3

V.

VI.

VIL.

VIILI.

Both the 1% palladium on silica synthesized with Atethod and HP method, Pd19/E and
Pd1SiQHP, are largely more active than Pd/HT and Lindiatalyst with poor selectivity.
Hydrogenation rates of linoleic and oleic acidagy close, giving rise to large amount of bothdta
and stearic acid;

Ni5SiOG,AE is subject to the same problems as Pdi&OHowever, after the reaction lesser amount
of trans isomers is found, but greater amountesdrst acid. The bi-metallic Cu-Ni has charactesssti
similar to the monometallic ones;

Ni and Cu-Ni catalysts, synthesized via HP methas reot active, probably due to not complete
reduction in the fixed bed reactor;

Eventually, Cu-/Pd catalysts produce conversiongefothan the Pd and Cu ones; nevertheless,
CulOPd1SI@AE has a good selectivity to cis/trans isomers iamgltested in a wider experimental
campaign. The results of the campaign highlighted the catalyst has similar characteristics at 180
°C and 200 °C, but the increase in temperatureocup4d °C leads to a change in the catalyst
mechanism, producing large amount of stearic awidedaidic acid in a short time reaction, losing th

selectivity recorded at 180 °C and 4 bar.

Among all catalysts, the copper on silica catasystthetized with HP synthesis was individuatetheo

the best candidate for an industrial applicatioth sma preliminary process and feasibility desigis warried

out.

It was chosen to develop a semi-continuous pracessier to have the advantages of both selectofity

batch reactor and the lower operative costs oficoots operation. The hydrogenation reactor waatehb

loop reactor which converts canola oil or fattydsgbroduced from the canola oil, the operatiorarsied out

in isotherm conditions to maintain the selectivitl the catalyst, the heat of reaction was usedttier

production of low-pressure steam. As first hypoihdbe catalyst is recovered and reused in 5 cy@es

working day).

It was demonstrated the economic feasibility ofghecess in these conditions.
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Chapter 6

All the thesis permits to highlight some importanints of interest that must be studied in futuceks:
I.  The catalyst reusability is a key point for the mmmic feasibility of the whole process, it must be
addressed and some tests with Cul@Swith recovery will be carried out;
II.  Obviously increasing the catalyst yield permitsinorease further the revenues of this process,
augmenting copper catalyst yield must be a focaitd further research;

II. Study of more active catalyst must be carried outriprove the process: the synthesis of bimetallic
catalysts although did not give the wanted charitite could be changed maybe introducing one by
one the other metals. Other metals should be takeraccount and also Pd and Ni used in lower
amounts (mostly nickel);

IV.  Also, other supports should be addressed in p#atizeolites and other structured materials coeld b
of interest for the catalyst for industrial apptioas in order to overcome intraparticle diffusion
problems.

Although not extremely active for the intrinsic caeteristics of copper, it seems the best soldtmm an
economic point of view over Pd.

Future studies should also be focused on the modeif both the kinetic and the mass transfer desig
the hydrogenation reactor. Another point couldie@FD modelling of the loop reactor validating thedel

results with tests carried out with a laboratorgitedoop reactor.
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Appendice A

Appendice A

Appendix A: tests results

> restart

> with(ExcelTools) :

Ln0 := Import("Hydrogenation.xlsx", "Test01", "B1", emptycell
=0.0) :

> Ln := Import("Hydrogenation.xIsx", "Test01", "B2", emptycell = 0.0)
> Le = Import("Hydrogenation.xIsx", "Test01", "C1", emptycell = 0.0) :

Le0 = Import("Hydrogenation.xlsx", "Test01", "C2", emptycell
=0.0) :

Ol = Import("Hydrogenation.xIsx", "Test01", "D1", emptycell = 0.0) :

