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Capitolul 1 - Procese catalitice eterogene pentru valorificarea biomasei:

hidrotratarea bio-uleiului si hidroconversia derivatilor furfurilici

Capitolul 1 abordeaza una dintre cele mai actuale teme ale ingineriei chimice moderne:
valorificarea biomasei prin procese catalitice eterogene, in scopul obtinerii de compusi chimici si
carburanti sustenabili. Intr-o lume aflata in plina tranzitie energetici, biomasa reprezinta singura
sursd regenerabild de carbon capabild si inlocuiascd, macar partial, resursele fosile. In acest
context, cataliza eterogend ofera instrumentul ideal pentru transformarea selectiva a materiilor
prime biologice 1n produse energetice curate, prin mecanisme controlate la nivel molecular.

Cercetarea desfasuratd in acest capitol exploreaza doud directii complementare, aflate in
continuitate logica: (1) hidrotratarea bio-uleiurilor obtinute prin piroliza digestatului, ca proces de
upgrading destinat reducerii continutului de oxigen si cresterii stabilitdtii termice si energetice a
produselor, si (ii) hidroconversia derivatilor furfurilici, cu scopul obtinerii de compusi platforma
alcool furfurilic, 2-metilfuran, tetrahydrofuran utilizabili ca intermediari pentru biocombustibili si
produse chimice verzi.

Aceastd dubla abordare reflecta intentia autorului de a dezvolta un cadru catalitic unitar,
bazat pe aceeasi logicd a coreldrii proprietatilor acide, texturale si redox ale materialelor cu
performanta cataliticd, dar aplicat la sisteme diferite de materii prime regenerabile.

Studiul pleaca de la constatarea ca bio-uleiul rezultat din piroliza biomasei fie vegetala,
fie derivata din deseuri agroalimentare sau digestate anaerobe este un amestec extrem de complex,
continand acizi carboxilici, cetone, alcooli, compusi fenolici si carbohidrati descompusi. Aceasta
compozitie, bogata in oxigen (30-50% in masd), conferd bio-uleiului o densitate mare, o
instabilitate termica si o aciditate ridicatd, facAndu-1 impropriu pentru utilizare directa ca si
combustibil. Hidrotratarea (HDO hydrodeoxygenation) este, astfel, procesul cheie de valorificare,
prin care oxigenul este eliminat sub formd de apd, iar compusii oxigenati sunt transformati in
hidrocarburi si derivati saturati, apropiati de compozitia motorinei sau a benzinei.

In lucrare, aceasta reactie este investigati pe o serie de catalizatori CoMo si NiMo
suportati pe y-Al2Os si suporturi hibride y-Al:Os—HMS (silice mezoporoasa) si y-Al20Os—Nb2Os,
optimizate pentru a obtine un echilibru intre aciditate si accesibilitate poroasd. Suporturile
mezoporoase asigurd o difuzie superioara a moleculelor mari din bio-ulei, in timp ce dopajul cu

oxizi de niobiu regleazad densitatea si forta centrelor acide de tip Lewis si Bronsted.



Rezultatele obtinute prin caracterizare (BET, FTIR, TPD, XRD, XPS) indica o scadere
controlatd a suprafetei specifice dupa impregnarea metalica (de la 308 la 270 m?/g), dar o crestere
a densitatii centrelor acide si a distributiei porilor mezoporosi activi. FTIR-ul cu piridina confirma
cresterea numarului de situri Lewis (~97 umol/cm?) si echilibrarea raportului Lewis/Brensted in
jurul valorii 4:1, ceea ce se traduce printr-o capacitate superioara de activare a compusilor
carbonilici si a alcoolilor prezenti in bio-ulei.

Testele catalitice, efectuate iIntr-un reactor tubular cu strat fix, aratd o crestere
semnificativd a performantei pentru catalizatorii CoMo/y-Al:Os—Nb2Os. Astfel, conversia totald a
fractiei oxigenate a depasit 90%, continutul de oxigen al bio-uleiului fiind redus de la 37% la 7—
8%, iar densitatea produsului lichid scazand de la 1,12 la 0,87 g/cm?. Puterea calorifica a crescut
cu aproximativ 35%, confirmand transformarea substantiald a oxigenatilor in hidrocarburi.

Analiza cromatografica (GC-MS) a produselor a aritat formarea predominantd a
hidrocarburilor alifatice (= 42%), urmate de compusi ciclici si aromatici (= 27%) si de o fractie
reziduala de compusi fenolici si acizi carboxilici (<10%). Randamentul global in produs lichid a
depasit 70%, ceea ce indica eficienta ridicatd a catalizatorului, stabilit si confirmat de analizele
repetate pe parcursul a cinci cicluri consecutive de reactie.

Pe plan mecanistic, reactiile de hidrotratare sunt descrise printr-o succesiune de etape:
adsorbtia moleculelor oxigenate pe siturile Lewis, activarea legaturilor C=O, hidrogenarea
intermediarilor si eliminarea oxigenului sub forma de H>O. Prezenta Nb2Os sporeste densitatea
acestor situri si favorizeaza formarea fazelor sulfidice active (CoMoS), mentinand o reactivitate
constanta in timp. Se demonstreaza, de asemenea, cd aciditatea excesiva conduce la formarea
subproduselor rezinoase si la cocsificare, motiv pentru care reglarea echilibrului Lewis/Bronsted
este cruciala.

In paralel, studiul dedicat hidroconversiei derivatilor furfurilici extinde domeniul de
aplicare al sistemelor catalitice. Furfuralul si 5-hidroximetilfurfuralul (HMF), obtinute din
hemiceluloza si celuloza, sunt molecule cheie pentru producerea de biocombustibili de generatia
a doua. Catalizatorii CoMo/y-Al:Os—HMS au demonstrat conversii de pana la 95% pentru furfural,
cu selectivitati de peste 75% catre alcool furfurilic si 2-metilfuran. Aceste rezultate, obtinute la
temperaturi moderate (250-300 °C) si presiuni reduse (2-4 MPa H:), confirma posibilitatea
inlocuirii catalizatorilor nobililor scumpi (Pt, Ru) cu sisteme bazate pe metale comune, bine

structurate si stabilizate pe suporturi mezoporoase.



Analizele GC-MS si FTIR au confirmat traseul reactional predominant: reducerea
gruparii carbonilice a furfuralului la alcool furfurilic, urmata de dehidratare si rearanjare spre 2-
metilfuran. De asemenea, s-a evidentiat ca sistemele dopate cu Nb sau Ti favorizeaza reactiile de
hidrogenare selectiva datoritd cresterii densitdtii de situri redox, care participd simultan la
transferul de electroni si la activarea hidrogenului molecular.

Un element de noutate 1l constituie compararea directd intre catalizatorii sulfidici si cei
oxizi, in scopul de a evalua fezabilitatea functionarii sistemelor nesulfurate in procesele de
hidrotratare. S-a observat ca, desi activitatea catalizatorilor oxizi este mai redusa la temperaturi
scazute, acestia prezintd o stabilitate superioara in medii apoase, ceea ce ii recomanda pentru
procese de bio-upgrading in conditii blande. Aceasta directie de cercetare deschide calea
dezvoltarii de catalizatori hibrizi redox acid, capabili sa functioneze eficient fard prezenta sulfului,
reducand astfel impactul asupra mediului.

Coroborand datele de caracterizare si performantd, capitolul propune un set de indicatori
catalitici generali: (1) corelatia dintre suprafata specifica si dispersia fazelor active, (2) echilibrul
intre densitatea siturilor Lewis si Breonsted, (3) stabilitatea texturald la cicluri repetate si (4)
selectivitatea la compusi saturati. Acesti parametri constituie o bazd metodologicd transferabila
catre alte sisteme de conversie a biomasei, asigurand o abordare sistematicd pentru proiectarea
catalizatorilor de noud generatie.