> 010 := Import("Hydrogenation.xIsx", "Test01", "D2", emptycell
=0.0) :
> ¢:=130:
>
> eql := Ln — Ln0-exp( - k3t =
> — T _ _k20) —
eq2 == Le — Ln0- ( o —13 ) exp(-k3-t) —exp(-k2-t)) — Le0
-exp(-k2-¢1) =0
> k3 k2
eq3 = Ol — Ln0- 213 )\ T (exp(-k3-t) — exp( -kl
k3 k2
‘t)) + Ln0 [ 0 —13 ) ( ] —10 ) (exp(-k2-t) — exp( -kl
k3
-t)) —LeO~[ 2 —13 )-(exp( k2-t) —exp(-kl-t)) — OIl0-(-ki
1)=0
>

> solve({eql,eq2,eq3}, {ki, k2,k3})
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Appendix A: tests results

A.1 Test 01: Lindlar — Canola — 60 °C — 4 bar — 4.qag/mLi
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Figure A-1 Test 01 relative percentages of C18:08:C, isomers
C18:2, C18:2, C18:

A.2 Test 02: Lindlar — Canola — 60 °C — 12 bar — 44mg/mLo;
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Figure A-2Test 02 relative percentages of C18:0, C18:1, isesme
C18:2, C18:2, C183

A.3 Test 03: Lindlar - Canola — 120 °C — 8 bar — 4.qag/{mLoi
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Figure A-5 Test 03 Model fitting for C18:1, C18:2 aBd8:3,
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A.4 Test 04: Lindlar - Canola — 180 °C — 4 bar — 44ag/mL;i
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A.11Test 11: Lindlar - Canola — 180 °C — 4 bar — Laag/mL.i — 4" cycle
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A.12 Test 12: Lindlar - Canola — 180 °C — 4 bar — Laag/mL.i — 5" cycle
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A.13Test 13: Lindlar - Sunflower — 180 °C — 4 bar — gcgayysfmLoi
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A.16 Test 16: Pd/HT - Sunflower — 180 °C — 4 bar — Ldag/mLoi — 2"
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A.17 Test 17: Pd/HT - Sunflower — 180 °C — 4 bar — Laag/mLoi — 3¢
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A.18 Test 18: Pd/HT - Sunflower — 180 °C — 4 bar — Lamg/mLoi — 4"
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A.19Test 19: PA/HT - Sunflower — 120 °C — 4 bar — Ld4agimLoi
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A.20Test 20: Pd/HT - Sunflower — 120 °C — 4 bar — LdagimLoi — 2"
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A.21Test 21: Pd/HT - Sunflower — 120 °C — 4 bar — LaagimLoi — 3¢
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Appendix A: tests results

A.22 Test 22: Pd/HT - Sunflower — 120 °C — 4 bar — OdaafilysfmLoii — 15
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Figure A-79 Test 22 relative percentages of C18108:1, Figure A-80 Test 22 relative percentage of t-Clésfimated
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Figure A-81 Test 22 Model fitting for C18:1, C18:2daB18:3, Figure A-82 Test 22 conversions of C18:2, and loMakie
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A.23 Test 23: Pd/HT - Sunflower — 120 °C — 4 bar — OdaamysimLoii — 2"
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Appendix A: tests results

A.24Test 24: Pd/HT - Sunflower — 120 °C — 12 bar —fgatalysfmLoil —
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Appendix A: tests results

A.26 Test 26: Pd/HT - Sunflower — 120 °C — 4 bar — ZamgdmLoi — 15
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Figure A-95 Test 26 relative percentages of C18108:1,
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A.27 Test 27: Pd/HT - Sunflower — 120 °C — 4 bar — 2gmg/mLoj —2'¢
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Appendix A: tests results

A.28 Test 28: CuS5SIeAE - Canola — 180 °C — 4 bar — 4 gmgysfmLoi

Relative composition

100
[0 C180 ¥ C181 v iso-C182 & Cl182 4 Cl&3
80
k ¥ *® * * * *
60 o
40 o
20 ¢ 0 G S
< < Sk < 4
0 i8-8 T T T T
0 50 100 150 200 250 300 350 400
Time
(miny

Figure A-103 Test 28 relative percentages of C1818:1,
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A.29 Test 29: CuSSIeAE - Canola — 180 °C — 12 bar — 4 gagysimLoi
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Figure A-104 Test 29 relative percentages of C1818:1, Figure A-105 Test 29 relative percentage of t-Clésfimated
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Appendix A: tests results