Prin rezultatele sale, capitolul demonstreaza fezabilitatea unor ,,ferestre catalitice” pentru
resurse regenerabile, in care performanta catalitica poate fi atinsa fard a compromite
sustenabilitatea. Aceasta lucrare oferd o viziune coerenta asupra modului in care nanostructura
materialului, aciditatea controlatd si morfologia poroasa pot fi combinate pentru a transforma un
bio-reziduu instabil intr-un produs energetic valoros.

Contributiile stiintifice ale acestui capitol sunt remarcabile: dezvoltarea de catalizatori
CoMo/y-Al-Os—Nb20Os cu proprietati optimizate, demonstrarea rolului critic al niobiului in
cresterea activitatii catalitice si stabilitdtii, validarea mecanismelor Langmuir—Hinshelwood pentru
reactiile de hidrotratare, precum si corelarea parametrica dintre proprietatile fizico-chimice si
performanta catalitica. Prin aceste realizari, autorul contribuie la definirea unui cadru stiintific
solid pentru valorificarea biomasei prin catalizd eterogena, oferind un model experimental

transferabil pentru viitoarele procese industriale de chimie verde.



Capitolul 2 - Nanocataliza pentru valorificarea produselor secundare:

acetalizarea, acetilarea si carbonatarea glicerolului

Capitolul 2 al tezei de abilitare deschide o perspectiva inovatoare asupra transformarii
catalitice a subproduselor provenite din industria biodieselului, avand ca obiectiv principal
valorificarea glicerolului un reziduu abundent, dar insuficient utilizat prin reactii catalitice
controlate, capabile sa genereze solventi ecologici, aditivi industriali si precursori de polimeri
verzi. Aceasta directie de cercetare, aflata la intersectia dintre chimia mediului, nanocataliza si
ingineria proceselor, contribuie semnificativ la economia circulara, transformand o problema de
gestionare a deseurilor intr-o oportunitate stiintifica si tehnologica.

Lucrarea integreaza trei clase fundamentale de reactii: acetalizarea, acetilarea si
carbonatarea glicerolului, fiecare oferind rute distincte de valorificare a acestei materii prime. Din
perspectiva mecanisticd, toate aceste transformari se bazeaza pe activarea selectiva a gruparilor
hidroxilice ale glicerolului si pe controlul aciditatii catalizatorului, parametru cheie in
determinarea randamentelor si selectivitatilor.

In prima parte, autorul propune o analizi detaliati a reactiei de acetalizare a glicerolului
cu benzaldehida, proces condus de catalizatori acizi solizi pe baza de heteropoliacizi suportati pe
silice mezoporoasa (HMS) sau SiO: functionalizat, in care densitatea si natura centrelor acide
(Lewis si Bronsted) controleaza echilibrul intre formarea produsului de reactie glicerol formal si
aparitia produselor secundare. Caracterizarea acestor materiale prin FTIR, XRD, BET si TPD-
DEA releva o corelatie directd intre suprafata specifica, distributia porilor si activitatea catalitica.
Sistemele testate prezinta izoterme de tip IV, histerezis H1 si o texturd mezoporoasa bine definita,
ceea ce faciliteaza difuzia moleculelor de glicerol, in mod normal vascoase si slab volatile.

Catalizatorii Fe;O04@SiO@HPW au atras o atentie speciald datorita caracterului lor
feromagnetic, care permite separarea usoara din mediul reactional si reutilizarea multipld fara
pierderea activitatii. Dupa cinci cicluri consecutive, scdderea conversiei nu a depdsit 5%,
confirmand stabilitatea structurald a heteropoliacidului ancorat si rezistenta la lixiviere. Conform
analizei GC-MS, reactiile de acetalizare ating conversii de peste 90% si selectivitati de 85% spre
produsul principal, subliniind eficienta acestor catalizatori pentru aplicatii de tip ,,solventi verzi”.

In continuare, lucrarea exploreaza acetilarea catalitica a glicerolului cu acid acetic, o
reactie industrial relevantd, care genereaza mono-, di- si triacetine compusi utilizati ca plastifianti,

aditivi pentru combustibili sau intermediare in sinteza chimicd. Catalizatorii testati sunt



nanomateriale spinelice pe bazd de SnFe.O4, sintetizate prin co-precipitare controlata si calcinatie
la 600 °C. Analizele XRD au confirmat formarea fazei pure spinelice, cu dimensiuni nanocristaline
(20-35 nm), iar spectroscopia FTIR a ardtat prezenta vibratiilor caracteristice legaturilor Fe—O si
Sn—O, indicand o interactiune puternica Intre cationii metalici.

Proprietatile acide ale acestor materiale, evaluate prin FTIR cu piridina, au demonstrat un
echilibru valoros intre siturile acide Lewis si Bronsted, favorabil reactiilor de esterificare. Acest
echilibru, impreuna cu stabilitatea structurald ridicatd, a permis obtinerea unor randamente
exceptionale: conversia glicerolului a depasit 95%, cu selectivitati spre diacetind si triacetind de
63% si respectiv 31%. Aceste rezultate, raportate in revista ChemEngineering (2025), valideaza
sistemul SnFe.O4 drept un catalizator promitator pentru procesele industriale de valorificare a
glicerolului, oferind un compromis optim intre activitate, selectivitate si cost.

Analiza termicd (TGA-DTG) a catalizatorilor a aratat o stabilitate excelentd pana la 700
°C, fira pierderi majore de masi, confirmand rezistenta materialului la conditiile reactive. in plus,
testele de reciclare au demonstrat posibilitatea reutilizarii catalizatorului pentru minimum sase
cicluri succesive, cu o reducere a activitatii sub 10%, ceea ce consolideaza avantajul economic al
sistemului.

O sectiune importanta a capitolului este dedicata reactiei de carbonatare a glicerolului,
proces cu relevanta strategica pentru captarea si utilizarea CO-. Glicerolul reactioneaza cu dioxidul
de carbon in prezenta catalizatorilor bazici sau amfoteri, rezultdnd glicerol carbonat (GC), un
compus de mare interes in sinteza polimerilor biodegradabili si n industria electronica. Autorul
propune utilizarea de catalizatori pe bazd de g-CsN4 dopat cu metale tranzitionale (Zn, Fe, Cu) si
oxizi binari (ZnO-ALOs, MgO—-Ce0:), care combind proprietati bazice moderate cu stabilitate
termica si chimica ridicata.

Rezultatele experimentale demonstreaza conversii de 80—-85% si selectivitati peste 90%
spre glicerol carbonat, la temperaturi de 150-180 °C si presiuni moderate de CO- (3—5 MPa).
FTIR-ul reactional indica formarea intermediarului carbonat ciclic prin activarea gruparii
hidroxilice a glicerolului pe siturile bazice si insertia nucleofilicd a CO.. Activitatea catalizatorilor
este corelata cu densitatea de situri bazice moderate, mdsurata prin titrare cu CO- si confirmata
prin analiza de termodesorbtie.

In plus, cercetarea integreazi un studiu de optimizare a proceselor prin design

experimental de tip Box—Behnken, in care variabilele (temperatura, raportul molar si timpul de



reactie) sunt ajustate pentru maximizarea randamentului. Modelul matematic rezultat evidentiaza
o dependenta parabolica a conversiei de temperaturd si o interactiune sinergica intre parametrii
termici si molari. Aceastd metodologie demonstreaza capacitatea autorului de a utiliza instrumente
moderne de modelare statistica pentru controlul proceselor catalitice complexe.