A.30 Test 30: CuS5SIieAE - Canola — 200 °C — 4 bar — 4 gmgysfmLoi
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Figure A-108 Test 30 relative percentages of C1818:1, Figure A-109 Test 30 relative percentage of t-Clésfimated

isomers C18:2, C18:2, C1¢ from thechromatograr
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Figure A-110 Test 30 Model fitting for C18:1, C1&ad Figure A-111 Test 30 conversions of C18:2 and C1&n8l,
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A.31Test 31: CuSSIieAE - Canola — 200 °C — 12 bar — 4 gagysimLoi
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A.32Test 32: Cu5SieHP - Canola — 180 °C — 4 bar — 4 ¢ig,simLoi
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Figure A-116 Test 32 relative percentages of C1818:1, Figure A-117 Test 32 relative percentage of t-Clésfimated

isomers C18:2, C18:2, C1¢ from thechromatogrim
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Figure A-118 Test 32 Model fitting for C18:1, C1&ad Figure A-119 Test 27 conversions of C18:2 and C1&n8l,
C18:3, k1=0.01000012¢, k2=0.(0090¢, k3=0.0058¢ lodine Value trenc
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A.33 Test 33: Cu5SieHP - Canola — 180 °C — 12 bar — 4 gagsfmLoi
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Figure A-120 Test 33 relative percentages of C1818:1, Figure A-121 Test 33 relative percentage of t-Clésfimated
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Figure A-122 Test 33 Model fitting for C18:1, C1&ad Figure A-123 Test 33 conversions of C18:2 and C1&n8l,
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A.34 Test 34: Cu5SieHP - Canola — 200 °C — 4 bar — 4 ¢igy,simLoi
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Figure A-124 Test 34 relative percentages of C1818:1, Figure A-125 Test 34 relative percentage of t-Clésfimated
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Figure A-126 Test 34 Model fitting for C18:1, C1&ad Figure A-127 Test 34 conversions of C18:2 and C1&n8l,
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A.35Test 35: Cu5SigHP - Canola — 200 °C — 12 bar — 4 gagsfmLoi
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Figure A-129 Test 35 relative percentage of t-Clésfimated
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A.36 Test 36: Cul0SIieAE - Canola — 180 °C — 4 bar — 4 ggysimLoi
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Figure A-132 Test 36 relative percentages of C1818:1, Figure A-133 Test 36 relative percentage of t-Clésfimated
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Figure A-134 Test 36 Model fitting for C18:1, C1&ad Figure A-135 Test 36 conversions of C18:2 and C1&n8l,
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A.37 Test 37: Cul0SIieAE - Canola — 180 °C — 12 bar — 4 gmgysimLoi
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Figure A-136 Test 37 relative percentages of C1818:1, Figure A-137 Test 37 relative percentage of t-Clésfimated

isomers C18:2, C18:2, C1¢ from thechromatograr
—— C18:3calc- - - - C18:2¢ale -+ C18:1calc| = Conversion C18:2  lodine Valug
T % C183sper o C18:2sper 4 C18:1sper| 100 4 Conversion C18.2 Luso
% - P < . . . 120
5 _______ < B s < - s ™ < e L ) * %00
g.)- 60, S BO 4 -805
g g %g L i
[ 3 g
; 40 a0 a0 &
E 4
[}
(i Laa
20F - 0----p---sme ooy O ----a.__._o____ ____ 20 « *
H—‘*‘T——x—h— T . " ) N
0+ T .
0 50 100 150 200 s Py Py o
Time Time
(min}) {min)
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A.38 Test 38: Cul0SieAE - Canola — 200 °C — 4 bar — 4 ggysimLoi
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Figure A-142 Test 38 Model fitting for C18:1, C1&ad
C18:3, k1=0.0100030:, k2=0.(012¢, k3=00088¢

100
X t+C18:1

80
=
2 60+
3
g
S8
.
= 404
|5

204

X
X
X x *
X
0 T T T
0 100 150 200
Time
(miny
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A.39 Test 39: Cul0SIieAE - Canola — 200 °C — 12 bar — 4 gmgysimLoi
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Figure A-144 Test 39 relative percentages of C1818:1, Figure A-145 Test 39 relative percentage of t-Clésfimated

isomers C18:2, C18:2, C1¢ from thechromatograr
—— C18:3¢alc- - --C18:2¢cale - -+ C18:1calc| = Conversion C18:2  lodine Valug
T % C183sper o C18:2sper 4 C18:1sper| 100 4 Conversion C18.2 Luso
- ‘ = Liza
80 Pl e A L i “
5 < A § . 100
g_ 80 | i 80 1 &
=] 4 .-tsa%\1
2 w0 3 P . w8
s
s .
o . 40
L L » " .
ﬂ-—_iin;_i'u“’—ﬂﬁ-‘_n__>_ - |20
0 50 100 150 200 ot - P e
Time Time
(min}) {min)
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A.40Test 40: Cul0SieAE - Canola — 180 °C — 4 bar — 8 gglysimLoi
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Figure A-148 Test 40 relative percentages of C1818:1, Figure A-149 Test 40 relative percentage of t-Clésfimated
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A.41Test 41: CulOSIieAE - Canola — 180 °C — 12 bar — 8 mgysimLoi
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Figure A-152 Test 41 relative percentages of C1818:1, Figure A-153 Test 41 relative percentage of t-Clésfimated

isomers C18:2, C18:2, C1¢
—— C18:3¢alc- - - - C18:2calc - - - - C18:1calc|
% C183sper o C18:2sper 4 C18:1sper|

100

from thechromatograr

= Conversion C18:2
4 Conversian C18:3

* lodine Value|

100 ~ 140
£ [N h
i e S “ =120
o % .. a0 a &
i .
5 REh o R % 100
7 : # o2 3
=] 1 B0
g_ 80 5 s -tscu%l1
= o= =
& e g
@ =3 2
2 401 O < . Lea 2
=
> .
o . L
20F-~sg_ 20 «
s LSRR
-EL_,‘ini_V_n |20
¥ * e L I = T .
K % g
g — Xk % % i
i T
0 50 100 _ 150 200 ° - w
Time Time
(min} {min)

Figure A-154 Test 41 Model fitting for C18:1, C1&ad
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A.42Test 42: CulOSIieAE - Canola — 200 °C — 4 bar — 8 ggysimLoi
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Figure A-156 Test 42 relative percentages of C1818:1,
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Figure A-158 Test 42 Model fitting for C18:1, C1&ad
C18:3, k1=0.(000026;, kz=0.00078!, k3=0,0058¢
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A.43 Test 43: Cul0SIieAE - Canola — 200 °C — 12 bar — 8 mgysimLoi
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Figure A-160 Test 43 relative percentages of C1818:1,
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Figure A-162 Test 43 Model fitting for C18:1, C1&ad
C18:3, k1=0.0100059¢, k2=0.(36¢, k3=0010z
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Figure A-161 Test 43 relative percentage of t-Clésfimated
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A.44Test 44: CulOSIieAE - Canola — 180 °C — 4 bar — 2 gglysimLoi
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Figure A-164 Test 44 relative percentages of C1818:1,
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A.46 Test 46: Cul0SIieAE - Canola — 200 °C — 4 bar — 2 gglysimLoi
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A.47Test 47: CulOSieAE - Sunflower — 180 °C — 4 bar — 4 gagysfmLoi
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Figure A-171 Test 47 Model fitting for C18:1, C1&ad
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A.48 Test 48: CulOSieAE - Sunflower — 180 °C — 12 bar — 4 ggysfmLoi
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Figure A-173 Test 48 relative percentages of C1818:1,
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A.49 Test 49: CulOSigAE - Sunflower — 200 °C — 4 bar — 4 gagysfmLoi
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Figure A-179 Test 49 Model fitting for C18:1, C1&ad
C18:3, k1=0.010014¢, k2=0.(026¢, k3=0000(