O dimensiune de originalitate o constituie caracterul multidimensional al abordarii, care
leaga sinteza materiala de performanta reactiva, iar reactia de laborator de implicatiile industriale.
Prin caracterizdrile multi-tehnice si prin analiza comparativd intre sistemele acide si bazice,
lucrarea ofera un tablou complet al reactiilor de valorificare a glicerolului, 1n care natura centrelor
active si morfologia nanometrica sunt factori determinanti pentru selectivitate.

Pe plan conceptual, capitolul propune ideea de ,,design nanocatalitic orientat functional”,
in care arhitectura materialului este adaptata reactiei tintd: catalizatori acizi pentru acetalizare si
acetilare, respectiv bazici pentru carbonatare. Aceastd abordare directionatd reduce risipa de
resurse, creste randamentele si contribuie la sustenabilitatea proceselor.

Prin integrarea tuturor rezultatelor, autorul formuleazda un cadru coerent pentru
valorificarea cataliticd a glicerolului in economia circulard, unde fiecare reactie acetalizare,
acetilare, carbonatare este o piesd a aceluiasi puzzle: transformarea completd a unei resurse
secundare in produse cu valoare addugata.

Capitolul 2 reprezinta o demonstratie de maturitate stiintificd si de sinteza
interdisciplinard, in care chimia materialelor, analiza catalitica si ingineria proceselor sunt
integrate intr-o viziune comund. Prin dezvoltarea de catalizatori nanostructurati cu proprietati
reglabile si prin aplicarea principiilor de chimie verde si eficientd energetica, autorul contribuie la
crearea unui nou model de cercetare aplicatd, in care impactul stiintific si cel economic se
completeaza reciproc. Rezultatele acestui capitol, publicate in reviste Q1-Q2 (ChemEngineering,
Catalysts, Reaction Kinetics, Mechanisms and Catalysis), confirma recunoasterea internationald a
contributiilor si consolideaza profilul autorului ca cercetator capabil sa conduca proiecte avansate

in domeniul catalizei sustenabile.



Capitolul 3 - Activarea moleculelor mici la centre metalice: integrarea
modelarii computationale (DFT, ETS-NOCYV, AIMD) cu validarea

experimentald pe catalizatori nano-structurati (N2 — NHs / NO2")

Capitolul 3 al tezei de abilitare marcheaza punctul culminant al intregii lucrari, reunind
intr-o abordare unitard doua dimensiuni complementare ale cercetarii moderne: modelarea
computationala avansati si validarea experimentali pe sisteme nanocatalitice reale. Intr-o maniera
interdisciplinara remarcabild, autorul exploreazd mecanismele fundamentale prin care molecule
mici, aparent inerte precum dinitrogenul (N2), dioxidul de carbon (CO:) si hidrogenul (Hz) pot fi
activate la temperaturi si presiuni moderate, folosind materiale inspirate din biocataliza si din
structura enzimelor naturale.

Tema centrald a capitolului, activarea moleculei de N, are o relevantd stiintifica
exceptionala: fixarea catalitica a azotului rdimane una dintre cele mai provocatoare reactii din
chimia moderna, fiind legatd direct de sinteza amoniacului proces de importantd vitald pentru
agricultura si industrie. In timp ce procesul Haber—Bosch, utilizat industrial de peste un secol,
necesita conditii extreme (peste 400 °C si 200 bar), cercetarea de fatd demonstreaza cd printr-un
design nanocatalitic rational si printr-o intelegere profunda a electronicii de legatura, aceste reactii
pot fi reproduse in conditii blande, apropiate de cele ambientale.

Partea teoreticd a capitolului este fundamentata pe metode DFT (Density Functional
Theory) combinate cu ETS-NOCV (Energy Decomposition Analysis Natural Orbital for Chemical
Valence) si AIMD (Ab initio Molecular Dynamics), permitand analiza precisa a interactiilor metal
ligand si a mecanismelor de activare a moleculelor N2, CO: si H: la nivel electronic. Prin aceste
metode, autorul a construit o serie de modele moleculare reprezentand complexe ale metalelor
tranzitionale (Fe, Mn, Co) in diverse stari de oxidare si coordonare, simuldnd comportamentul
acestora in conditii similare cu cele din centrele active ale nitrogenazelor.

Rezultatele calculului electronic arata cd speciile de Fe(0) si Fe(I) au cea mai mare
capacitate de stabilizare si activare a moleculei N2, datoritd caracterului lor electron-donator
pronuntat si a suprapunerii orbitale eficiente intre orbitalii d ai metalului si orbitalii #* ai moleculei
Nz. In contrast, complexele Mn si Co prezinti o activitate mai redusa: Mn(0/I) este capabil si lege
Nz, dar transferul de sarcind este incomplet, iar Co(Il) tinde sa favorizeze reactii de oxidare spre

nitriti (NO2") in locul reducerii la NHs. Aceste observatii sunt confirmate prin analiza ETS-NOCV,



care descompune energia totalda de interactiune in componentele sale de polarizare, schimb si
transfer de sarcind, demonstrand cd interactia Fe—N: este dominata de o componenta de tip o-
donatie si m-retrodonatie, similard cu cea observata in enzima naturald nitrogenaza.

Intr-o maniera eleganti, autorul coreleazi aceste rezultate teoretice cu experimentele
efective de activare cataliticd desfasurate pe materiale nanostructurate: Fe?@CNTs, Fe®@g-CsNa,
Co®’@CNTs si Ti-Fe-Mg oxizi. Caracterizarea acestor catalizatori prin XRD, BET, TEM, XPS si
EPR confirmd prezenta particulelor metalice ultrafine (3—10 nm), stabilizate pe suporturi
conductive de carbon sau oxidice. Aceste materiale oferd un ansamblu ideal pentru studierea
fenomenelor de activare, combinand centre metalice reduse (care furnizeaza electroni pentru
legdtura N=N) cu suporturi cu rol de ,,nava electronicd” (care mediaza transferul de sarcina).

Rezultatele experimentale de fotoreducere a N2 in conditii blande (T = 2540 °C, P =1
bar, sub iradiere UV-vis) sunt remarcabile: catalizatorul Fe?@CNTs a atins un randament de ~756
umol NHs/g cat-h, in timp ce sistemul Co°@CNTs a produs predominant nitriti (NO27), cu o
selectivitate clar diferentiata intre cei doi metali. Aceasta bifurcatie selectiva, confirmata si prin
modelare DFT, demonstreaza ca distributia densitatii electronice in jurul centrului metalic
determind calea preferentiala de reactie — reducere totald spre NHs pentru Fe, respectiv oxidare
partiala pentru Co.

Analiza XPS a ardtat o predominanta a speciilor Fe**/Fe® si Co*/Co° la suprafata, iar
datele EPR au evidentiat existenta centrelor paramagnetice active asociate cu transferul de
electroni catre moleculele de azot. Morfologia observata prin TEM releva particule sferice fine,
uniform distribuite pe suprafata nanotuburilor, cu o dispersie excelenta datorata interactiunii t—mn
intre structura suportului carbonic si metalul activ.

In paralel, autorul extinde studiul citre activarea CO-, analizand modul in care oxizii mixti
de tip Ti—-Fe-Mg pot reduce CO: la CO si formiat, prin mecanisme fotoinduse. Aici, combinatia
intre band gap-ul moderat al TiO: (3,1 eV) si proprietatile redox ale Fe si Mg permite un echilibru
intre absorbtia luminii si transferul de electroni, rezultand o activitate fotochimicd ridicata.
Rezultatele experimentale aratd randamente de 61% pentru formiat si 24% pentru CO, confirmand
eficienta sistemului in conditii blande, fara co-catalizatori nobil.

Pe plan computational, aceste rezultate sunt rationalizate prin analiza curbelor
potentialului de energie libera (AG) obtinute prin DFT pentru diferitele etape ale reducerii CO..

Bariera de activare pentru formarea intermediarului CO.~ adsorbit este mai scazuta cu 0,23 eV



pentru sistemele dopate cu Fe fatd de cele nedopate, explicdnd cresterea reactivitdtii observate
experimental.

Integrarea dintre modelare si experiment reprezinta unul dintre cele mai solide puncte ale
capitolului. Prin suprapunerea rezultatelor teoretice si experimentale, autorul reuseste sa
defineasca o ,,hartd” completa a activarii moleculelor mici, in care fiecare componenta a sistemului
metalul, suportul, morfologia, distributia electronica are un rol clar identificabil. Aceastd viziune
unificatd face posibild nu doar explicarea rezultatelor obtinute, ci si predictia performantei altor
sisteme catalitice Tnainte de sinteza, economisind timp si resurse.

De asemenea, autorul pune accent pe dimensiunea bioinspirata a cercetarii: compararea
complexelor Fe—S—C cu structurile enzimei nitrogenaza evidentiaza similitudini izbitoare intre
modul de activare al N2 Tn natura si cel obtinut n aceste materiale sintetice. Analizele ETS-NOCV
arata ca fluxul electronic dintre metal si N> urmeaza un mecanism de tip back-donation n*, exact
ca in centrele [Fe—-Mo—S] naturale. Astfel, cercetarea aduce o contributie esentiald la domeniul
emergent al catalizei biomimetice, sugerand ca ingineria chimica poate reproduce, si chiar depasi,
eficienta proceselor biologice.

Din punct de vedere al relevantei, aceste rezultate depdsesc sfera teoretica. Ele ofera o
baza solida pentru dezvoltarea de procese verzi de fixare a azotului, care ar putea inlocui partial
procesul Haber—Bosch, reducand consumul energetic global. In plus, metodologia propusi
integrarea calculului DFT cu analiza experimentald este transferabild la alte sisteme de interes
industrial, precum reducerea CO: sau scindarea H-O, consolidand conceptul de ,,cataliza asistata
computational”.

Contributiile majore ale capitolului pot fi sintetizate astfel:

1.  dezvoltarea unui cadru de modelare moleculara DFT/ETS-NOCV pentru
studiul activarii moleculelor mici;

2. demonstrarea experimentald a activarii N> pe catalizatori Fe?@CNTs si
Fe®@g-CsN4, cu randamente comparabile celor raportate in literatura internationala;

3. validarea corelatiei intre densitatea de stare electronica a metalului si calea
selectiva de reactie (NHs vs. NO2);

4.  elaborarea unui model bioinspirat care reproduce functia cofactorului FeMo

natural;



5. publicarea rezultatelor in reviste internationale Q1-Q2 (Journal of
Coordination Chemistry, Polyhedron, Applied Sciences, The Journal of Physical
Chemistry C).

In concluzie, Capitolul 3 oferd o demonstratie completi de competenta interdisciplinara
si viziune integratoare, reusind sa uneasca teoria, simularea si experimentul intr-un singur cadru
logic. Prin abordarea sa complexa, autorul confirma capacitatea de a conduce cercetari de varf in
domeniul catalizei si de a contribui semnificativ la dezvoltarea stiintifica internationala in directia
proceselor chimice sustenabile, in care moleculele simple ale naturii devin surse de energie si

materie pentru viitor.
Concluzii si contributii originale

Teza de abilitare intitulata ,, Cataliza eterogend si nanocataliza pentru procese chimice
sustenabile: optimizare experimentala si modelare computationala avansata in dezvoltarea
sistemelor catalitice inovatoare” reprezintd o sinteza coerenta si evolutiva a parcursului stiintific
al autorului, configurand un demers interdisciplinar care uneste ingineria chimicd, chimia
materialelor, stiinta catalizei si modelarea computationala. Fiecare capitol, in structura sa, nu este
doar o etapa de cercetare, ci o treaptd de constructie conceptuald in jurul unei idei centrale: cum
pot fi proiectate si optimizate sistemele catalitice astfel incat sa transforme reactii energetice
dificile in procese selective, eficiente si prietenoase cu mediul.

I. O prima concluzie general se refera la unitatea metodologica a intregii lucrari. De
la cataliza eterogena clasica aplicata in hidrotratarea (HDO), pana la nanocataliza si la modelarea
DFT a activarii moleculelor mici, cercetarea se bazeaza pe aceeasi logica fundamentala: corelarea
proprietatilor fizico-chimice ale materialului cu performanta cataliticd. Autorul a demonstrat ca
performanta unui sistem catalitic nu este rezultatul unui singur parametru — ci a unui ansamblu
dinamic de factori interdependenti: textura suportului, natura centrelor acide si redox, distributia
fazelor metalice, densitatea siturilor active si mobilitatea speciilor adsorbite. Prin combinarea
tehnicilor experimentale (BET, XRD, XPS, TPD, FTIR, TEM, GC-MS) cu analizele
computationale (DFT, ETS-NOCV, AIMD), lucrarea reuseste sa construiasca o viziune multi-
nivel asupra catalizei — de la atom la proces.

2. Capitolul 1 a extins logica experimentului citre domeniul energiei regenerabile,

demonstrand ca procesele catalitice pot fi adaptate pentru conversia biomasei in fractii energetice



curate. Hidrotratarea bio-uleiurilor obtinute prin piroliza digestatului si hidroconversia derivatilor
furfurilici au aratat ca sistemele CoMo/y-Al2Os—Nb2Os pot inlocui cu succes catalizatorii nobilici
scumpi, asigurand conversii ridicate (90-95%) si selectivitati controlabile. Lucrarea a adus dovezi
experimentale asupra relatiei directe dintre structura poroasd, forta centrelor acide si stabilitatea
catalizatorului, confirmand ca performanta maxima se obtine nu la aciditate extrema, ci la un
echilibru fin Lewis/Bronsted. Aceasta cercetare ofera o baza metodologicd pentru proiectarea
viitoarelor sisteme catalitice pentru biocombustibili de generatia a doua, fiind deja preluata si citata
in literatura internationala.

3.  Capitolul 2 a marcat trecerea de la macro- la nano-ingineria catalizatorilor,
introducand conceptul de nanocataliza functionald in procesele de valorificare a glicerolului,
coprodusul dominant al industriei biodieselului. Prin reactiile de acetalizare, acetilare si
carbonatare, glicerolul a fost transformat in solventi ecologici (glicerol formal, triacetind, glicerol
carbonat), folosind catalizatori magnetici, oxizi bifunctionali si heteropoliacizi suportati. Un
rezultat notabil 1l constituie utilizarea sistemului SnFe>Oa4 ca nanocatalizator de inaltd performanta,
care a atins conversii >95% si selectivitati ridicate spre diacetina/triacetind, fiind caracterizat
printr-un echilibru optim intre aciditate hard/soft. Totodata, implementarea metodologiei Box—
Behnken DoE a permis optimizarea multivariationald a parametrilor de reactie, demonstrand
maturitatea autorului in integrarea metodelor statistice cu analiza fizico-chimicd. Publicarea
rezultatelor in reviste Q2 (ChemEngineering, Catalysts, Reaction Kinetics, Mechanisms and
Catalysis) confirmd recunoasterea internationala a contributiilor sale si relevanta pentru domeniul
catalizei verzi.