Relative composition

100
X t+C18:1
80
60 o
<
40 o
X o =
20 ;
w o x
% X
R
x =
X : )
0 T T T T T T T
0 50 100 150 200 250 300 350 400
Time
(miny
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A.50Test 50: Cul0SigHP - Canola — 180 °C — 4 bar — 4 dqagysfmLoi
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Figure A-181 Test 50 relative percentages of C1818:1, Figure A-182 Test 50 relative percentage of t-Clésimated
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A.51Test 51: Cul0SigHP - Canola — 180 °C — 12 bar — 4 gaagysimLoi
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Figure A-187 Test 51 Model fitting for C18:1, C1&ad

C18:3, k1=0.0100028:, k2=0.(012z, k3=00068¢
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Figure A-188 Test 51 conversions of C18:2 and C1&n8l,
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A.52Test 52: Cul0SigHP - Canola — 200 °C — 4 bar — 4 dqagysfmLoi

100
[0 C1a:0 ¥ C181 v iso-CiB2 & Cl18:2 < C183
*
*
*
80 *
¥
” *
*
3
=
2 60+
2
E—
8E
2
= 404
4
20 — %
o
i o o
<
<]
& v & v = 'y & & §
i T T T T
0 50 100 150 200
Time
(miny

250
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Figure A-191 Test 52 Model fitting for C18:1, C1&ad

C18:3, k1=0.0100045¢, k2=0.(017¢, k3=00098¢
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A.53 Test 53: Cul0SigHP - Canola — 200 °C — 12 bar — 4 daagysimLoi
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Figure A-193 Test 53 relative percentages of C1818:1,
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Figure A-195 Test 53 Model fitting for C18:1, C1&ad
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A.54 Test 54: Cul0SigHP - Canola — 180 °C — 4 bar — 8 dagysfmLoi
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Figure A-199 Test 54 Model fitting for C18:1, C1&ad
C18:3, k1=0.0100011+, k2=0.(033%, k3=001¢
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A.55Test 55: Cul0SigHP - Canola — 180 °C — 12 bar — 8 daagsmLoi
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isomers C18:2, C18:2, C1¢
----C18:2¢alc --- - C18:1calc— C18:Scalc|

T o C182Zsper < C18:15p:er % C18:3sper|
< EERE ARRERREL R
T
80 et
.4
S
o
g 60
g i
5%
8
]
= 40+
©
©
i
20—
o= —
Dk*—;n‘_‘
“mr-a
I
0 M —_— ¥ Fooog---g
0 50 100 180 200 250
Tim
(min})

Figure A-203 Test 27 Model fitting for C18:1, C1&ad

C18:3, k1=0.000019¢, kz=0.0050¢, k3=002¢
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A.56 Test 56: Cul0SigHP - Canola — 200 °C — 4 bar — 8 dagysfmLoi
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A.57 Test 57: Cul0SigHP - Canola — 200 °C — 12 bar — 8 daagsmLoi
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Figure A-211 Test 27 Model fitting for C18:1, C1&ad

C18:3, k1=0.000023;, k2=0.(050¢, k3=002¢
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A.58 Test 58: Cul0SigHP - Canola — 180 °C — 4 bar — 2 dqgysfmLoi
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Figure A-213 Test 27 relative percentages of C1818:1,
isomers C18:2, C18:2, C:3
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A.60 Test 60: Cul0SigHP - Canola — 200 °C — 4 bar — 2 dqgysfmLoi
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Figure A-215 Test 60 relative percentages of C1818:1, Figure A-216 Test 60 relative percentage of t-Clésfimated
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A.61Test 61: CulOSigHP - Sunflower — 180 °C — 4 bar — 4 gagysfmLoi
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Figure A-219 Test 61 relative percentages of C1818:1,

isomers C18:2, C18:2, C18
----C18:2¢alc --- - C18:1calc— C18:Scalc|
o C182sper 4 C18:1sper X C18:3sper|

100
80
5
=1 ki q
e .4
8 e -m ooyl
o -0 <1
E =~ ~-.o <
g Tadl]
[ - T-a
2 a0 a9 L
© B TroLl
[7) o -
o Tl o
20 -
0 S S SV SR S 5
0 50 100 1580 200 250 300 350 400
Time
(min})