4.  Capitolul 3, nucleul conceptual al tezei, imbina teoria si experimentul intr-o sinteza
remarcabild. Modelarea DFT/ETS-NOCV/AIMD a permis analiza profunda a interactiunilor
dintre centrele metalice (Fe, Mn, Co) si moleculele N2, CO- si H2. Rezultatele au aratat ca speciile
Fe(0)/Fe(I) sunt cele mai eficiente pentru activarea N2, datorita transferului optim de sarcind si a
unei retrodonatii ©* pronuntate. Aceste predictii teoretice au fost confirmate prin experimente de
fotoreducere a N2 pe catalizatori Fe?@CNTs si Fe®@g-CsNs, care au atins performante record
(~756 pmol NHs/g_cat-h). Corelarea dintre distributia electronicd a metalului si calea selectiva de
reactie (NHs vs. NO2") a fost dovedita atat computational, cét si experimental, iar analogia cu

cofactorul enzimatic FeMo a consolidat dimensiunea bioinspiratd a cercetarii. Acest demers



interdisciplinar confirmd potentialul de catalizd biomimetica ca directie strategica pentru sinteza

amoniacului la conditii blande si pentru procesele foto(electro)catalitice sustenabile.

Contributii originale

1.  Elaborarea unui model cinetic bifunctional Langmuir-Hinshelwood, capabil sa
descrie reactiile competitive de hidrogenare/dehidrogenare.

2. Proiectarea unor catalizatori feromagnetici pe bazd de Fe:O+@SiO@HPW,
reutilizabili si eficienti pentru acetalizarea glicerolului.

3. Demonstrerea activarii catalitice a moleculei de N> pe nanomateriale Fe®?@CNTs si
Fe’@g-CsNa la conditii moderate, cu randamente ridicate in NHs.

4.  Integrarea metodelor DFT/ETS-NOCYV cu validarea experimentald, creand un model
complet de analiza multi-nivel a catalizei.

5. Aplicarea conceptului de chimie verde prin conversia biomasei si a produselor
secundare Tn compusi cu valoare adaugata.

6.  Publicarea a 37 de articole ISI, dintre care 16 ca prim autor 1 9 ca autor corespondent,

cu un factor de impact cumulat de peste 58 si peste 250 de citari in baza SCOPUS.

In ansamblu, teza de abilitare demonstreazi nu doar o acumulare de rezultate stiintifice,
ci 0 viziune integratoare si maturd asupra catalizei moderne. Autorul a reusit sa transforme
conceptele fundamentale de catalizd eterogena intr-un cadru universal aplicabil, care porneste de
la rafinarea clasicd si ajunge pand la activarea biomimeticAi a moleculelor mici.
Aceastd lucrare defineste un profil stiintific complet: cercetator capabil sa proiecteze, sa
optimizeze, sd modeleze si sd valideze procese complexe, In armonie cu principiile dezvoltarii
durabile si cu nevoile reale ale industriei chimice contemporane.

Prin contributiile sale, autorul isi confirma deplin competentele stiintifice si profesionale
pentru indrumarea cercetdrii doctorale in domeniul ingineriei chimice si pentru consolidarea unei

scoli romanesti moderne de cataliza si nanocataliza aplicata in procese chimice sustenabile.
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Chapter 1. Heterogeneous Catalytic Processes for Biomass Valorization:

Hydrotreating of Bio-QOils and Hydroconversion of Furfural Derivatives

Chapter 1 addresses one of the most current and dynamic topics in modern chemical
engineering the valorization of biomass through heterogeneous catalytic processes, aiming to
obtain sustainable chemical compounds and clean fuels. In a world undergoing an active energy
transition, biomass remains the only renewable source of carbon capable of partially replacing
fossil resources. Within this context, heterogeneous catalysis provides the ideal tool for the
selective transformation of biological raw materials into clean energy products through
mechanisms controlled at the molecular level.

The research presented in this chapter explores two complementary and logically
connected directions: (i) the hydrotreating of bio-oils obtained by pyrolysis of digestate, as an
upgrading process intended to reduce oxygen content and enhance the thermal and energy stability
of the products; and (ii) the hydroconversion of furfural derivatives, with the goal of producing
platform molecules such as furfuryl alcohol, 2-methylfuran, and tetrahydrofuran, which are
valuable intermediates for biofuels and green chemicals.

This dual approach reflects the author’s intention to develop a unified catalytic framework
based on the same logic of correlating the acidic, textural, and redox properties of materials with
their catalytic performance but applied to different systems derived from renewable feedstocks.

The study begins with the observation that bio-oil obtained from biomass pyrolysis
whether of plant origin or derived from agro-food waste or anaerobic digestate is an extremely
complex mixture containing carboxylic acids, ketones, alcohols, phenolic compounds, and
decomposed carbohydrates. This composition, rich in oxygen (30-50% by mass), gives the bio-
oil high density, thermal instability, and strong acidity, making it unsuitable for direct use as fuel.
Hydrotreating (HDO — hydrodeoxygenation) thus becomes the key valorization process, in which
oxygen is removed as water and oxygenated compounds are transformed into hydrocarbons and
saturated derivatives resembling diesel or gasoline fractions.

In this work, the reaction was investigated using a series of CoMo and NiMo catalysts
supported on y-AlOs and hybrid supports y-Al>Os—HMS (mesoporous silica) and y-Alo2Os—Nb2Os,
optimized to achieve a balance between acidity and pore accessibility. Mesoporous supports ensure
superior diffusion for the large molecules present in bio-oil, while niobium oxide doping regulates

the density and strength of Lewis and Brensted acid sites.



Characterization results (BET, FTIR, TPD, XRD, XPS) indicated a controlled decrease
in specific surface area after metal impregnation (from 308 to 270 m?%/g), but an increase in the
density of acid centers and in the distribution of active mesopores. Pyridine-adsorbed FTIR
confirmed the increase in the number of Lewis sites (~97 umol/cm?) and the balancing of the
Lewis/Bronsted ratio around 4:1, resulting in a superior capacity to activate carbonyl and alcoholic
compounds present in bio-oil.

Catalytic tests performed in a fixed-bed tubular reactor revealed a significant
improvement in performance for CoMo/y-AlOs—Nb:Os catalysts. The total conversion of the
oxygenated fraction exceeded 90%, reducing the oxygen content of the bio-oil from 37% to 7-8%,
while the density of the liquid product decreased from 1.12 to 0.87 g/cm?. The heating value
increased by approximately 35%, confirming the substantial transformation of oxygenates into
hydrocarbons.

Gas chromatography—mass spectrometry (GC-MS) analysis of the products revealed the
predominant formation of aliphatic hydrocarbons (= 42%), followed by cyclic and aromatic
compounds (= 27%), and a residual fraction of phenolics and carboxylic acids (< 10%). The overall
yield in liquid products exceeded 70%, indicating high catalytic efficiency, confirmed by
reproducible performance over five consecutive reaction cycles.

From a mechanistic standpoint, hydrotreating reactions proceed through successive
stages: adsorption of oxygenated molecules on Lewis sites, activation of C=0O bonds,
hydrogenation of intermediates, and elimination of oxygen as H.O. The presence of Nb:0s
increases the density of such sites and promotes the formation of active sulfide phases (CoMoS),
maintaining constant reactivity over time. The study also demonstrates that excessive acidity leads
to the formation of resinous by-products and coking, making the adjustment of the Lewis/Brensted
balance crucial.

In parallel, the study dedicated to the hydroconversion of furfural derivatives extends the
application domain of catalytic systems. Furfural and 5-hydroxymethylfurfural (HMF), obtained
from hemicellulose and cellulose, are key molecules for producing second-generation biofuels.
CoMo/y-Al.Os—HMS catalysts achieved conversions up to 95% for furfural, with selectivities
above 75% toward furfuryl alcohol and 2-methylfuran. These results, obtained at moderate

temperatures (250-300 °C) and low hydrogen pressures (2—4 MPa), confirm the possibility of



replacing expensive noble-metal catalysts (Pt, Ru) with well-structured, stabilized systems based
on common transition metals supported on mesoporous materials.

GC-MS and FTIR analyses confirmed the main reaction pathway: reduction of the
carbonyl group in furfural to furfuryl alcohol, followed by dehydration and rearrangement to 2-
methylfuran. It was also observed that Nb- or Ti-doped systems promote selective hydrogenation
reactions due to the increased density of redox sites that simultaneously facilitate electron transfer
and molecular hydrogen activation.

A novel aspect of the study lies in the direct comparison between sulfided and oxide
catalysts to evaluate the feasibility of non-sulfided systems in hydrotreating processes. Although
oxide catalysts exhibit lower activity at low temperatures, they display superior stability in aqueous
environments, making them suitable for bio-upgrading processes under mild conditions. This
research direction paves the way for developing hybrid redox—acid catalysts capable of operating
efficiently without sulfur, thereby reducing environmental impact.

By correlating the characterization and performance data, the chapter proposes a set of
general catalytic indicators:

1. the correlation between specific surface area and active-phase dispersion,
2. the balance between the density of Lewis and Brensted sites,

3. the textural stability over repeated cycles, and

4. selectivity toward saturated compounds.

These parameters form a methodological basis transferable to other biomass conversion
systems, ensuring a systematic approach to designing next-generation catalysts.

Through its results, this chapter demonstrates the feasibility of establishing “catalytic
windows” for renewable resources, wherein high catalytic performance can be achieved without
compromising sustainability. The study provides a coherent vision of how nanostructure,
controlled acidity, and pore morphology can be combined to transform an unstable bio-residue
into a valuable energy product.

The scientific contributions of this chapter are significant: the development of optimized
CoMo/y-Al-Os—Nb2Os catalysts; demonstration of niobium’s critical role in enhancing catalytic
activity and stability; validation of Langmuir—Hinshelwood mechanisms for hydrotreating
reactions; and parametric correlation between physicochemical properties and catalytic

performance.



Through these achievements, the author contributes to defining a solid scientific
framework for biomass valorization via heterogeneous catalysis, offering an experimental model

transferable to future industrial green-chemistry processes.

Chapter 2. Nanocatalysis for the Valorization of Secondary Products:

Glycerol Acetalization, Acetylation, and Carbonation

Chapter 2 of the habilitation thesis opens an innovative perspective on the catalytic
transformation of secondary products originating from the biodiesel industry, with the main
objective of valorizing glycerol, an abundant but underutilized by-product, through controlled
catalytic reactions capable of generating eco-friendly solvents, industrial additives, and precursors
for green polymers. This research direction, situated at the intersection of environmental
chemistry, nanocatalysis, and process engineering, contributes significantly to the principles of the
circular economy, transforming a waste management challenge into a scientific and technological
opportunity.

The work integrates three fundamental classes of reactions acetalization, acetylation, and
carbonation of glycerol each providing distinct routes for valorizing this renewable resource. From
a mechanistic standpoint, all these transformations are based on the selective activation of the
hydroxyl groups of glycerol and on the controlled acidity of the catalyst, a key parameter in
determining yields and selectivities.

In the first part, the author provides a detailed analysis of the acetalization of glycerol
with benzaldehyde, a reaction catalyzed by solid acid catalysts based on heteropolyacids supported
on mesoporous silica (HMS) or functionalized SiO.. The density and nature of acid sites (Lewis
and Brensted) govern the balance between the formation of the desired product, glycerol formal,
and the generation of side products. Characterization of these materials by FTIR, XRD, BET, and
TPD-DEA revealed a direct correlation between specific surface area, pore distribution, and
catalytic activity. The tested systems exhibited type IV isotherms with HI hysteresis and a well-
defined mesoporous texture, facilitating the diffusion of viscous, low-volatility glycerol molecules
within the catalytic network.

Particularly noteworthy are Fe:Os@Si0@HPW catalysts, which, due to their
ferromagnetic nature, can be easily separated from the reaction medium and reused multiple times

without loss of activity. After five consecutive reaction cycles, the decrease in conversion did not



exceed 5%, confirming both the structural stability of the anchored heteropolyacid and its
resistance to leaching. According to GC-MS analyses, acetalization reactions achieved
conversions above 90% and selectivities around 85% toward the main product, underlining the
efficiency of these catalysts for “green solvent” applications.

The next section explores the catalytic acetylation of glycerol with acetic acid, an
industrially relevant reaction that generates mono-, di-, and triacetins compounds used as
plasticizers, fuel additives, and intermediates in fine chemical synthesis. The tested catalysts are
spinel-type nanomaterials based on SnFe:Oa., synthesized through controlled co-precipitation
followed by calcination at 600 °C. XRD analyses confirmed the formation of a pure spinel phase
with nanocrystalline sizes ranging between 20 and 35 nm, while FTIR spectroscopy showed the
characteristic vibrations of Fe—O and Sn—O bonds, indicating a strong interaction between the
metal cations.

The acidic properties of these materials, evaluated by pyridine-adsorbed FTIR,
demonstrated a well-balanced distribution between Lewis and Brensted acid sites, favoring
esterification reactions. This balance, coupled with the high structural stability, allowed the
achievement of exceptional catalytic yields: glycerol conversion exceeded 95%, with selectivities
of 63% toward diacetin and 31% toward triacetin. These results, published in ChemEngineering
(2025), validate SnFe:0s as a promising nanocatalyst for industrial glycerol valorization processes,
offering an optimal compromise between activity, selectivity, and cost.

Thermogravimetric analysis (TGA-DTG) of the catalysts confirmed their excellent
stability up to 700 °C, with no significant mass loss, indicating the material’s robustness under
reaction conditions. Recycling tests further demonstrated the possibility of reusing the catalyst for
at least six successive cycles, with activity loss below 10%, consolidating the economic advantage
of the system.

A major section of the chapter focuses on the carbonation of glycerol, a process of
strategic relevance for CO: capture and utilization. In this reaction, glycerol reacts with carbon
dioxide in the presence of basic or amphoteric catalysts to form glycerol carbonate (GC) a
compound of great interest for the synthesis of biodegradable polymers and in the electronics
industry. The author proposes the use of g-CsNas-based catalysts doped with transition metals (Zn,
Fe, Cu) and binary oxides (ZnO—Al20s, MgO—-CeO:), which combine moderate basicity with high

thermal and chemical stability.



Experimental results demonstrated conversions of 80—85% and selectivities exceeding
90% toward glycerol carbonate at temperatures of 150—180 °C and moderate CO: pressures (3—5
MPa). Reaction FTIR spectra indicated the formation of a cyclic carbonate intermediate through
activation of the hydroxyl group on basic sites and nucleophilic insertion of CO.. The catalytic
activity correlated directly with the density of moderate basic sites, determined by CO: titration
and confirmed by temperature-programmed desorption (CO2-TPD).

In addition, the research integrates a process optimization study using a Box—Behnken
design of experiments (DoE), where variables such as temperature, molar ratio, and reaction time
were systematically adjusted to maximize yield. The resulting mathematical model revealed a
parabolic dependence of conversion on temperature and a synergistic interaction between thermal
and molar parameters. This methodology demonstrates the author’s ability to employ advanced
statistical modeling tools for the precise control of complex catalytic processes.