Figure A-221 Test 61 Model fitting for C18:1, C1&ad
C18:3,k1=0.000013:, k2=0.00252, k3=0000(
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Figure A-220 Test 61 relative percentage of t-Clésfimated
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A.62Test 62: CulOSigHP - Sunflower — 180 °C — 12 bar — 4 ¢qgysfmLoi
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Figure A-223 Test 62 relative percentages of C1818:1,
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Figure A-225 Test 62Model fitting for C18:1, C1&ad
C18:3, k1=0.0100019¢, k2=00026¢, k3=0000(
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Figure A-224 Test 62 relative percentage of t-Clésfimated

from thechromatograr
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A.63 Test 63: CulOSigHP - Sunflower — 200 °C — 4 bar — 4 gagysfmLoi
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Figure A-227 Test 63 relative percentages of C1818:1,
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Figure A-229 Test 63 Model fitting for C18:1, C1&ad
C18:3, k1=0.00017%, k2=0.(027%, k3=0.000C
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Figure A-228 Test 63 relative percentage of t-Clésfimated
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Figure A-230 Test 63 conversions of C18:2, andriedialue

trend

286



Appendix A: tests results

A.64Test 64: CulONi5SigHP - Sunflower — 180 °C — 4 bar — 4

MQcatalysfMLoil
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Figure A-231 Test 64 relative percentages of C1818:1, Figure A-232 Test 64 relative percentage of t-Clésfimated
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Figure A-233 Test 64 Model fitting for C18:1, C1&ad Figure A-234 Test 64 conversions of C18:2, andrledf/alue
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A.65Test 65: CulOPd1S®IP - Sunflower — 180 °C — 4 bar — 4
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Figure A-235 Test 65 relative percentages of C1818:1,
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Figure A-237 Test 65 Model fitting for C18:1, C1&ad
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A.66 Test 66: CulONiSSIGAE - Sunflower — 180 °C — 4 bar — 4
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Figure A-239 Test 66 relative percentages of C1818:1,
isomers C18:2, C18:2, C1¢
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Figure A-241 Test 66 Model fitting for C18:1, C1&ad
C18:3, k1=0.01056¢, k2=0.(073¢, k3=0000(
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Figure A-240 Test 66 relative percentage of t-Clésfimated

from thechromatograr
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A.67Test 67: CulOPd1SH¥BE - Sunflower — 180 °C — 4 bar — 4
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Figure A-243 Test 27 relative percentages of C1818:1,
isomers C18:2, C18:2, C1¢
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Figure A-245 Test 27 Model fitting for C18:1, C1&ad
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A.68 Test 68: Ni5SIGHP - Sunflower — 180 °C — 4 bar — 4 ggysimLoi
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Figure A-249 Test 27 Model fitting for C18:1, C1&ad

C18:¢, k1=0.0(0015¢, k2=0.(00511, k3=0000C
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Figure A-248 Test 27 relative percentage of t-Clésfimated
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A.69 Test 69: Pd1SigHP - Sunflower — 180 °C — 4 bar — 4 gagysfmLoi
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Figure A-251 Test 27 relative percentages of C1818:1, Figure A-252 Test 27 relative percentage of t-Clésfimated

isomers C18:2, C18:2, C1¢ from thechromatgran
—— C18:3calc- - - - C18:2¢calc - - - - C18:1calc| = Conversion C18:2_+ _lodine Valug|
- % C18:3sper o C18:2sper < C18:1sper| 100 PR L a0
d =120
80 a a0 b
5 100
= : 4
8_ 60 7\\ ik . B0 * i 5
58 gs . £
o i z~ £
g 40 ; lv a S a0 . P 28} =
5 L -
E \‘ q * 40
201 o 20 i
\\\ 20
a ~
L e i ; ;
0 50 100 150 200 250 300 350 400 0 a 100 200 200 mn
Time Time
(min}) {min)
Figure A-253 Test 27 Model fitting for C18:1, C1&ad Figure A-254 Test 27 conversions of C18:2, andriedialue
C18:3, k1=0.01651, k2=0.035, k3=0.000( trend
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Appendix A: tests results

A.70Test 70: Ni5SIGAE - Sunflower — 180 °C — 4 bar — 4 gagysfmLoil
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Figure A-255 Test 70 relative percentages of C1818:1,

isomers C18:2, C18:2, C1¢
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Figure A-257 Test 70 Model fitting for C18:1, C1&ad
C18:3, k1=0.0133, k2=0.(23, k3=0000(
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Figure A-256 Test 70 relative percentage of t-Clésfimated
from thechromatograr
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A.71Test 71: Pd1SieAE - Sunflower — 120 °C — 4 bar — 2 pagysimLoi
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Figure A-259 Test 71 relative percentages of C1818:1, Figure A-260 Test 71 relative percentage of t-Clésfimated
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Figure A-261 Test 71 Model fitting for C18:1, C1&ad Figure A-262 Test 71 conversions of C18:2, andriedialue
C18:3, k1=0.02711, k2=C.0122, k3=0000( trend
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Appendix A: tests results
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Figure A-263 Test 72 relative percentages of C1818:1,
isomers C18:2, C18:2, C1¢
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Figure A-264 Test 73 relative percentages of C1818:1,
isomers C18:2, C18:2, C1¢
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A. 74 Test 74: CulOPd1SHBE - Sunflower — 120 °C — 20 bar — 4
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Figure A-265 Test 74 relative percentages of C1818:1,
isomers C18:2, C18:2, C1¢
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A.75Test 75: CulOPd1SH¥BE - Sunflower — 180 °C — 4 bar — 4
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Figure A-266 Test 75 relative percentages of C1818:1,
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Figure A-268 Test 75 Model fitting for C18:1, C1&ad
C18:3, k1=0.0074E, k2=00068¢, k3=0000(
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Figure A-267 Test 75 relative percentage of t-Clésfimated
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A.76 Test 76: CulOPd1SHBE - Sunflower — 180 °C — 20 bar — 4

MQcatalysfMLoil
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Figure A-270 Test 76 relative percentages of C1818:1, Figure A-271 Test 76 relative percentage of t-Clésfimated
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Figure A-272 Test 76 Model fitting for C18:1, C1&ad Figure A-273 Test 76 conversions of C18:2, andrledf/alue
C18:3, k1=0.010010z, k2=0.C0037%, k3=0000( trend
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Appendix A: tests results

A.77Test 77: CulOPd1SHBE

- Sunflower — 240 °C — 4 bar — 4
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Figure A-274 Test 77 relative percentages of C1818:1,
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Figure A-276 Test 77 Model fitting for C18:1, C1&&ad

C18:3, k1=0.01045¢, k2=0.(065¢, k3=0000(¢
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Figure A-275 Test 77 relative percentage of t-Clésfimated
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Figure A-277 Test 77 conversions of C18:2, andriedfalue
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A.78 Test 78: CulOPd1SHBE -

Sunflower — 240 °C — 20 bar — 4
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Figure A-278 Test 78 relative percentages of C1818:1,
isomers C18:2, C18:2, C1¢
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Figure A-280 Test 78 Model fitting for C18:1, C1&ad Figure A-281 Test 78 conversions of C18:2, andrledf/alue
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A.79Test 79: CulOPd1SKAE - Sunflower — 200 °C — 12 bar — 4
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Figure A-282 Test 79 relative percentages of C1818:1,

isomers C18:2, C18:2, C1¢
—— G18:3calc- - - - C18:2¢alc - - - C18:1ca|c|
¥ C18:3sper o C18:2sper 4 C18:1sper|

100
80
| =
3=
3 i
=% 607\\ Ta B B
gz I~ < |
o< v
b A 4
2 40N 4
= N e
[T} 5
o F‘\
20 - v
0 R e e T)
0 50 100 150 200 250 300 350
Time
(min})

400

Figure A-284 Test 79 Model fitting for C18:1, C1&ad

C18:3, k1=0.01317, k2=0.C15€, k3=0000(
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Figure A-283 Test 79 relative percentage of t-Clésfimated

from thechromatograr
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