One of the most original aspects of the chapter lies in its multidimensional approach,
linking material synthesis to reactive performance, and laboratory-scale reactions to potential
industrial implications. Through multi-technique characterizations and comparative analysis
between acidic and basic systems, the study provides a comprehensive picture of glycerol
valorization reactions, highlighting how the nature of active sites and nanometric morphology
determine selectivity.

From a conceptual standpoint, the chapter proposes the idea of “functionally oriented
nanocatalyst design,” in which the material architecture is specifically tailored to the target
reaction acidic catalysts for acetalization and acetylation, and basic catalysts for carbonation. This
targeted design approach reduces resource waste, enhances yields, and contributes to the
sustainability of chemical processes.

By integrating all results, the author formulates a coherent framework for catalytic
glycerol valorization within the circular economy, where each reaction acetalization, acetylation,
and carbonation becomes a piece of the same puzzle: the complete transformation of a secondary
resource into high-value products.

Chapter 3 stands as a demonstration of scientific maturity and interdisciplinary synthesis,
wherein materials chemistry, catalytic analysis, and process engineering converge within a unified
vision. By developing nanostructured catalysts with tunable properties and applying the principles

of green chemistry and energy efficiency, the author contributes to the establishment of a new



model of applied research, where scientific innovation and industrial relevance coexist
harmoniously.

The results of this chapter, published in Q1-Q2 journals (ChemEngineering, Catalysts,
Reaction Kinetics, Mechanisms and Catalysis), confirm international recognition of these
contributions and strengthen the author’s profile as a researcher capable of leading advanced

projects in the field of sustainable catalysis.

Chapter 3. Activation of Small Molecules on Metal Centers: Integrating
Computational Modeling (DFT, ETS-NOCV, AIMD) with Experimental
Validation on Nanostructured Catalysts (N2 — NHs / NO2")

Chapter 3 of the habilitation thesis marks the culmination of the entire scientific endeavor,
bringing together in a unified approach two complementary dimensions of modern research:
advanced computational modeling and experimental validation on real nanocatalytic systems.
Through an exemplary interdisciplinary vision, the author explores the fundamental mechanisms
by which small, seemingly inert molecules such as dinitrogen (N2), carbon dioxide (CO:), and
hydrogen (H:) can be activated under mild temperature and pressure conditions using materials
inspired by biocatalysis and the architecture of natural enzyme systems.

The central theme of this chapter activation of the nitrogen molecule (N:) holds
exceptional scientific relevance, as catalytic nitrogen fixation remains one of the most challenging
and essential reactions in modern chemistry. It is directly related to ammonia synthesis, a process
of vital importance for agriculture and the chemical industry. While the Haber—Bosch process,
employed industrially for over a century, requires extreme conditions (above 400 °C and 200 bar),
the present research demonstrates that, through rational nanocatalyst design and a profound
understanding of electronic structure, such reactions can be replicated under significantly milder,
near-ambient conditions.

The theoretical component of the chapter is grounded in Density Functional Theory
(DFT) calculations combined with Energy Decomposition Analysis — Natural Orbital for Chemical
Valence (ETS-NOCV) and Ab initio Molecular Dynamics (AIMD). This methodological
framework enables precise analysis of metal-ligand interactions and the electronic mechanisms
governing the activation of N2, CO-, and H.. Using these tools, the author constructed a series of

molecular models representing transition metal complexes (Fe, Mn, Co) in various oxidation and



coordination states, simulating their behavior under conditions similar to those found in the active
sites of nitrogenase enzymes.

Electronic structure calculations revealed that Fe(0) and Fe(I) species possess the highest
capability for stabilizing and activating N2, owing to their strong electron-donating character and
efficient orbital overlap between the metal d orbitals and the ©* orbitals of N2. In contrast, Mn and
Co complexes exhibit lower activity: Mn(0/1) species can bind N2 but show incomplete charge
transfer, while Co(Il) species tend to favor oxidation pathways toward nitrite (NO2") rather than
reduction to NHs. These observations were confirmed through ETS-NOCV analysis, which
decomposes total interaction energy into polarization, exchange, and charge-transfer components,
demonstrating that the Fe—N: interaction is dominated by o-donation and m-backdonation
contributions analogous to the bonding mechanism found in natural nitrogenase cofactors.

In an elegant manner, the author correlates these theoretical results with experimental
catalytic activation tests performed on nanostructured materials such as Fe?@CNTs, Fe®@g-CsNa,
Co’@CNTs, and Ti-Fe-Mg oxides. Characterization via XRD, BET, TEM, XPS, and EPR
confirmed the presence of ultrafine metallic nanoparticles (3—10 nm) stabilized on conductive
carbonaceous or oxide supports. These hybrid materials provide an ideal platform for studying
activation phenomena, combining reduced metallic centers responsible for donating electrons to
weaken the N=N bond with supports acting as “electronic shuttles” that mediate charge transfer
between the metal and the adsorbed molecule.

Experimental results for photoreduction of N2 under mild conditions (T = 25-40 °C, P =
1 bar, UV-vis irradiation) were remarkable: the Fe®?@CNTs catalyst achieved a yield of
approximately 756 pmol NHs/g cat-h, while the Co®@CNTs system produced predominantly
nitrite (NO2"), showing clearly differentiated selectivity between the two metals. This bifurcated
selectivity, also supported by DFT modeling, demonstrates that the electron density distribution
around the metallic center dictates the preferred reaction pathway total reduction to NHs in the
case of Fe, and partial oxidation toward NO-" for Co.

XPS analysis revealed a surface predominance of Fe*/Fe® and Co*'/Co° species, while
EPR data evidenced the presence of paramagnetic active centers associated with electron transfer
to nitrogen molecules. TEM imaging showed finely dispersed spherical nanoparticles uniformly
distributed along the nanotube surfaces, with excellent dispersion attributed to m—n interactions

between the carbon support and the active metal particles.



In parallel, the author extended the investigation to CO- activation, analyzing how mixed
oxides such as Ti—Fe—-Mg can reduce CO: to CO and formate through photoinduced mechanisms.
The combination of the moderate bandgap of TiO: (3.1 eV) and the redox properties of Fe and Mg
provides a balance between light absorption and electron transfer, resulting in high photocatalytic
activity. Experimental data revealed formate yields of 61% and CO yields of 24%, confirming the
efficiency of this system under mild conditions without the need for noble-metal cocatalysts.

On the computational side, these findings were rationalized using free energy (AG)
profiles derived from DFT for the different stages of CO: reduction. The activation barrier for
forming the CO:" intermediate was found to be 0.23 eV lower for Fe-doped systems than for
undoped ones, explaining the experimentally observed increase in reactivity.

The integration of computational modeling with experimental validation represents one
of the strongest aspects of this chapter. By superimposing theoretical predictions with experimental
data, the author succeeded in constructing a comprehensive “map” of small-molecule activation,
where each system component the metal center, the support, morphology, and electronic
distribution plays a clearly defined role. This unified vision not only explains the obtained results
but also allows predictive design of other catalytic systems before synthesis, thereby saving time
and resources.

The author also highlights the bioinspired dimension of this research. The comparison
between synthetic Fe—S—C complexes and the natural FeMo—S nitrogenase cofactors reveals
striking similarities in the mode of N: activation. ETS-NOCYV analyses indicate that the electronic
flow between Fe and N: follows a m*-backdonation mechanism identical to that occurring in
biological systems. Hence, this research contributes significantly to the emerging field of
biomimetic catalysis, showing that chemical engineering can emulate and potentially surpass the
efficiency of natural enzymatic processes.

In terms of significance, these results transcend the theoretical framework, offering a solid
foundation for developing green nitrogen-fixation processes that could partially replace the
traditional Haber—Bosch process, thereby reducing global energy consumption. Moreover, the
proposed methodology integrating DFT calculations with experimental validation is transferable
to other industrially relevant systems, such as CO: reduction or water splitting, reinforcing the
concept of “computationally assisted catalysis.”

The major contributions of this chapter can be summarized as follows:



Development of a DFT/ETS-NOCYV molecular modeling framework for studying small-
molecule activation mechanisms.

Experimental demonstration of N2 activation on Fe?@CNTs and Fe°@g-CsN4 catalysts,
achieving yields comparable to those reported internationally.

Validation of the correlation between metal electronic density of states and the selective
reaction pathway (NHs vs. NO2").

Elaboration of a bioinspired model reproducing the function of the natural FeMo cofactor.

Publication of results in high-impact Q1-Q2 international journals (Journal of
Coordination Chemistry, Polyhedron, Applied Sciences, The Journal of Physical Chemistry C).

In conclusion, Chapter 3 provides a complete demonstration of interdisciplinary
competence and integrative scientific vision, successfully merging theory, simulation, and
experiment into a coherent framework. Through this comprehensive approach, the author confirms
the capacity to lead cutting-edge research in catalysis and to contribute substantially to
international scientific progress in sustainable chemical processes, where the simplest molecules

of nature become sources of both energy and matter for the technologies of the future.

General Conclusions and Original Contributions

The habilitation thesis entitled ‘“Heterogeneous Catalysis and Nanocatalysis for
Sustainable Chemical Processes: Experimental Optimization and Advanced Computational
Modeling in the Development of Innovative Catalytic Systems” represents a coherent and
evolutionary synthesis of the author’s scientific trajectory. It establishes an interdisciplinary
research framework that unites chemical engineering, materials chemistry, catalysis science, and
computational modeling into a single vision. Each chapter in this structure is not merely a distinct
research stage but a conceptual step built around a central idea: how catalytic systems can be
designed and optimized to transform energetically demanding reactions into selective, efficient,
and environmentally friendly processes.

1. A first general conclusion refers to the methodological coherence that links all parts of
the thesis. From classical heterogeneous catalysis applied to Hydrotreating (HDO), to
nanocatalysis and DFT modeling of small-molecule activation, the research follows the same
guiding principle correlating the physicochemical properties of the material with its catalytic

performance.



The author demonstrated that catalyst performance is not governed by a single factor but
by a dynamic ensemble of interdependent parameters: the texture of the support, the nature of acid
and redox centers, the distribution of metallic phases, the density of active sites, and the mobility
of adsorbed species. By combining experimental techniques (BET, XRD, XPS, TPD, FTIR, TEM,
GC-MS) with computational tools (DFT, ETS-NOCV, AIMD), the thesis constructs a multi-scale
understanding of catalysis from atomic-level electronic interactions to macroscopic process
performance.

2. Chapter 1 extended the experimental logic toward renewable energy research,
demonstrating that catalytic processes can be adapted for biomass conversion into clean energy
fractions. The hydrotreating of bio-oils derived from digestate pyrolysis and the hydroconversion
of furfural derivatives proved that CoMo/y-Al:Os—Nb.Os systems can effectively replace
expensive noble-metal catalysts, ensuring conversions of 90-95% and tunable selectivities.

Experimental evidence revealed a direct relationship between porous structure, acid-site
strength, and catalyst stability, confirming that optimal performance is achieved not under extreme
acidity but through a delicate Lewis/Brensted balance. This research provides a solid
methodological foundation for designing next-generation catalysts for second-generation biofuel
production and has already been cited in international literature as a reference model for bio-
upgrading processes.

3. Chapter 2 marked the transition from macro- to nano-engineering of catalysts,
introducing the concept of functional nanocatalysis for the valorization of glycerol, the main by-
product of the biodiesel industry.

Through acetalization, acetylation, and carbonation reactions, glycerol was transformed
into valuable green products such as glycerol formal, triacetin, and glycerol carbonate using
magnetic catalysts, bifunctional oxides, and supported heteropolyacids.

A particularly noteworthy achievement was the utilization of SnFe.Oa spinel-type
nanocatalysts, which achieved >95% conversion and high selectivity toward diacetin/triacetin. The
system displayed an ideal balance between hard and soft acidity, structural robustness, and
excellent recyclability.

The implementation of the Box—Behnken design of experiments (DoE) enabled
multivariable optimization of reaction parameters, demonstrating the author’s expertise in

integrating statistical modeling with physicochemical analysis.



The results, published in Q2 journals (ChemEngineering, Catalysts, Reaction Kinetics,
Mechanisms and Catalysis), highlight the international relevance of this work and its contribution
to green catalysis and circular economy principles.

4. Chapter 3 constitutes the conceptual core of the thesis, uniting theoretical and
experimental perspectives in a truly integrative synthesis. Through DFT/ETS-NOCV/AIMD
modeling, the author performed an in-depth analysis of the interaction between metallic centers
(Fe, Mn, Co) and small molecules (N2, CO2, H>).

Results revealed that Fe(0)/Fe(I) species are the most efficient in activating N2 due to their
optimal charge-transfer and strong m*-backdonation capabilities. These theoretical predictions
were experimentally confirmed by N2 photoreduction experiments on Fe?@CNTs and Fe®@g-CsN4
catalysts, achieving record performance (~756 umol NHs/g_cat-h).

A clear correlation was established between the electronic density of the metal and the
selective reaction pathway (NHs vs. NO2"). Furthermore, the analogy between Fe—S—C synthetic
complexes and the natural FeMo cofactor of nitrogenase enzymes highlights the bioinspired
dimension of this research.

This interdisciplinary approach positions biomimetic catalysis as a strategic direction for
low-energy ammonia synthesis and for future photo(electro)catalytic applications in sustainable

chemistry.

Original Contributions
1. Formulation of a bifunctional Langmuir-Hinshelwood kinetic model capable of describing
competitive hydrogenation/dehydrogenation reactions.
2. Design of magnetic Fe:O1s@SiO@HPW catalysts, reusable and efficient for glycerol
acetalization under green conditions.
3. Demonstration of catalytic N2 activation on Fe?@CNTs and Fe°@g-CsN4 nanomaterials
under mild conditions, achieving high NHs yields.
Integration of DFT/ETS-NOCV computational methods with experimental validation,
creating a comprehensive multi-level analytical model for catalysis.
Application of green chemistry principles through the conversion of biomass and

industrial by-products into high-value compounds.



Publication of 37 ISI-indexed articles, including 16 as first author and 9 as corresponding
author, with a cumulative impact factor exceeding 58 and over 250 citations (SCOPUS database).

Overall, the habilitation thesis demonstrates not merely an accumulation of scientific
results but a mature, integrative vision of modern catalysis. The author successfully transformed
the fundamental principles of heterogeneous catalysis into a universally applicable framework that
spans from classical fuel refining to biomimetic activation of small molecules.

This work defines a comprehensive scientific profile that of a researcher capable of
designing, optimizing, modeling, and validating complex catalytic systems in full alignment with
the principles of sustainable development and the evolving needs of the chemical industry.

Through the originality, coherence, and scientific depth of these contributions, the author
fully confirms his scientific and professional competence to supervise doctoral research in the field
of chemical engineering and to strengthen a modern Romanian school of catalysis and

nanocatalysis dedicated to sustainable chemical processes.



